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ARTICLE INFO ABSTRACT
Keywords: Background: Non-alcoholic fatty liver disease (NAFLD) is one of the most common liver diseases
Machine learning worldwide. Currently, most NAFLD prediction models are diagnostic models based on cross-

Dynamic prediction
Time-series data
Checkup records
NAFLD

sectional data, which failed to provide early identification or clarify causal relationships. We
aimed to use time-series deep learning models with longitudinal health checkup records to predict
the onset of NAFLD in the future, and update the model stepwise by incorporating new checkup
records to achieve dynamic prediction.

Methods: 10,493 participants with over 6 health checkup records from Beijing MJ Health
Screening Center were included to conduct a retrospective cohort study, in which the constantly
updated initial 5 checkup data were incorporated stepwise to predict the risk of NAFLD at and
after their sixth health checkups. A total of 33 variables were considered, consisting of de-
mographic characteristics, medical history, lifestyle, physical examinations, and laboratory tests.
L1-penalized logistic regression (LR) was used for feature selection. The long short-term memory
(LSTM) algorithm was introduced for model development, and five-fold cross-validation was
conducted to tune and choose optimal hyperparameters. Both internal validation and external
validation were conducted, using the 20% randomly divided holdout test dataset and previously
unseen data from Shanghai MJ Health Screening Center, respectively, to evaluate model per-
formance. The evaluation metrics included area under the receiver operating characteristic curve
(AUROC), sensitivity, specificity, Brier score, and decision curve. Bootstrap sampling was
implemented to generate 95% confidence intervals of all the metrics. Finally, the Shapley additive
explanations (SHAP) algorithm was applied in the holdout test dataset for model interpretability
to obtain time-specific and sample-specific contributions of each feature.

Results: Among the 10,493 participants, 1662 (15.84%) were diagnosed with NAFLD at and after
their sixth health checkups. The predictive performance of the deep learning model in the internal
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validation dataset improved over the incorporation of the checkups, with AUROC increasing from
0.729 (95% CI: 0.698,0.760) at baseline to 0.818 (95% CI: 0.798,0.844) when consecutive 5
checkups were included. The external validation dataset, containing 1728 participants, was used
to verify the results, in which AUROC increased from 0.700 (95% CI: 0.657,0.740) with only the
first checkups to 0.792 (95% CI: 0.758,0.825) with all five. The results of feature significance
showed that body fat percentage, alanine transaminase (ALT), and uric acid owned the greatest
impact on the outcome, time-specific, individual-specific and dynamic feature contributions were
also produced for model interpretability.

Conclusion: A dynamic prediction model was successfully established in our study, and the pre-
diction capability kept improving with the renewal of the latest checkup records. In addition, we
identified key features associated with the onset of NAFLD, making it possible to optimize the
prevention and control strategies of the disease in the general population.

1. Introduction

As one of the most common chronic hepatic diseases worldwide, non-alcoholic fatty liver disease (NAFLD) has affected 29.6% of
the Asian population and the prevalence rate is increasing significantly over time [1]. NAFLD can transit to hepatic inflammation and
fibrosis, and is highly associated with other non-liver-specific diseases, especially cardiovascular and metabolic disorders [2], pre-
senting severe healthcare burdens globally [3]. However, given the multifactorial and intricate etiology of the disease, it’s still difficult
to determine a specific prevention strategy and achieve early identification of high-risk groups to reduce the prevalence of the disease.
Therefore, improved prediction of the risk of NAFLD may be of great value in the prevention and control of the disease in the general
population.

Artificial intelligence methods, together with massive data collected in the medical field, make it possible to precisely predict the
risk of NAFLD. As expected, more and more research has been conducted to solve such issues. However, previous related studies were
mostly cross-sectional and mainly focused on the development of diagnostic prediction models, which failed to determine causal
relationships or provide early risk probabilities sometime before the confirmed diagnosis of NAFLD [4-6]. Besides, most existing
studies were based on conventional machine learning models with a single measurement of variables [5,7,8], ignoring the variation
tendency contained in multiple measurements of data.

To date, the valuable information contained in health checkup data, characterized by annually repeat-measured items, is
underutilized, while the commonly used machine learning models, such as random forest and XGBoost, may be unable to handle these
kinds of time-series data well [9]. Presently, deep learning-based models [10], including the recurrent neural network (RNN) and its
derived models, can make full use of the constantly updated records and have been proven to show good performance, but almost in
ICU settings [11]. However, despite the promising prediction performance, the complex structures and large amounts of parameters in
deep learning models restrict their acceptance and practical application [12,13], while the introduction of model interpretability
algorithms largely solved this problem and facilitate the understanding of the black boxes. Among all the algorithms, Shapley additive
explanations (SHAP) algorithm [14], a widely used model interpretability method for any machine learning models, seems both
effective and prospective in quantifying the impact of each variable on the outcomes [15,16].

To the best of our knowledge, no studies have ever used constantly updated time-series health checkup data to develop a dynamic
prediction model based on deep learning algorithms to predict NAFLD. In this study, we use the long short-term memory (LSTM) model
with SHAP interpretability algorithms to predict the risk of NAFLD one year after health checkups and update the prediction model

Development dataset: Beijing MJ Database External validation dataset: Shanghai MJ Database
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Fig. 1. Inclusion flow chart of study participants.
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over checkups, and further verify the results on an external validation dataset.

2. Method

2.1. Data source and study participants

A retrospective cohort study was conducted based on data from Beijing MJ Health Screening Center. Beijing MJ Health Checkup
Database contains routinely annual checkup data from 2003 to 2021, with more than 50,000 checkup records collected every year.
During each checkup, a series of standardized protocols including physical examinations, laboratory tests, imaging diagnoses and a
questionnaire survey about demographic characteristics, dietary habits, physical activity and other comprehensive lifestyle and health
conditions were applied and inquired to all the participants. The external validation dataset was obtained from Shanghai MJ Health
Screening Center, a health checkup center independent of that in Beijing, containing checkup records from 2003 to 2021.

In our study, participants who attended more than 6 checkups were included. The exclusion criteria were as follows: (1) age under
18 years at the first checkup; (2) having been diagnosed with fatty liver on liver ultrasound at any of the initial five checkups; (3)
having ethanol intake of more than 30 g per day for men and 20 g for women or with missing data on drinking at any of the initial five
checkups; (4) having a self-reported history of hepatic diseases at any of the initial five checkups. After excluding those who meet the
exclusion criteria, a total number of 10,493 participants were included for model development and 1728 for model validation in our
study (Fig. 1). The median time intervals between two consecutive checkups of the participants were presented in Supplemental F. 1.

2.2. Predictors and outcomes

The following variables at each of the initial 5 visits were extracted: (i) demographic characteristics: sex, age, education, income;
(ii) physical examinations: body mass index (BMI), waist circumference (WC), body fat percentage (BFP), systolic blood pressure
(SBP), diastolic blood pressure (DBP); (iii) laboratory tests: fasting blood glucose (FBG), total cholesterol (TC), triglyceride (TG), high-
density lipoprotein cholesterol (HDLC), low-density lipoprotein cholesterol (LDLC), alanine transaminase (ALT), aspartate amino-
transferase (AST), direct bilirubin (DB), total bilirubin (TB), total protein (TP), albumin (ALB), globulin (GLB), glutamyl transferase
(GGT), alkaline phosphatase (ALP), lactate dehydrogenase (LD), uric acid (UA); (iv) smoking status; (v) dietary habits: dietary reg-
ularity, fruit intake, dairy intake, fried food intake; (vi) medical history: hypertension, diabetes and hyperlipidemia.

The consumption of food was classified into three tiers of low, moderate, and high, delineated by the following specifics: the low
fruit intake is defined as either no consumption or less than 150 g per day, moderate intake is defined as consuming 150 g-300 g fruit
per day, and high intake is defined as consuming more than 300 g fruit per day; the low intake of dairy products is defined as no
consumption or less than one cup of milk (240 ml) or one serving of dairy products (30 g of cheese or 1 slice of cheese) per week,
moderate intake is defined as consuming 1-3 cups of milk or 1-3 servings of dairy products per week, and high intake is defined as
consuming more than four cups of milk or more than four servings of dairy products per week; a low level of intake of fried food
indicates either no consumption or consumption of less than one serving per week, a moderate level of intake indicates consumption of
1-3 servings per week, and a high level of intake indicates consumption of four or more servings per week, with one serving defined as
half a bowl.

The outcome was defined as whether the participant was diagnosed with NAFLD on ultrasonography from their sixth health
checkups until the end of their follow-ups.

2.3. Data preprocessing and statistical analysis

Participants in the development dataset from Beijing MJ database were randomly divided into a training set (80%) and an internal
validation dataset (20%), and imputations of missing values were conducted in the two datasets, together with the external validation
dataset, respectively. Except for certain variables (sex for example) that were constant at each checkup, most of the variables were
time-series forms, which means that they were measured repetitively at each checkup and not independent of each other, so the last
observation carried forward (LOCF) method was conducted to impute missing values for repeated measurements. After the first
imputation, variables with missing rates over 30% were excluded from our analysis, including TP and ALB. For continuous variables,
their means were used to impute the rest missingness. Outliers were identified as values distributed more or less than three standard
deviations from the mean and were handled the same way as missing values. All continuous variables were maintained as their original
forms in case of information loss, and categorical variables with multiple levels were re-classified, then the unordered were one-hot
encoded, while the ordered were kept as their reclassification forms. Continuous variables were presented as means with standard
deviations (SDs) and utilized Student’s t-test or Wilcoxon rank-sum test for statistical analysis. Categorical variables were presented as
counts and percentages, and the Chi-square test was employed for comparison.

After the preprocessing step, L1-penalized logistic regression (LR) was conducted based on the newest records in the training set to
select a subset of the total features generated from the preprocessing procedure, then the LSTM algorithm was introduced to develop
the prediction model, and the model was updated as the number of visit times increased and new measurements of predictors entered.
The hyperparameters were selected through a five-fold cross-validation process, in which all combinations of hyperparameters were
tested and the optimal combination was chosen based on the mean area under the receiver operating curve (AUROC) across five
validation sets derived from the training dataset. Besides, considering the imbalanced issue of the dataset [17], in which participants
with NAFLD were less than those without, we kept all the samples in the minority class in each epoch and randomly selected the same
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number of samples from the majority class to train the model, and both balanced datasets and imbalanced datasets were tested through
five-fold cross-validation. In addition, to establish a benchmark for the prediction of NAFLD, LR was conducted using data based on
each health checkup.

In the internal validation dataset and external validation dataset, discrimination and calibration of the prediction models were
assessed, in which AUROC, sensitivity, and specificity were used as metrics of discrimination ability, while Brier score was used to
evaluate calibration capability. Besides, Platt scaling method [18] was used to transform outputs into risk probabilities by fitting LR to
improve calibration, and the Brier score was calculated after recalibration. Bootstrap sampling was performed to generate 95%
confidence intervals (CIs) of the metrics above. Specifically, the same size of samples as the validation dataset was randomly selected
with replacement 1000 times, and the distribution of the results was used to obtain 95% Cls. Meanwhile, decision-curve characteristic
on the internal validation dataset was evaluated. The Delong test was utilized to compare the consecutive AUCs resulting from model
updates. Furthermore, as predictive performance with model updates was not independent, we employed repeated measures analysis
of variance (ANOVA) to compare the overall performance between models based on LSTM algorithms and LR across all five time
points. After the comparison of the updated models, the best-performed model was selected to show feature significance. The SHAP
algorithm was applied in the internal validation dataset to enhance models’ interpretability by obtaining patient-specific contributions
of each feature at a specific time point.

All the data preprocessing was conducted using SAS 9.4 and statistical analyses using Python 3.7.

2.4. LSTM for model development

LSTM [19] is introduced on the basis of the RNN, which can tackle time-series problems and selectively retain important infor-
mation through its gating systems: input gate (I,), forget gate (F;) and output gate (O,). Specifically, the input gate determines how
much information to input at the present step, the forget gate controls how much information to throw away from the previous steps,
and the output gate decided how much current information to output. After the disposal conducted by the gate systems, redundant
information is filtered out, largely releasing the memory of the hidden layer. The equations and diagram of an LSTM neuron (Fig. 2) are
as below:

L=6(X,Wq+H_, Wy +b)
F,=6(X,Wy +H,_ Wy +b)
0,=6(X, Wy + H,_ Wy, + b,)

C, =tanh (X,W, + H,_ Wy +b,)
C=F0C.,+1,6C

H,= 0, ®tanh(C,)

In our study, the NAFLD risk prediction was updated timely by incorporating new checkup records to construct dynamic models,
and all these longitudinal data integrated into the models were used for the prediction of NAFLD in future checkups.

2.5. SHAP for model interpretability

In the SHAP algorithm [14], feature importance is presented according to Shapley values. For a single sample, a probability is a
certain output from a prediction model, indicating the outcome risk of this sample, and in the same way, we can get a mean probability
of all samples. Through the SHAP algorithm, each of the current features of this sample corresponds to a Shapley value, which indicates
the contribution of this feature (considering its interactions with other features) to the outcome. The sum of all Shapley values is the
difference between the actual probability of a single sample and the mean probability of whole samples, which can be represented as:

Ct1 /
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Fig. 2. Diagram of an LSTM neuron.
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Table 1

Characteristics of study participants at baseline stratified by outcome.
Characteristic, n (%) Total (N = 10,493) NAFLD P value

Yes (N = 1662) No (N = 8831)

Demographic characteristics
Sex <0.001
Male 3162 (30.13) 714 (42.96) 2448 (27.72)
Female 7331 (69.87) 948 (57.04) 6383 (72.28) .
Age/year 35.40 + 8.73 37.13 £9.02 35.08 + 8.63 <0.001
Education <0.001
University degree or below 1781 (16.97) 390 (23.47) 1391 (15.75)
Undergraduate 6018 (57.35) 961 (57.82) 5057 (57.26)
University degree and above 2694 (25.67) 311 (18.71) 2383 (26.98) .
Income <0.001
Low 7867 (74.97) 1326 (79.78) 6541 (74.07)
Moderate 1456 (13.88) 191 (11.49) 1265 (14.32)
High 1170 (11.15) 145 (8.72) 1025 (11.61)
Body measurement
BMI/(kg/mZ) 21.30 + 2.27 22.45 + 2.15 21.08 +2.23 <0.001
Waist circumference/cm 72.35 +£7.25 75.93 £7.11 71.68 +7.08 <0.001
Body fat percentage/% 24.66 + 5.54 26.33 + 5.80 24.35 £ 5.44 <0.001
SBP/mmHg 105.86 + 11.65 108.00 + 12.34 105.46 + 11.47 <0.001
DBP/mmHg 64.88 + 8.72 65.91 + 9.32 64.69 + 8.59 <0.001
Laboratory tests
FBG/(mmol/L) 5.25 + 0.36 5.33 £0.35 5.24 £ 0.36 <0.001
TC/(mmol/L) 4.37 £ 0.70 4.47 £0.73 4.35+0.70 <0.001
TG/(mmol/L) 0.84 £ 0.34 0.95 £ 0.37 0.82 £ 0.33 <0.001
HDLC/(mmol/L) 1.57 £ 0.29 1.50 + 0.28 1.59 £ 0.29 <0.001
LDLC/(mmol/L) 2.58 £ 0.59 2.67 £ 0.59 2.56 = 0.59 <0.001
ALT/(U/L) 15.93 + 7.36 17.70 + 7.84 15.59 + 7.22 <0.001
AST/(U/L) 17.94 £+ 4.51 18.44 + 4.61 17.84 + 4.48 <0.001
Direct bilirubin/(pmol/L) 3.00 £ 2.15 2.42 +2.15 3.11 £213 <0.001
Total bilirubin/(ymol/L) 8.63 £ 6.25 7.29 £ 6.41 8.88 £ 6.18 <0.001
Total protein/(g/L) 72.80 + 2.44 72.81 + 2.08 72.80 £+ 2.50 0.838
Albumin/(g/L) 46.43 £+ 1.53 46.48 + 1.34 46.42 + 1.56 0.087
Globulin/(g/L) 26.38 + 2.15 26.34 +1.83 26.38 £ 2.21 0.351
GGT/(U/L) 15.24 + 5.95 16.36 + 5.84 15.03 + 5.95 <0.001
ALP/(U/L) 57.65 + 10.59 59.28 + 9.59 57.34 + 10.74 <0.001
LD/(U/L) 148.94 + 15.65 150.34 £ 14.61 148.68 + 15.83 <0.001
Uric acid/(ymol/L) 277.90 + 58.55 292.31 + 58.32 275.19 + 58.19 <0.001
Living habits
Smoking status <0.001
Current 971 (9.25) 237 (14.26) 734 (8.31)
Former 200 (1.91) 25 (1.50) 175 (1.98)
Never 9322 (88.84) 1400 (84.24) 7922 (89.71) .
Dietary regularity 0.161
Regular 8563 (81.61) 1336 (80.39) 7227 (81.84)
Irregular 1930 (18.39) 326 (19.61) 1604 (18.16) .
Fruit intake 0.061
Low 2117 (20.18) 357 (21.48) 1760 (19.93)
Moderate 7468 (71.17) 1183 (71.18) 6285 (71.17)
High 908 (8.65) 122 (7.34) 786 (8.90) .
Dairy intake 0.003
Low 4905 (46.75) 840 (50.54) 4065 (46.03)
Moderate 2707 (25.80) 401 (24.13) 2306 (26.11)
High 2881 (27.46) 421 (25.33) 2460 (27.86) .
Fried food intake 0.132
Low 6177 (58.87) 951 (57.22) 5226 (59.18)
Moderate 3734 (35.59) 604 (36.34) 3130 (35.44)
High 582 (5.55) 107 (6.44) 475 (5.38)
Personal history
Hypertension <0.001
Yes 404 (3.85) 106 (6.38) 298 (3.37)
No 10,089 (96.15) 1556 (93.62) 8533 (96.63) .
Diabetes 0.483
Yes 133 (1.27) 24 (1.44) 109 (1.23)
No 10,360 (98.73) 1638 (98.56) 8722 (98.77) .
Hyperlipidemic <0.001
Yes 2625 (25.02) 516 (31.05) 2109 (23.88)
No 7868 (74.98) 1146 (68.95) 6722 (76.12)
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BMI = body mass index. SBP = systolic blood pressure. DBP = diastolic blood pressure. FBG = fasting blood glucose. TC = total cholesterol. TG =
triglyceride. HDL-C = high-density lipoprotein cholesterol. LDL-C = low-density lipoprotein cholesterol. ALT = alanine transaminase. AST =
aspartate aminotransferase. GGT = glutamyl transferase. ALP = alkaline phosphatase. LD = lactate dehydrogenase.

Vi =Yhase +F (5n1) +f(x2) + ..+ (x3)

In our study, the global contribution, together with the time-specific and sample-specific contributions of each feature can be
generated by this algorithm.

3. Results

After excluding individuals who did not meet the inclusion criteria, a total of 10,493 participants were included for model
development in our study. Among them, 1662 (15.84%) were diagnosed with NAFLD at and after their sixth checkup. Characteristics
of study participants at baseline stratified by the outcome are presented in Table 1. People with the onset of NAFLD were older (P <
0.001), comprised more males (P < 0.001), with lower educational degrees (P < 0.001) and lower income (P < 0.001). Moreover, they
had higher values of anthropometric measures, including BMI (P < 0.001), WC (P < 0.001), BFP (P < 0.001), SBP (P < 0.001), and DBP
(P < 0.001). The differences in most of the laboratory tests between the two groups were also statistically significant (P < 0.05).
Besides, the NAFLD group comprised more current smokers (P < 0.001), and had lower dairy intake (P = 0.003), and the prevalence of
hypertension (P < 0.001) and hyperlipidemia (P < 0.001) was also significantly higher in the NAFLD group. To comprehensively
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demonstrate the longitudinal characteristics of the study participants, we also presented the characteristics of their fifth health
checkup and the checkup prior to their last follow-up in Supplemental Tab. 1 and Supplemental Tab. 2, respectively. Following the
random partitioning of the dataset, we investigated differences in the baseline characteristics of the study participants between the
training and internal validation sets. Supplemental Tab. 3 displays the results of this assessment, which demonstrated no statistically
significant differences in any of the analyzed features.

The characteristics of participants at baseline and at fifth checkup in the external validation dataset after feature selection were
presented in Supplemental Tab. 4 and Supplemental Tab. 5.

After feature selection, a total of 16 features, including sex, education, income, BMI, WC, BFP, ALT, UA, DB, LD, TG, AST, HDLC,
ALP, GGT and GLB were included in our model. Model performance in predicting NAFLD improved as checkup records were renewed.
In the internal validation dataset, the AUC increased significantly from 0.729 (95% CI: 0.698,0.760) at baseline to 0.818 (95% CI:
0.798,0.844) when consecutive 5 checkups were included (Fig. 3A-B). The recalibrated Brier scores decreased when more checkup
records were included, indicating improved calibration. The decision curve analysis also showed that the net benefits of the model
incorporated all five checkups significantly outperformed those of the other throughout all threshold probabilities (Fig. 4). The same
growth trend in AUC can be seen in the external validation set, from 0.700 (95% CI: 0.657,0.740) at baseline to 0.792 (95% CIL:
0.758,0.825) with all 5 checkups (Fig. 3C-D), although less accurate compared with those in the internal validation dataset. Brier
scores also showed an improved calibration with the update of the checkups. The results of Delong test indicated that the improvement
of AUC was statistically significant both in internal and external validation datasets (Supplemental Tab. 6). All metrics are presented in
Table 2.

For comparison, LR was also used to develop prediction models at each health checkup, the model performance was presented in
Supplemental Tab. 7. Although AUC increased with updated health checkup records, from 0.724 (95% CI: 0.695,0.753) to 0.784 (95%
CI: 0.758,0.810) in internal validation dataset, and from 0.713 (0.673,0.753) to 0.787 (0.750,0.823) in external validation dataset, the
overall performance of the model was inferior to that of LSTM models (P < 0.0001) based on the result of repeated measures ANOVA,
and the improvement trend was not as strong as the latter (P < 0.0001), as evidenced by the results presented in Supplemental Tab. 8
and Supplemental Tab. 9. Specifically, significant differences (P < 0.001) were observed in the prediction performance of the models in
the internal validation set as the number of health checkups varied. Additionally, the LSTM models outperformed the LR models in
terms of overall performance over five time points, with mean AUC values of 0.770 and 0.752, respectively. Moreover, the trend in
AUC improvement with the update of checkup records differed significantly between the two models, with the LSTM model showing a
stronger improvement trend than the LR model (difference in AUC between final and initial visits: 0.089 vs. 0.060, respectively). These
results were further supported by external validation. Besides, to more clearly compare the predictive performance differences be-
tween LR and LSTM models, we also used Wilcoxon signed rank tests to compare the AUC differences between the two models at or
before each time point. The results are presented in Supplemental Tab. 10.

To address the concern of potential improvement in model performance due to the decreasing time interval between the mea-
surement time of the variables and the occurrence of the outcome with the incorporation of new health checkup records, we further
developed models relative to the time of the fifth checkup, incorporating the fourth, the third, and until the first gradually, and
evaluating its performance. The results are presented in Fig. 5A and B and Table 3, which also showed an increased trend in model
performance.

The contributions of each feature in the model related to the risk of NAFLD are shown in Fig. 6A and B. Among all these features,
body fat percentage, ALT, and uric acid own the biggest impact on the outcome, with higher values above indicating greater risks of the
development of NAFLD. Besides, some demographic characteristics, like income and education, are also at the priority level.

The dynamic prediction model can also be interpreted at a specific checkup time, the summary plots of which can be seen in
Supplemental F. 2-6. The results of the mean importance rank of the features over time are presented in Fig. 7, which illustrates the
changing contributions of a certain feature. We note that body fat percentage and ATL occupied the top ranks in almost all checkup
times, HDLC gained importance with the extension of time steps, while the ranks of DB decreased, meaning losing importance over
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Fig. 4. Decision curve analysis with the update of checkups in the internal validation dataset. The gray solid line and the gray dashed line represent
the net benefit generated by intervention, and non-intervention to all participants, respectively. Other colored lines present intervention to all
potential patients identified by each model throughout threshold probabilities.
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Table 2

Model performance with the update of health checkups based on LSTM.
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Model

AUC

Sensitivity

Specificity

Brier score

Internal validation dataset

1 Checkup
2 Checkups
3 Checkups
4 Checkups
5 Checkups

0.729 (0.698,0.760)
0.744 (0.715,0.775)
0.775 (0.748,0.802)
0.786 (0.758,0.813)
0.818 (0.798,0.844)

External validation dataset

1 Checkup
2 Checkups
3 Checkups
4 Checkups
5 Checkups

0.700 (0.657,0.740)
0.730 (0.690,0.769)
0.749 (0.710,0.784)
0.765 (0.730,0.801)
0.792 (0.758,0.825)

0.700 (0.548,0.870)
0.774 (0.649,0.884)
0.735 (0.653,0.808)
0.748 (0.660,0.872)
0.804 (0.713,0.873)

0.741 (0.532,0.897)
0.765 (0.646,0.925)
0.786 (0.702,0.877)
0.792 (0.702,0.904)
0.791 (0.611,0.911)

0.641 (0.459,0.780)
0.605 (0.481,0.721)
0.715 (0.652,0.784)
0.700 (0.558,0.775)
0.690 (0.627,0.772)

0.590 (0.422,0.788)
0.579 (0.446,0.745)
0.642 (0.524,0.686)
0.646 (0.516,0.710)
0.695 (0.503,0.790)

0.131 (0.119,0.142)
0.112 (0.101,0.123)
0.087 (0.076,0.094)
0.067 (0.058,0.077)
0.052 (0.041,0.066)

0.076 (0.066,0.087)
0.077 (0.066,0.088)
0.076 (0.066,0.088)
0.067 (0.057,0.078)
0.066 (0.055,0.077)

LSTM = long short-term memory. AUC = area under the curve.
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Fig. 5. AUC as a function of checkup times incorporated from the fifth checkup till the first in the internal validation dataset (A) and external

validation dataset (B).

Table 3

Model performance incorporated checkup data from the fifth till the first.

Model

AUC

Sensitivity

Specificity

Brier score

Internal validation dataset
5th Checkup

4th-5th Checkups

3rd-5th Checkups

2nd-5th Checkups

1st-5th Checkups

External validation dataset
5th Checkup

4th-5th Checkups

3rd-5th Checkups

2nd-5th Checkups

1st-5th Checkups

0.765 (0.739,0.790)
0.772 (0.745,0.796)
0.797 (0.771,0.821)
0.800 (0.775,0.824)
0.818 (0.798,0.844)

0.740 (0.697,0.785)
0.762 (0.723,0.797)
0.768 (0.741,0.806)
0.789 (0.756,0.821)
0.792 (0.758,0.825)

0.770 (0.679,0.858)
0.774 (0.677,0.855)
0.789 (0.699,0.865)
0.773 (0.686,0.844)
0.804 (0.713,0.873)

0.629 (0.494,0.748)
0.717 (0.494,0.888)
0.784 (0.696,0.892)
0.804 (0.607,0.950)
0.791 (0.611,0.911)

0.655 (0.564,0.729)
0.666 (0.566,0.750)
0.684 (0.608,0.763)
0.712 (0.649,0.807)
0.690 (0.627,0.772)

0.770 (0.684,0.879)
0.682 (0.449,0.888)
0.647 (0.533,0.723)
0.640 (0.476,0.832)
0.695 (0.503,0.790)

0.118 (0.110,0.127)
0.115 (0.106,0.123)
0.092 (0.083,0.101)
0.071 (0.060,0.084)
0.052 (0.041,0.066)

0.088 (0.082,0.095)
0.091 (0.084,0.098)
0.081 (0.073,0.088)
0.079 (0.073,0.086)
0.066 (0.055,0.077)

AUC = area under the curve.

time.

We presented the fourth and fifth checkups of a representative case from the internal validation dataset in Fig. 8A and B,
respectively. The participant was a 45-year-old male, with an undergraduate degree and a moderate level of income. At his fourth
checkup, his BMI was 26.93 kg/mz, waist circumference 82 cm, and body fat percentage 39.0%, with none of the three chronic
diseases. Laboratory tests showed his direct bilirubin 2.67 pmol/L, ALT 16.0U/L, TG 1.95 mmol/L, and HDLC 1.01 mmol/L, which
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Fig. 6. Summary plot of the impact of features on the risk of NAFLD. (A) The blue bars represent the sum of the absolute SHAP value on features.
The higher SHAP values indicate more contributions to prediction. (B) Feature significance decreased from top to bottom. Each point represents the
impact of a feature on NAFLD prediction for one participant at a given checkup time. Red points with positive SHAP values, which are the same as
blue points with negative SHAP values, represent positive associations with the outcome, while red points with negative SHAP values, similarly to
blue points with positive SHAP values, mean negative relationships. BFP = body fat percentage. ALT = alanine transaminase. UA = uric acid. WC =
waist circumference. DB = direct bilirubin. LD = lactate dehydrogenase. TG = triglyceride. AST = aspartate aminotransferase. HDLC = high-density
lipoprotein cholesterol. ALP = alkaline phosphatase. GGT = glutamyl transferase. GLB = globulin. BMI = body mass index.
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Fig. 7. The dynamic impact of features on the risk of NAFLD. BFP = body fat percentage. ALT = alanine transaminase. UA = uric acid. WC = waist
circumference. DB = direct bilirubin. LD = lactate dehydrogenase. TG = triglyceride. AST = aspartate aminotransferase. HDLC = high-density
lipoprotein cholesterol. ALP = alkaline phosphatase. GGT = glutamyl transferase. GLB = globulin. BMI = body mass index.

were all risk factors identified by the model. One year later, he tested a 10U/L increase in GGT, which was out of the normal range and
pulled the prediction towards the onset of NAFLD. The values of waist circumstance, TG and direct bilirubin decreased but were still
identified as risk factors. Meanwhile, the measurements of BMI, body fat percentage, HDLC, ALT and LD, increased a little compared
with the fourth checkup, although most of which, especially the laboratory test results, were still within their normal limits, identified
as strong risk factors to the prediction. This participant was diagnosed with NAFLD at his sixth checkup. More information about this
individual can be seen in Supplemental Tab. 11.

BFP = body fat percentage. GGT = glutamyl transferase. DB = direct bilirubin. ALT = alanine transaminase. TG = triglyceride.
HDLC = high-density lipoprotein cholesterol. UA = uric acid. WC = waist circumference. LD = lactate dehydrogenase. BMI = body
mass index. GLB = globulin.

We further explored the relationships between features and the outcome, and detailed how some features interact (Fig. 9). A non-
linear relationship exists between UA measured at the third checkup, ALP measured at the fourth checkup and the outcome (Fig. 9A
and B). The normal ranges of UA and ALP are 180-420 mmol/L and 40-150U/L, respectively, meaning that the results of these two
laboratory tests in most participants are within the normal ranges. Besides, the relationship between the measurement value and the
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Fig. 9. Impact of feature interactions on NAFLD prediction. (A) the relationship between UA and the outcome; (B) the relationship between ALP and
the outcome; (C) the interaction of HDLC and BMI; (D) the interaction of education and BMI. The SHAP value corresponding to each dot represents
the impact of a feature and its interaction with other features for one participant. The positive SHAP value pushes the prediction towards the onset of
NAFLD, while the negative SHAP value reduces the risk of the disease. UA = uric acid. ALP = alkaline phosphatase. HDLC = high-density lipoprotein
cholesterol. BMI = body mass index.

risk of NAFLD was found to be non-linear, contrary to the expected linear relationship. Specifically, the risk of NAFLD increased
initially with the measurement values, followed by a decrease, indicating a complex relationship between the predictors and the
outcome. Furthermore, it is obvious that a higher value of HDLC is associated with a lower risk of NAFLD, but when considering BMI,
we can see that most of the dots in red color, indicating high BMI, are distributed far away from the position of 0 SHAP value, which
means that the interaction of high BMI and HDLC has a stronger impact on the prediction (Fig. 9C). Similarly, a lower educational
degree forebodes a higher risk of NAFLD, and a higher BMI also strengthens the impact (Fig. 9D).

4. Discussion

In this study, a time-series deep learning model was developed to predict the risk of NAFLD within the health checkup population,
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and the model was updated when new checkup records were incorporated to achieve dynamic prediction. SHAP algorithm was used to
enhance model interpretability and identify features that had a great impact on outcomes.

As expected, with the extension of the time step, the latest records were incorporated and more information about temporal trends
was contained, so the model performance improved significantly. However, when incorporating records from the first checkups to the
fifth checkups stepwise, the time of predictors measurement will approach the time of prediction, so the model performance may
improve on this account. To deal with this problem, we further developed a model relative to the time of the fifth checkup, incor-
porating the fourth, the third, and until the first gradually, and evaluating its performance. The results also showed an increased trend
in model performance, although not as significant as the forward incorporation. This finding indicates that the features measured years
before the development of NAFLD are still of great value and need to be taken into account to better predict the outcome.

While cross-sectional data-based diagnostic prediction models have shown promising results, they fall short in predicting the future
incidence of NAFLD and identifying high-risk populations before the onset of the disease [5,7,8,20]. Prognosis prediction models, on
the other hand, excel in early risk estimation for diseases. Compared to existing studies on prognosis prediction models, the predictive
performance of the model developed in our study demonstrates certain advantages. In a study by Zhu et al., multivariate LR model was
constructed to predict the risk of NAFLD among lean pre-diabetics with normal blood lipid levels, achieving an AUC of 0.796 in the
longitudinal internal validation with a 5-year follow-up period [21]. Abeysekera et al. utilized variables measured at the participants’
adolescence to predict the incidence risk of NAFLD at the age of 24 using LR, yielding the highest AUROC of 0.79 [22]. Wang et al.
conducted a four-year cohort study to predict the incidence risk of NAFLD among 13,240 baseline NAFLD-free individuals using cox
proportional hazards regression analyses. In the internal validation cohort, the AUC for 1-year, 2-year, 3-year, and 4-year risk pre-
dictions were 0.817, 0.820, 0.814, and 0.813, respectively [23]. In contrast, our study focused on developing a dynamic prediction
model with constantly updated health checkup records using advanced deep learning algorithms that estimated the incidence risk of
NAFLD from the sixth health checkup onwards until the end of the follow-up period. The internal validation set yielded an impressive
highest AUC of 0.818 (0.798, 0.844), showcasing the innovative and competitive performance of our model.

Our research reveals that the prediction model we established surpasses the LR model used as the benchmark. We found that our
LSTM-based model’s performance further enhanced as more recent health checkup records become available compared to the LR
model. This implies that the LSTM model could offer more accurate predictions over a longer time span of data. Additionally, as both
models employ the same predictive variables, the cost of using either model remains identical. Our validation set results demonstrate
that while the LR model’s discriminative ability improves with updated health checkup records, its calibration ability decreases.
Conversely, our LSTM-based prediction model exhibits greater robustness, stability, and generalizability. Our findings suggest that the
LSTM model could serve as a more dependable and precise tool for time-series data prediction, offering superior performance to the LR
model.

Although in many studies, BMI was regarded as an important predictor of NAFLD [24-26], we identified the more valid body
measurement indicator, body fat percentage. This indicator could help recognize those with normal weight obesity, whose BMI cannot
tell [27]. Besides, this feature had a roughly increased importance rank over time, showing more value than other body measurement
indicators [28]. As a practical, easily measured, and non-invasive indicator, we recommend using body fat percentage to supplement
other body measurement indicators. However, further research needs to be done to test whether there exists a causal relationship
between BFP and NAFLD. ALT, a standard and commonly used indicator of liver function, was found to have a great impact on the
prediction in our study. As an enzyme in the cytosol of hepatocytes, only a low level of ALT can be detected in the serum in a healthy
population, elevated ALT level usually indicates the injury or apoptosis of hepatocytes [29]. Previous studies have also concluded that
the increased ALT value was associated with a higher risk of NAFLD [30-32]. In a cross-sectional study on elderly Chinese man and
woman, ALT was observed to have a significant joint association with serum uric acid to NAFLD prevalence [33], although we haven’t
considered the joint contribution of the two features in our study, serum uric acid was also found to have a strong impact on the
outcome. The global contribution of UA in all five checkups showed that a high level of the feature driving the outcome towards the
side of NAFLD. Meanwhile, we also found a non-linear relationship between UA and the outcome that existed in a single checkup. Some
cross-sectional studies have demonstrated that serum uric acid was positively associated with the prevalence of NAFLD in Chinses
population [34]. Besides, a case-control study also indicated that uric acid was an independent predictor of NAFLD [35]. As the end
product of purine metabolism, high levels of serum uric acid could induce fat accumulation and then lead to the development of fatty
liver [36]. Waist circumference was also a significant predictor of NAFLD, consistent finding has been revealed in previous studies [7,
37]. Furthermore, our results also showed that direct bilirubin levels from five or more years ago can have a significant and continuous
effect on the development of NAFLD, which may hint at its long-term effect on the onset of the disease. Nevertheless, lifestyle habits
collected from the questionnaire survey, including dietary condition and smoking status, although proved to be associated with the
development of NAFLD by other studies [38-40], were not regarded as important factors in our study. It makes sense when considering
the long-time interval between the survey time of these habits and the prediction, along with the possible changeability of these
features. From the SHAP algorithms, we also illustrated the interactions between some features. We found that a high BMI could
strengthen the impact of certain features on the outcome, including HDLC and education. Specifically, the interactions between high
BMI and the two features tended to drive the outcome towards two extremes. Thus, minor changes in laboratory test results for the high
BMI population may have a strong impact on the development of NAFLD, which deserves more attention.

We selected a representative sample from the internal validation dataset to show the quantitative and individual-specific impact of
features and provide the changing process over time. This sample was predicted to develop NAFLD in the future based on his
consecutive 5 checkups. But when regardless of his initial 4 checkups and only his last checkup record was included, he would be
predicted as exempted from NAFLD, which appears to be a wrong prediction and is contrary to reality. Specifically, almost all features
in his fifth checkup seemed not very abnormal and most were within normal limits, but when compared with his fourth checkup, we
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can find that there exists a slight increase in BMI, body fat percentage, HDLC, ALT, and many other features. Thus, we can conclude
that it was the variation trend contained in the time-series checkup data that prompted the correct prediction. Although in some
studies, time-series data were transformed into summary statistics, including mean, minimum and maximum values, to fully harness
the information contained in the repeated measurement data [41,42], the temporal trends in detail cannot be captured adequately [43,
44]. Therefore, instead of focusing on snapshot measurements or the transformed statistics of multiple measurements, the original
measurement history and long-term trends of some features also need to be taken into account.

It should be noted that our study was subject to the presence of right censoring as well as potential bias due to loss to follow-up,
which are inherent limitations associated with utilizing health checkup data. As presented in Supplementary Tab. 12, we report the
number and proportion of participants lost to follow-up at each subsequent health checkup after the sixth one. However, we performed
a thorough analysis of participant characteristics between those who were lost to follow-up and those who were not at their sixth
health checkup, as presented in Supplementary Tab. 13. Our comparison revealed that there were negligible differences between the
two groups, as most indicators did not exhibit statistically significant differences (P > 0.05), and the standardized mean difference
(SMD) results indicated that almost all indicators had an SMD of less than 0.1 [45]. In addition, we also conducted a separate com-
parison of baseline characteristics between participants lost to follow-up and those who were not, taking into account the outcome
(Supplementary Tab. 14). This allowed for a better comparison with Table 1. The analysis revealed that the distribution of most
characteristic differences between different outcomes was similar across both the lost to follow-up and not lost to follow-up groups.
These findings partly mitigate the potential impact of loss to follow-up on our results.

While our health check-up database contained data spanning 2003-2012, we chose to analyze only those individuals with six or
more health checkups. This decision aimed to balance the trade-off between selecting too few or too many years of data, as the former
would not fully reflect changes in the time-series data while the latter would result in an unacceptably small sample size. Supple-
mentary Tab. 15 illustrates the relationship between the number of health checkups included and corresponding sample sizes and
NAFLD incidence rates. Although selecting patients with seven or more health checkup records would provide richer data, it would
reduce the sample size to below 10,000, compromising the statistical power of our deep learning model. Additionally, if the selected
time span is too long, the corresponding population may be relatively healthy, with a low incidence rate of NAFLD, and thus the
practical value of the model would be limited. Conversely, choosing five or fewer health check-up records would produce a relatively
short time-series that might not capture the full spectrum of changes in the underlying data. Therefore, we opted to focus on patients
with at least six recorded health checkups to maintain an optimal balance between sample size and data richness.

We own some strengths in this study. Firstly, we made full use of the routine health checkup data and kept their time-series forms to
extract the valuable information contained, and used the SHAP algorithm to visualize changing contributions of top predictors and
provided the individual-level model explanation. Secondly, we explored the dynamic prediction by incorporating newly updated
checkups to adapt to the evolving health checkup picture, which is more useful than a static one and can provide timely guidance to
participants. Thirdly, we focused on developing a prognostic prediction model with a time interval of over one year to help identify
high-risk groups at early stages, which may own more value compared with most of the current diagnostic prediction models. Fourthly,
we verified the predictive performance of our model through external validation on a completely independent dataset, so the
generalization and the practical value of the prediction model are in prospect.

There are still several limitations in our study. Firstly, as the high prevalence rate of NAFLD, we filtered out those diagnosed with
NAFLD in their initial five checkups and kept a relatively healthier population, which may limit the application of the model. Secondly,
we trained the LSTM model with consecutively updated 5 checkups of each participant. Even though our longitudinal data spanned
over 5 years, the checkup records hadn’t been renewed at a very high frequency. While the strength of the LSTM algorithm lies in its
learning about long-term dependencies, which may partially affect our results [46]. Thirdly, our study did not comprehensively
investigate the potential differences in missingness patterns between outcome groups and over time during the imputation of missing
values, and the use of the LOCF method may not be optimal for our checkup data. Therefore, a more in-depth exploration of miss-
ingness imputation techniques is warranted to enhance the robustness of our results. Fourthly, although the MJ Health Screening
Center performs calibration of its examination instruments and equipment regularly, the lengthy time frame of our study may still
result in natural year-to-year differences in biochemical values. Fifthly, our feature selection process did not consider the longitudinal
nature of the data, but instead relied solely on variables obtained during a single checkup, which may partly bias our results. Lastly,
despite the relatively high sensitivity exhibited by our prediction model, there are still individuals who are incorrectly predicted as
negative, resulting in false negatives. This may be due to the right censoring of data, which could lead to some study participants being
diagnosed with NAFLD long after the fifth check-up. Nevertheless, it is essential to recognize that various factors may contribute to the
manifestation of false negatives, and their quantification poses a significant challenge.

In conclusion, we developed a dynamic and continuously updated deep learning model based on time-series health checkup data
for the prediction of NAFLD in the future checkup and achieved good performance both in calibration and discrimination. Predictors of
top significance were identified and their impact on the outcome was visualized both in global settings and individual settings.
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Abstract

Background & Aims: Non-alcoholic fatty liver disease (NAFLD) and the newly pro-
posed metabolic-associated fatty liver disease (MAFLD) were each associated with
subclinical atherosclerosis. However, there is limited evidence on risk of atherosclero-
sis in individuals who meet the criteria for one but not the other. We aimed to investi-
gate the associations of MAFLD or NAFLD status with site-specific and multiple-site
atherosclerosis.

Methods: This is a prospective cohort study involving 4524 adults within the MJ
health check-up cohort. Logistic regression model was used to estimate odds ratios
(ORs) and confidence intervals (Cls) for subclinical atherosclerosis (elevated carotid
intima-media thickness [CIMT], carotid plaque [CP], coronary artery calcification
[CAC] and retinal atherosclerosis [RA]) associated with MAFLD or NAFLD status,
MAFLD subtypes and fibrosis status.

Results: MAFLD was associated with higher risks of elevated CIMT, CP, CAC and RA
(OR: 1.41 [95% CIl 1.18-1.68], 1.23 [1.02-1.48], 1.60 [1.24-2.08], and 1.79 [1.28-
2.52], respectively), whereas NAFLD per se did not increase risk of atherosclerosis
except for elevated CIMT. Individuals who met both definitions or the definition for
MAFLD but not NAFLD had higher risk of subclinical atherosclerosis. Among MAFLD
subtypes, MAFLD with diabetes had the highest risk of subclinical atherosclerosis, but
the associations did not differ by fibrosis status. Stronger positive associations were
observed of MAFLD with multiple-site than single-site atherosclerosis.

Conclusions: In Chinese adults, MAFLD was associated with subclinical atherosclero-
sis, with stronger associations for multiple-site atherosclerosis. More attention should
be paid to MAFLD with diabetes, and MAFLD might be a better predictor for athero-
sclerotic disease than NAFLD.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; AVR, arteriole-to-venule ratio; BMI, body mass index; CAC, coronary artery calcification; Cl, confidence
interval; CIMT, carotid intima-media thickness; CP, carotid plaque; CRP, C-reactive protein; CT, computed tomography; CVD, cardiovascular disease; DM, diabetes mellitus; FBG, fasting
blood glucose; FIB-4, fibrosis-4; GGT, gamma-glutamyl transferase.; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; HU,
Hounsfield unit; IQR, interquartile range; LDL-C, low-density lipoprotein cholesterol; MAFLD, metabolic-associated fatty liver disease; NAFLD, non-alcoholic fatty liver disease;
NHANES, the National Health and Nutrition Examination Survey; OR, odds ratio; OW, overweight; PLT, platelet; RA, retinal atherosclerosis; RRR, relative risk ratio; SD, standard

deviation; WC, waist circumference.
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1 | INTRODUCTION

Metabolic-associated fatty liver disease (MAFLD), which emphasizes
the presence of metabolic dysfunction in definition, is an updated
nomenclature of non-alcoholic fatty liver disease (NAFLD).1 While
most patients with hepatic steatosis fit the definitions for both
MAFLD and NAFLD, a considerable proportion meets the criteria
for one but not the other.? Individuals who meet the definition of
NAFLD but not MAFLD have little metabolic dysfunction, whereas
those with MAFLD but not NAFLD have metabolic dysfunction and
other chronic liver conditions or excessive alcohol use. Comparing
the prognosis of the two discordant groups may provide insights into
the necessity of re-definition.

Cardiovascular disease (CVD) is one of the leading causes of death
in patients with NAFLD.® Since subclinical atherosclerosis is predic-
tive for future cardiovascular events depending on the location and
the number of sites affected, examining the associations of MAFLD
or NAFLD status with site-specific and multiple-site subclinical ath-
erosclerosis may inform the early detection of cardiovascular risk in
patients with MAFLD or NAFLD.*” In addition, a recent prospective
cohort study conducted in the United States reported that MAFLD,
but not NAFLD, was associated with all-cause mortality independently
of known metabolic risk factors.? Investigating the associations with
atherosclerosis might help to identify the potential mechanism under
the differences in risks of death between MAFLD and NAFLD.

Cross-sectional and prospective cohort studies have shown con-
sistently positive associations of MAFLD or NAFLD, respectively,
with subclinical atherosclerosis (including carotid intima-media
thickness [CIMT], carotid plaque [CP], coronary artery calcifica-
tion [CAC], etc.).”"*® However, it is not clear whether the discordant
groups that meet the criteria for one but not the other definition
have the same magnitude of associations with subclinical athero-
sclerosis, particularly for CP and CAC. Moreover, there is little
evidence on the prospective associations of MAFLD or NAFLD with
multiple-site atherosclerosis or whether the associations differ by
advanced fibrosis or subtypes of MAFLD.

Therefore, we aimed to (1) examine the associations between
MAFLD or NAFLD status and site-specific subclinical atherosclero-
sis; (2) compare the associations of MAFLD or NAFLD status with
multiple-site atherosclerosis and that with single-site atheroscle-
rosis; and (3) examine whether the associations of MAFLD with
subclinical atherosclerosis differed by subtypes of MAFLD and ad-
vanced fibrosis.

advanced fibrosis, metabolic-associated fatty liver disease, non-alcoholic fatty liver disease,
subclinical atherosclerosis

Key points

In Chinese adults, metabolic-associated fatty liver disease
(MAFLD) showed stronger associations with subclini-
cal atherosclerosis than non-alcoholic fatty liver disease
(NAFLD), suggesting that it is a better indicator for ath-
erosclerotic disease. Patients with diabetes-accompanied
MAFLD had the highest risks of subclinical atherosclerosis
among all MAFLD subtypes. Our study highlighted the ne-
cessity of early detection for MAFLD and supported the
redefinition for NAFLD.

2 | MATERIALS AND METHODS
2.1 | Study population

This is a prospective cohort study in the MJ Health Check-up study,
which is an open cohort of participants who underwent a com-
prehensive annual health check-up at the clinic of the MJ Health
Check-up Center in Beijing, China. Initially, we included adults
aged 218years with baseline health data collected from January
1, 2009, to December 31, 2018 (n=161681). Participants who did
not perform carotid artery ultrasound, chest computed tomography
(CT) scan or fundus examination (n=139 563), had missing data on
MAFLD or NAFLD status (n=3559) or had elevated CIMT, CP, CAC,
retinal atherosclerosis (RA) or history of CVD (n=5660) at baseline
were excluded (Figure S1). We further excluded participants who
lost to follow up (n=7282) or had missing data on CIMT, CP, CAC or
RA (n=1093) during the follow-up period. Finally, 4524 participants
were included in the analyses.

2.2 | Diagnosis of NAFLD and MAFLD

The diagnosis of fatty liver was based on abdominal B-type ultra-
sound examination. Participants were required to fast before the
examination. An Aplio 300 colour Doppler ultrasound scanner
(Canon, Japan) with a probe frequency of 3.5MHz was used in the
ultrasound examination. The presence of fatty liver was determined
if the participants met the ultrasound criteria for fatty liver.! In the
questionnaire, each individual was asked about the frequency of
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drinking alcohol, the type of alcohol (a reflection of alcohol content)
and the number of cups per drink. The daily total alcohol consump-
tion was calculated by multiplying the frequency by the alcohol con-
tent and the number of cups per drink. The definition of NAFLD was
the presence of fatty liver in the absence of excessive alcohol con-
sumption (<20g/day for females and <30g/day for males) or other
identifiable causes.?”8

MAFLD was diagnosed as the presence of fatty liver with 21 of
the following: (1) overweight (OW) or obese (body mass index [BMI]
>23kg/m?), (2) diabetes mellitus (DM, fasting blood glucose [FBG]
>7.0mmol/L or self-reported diabetes mellitus or using anti-diabetic
drugs) and (3) at least 2 metabolic risk abnormalities. Metabolic risk
abnormalities consisted of (1) waist circumference (WC) 290cm for
men and=80cm for women, (2) blood pressure 2130/85 mmHg or
specific drug treatment, (3) fasting plasma triglycerides >1.70 mmol/L
or specific drug treatment, (4) plasma high-density lipoprotein (HDL)
cholesterol <1.0mmol/L for men and<1.3mmol/L for women or
specific drug treatment, (5) prediabetes (FBG 5.6-6.9 mmol/L), (6)
homeostasis model assessment of insulin resistance (HOMA-IR)
score>2.5 and (7) plasma high-sensitivity C-reactive protein (CRP)
IeveI>2mg/L.1 Individuals with MAFLD were further categorized
into three mutually exclusive subtypes: (1) MAFLD with DM (DM-
MAFLD), (2) overweight or obese MAFLD without diabetes (OW-
MAFLD) and (3) lean or normal-weight MAFLD with 22 metabolic
risk abnormalities but without DM (lean-MAFLD).*?

The non-invasive fibrosis marker fibrosis-4 (FIB-4) was used to
assess the probability of advanced fibrosis in all NAFLD or MAFLD
events. The FIB-4 was calculated using the following equation:
FIB-4 =agexaspartate aminotransferase (AST, U/L)/platelet (PLT)
count (x10%/L)xValanine aminotransferase (ALT, U/L).2° Fatty liver
with intermediate or high probability of advanced fibrosis was iden-
tified if FIB-4>1.30.2°

2.3 | Diagnosis of subclinical atherosclerosis

Details for diagnoses of subclinical atherosclerosis, including el-
evated CIMT, CP, CAC and RA, can be found in Supplementary
methods. Multiple-site atherosclerosis was defined by the presence
of atherosclerotic lesions in more than one of the examined terri-
tories among the carotid artery, the coronary artery and the retinal
arteriole.

2.4 | Statistical analysis

Continuous variables with normal or skewed distribution were
described as the mean+standard deviation (SD) or median (inter-
quartile range [IQR]), and categorical variables were presented as
frequencies and percentages. Follow-up was calculated from base-
line (the date of the first health check-up) until the date of the out-
come or the last follow-up (before December 31, 2018), whichever
came first. Logistic regression model was used to calculate the odds
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ratios (ORs) and 95% confidence intervals (Cls) for incident subclini-
cal atherosclerosis. Multinomial logistic regression model was used
to assess the associations between MAFLD or NAFLD status and
the number of affected sites, with no atherosclerosis as the refer-
ence category. All models were adjusted for age, gender, education
level, income level, smoking status, alcohol consumption and physi-
cal activity according to previously reported risk factors for both
NAFLD and subclinical atherosclerosis.?*-2®

All statistical analyses were performed using R (version 3.6.2;
R Foundation for Statistical Computing, Vienna, Austria). All p values
were two-sided, and statistical significance was defined as p <0.05.

3 | RESULTS
3.1 | Baseline characteristics of study participants

The baseline characteristics of study participants by MAFLD or
NAFLD status and incident elevated CIMT status are presented in
Table 1 and Table S1, respectively. Among the 4524 study partici-
pants, the mean (SD) age at baseline was 45.3 (7.0) years, and 2716
(60.0%) were male. The prevalence of NAFLD, MAFLD, and concord-
ant MAFLD and NAFLD was 33.0%, 43.4% and 32.4%, respectively
(Figure 1). In terms of discordant groups, the prevalence of MAFLD
only and NAFLD only was 11.0% and 0.6%, while that of simple he-
patic steatosis (those who had hepatic steatosis but did not meet the
definitions for MAFLD or NAFLD) was 0.2%.

Compared with those with normal liver, participants with MAFLD
or NAFLD at baseline were older and more likely to be male, current
smokers and current drinkers. Moreover, participants with MAFLD
had a less healthy metabolic profile and were more likely to have

prevalent diabetes and hypertension.

3.2 | Associations between MAFLD or NAFLD
status and subclinical atherosclerosis

During a median follow-up of 2.0years, there were 709, 578, 287
and 177 cases of elevated CIMT, CP, CAC and RA, respectively. After
adjustments for demographic and lifestyle risk factors, MAFLD
demonstrated positive associations with all four markers of subclini-
cal atherosclerosis (OR: 1.41 [95% Cl, 1.18-1.68] for elevated CIMT,
1.23 [1.02-1.48] for CP, 1.60 [1.24-2.08] for CAC and 1.79 [1.28-
2.52] for RA, Table 2). The corresponding ORs of NAFLD were 1.36
(1.14-1.63), 1.08 (0.89-1.31), 1.39 (1.07-1.79) and 1.22 (0.88-1.70),
respectively. When additionally adjusted for diabetes and hyperten-
sion, NAFLD was no associated with CAC (Table S2).

When cohorts were classified according to the absence and/or
presence of MAFLD and NAFLD, MAFLD+NAFLD was associated
with higher risks of subclinical atherosclerosis (OR: 1.44 [1.20-1.74]
for elevated CIMT, 1.16 [0.95-1.42] for CP, 1.59 [1.20-2.10] for CAC
and 1.56 [1.09-2.25] for RA). In particular, there were positive as-
sociations between MAFLD only and each marker of subclinical
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TABLE 1 Baseline characteristics of study participants.

Normal liver Simple hepatic NAFLD only MAFLD only MAFLD + NAFLD Overall

(n=2526) steatosis (n=9) (n=25) (n=497) (n=1467) (n=4524)
Age, year? 44.7 (6.9) 44.0(6.8) 46.0(7.5) 45.3(6.2) 46.4(7.1) 45.3(7.0)
Female (n, %) 1364 (54.0) 2(22.2) 12 (48.0) 5(5.0) 405 (27.6) 1808 (40.0)
College education (n, %) 759 (30.0) 1(11.1) 7(28.0) 141 (28.4) 421 (28.7) 1329 (29.4)
Current smokers (n, %) 481 (19.0) 3(33.3) 8(32.0) 247 (49.7) 381 (26.0) 1120 (24.8)
Current drinkers (n, %) 615 (24.3) 6(66.7) 8(32.0) 412 (82.9) 370(25.2) 1411 (31.2)
Inactive (n, %) 508 (20.1) 4 (44.4) 7(28.0) 105 (21.1) 305 (20.8) 929 (20.5)
BMI, kg/m?? 22.9(2.6) 22.4(0.5) 21.7 (1.4) 27.1(2.7) 26.6(2.9) 24.5(3.3)
WC, cm? 78.1(8.3) 79.4(7.1) 76.1 (5.0) 92.3(7.6) 89.7 (8.2) 83.4(10.2)
SBP, mmHg? 109.8 (13.4) 107.6 (10.0) 107.2 (14.5) 119.1 (13.6) 118.0(13.9) 113.5(14.2)
DBP, mmHg? 69.6 (10.3) 67.9 (7.9) 67.6(8.1) 77.3(10.8) 75.3 (10.5) 72.3(10.9)
FBG, mmol/L® 5.5(0.6) 5.6(0.5) 5.4(0.3) 6.1(1.2) 5.9 (1.0) .7(0.9)
TC, mmol/L? 4.7 (0.8) 4.9(0.7) 5.1(0.9) 0(0.9) 5.0(0.9) 8(0.9)
TG, mmol/L? 1.2(0.7) 1.1(0.4) 1.2(0.5) 2.2(1.6) 19(1.2) 5(1.1)
HDL-C, mmol/L? 1.5(0.4) 1.5(0.3) 1.5(0.3) 2(0.3) 1.2(0.3) 4(0.4)
LDL-C, mmol/L? 2.9(0.8) 3.1(0.6) 3.2(1.0) .1(0.8) 3.2(0.8) 0(o.
AST, U/L® 18.0 (6.0) 20.0(2.0) 21.0 (6.0) 22.0(9.0) 20.0(7.0) 19.0(7.0)
ALT, U/L° 16.0 (9.0) 25.0(19.0) 22.0(15.0) 29.0(19.0) 25.0(17.0) 19.0 (14.0)
GGT, U/L° 16.0(13.0) 21.0(12.0) 21.0 (16.0) 43.0 (45.0) 28.0(23.0) 21.0(22.0)
PLT count, (*107/L)? 228.8 (55.0) 233.4 (48.0) 240.6 (64.7) 220.7 (49.4) 233.2(53.6) 229.4 (54.1)
Diabetes (n, %) 53(2.1) 0(0) 0(0) 61(12.3) 148 (10.1) 262 (5.8)
Hypertension (n, %) 368 (14.6) 0(0) 3(12.0) 193(38.8) 499 (34.0) 1063 (23.5)

Note: Categorical variables are presented as frequencies and percentages.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CIMT, carotid intima-media thickness;
DBP, diastolic blood pressure; FBG, fasting blood glucose; GGT, gamma-glutamyl transferase; HDL-C, high-density lipoprotein cholesterol; IQR,
interquartile range; LDL-C, low-density lipoprotein cholesterol; PLT, platelet; SBP, systolic blood pressure; SD, standard deviation; TC, total

cholesterol; TG, triglycerides; WC, waist circumference.
?Data are presented as the mean (SD).
PData are presented as median (IQR).

atherosclerosis (OR: 1.42 [1.06-1.89] for elevated CIMT, 1.43 [1.05-
1.92] for CP, 1.78 [1.19-2.64] for CAC and 2.84 [1.71-4.70] for RA).
However, these associations were not observed in those with NAFLD
only (OR: 0.99 [0.23-2.97] for CP, 1.94 [0.30-6.90] for CAC and 1.19
[0.06-6.64] for RA) except for elevated CIMT (OR: 3.10 [1.15, 7.55]).

3.3 | Associations between MAFLD or NAFLD
status and the number of sites affected by subclinical
atherosclerosis

Compared with those without MAFLD, the relative risk ratios (RRRs)
for 1-site, 2-site and 3-site atherosclerosis were 1.28 (1.07-1.53),
1.73 (1.19-2.51) and 3.96 (1.40-11.12) among participants with
MAFLD, respectively (Table 3). NAFLD was only associated with
1-site atherosclerosis (RRR: 1.21 [1.02-1.45]). The corresponding
RRRs were 1.28 (1.06-1.54), 1.55 (1.03-2.32) and 3.27 (0.96-11.15)
among those with MAFLD+NAFLD. MAFLD only was associated
with increased risks of multiple-site atherosclerosis (RRR: 2.44
[1.42-4.19] for 2-site and 20.73 [4.71-91.43] for 3-site), while

NAFLD only was only associated with 3-site atherosclerosis (RRR:
23.05 [1.38-384.61]).

3.4 | Associations between MAFLD subtypes and
subclinical atherosclerosis

Among those with MAFLD, 209 (10.6%) participants were classified
as DM-MAFLD, 1672 (85.1%) as OW-MAFLD and 83 (4.2%) as lean-
MAFLD at baseline (Table 4). Compared with the non-MAFLD group,
the ORs of the DM-MAFLD group were 1.99 (1.40-2.78) for ele-
vated CIMT, 1.83 (1.27-2.60) for CP, 3.15 (2.04-4.77) for CAC, and
3.10 (1.79-5.23) for RA, respectively. The corresponding ORs were
1.40 (1.17-1.68), 1.18 (0.97-1.44), 1.40 (1.07-1.85) and 1.68 (1.18-
2.40) in the OW-MAFLD group. No significant associations between
lean-MAFLD and subclinical atherosclerosis were observed com-
pared to non-MAFLD except for elevated CIMT.

Compared to participants with DM-MAFLD, those with OW-
MAFLD or lean-MAFLD had lower risks of subclinical atheroscle-
rosis (Table S3). For example, for OW-MAFLD, the ORs were 0.69
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Normal liver: 55.8% Hepatic steatosis: 44.2%

MAFLD only: 11.0%

NAFLD only: 0.6%

Simple hepatic steatosis: 0.2%

MAFLD+NAFLD: 32.4%

FIGURE 1 Relative proportions of MAFLD and NAFLD in the study participants. MAFLD+NAFLD denotes individuals who met both
MAFLD and NAFLD definitions. In terms of discordant groups, MAFLD only denotes individuals who met the definition of MAFLD but not
NAFLD, whereas NAFLD only denotes those with NAFLD but not MAFLD. Among individuals with hepatic steatosis diagnosed by abdominal
ultrasound, we defined simple hepatic steatosis as individuals who met neither the definition for MAFLD nor NAFLD (i.e. individuals with
steatosis but had neither metabolic risk factors to be diagnosed with MAFLD nor absence of other fatty liver causes to be diagnosed with
NAFLD).

TABLE 2 Associations between MAFLD or NAFLD status and subclinical atherosclerosis.

Elevated CIMT CP CAC RA
No. No. No.
cases OR (95% Cl) cases OR (95% Cl) No. cases OR (95% Cl) cases OR (95% Cl)
NAFLD
Non-NAFLD 396 1.00 357 1.00 159 1.00 101 1.00
NAFLD 313 1.36(1.14, 1.63) 221 1.08(0.89,1.31) 128 1.39(1.07,1.79) 76 1.22(0.88, 1.70)
MAFLD
Non-MAFLD 304 1.00 269 1.00 111 1.00 66 1.00
MAFLD 405 1.41(1.18,1.68) 309 1.23(1.02,1.48) 176 1.60(1.24,2.08) 111 1.79 (1.28, 2.52)
MAFLD & NAFLD?
Normal liver 295 1.00 266 1.00 108 1.00 65 1.00
NAFLD only 7 3.10(1.15, 7.55) 3 0.99 (0.23,2.97) 2 1.94(0.30,6.90) 1 1.19 (0.06, 6.64)
MAFLD only 99 1.42(1.06, 1.89) 91 1.43(1.05,1.92) 50 1.78(1.19,2.64) 36 2.84(1.71,4.70)

MAFLD+NAFLD 306 1.44(1.20, 1.74) 218 1.16 (0.95, 1.42) 126 1.59 (1.20,2.10) 75 1.56 (1.09, 2.25)

Note: Logistic regression model was used in this analysis, adjusted for age, gender, education, income, smoking, drinking and physical activity.

Abbreviations: CAC, coronary artery calcification; Cl, confidence interval; CIMT, carotid intima-media thickness; CP, carotid plaque; MAFLD,
metabolic-associated fatty liver disease; NAFLD, non-alcoholic fatty liver disease; OR, odds ratio; RA, retinal atherosclerosis.

*The group of simple hepatic steatosis was analysed as a single group but not reported because of the wide Cls.

(0.49-0.97) for elevated CIMT, 0.63 (0.44-0.91) for CP, 0.44 (0.29-
0.68) for CAC and 0.54 (0.33-0.92) for RA.

intermediate or high probability of advanced fibrosis and subclinical
atherosclerosis (Table S4). For example, for elevated FIB-4, the ORs
were 1.13 (0.78-1.62) for elevated CIMT, 1.08 (0.73-1.57) for CP,
0.82 (0.49-1.35) for CAC and 0.87 (0.49-1.49) for RA.

3.5 | Associations between advanced

fibrosis and subclinical atherosclerosis in participants

with MAFLD 4 | DISCUSSION

When participants with MAFLD were stratified by risk of ad-
vanced fibrosis, no significant associations were observed between

In the current study, individuals with MAFLD had higher risk of de-
veloping subclinical atherosclerosis, with stronger associations for
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TABLE 3 Associations between MAFLD or NAFLD status and number of sites affected by subclinical atherosclerosis.

1-site vs no atherosclerosis

2-site vs no atherosclerosis

3-site vs no atherosclerosis

No. cases RRR (95% ClI) No. cases RRR (95% ClI) Elaos‘es RRR (95% ClI)

NAFLD

Non-NAFLD 422 1.00 78 1.00 13 1.00

NAFLD 281 1.21(1.02, 1.45) 57 1.24(0.86,1.79) 10 1.33(0.55,3.19)
MAFLD

Non-MAFLD 331 1.00 50 1.00 5 1.00

MAFLD 372 1.28(1.07, 1.53) 85 1.73(1.19, 2.51) 18 3.96(1.40, 11.12)
MAFLD & NAFLD?

Normal liver 329 1.00 49 1.00 4 1.00

NAFLD only 1 0.26 (0.03, 1.94) 1 1.81(0.23, 14.22) 1 23.05(1.38,384.61)

MAFLD only 92 1.22(0.91,1.63) 29 2.44(1.42,4.19) 9 20.73(4.71,91.43)

MAFLD+NAFLD 280 1.28(1.06, 1.54) 56 1.55(1.03,2.32) 9 3.27 (0.96, 11.15)

Note: Multi-nominal logistic regression model was used in this analysis, adjusted for age, gender, education, income, smoking, drinking and physical

activity.

Abbreviations: Cl, confidence interval; MAFLD, metabolic-associated fatty liver disease; NAFLD, non-alcoholic fatty liver disease; RRR, relative risk ratio.

*The group of simple hepatic steatosis was analysed as a single group but not reported because of the wide Cls.

TABLE 4 Associations between MAFLD subtypes and subclinical atherosclerosis.

Elevated CIMT CcpP CAC RA
No. No. No. No. No.
participants cases OR(95% Cl) cases OR(95% Cl) cases OR(95% Cl) cases OR (95% Cl)
Non-MAFLD 2560 304 1.00 269 1.00 111 1.00 66 1.00
DM-MAFLD 209 62 1.99 (1.40, 2.78) 51 1.83(1.27,2.60) 37 3.15(2.04,4.77) 24 3.10(1.79, 5.23)
OW-MAFLD 1672 336 1.40(1.17,1.68) 249 1.18(0.97, 1.44) 131 1.40(1.07, 1.85) 85 1.68(1.88, 2.40)
Lean-MAFLD 83 7 0.47 (0.19, 0.99) 9 0.79 (0.36, 1.55) 8 1.81(0.77,3,71) 2 0.68(0.11, 2.32)

Note: Logistic regression model was used in this analysis, adjusted for age, gender, education, income, smoking, drinking and physical activity.

Abbreviations: CAC, coronary artery calcification; Cl, confidence interval; CIMT, carotid intima-media thickness; CP, carotid plaque; MAFLD,
metabolic-associated fatty liver disease; OR, odds ratio; RA, retinal atherosclerosis.

multiple-site atherosclerosis. MAFLD only, but not NAFLD only,
was positively associated with subclinical atherosclerosis (except for
the positive association between NAFLD only and elevated CIMT).
Moreover, in individuals with MAFLD, those with DM-MAFLD had
higher risk of subclinical atherosclerosis compared with those with
OW-MAFLD or lean-MAFLD. Our study highlighted the importance of
early detection and interventions of MAFLD to prevent atherosclerosis.

Our findings for MAFLD were generally consistent with two
prospective studies in China. One showed that compared with par-
ticipants without MAFLD throughout the follow-up period, those
with stable MAFLD had a higher risk of elevated CIMT (OR: 1.36
[1.13-1.62]), while the other reported that MAFLD was associated
with a higher risk of CP (OR: 2.36 [1.12, 4.96]).2%2?* Our study ex-
tended results from previous studies by showing stronger associ-
ations for CAC and RA than for elevated CIMT and CP. Since CAC
is considered a better predictor of subsequent CVD events than

carotid atherosclerosis, our results emphasized the significance of
examining coronary artery in patients with MAFLD.?>?® |n terms
of NAFLD, a recent systematic review and meta-analysis involving
26 studies and 85395 participants reported that the presence of
NAFLD was associated with higher risks of increased CIMT or CP
(OR: 1.74 [1.47-2.06]; between-study heterogeneity I>=86%) and
CAC (OR: 1.56 [1.24-1.96]; [’=59%), while a cross-sectional study
in China reported that NAFLD was associated with a higher risk of
retinal athersclerosis.?”?® In contrast to previous studies, our study
found no associations of NAFLD with CP and RA. Since the meta-
analysis mainly consisted of cross-sectional studies, more evidence
is needed on the prospective associations of NAFLD with CP and
RA. In addition, two retrospective cohort studies in Korea and China
(sample size: 14288 and 8020 participants; follow-up duration:
5.0 and 3.3years, respectively) reported positive associations be-

tween advanced fibrosis and subclinical atherosclerosis in NAFLD.
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However, we observed null associations between fibrosis and ath-
erosclerosis, possibly due to the relatively short follow-up period
and small sample size. 1029

A prospective cohort study in the National Health and Nutrition
Examination Survey (NHANES) Ill reported that MAFLD was asso-
ciated with a higher risk of all-cause mortality, but NAFLD per se
(additionally adjusted for metabolic risk factors) was not. In sup-
port of this study, the positive association of NAFLD with CAC in
our study disappeared with additional adjustment for diabetes and
hypertension, while results for MAFLD persisted. Furthermore,
MAFLD only was positively associated with four markers of sub-
clinical atherosclerosis, whereas NAFLD only was only associated
with elevated CIMT. This suggested that atherosclerosis might be
the underneath pathway through which MAFLD and NAFLD were
linked to higher risk of all-cause mortality.8 The positive association
between NAFLD only and elevated CIMT might be because partici-
pants in this group developed metabolic dysfunction during the fol-
low-up, and elevated CIMT tended to appear earlier in the course
of atherosclerosis than other markers.%° Future studies using a
longitudinal approach are warranted to explore the relationships
between transitions of liver status and subclinical atherosclerosis.

Another finding of this study is that associations of MAFLD with
subclinical atherosclerosis were stronger for multiple-site athero-
sclerosis, which indicated that atherosclerotic disease in patients
with MAFLD might have higher probability of concurrence. In a
cross-sectional study in France involving 2554 adults, the presence
of steatosis was associated with at least 2-site atherosclerosis (OR:
1.21 [1.01-1.45]). Our study confirmed the association using a pro-
spective cohort design and emphasized the necessity of a compre-
hensive evaluation of atherosclerosis in individuals with MAFLD.

Among the MAFLD subtypes, DM-MAFLD conferred the highest
risk of subclinical atherosclerosis, which was generally consistent with a
Korean study examining the associations of MAFLD subtypes and long-
term cardiovascular events.' Our study suggested that DM-MAFLD
subtype could serve as a strong predictor not only for future cardio-
vascular events but also for subclinical atherosclerosis. However, our
results did not show higher risk of subclinical atherosclerosis in lean-
MAFLD group. Since the high CVD risk of lean-MAFLD in the Korean
study was mainly driven by the stronger association among those with
advanced fibrosis, our null findings may be due to the relatively low
fibrosis burden in participants with MAFLD in the current study.*’

The strengths of the current study included a prospective
study design, detailed categorization of MAFLD or NAFLD status
and coverage of carotid arteries, coronary arteries and retinal ar-
terioles for the evaluation of subclinical atherosclerosis. However,
several limitations must be stated. First, the diagnoses of hepatic
steatosis and advanced fibrosis were based on abdominal ultrasound
and non-invasive biomarkers, respectively, rather than liver biopsy
which is considered the gold standard.3! However, ultrasonography
is widely used in epidemiological studies for its convenience, cost-
effectiveness and non-invasiveness, which has been proven to have
high reliability and accuracy for hepatic steatosis diagnosis.32 In ad-
dition, FIB-4 has been externally validated and accepted by clinical
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practice guidelines.®® Second, NAFLD only accounted for a small
proportion (0.6%) of the study participants. Therefore, the results
should be interpreted with caution. Third, the study population
involved participants attending health check-ups who had relatively
higher levels of income and education, limiting the generalizability
of the results. Finally, although demographic and lifestyle risk fac-
tors were adjusted for, residual confounding due to unmeasured or
unknown variables cannot be ruled out.

In conclusion, MAFLD was positively associated with site-
specific and multiple-site subclinical atherosclerosis, and particular
attention should be paid to those with DM-MAFLD. The definition
of MAFLD outperformed NAFLD to predict risk of subclinical ath-
erosclerosis. The current study reinforced the necessity of early
detection of MAFLD in preventing atherosclerosis and improving

cardiovascular health.
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ABSTRACT

Vaccine hesitancy is a significant obstacle to the prevention and control of coronavirus disease 2019,
especially among people with human immunodeficiency virus (HIV) in developing countries like Malawi,
where HIV prevalence rate is high and limited data is available on severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) vaccine hesitancy among people living with HIV (PLHIV). This study was
conducted among people aged =18 years at Mpemba health center, Blantyre. All PLHIV were interviewed
using a structured questionnaire. All non-PLHIVs who were willing and were conveniently available were
investigated. Multivariate logistic regression model and generalized linear model were used to assess the
factors associated with SARS-CoV-2 vaccine hesitancy and knowledge, attitude, and trust. Totally 682
subjects were recruited with 341 PLHIV and 341 non-PLHIV. SARS-CoV-2 vaccine hesitancy rates were
similar between PLHIV and non-PLHIV (56.0% vs. 57.2%, p =.757). In PLHIV, SARS-CoV-2 vaccine hesitancy
was associated with education, occupation, and religion (all p < .05). In non-PLHIV, vaccine hesitancy was
associated with sex, education, occupation, income, marital status, and residence (all p <.05). Higher
knowledge, attitude, and trust scores were associated with a lower vaccine hesitancy rate in PLHIV
(knowledge: OR=0.79, 95% Cl 0.65-0.97, p =.022; attitude: OR = 0.45, 95% Cl 0.37-0.55, p <.001; trust:
OR =0.84, 95% Cl 0.71-0.99, p =.038). SARS-CoV-2 vaccine hesitancy was high among PLHIV in Blantyre
city, Malawi, which was a similar situation to non-PLHIV. Targeted efforts are needed to address these
concerns and increase knowledge, trust, and positive attitudes toward the vaccine to reduce vaccine
hesitancy against SARS-CoV-2 in PLHIV.
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Introduction in Malawi, the prevailing SARS-CoV-2 vaccination rates are

alarmingly low to offer long-term control of the pandemic.*
The SARS-CoV-2 vaccination rates for Malawi compared with

Vaccination is crucial in managing the pandemic of coronavirus
disease 2019 (COVID-19); however, the scourge of severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccine
hesitancy is evident worldwide." Therefore, deep diving into
the factors driving vaccination uptake and the associated beha-
viors and attitudes is critical in expanding the coverage and
subsequent controlling of the pandemic. Therefore, the use of
innovative evidence-based interventions to address such gaps
cannot be overemphasized. Malawi is a southern eastern African
country with a population of about 17.5 million.> Up to
17 May 2023, there have been about 90,000 confirmed cases of
COVID-19 and caused nearly three thousand deaths in
Malawi.” During the COVID-19 pandemic, several epidemic
peaks occurred in this country, that were June to August 2020,
December 2020 to March 2021, June to September 2021, and
December 2021 to February 2022, respectively, and the largest
weekly confirmed cases was about seven thousands.” Moreover,

other countries in the sub-Saharan region like South Africa,
Kenya, and Mozambique are considerably lower, and far more
from the majority level of the globe.™ In this case, it is impor-
tant to improve the situation of vaccination against SARS-
CoV-2.

The human immunodeficiency virus (HIV) pandemic is
mainly concentrated in the sub-Saharan Africa region, with
approximately 25.5 million people living with HIV (PLHIV).”
Malawi is one of the countries that worst influenced by the
HIV epidemic with estimated adult HIV prevalence of 8.9% in
2019 nationwide and 17.7% in Blantyre City.® According to
Malawi Population-based HIV Impact Assessment survey
(2021), HIV prevalence in Malawi was still staggering at
9.2%, and 14.2% in Blantyre.7 Research has shown that
PLHIV are more susceptible to SARS-CoV-2 infection in
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comparison to general population and might exhibit worse
outcomes compared with HIV-negative individuals.>’ Aside
from the physical effects of SARS-CoV-2 infection, there are
emotional and social aspects that affected even access to anti-
retroviral therapy (ART). For PLHIV, vaccine hesitancy might
be more pronounced and therefore consequential poor SARS-
CoV-2 vaccine coverage.10 It is therefore imperative to protect
PLHIV from SARS-CoV-2 infection. The extent of the SARS-
CoV-2 vaccination in PLHIV in Malawi is still not known
which unearths more research needs in this area.

Vaccine hesitancy might be widespread, particularly in spe-
cific groups such as PLHIV, and may consequently decrease
SARS-CoV-2 vaccination rates.'" Therefore, it is vital to com-
prehend the disposition to accept SARS-CoV-2 vaccination
and its accompanying influences among PLHIV to mount
evidence-based interventions that are effective in increasing
the number of PLHIV vaccinated against SARS-CoV-2.
Previous studies that explored SARS-CoV-2 vaccine willing-
ness in PLHIV showed that around 70% of PLHIV were willing
to get COVID-19 jabs in the United States and France.'>'> On
the contrary, a study in eight cities in China reported that
57.2% of PLHIV had a willingness for SARS-CoV-2 vaccina-
tion, lower than in the United States and France.'* Lazarus
et al. reported varied ranges of vaccine acceptance from almost
90% (in China) to less than 55% (in Russia) in 19 countries.'
They declared that SARS-CoV-2 vaccine acceptance was
65.22% in Nigeria and it was 81.58% in South Africa. This
evidence shows high levels of variability across different coun-
tries and multifaceted reasons could be behind this variability.
To date, the levels of SARS-CoV-2 vaccine hesitancy in differ-
ent marginalized groups in Malawi are still not known and
more research studies are needed in different marginalized
groups like the PLHIV. According to the fast-track cities
study, Blantyre city is among the top 10 cities in the world
with the highest HIV prevalence rate and Mpemba health
center has the highest prevalence of HIV among the health
facilities around Blantyre.”'® Hence, we conducted this cross-
sectional study to figure out the status of SARS-CoV-2 vaccine
hesitancy among PLHIV and explore the influencing factors
from May to September 2022 in Blantyre, Malawi, and then
put forward feasible measures to improve the situation based
on the findings.

Methods
Study design and participants

A cross-sectional study was conducted from May to
September 2022 at Mpemba health center in Traditional
Authority Somba, in Blantyre district, which is
a government-owned primary health care facility level
institution and provides the following services: out-
patient care, maternity, family planning, under-five care,
ART clinic, and mobile clinics service for hard-to-reach
places. Inclusion criteria of participants were as follows:
All PLHIV aged >18years old and accessing ART through
the Mpemba ART clinic that were conveniently available at
the time of the study were interviewed using a structured
questionnaire. All non-PLHIVs aged >18 years who were

willing and were conveniently available at the time the
researcher conducted the study were also sampled.
Exclusion criteria of participants were as follows: All
PLHIV clients accessing ART through the Mpemba ART
clinic without giving written consent were excluded from
the study. All HIV-non-infected members without com-
pleted information were automatically excluded from the
study. All individuals contraindicated from receiving
SARS-CoV-2 vaccination were excluded.

Questionnaire

The questionnaire included the following parts: sociodemo-
graphic and health characteristics. @O Age, sex, educational
attainment, level of income, marital status, years since HIV
was diagnosed, and health status (whether they are satisfied
with their current health status) were collected. @ The
information on SARS-CoV-2 vaccination. This part focused
on the history of the vaccination against SARS-CoV-2,
whether they had encountered any adverse reactions to
COVID-19, the reasons for willingness or hesitancy to
SARS-CoV-2 vaccination, and whether the study partici-
pants or anybody in their home was diagnosed or suc-
cumbed to COVID-19. ® The SARS-CoV-2 vaccine
hesitancy scale referred to Zhao et al.'” and consisted of
three dimensions: vaccination knowledge (knowledge), vac-
cination attitude (attitude), and trust in confidence acquisi-
tion channels (trust). @ The views of participants on the
relationship between HIV and SARS-CoV-2 infection. An
inquiry was made to establish whether study participants
were vaccinated against SARS-CoV-2 or not, whether they
had encountered any adverse reactions to COVID-19, and
whether the study participants or anybody in their home
was diagnosed or succumbed to COVID-19. The complete
questionnaire was in Supplementary Materials and the scale
score assignment was listed in Table S1. The overall
Cronbach’s a coefficient was 0.842, and the Cronbach’s o
coefficients of knowledge, attitude, and trust were 0.784,
0.832, and 0.940, respectively.

Data collection

Data were mainly collected using the structured questionnaire
described above. The questionnaire was translated into
Chichewa (Malawi’s local dialect) to enhance good commu-
nication with the participants. The questionnaire was piloted
by the researcher and 10 questionnaires were administered to
the target population in the study. The pretesting focused on
the following aspects; comprehension, wording, sequence, and
general layout. Minor adjustments were made based on the
feedback and a second pretest was done with a different group
of respondents. No major feedback was given in the second
piloting session and general observation was the ease of under-
standing the questions by the participants. Small mediums
were defined as the people employing one to twenty employees
according to the Micro, Small, and Medium Enterprises survey
of Malawi in 2012.



Sampling and sample size

The researcher employed convenience sampling such that
participants that were available in the ART clinic and
members from the general population were sampled. The
sample size was determined using the quick calculation
2

#. In the
formula, p is the expected prevalence rate, q = 1-p, d is the
allowable error, Zi-a/2 is the statistic of significance test,

and n is the sample size. We set the allowable error as
0.12xp, a=0.05, Z; 4> =1.96. Assuming the SARS-CoV-2
vaccine hesitancy was 55%, the sample size was calculated
as 219. Considering that convenience sampling is not
a probability sampling, we increased the sample size by
1/2, that was, 328 individuals were needed. Assuming vac-
cine hesitancy rates were similar in the two groups, the
same number of samples would be investigated in the two
groups with 656 subjects at least in total.

formula for the cross-sectional study: n —

Ethical consideration

Ethical clearance and study approval were sought from the
Blantyre district office by the researcher. Both the study
approval and ethical clearance were granted by the Blantyre
district health office and the ethics committee under the
Blantyre district office before the commencement of data col-
lection. Participants also gave consent to participate in the
study by signing or thumb printing on consent forms. All
data collected from the participants were treated with confi-
dentiality as no names were used. All participants in the study
were recruited on a voluntary basis and this notion was
emphasized prior to the consent signing or thumb printing.

Definition of vaccine hesitancy against SARS-CoV-2

People who were vaccinated against SARS-CoV-2 and without
any initial hesitancy were defined as no vaccine hesitancy,
while people who were vaccinated but had vaccine hesitancy
initially and those who were not vaccinated were defined as
vaccine hesitancy.

Statistical analysis

Categorical variables were described by frequencies and
proportions. Continuous variables were described as mean
and standard deviation (SD). Descriptive statistics, includ-
ing percentages and frequencies, were used to summarize
the characteristics of the study participants. In addition,
bivariate analysis using Chi-square was performed to
examine the relationship between SARS-CoV-2 vaccine
hesitancy and participant characteristics. A multivariate
logistic regression model was conducted to evaluate factors
that are associated with SARS-CoV-2 vaccine hesitancy,
and the association between the scale scores and SARS-
CoV-2 vaccine hesitancy. A multivariate analysis was con-
ducted by using the generalized linear model (GLM) to
influence factors of scale scores. The dependent variables
were the scale scores of knowledge, attitude, and trust
respectively, with the social demographic information as
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independent variables. A two-sided p <.05 was considered
statistically significant. Data analysis was conducted using
Microsoft Excel, STATA (version 17) and R 4.1.2 software.

Results
Demographic characteristics of the participants

There were 341 participants in the PLHIV group and 341
participants in the non-PLHIV group. The demographic
characteristics and SARS-CoV-2 vaccination status in the
non-PLHIV group and PLHIV group are displayed in
Table 1. Compared to the non-PLHIV group, the PLHIV
group had more males (41.6% vs. 33.7%, p =.033) and more
rural residents (95.6% vs. 91.2%, P =.021). The distribution
of age groups, education levels, occupation types, and
monthly income were significantly different in the two
groups (all p<.05). A higher education level and monthly
income were observed in the non-PLHIV group, while the
marital status and religion were comparable (both p >.05).

Comparison of vaccine hesitancy rate and vaccination
rate

In the non-PLHIV group, 195 (57.2%) were had vaccine hes-
itancy and 146 (42.8%) had no vaccine hesitancy (Figure 1,
Table S2). While 191 (56.0%) had vaccine hesitancy in the
PLHIV group. Overall, the vaccine hesitancy status in people
living with or without HIV infection was similar (p =.757). 173
(50.7%) participants were vaccinated in the non-PLHIV group
and 168 (49.3%) were vaccinated in the PLHIV group. Overall,
the vaccination status in people living with or without HIV
infection was also comparable (p =.702) (Figure 1, Table S2).

Vaccine hesitancy rate in different subgroups of PLHIV

In PLHIV, the vaccine hesitancy rates against SARS-CoV-2
were associated with education, occupation, and religion (all
p <.05) (Table 2). Participants who had primary and second-
ary education had the highest vaccination rate (43.3% and
46.7%, respectively) and the primary category had the highest
vaccine hesitancy rate (53.4%). The participants who were
occupationally farmers, professional/skilled laborers, and
others had the top three highest vaccine hesitancy rates
(48.2%, 21.5%, and 14.7%, respectively), while the unem-
ployed had the lowest hesitancy rate (3.1%). The vaccine
hesitancy rate of Christians was significantly higher than
that of Christians (86.4% vs. 13.6%, p =.038) (Table 2).

Multivariate logistic regression model for SARS-CoV-2
vaccination hesitancy

A multivariate logistic regression model was conducted
based on the demographic variables which had significant
differences in univariate analysis in the PLHIV group.
Meanwhile, age and sex were also included in the model as
the key demographic characteristics. The multivariate logistic
regression model showed that vaccine hesitancy was asso-
ciated with age, education, occupation, and religion in the
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Table 1. Demographic characteristics according to HIV status of respondents.

Total non-PLHIV PLHIV
Characteristic, n (%) N =682 n=341 n =341 p value
Sex .033
Female 425 (62.3) 226 (66.3) 199 (58.4)
Male 257 (37.7) 115 (33.7) 142 (41.6)
Age groups (years) <.001
18-29 208 (30.5) 131 (38.4) 77 (22.6)
30-39 293 (43.0) 127 (37.2) 166 (48.7)
40-49 142 (20.8) 60 (17.6) 82 (24.0)
Above 50 39 (5.7) 23 (6.7) 16 (4.7)
Education <.001
Never been to School 41 (6.0) 7 (2.1) 34 (10.0)
Primary 291 (42.7) 124 (36.4) 167 (49.0)
Secondary 306 (44.9) 175 (51.3) 131 (38.4)
Tertiary 44 (6.5) 35(10.3) 9 (2.6)
Occupation <.001
Farmers 247 (36.2) 91 (26.7) 156 (45.7)
Small mediums 91 (13.3) 35(10.3) 56 (16.4)
Students 60 (8.8) 40 (11.7) 20 (5.9)
Professional/Skilled workers 133 (19.5) 94 (27.6) 39 (11.4)
Unemployed 104 (15.2) 49 (14.4) 55 (16.1)
Other 47 (6.9) 32 (9.4) 15 (4.4)
Monthly income <.001
Less than K50,000 334 (49.0) 129 (37.8) 205 (60.1)
K50,000-K100,000 167 (24.5) 99 (29.0) 68 (19.9)
K100,000-500,000 150 (22.0) 88 (25.8) 62 (18.2)
Above K500,000 31 (4.5) 25(7.3) 6(1.8)
Marital status 403
Single 204 (29.9) 97 (28.4) 107 (31.4)
Married 478 (70.1) 244 (71.6) 234 (68.6)
Residence .021
Rural 637 (93.4) 311 (91.2) 326 (95.6)
Urban 45 (6.6) 30 (8.8) 15 (4.4)
Religion .055
Christian 624 (91.5) 319 (93.5) 305 (89.4)
Muslim 58 (8.5) 22 (6.5) 36 (10.6)
HIV, human immunodeficiency virus; PLHIV, people living with HIV.
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Figure 1. Comparison of vaccine hesitancy and vaccination rate between PLHIV and non-PLHIV. The bars represented the numbers, measured by the left y-axis. The
dots represented the rates and the error bars represented the confidence intervals, measured by the right y-axis. PLHIV, people living with human immunodeficiency

virus.

PLHIV group (all p <.05) (Figure 2, Table S3). Compared to
the 18-29 years age group, respondents in the 40-49 years
and above 50 years were less likely to have vaccine hesitancy
against SARS-CoV-2 (40-49 years: OR =0.46, 95% CI 0.22-
0.96; above 50years: OR=0.23, 95% CI 0.07-0.80).
Compared to the Never been school, respondents in the
primary and secondary, and tertiary education categories
were likely not to have vaccine hesitancy against SARS-

CoV-2 (primary: OR=0.29, 95% CI 0.11-0.76; secondary:
0.14, 95% CI 0.05-0.40; tertiary: OR=10.02, 95% CI 0.01-
0.22). Compared to farmers, participants in the small and
medium enterprises were more likely to have vaccine hesi-
tancy against SARS-CoV-2 (OR=2.93, 95% CI 1.35-6.35).
Compared to Christians, Muslims were more likely to have
vaccine hesitancy against SARS-CoV-2 (OR=2.67, 95% CI
1.09-6.53) (Table S3).
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Figure 2. The association between vaccine hesitancy and demographics in PLHIV. The circle represented OR and the error bar represented 95% Cl. OR, odds ratio. Cl,

confidence interval. PLHIV, people living with human immunodeficiency virus..

The association between knowledge, attitude, and trust
scores and vaccine hesitancy

In the PLHIV group, the results showed that the status of vaccine
hesitancy against SARS-CoV-2 was associated with the knowledge
of SARS-CoV-2 vaccines and attitude toward the vaccination
(Table 3). The higher the knowledge scores and the attitude scores
were, the less likely the PLHIV had vaccine hesitancy against
SARS-CoV-2 (knowledge: OR 0.80, 95% CI 0.67-0.97, p =.013;
attitude: OR 0.62, 95% CI 0.53-0.72, p <.001).

GLMs of knowledge scale and demographic
characteristics

The mean of the knowledge scores was 10.93 (SD 2.09) among
all the participants and the knowledge level was associated with
their education level, occupation, monthly income level, and
residence in the PLHIV group (p <.05) (Table 4). Compared
with participants never been to school, those with tertiary edu-
cation had higher knowledge scores ( = 2.98, 95% CI 0.28-5.69,
p=.031). Professional/skilled laborers had higher knowledge
scores compared to farmers (p=1.34, 95% CI 0.25-2.42, p
=.015). The knowledge scores were lower in those with higher
monthly income than those with a monthly income of less than
K50,000 (K50,000-K100,000: B =-0.83, 95% CI -1.55, —0.11;
K100,000-500,000: p=-1.22, 95% CI -2.18, —0.26; above

K500,000: B=-3.85, 95% CI -7.04, -0.66; all p<.05).
Participants residing in the urban area had a lower knowledge
score than that in rural (p=-1.83, 95% CI -2.97, -0.68, p
=.002) (Table 4).

GLMs of attitude scale and demographic characteristics

The mean of the attitude scores was 12.62 (SD 3.14)
among all the participants and the attitude level was asso-
ciated with their age, education level, occupation, monthly
income level, residence, and religion in the PLHIV group
(p<.05) (Table 5). Compared to participants aged 18-29
years, those aged 30-39 years, 40-49 years, and above 50
years had higher attitude scores (p=0.95, 95% CI 0.09,
1.81; p=1.6, 95% CI 0.61, 2.59; p=2.64, 95% CI 1.01,
4.29). Compared with participants never been to school,
those with secondary and tertiary education had higher
attitude scores (f=1.93, 95% CI 0.66, 3.19; p=4.46, 95%
CI 0.47, 8.46). Students, professionals/skilled workers, peo-
ple unemployed, and others had higher scores compared to
farmers (f =2.39, 95% CI 0.64, 4.13; p=2.63, 95% CI 1.14,
4.12; B=1.59, 95% CI 0.65, 2.53; p=1.95 95% CI 0.31,
3.6). The attitude scores were lower in those with
a monthly income of K50,000-K100,000 and K100,000-
500,000 than those with less than K50,000 (B=-1.56,
95% CI -2.59, -0.53; p=-2.15, 95% CI -3.53, -0.78).
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Table 2. The comparison of SARS-CoV-2 vaccine hesitancy rate in different subgroups among PLHIV.

Subgroups, n (%) No Vaccine hesitancy Vaccine hesitancy p value
Sex .059
Female 79 (39.7) 120 (60.3)
Male 71 (50.0) 71 (50.0)
Age groups (years) 282
18-29 31 (40.3) 46 (59.7)
30-39 69 (41.6) 97 (58.4)
40-49 40 (48.8) 42 (51.2)
Above 50 10 (62.5) 6 (37.5)
Education <.001
Never been to School 7 (20.6) 27 (79.4)
Primary 65 (38.9) 102 (61.1)
Secondary 70 (53.4) 61 (46.6)
Tertiary 8 (88.9) 1(11.1)
Occupation .006
Farmers 64 (41.0) 92 (59.0)
Small mediums 8 (53.3) 7 (46.7)
Students 22 (56.4) 17 (43.6)
Professional/Skilled workers 15 (26.8) 41 (73.2)
Unemployed 14 (70.0) 6 (30.0)
Other 27 (49.1) 28 (50.9)
Monthly income 114
Less than K50,000 95 (46.3) 110 (53.7)
K50,000-K100,000 25 (36.8) 43 (63.2)
K100,000-500,000 25 (40.3) 37 (59.7)
Above K500,000 5(83.3) 1(16.7)
Marital status 491
Single 50 (46.7) 57 (53.3)
Married 100 (42.7) 134 (57.3)
Residence .070
Rural 140 (42.9) 186 (57.1)
Urban 10 (66.7) 5(33.3)
Religion .038
Christian 140 (45.9) 165 (54.1)
Muslim 10 (27.8) 26 (72.2)

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; PLHIV, people living with human immunodefi-

ciency virus.

Table 3. The multivariate logistic regression model of knowledge, attitude and
trust scores with vaccination hesitancy in the PLHIV group.

Scale OR 95% Cl p-value
Knowledge 0.80 0.67-0.97 .022
Attitude 0.62 0.53-0.72 <.001
Trust 0.93 0.82-1.06 267

The reference of the logistic regression model was no vaccine hesitancy (Y =0).
Age, sex, education, occupation, monthly income and religion were adjusted.
PLHIV, people living with human immunodeficiency virus; OR, odds ratio; Cl,
confidence interval.

Participants who resided in urban had lower attitude scores
than that in rural (p=-1.99, 95% CI -3.63, -0.35).
Muslims had a lower attitude score compared to
Christians (B =-1.44, 95% CI —2.48, —0.40) (Table 5).

GLMs of trust scale and demographic characteristics

The mean of the trust scores was 12.86 (SD 2.69) among
all the participants and the trust level was associated with
their age and religion in the PLHIV group (Table 6).
Compared to participants aged 18-29 years, those aged
30-39 years, 40-49 years and above 50years had higher
trust scores (f=1.02, 95% CI 0.25, 1.78; p=1.10, 95% CI
0.22, 1.98; $=2.20, 95% CI 0.74, 3.66; all p <.05). Muslims
had a lower trust score compared to Christians (f =-1.04,
95% CI -1.97, -0.11, p=.029) (Table 6).

Self-perceived risk of COVID-19 infection in PLHIV

The comparison of self-perceived risk to COVID-19 infection
in PLHIV with vaccine hesitancy or not was presented in Table
S4. The three perceptions between PLHIV with no vaccine
hesitancy and PLHIV with vaccine hesitancy were significantly
different (p <.001). In those with vaccine hesitancy, signifi-
cantly fewer people thought that ‘HIV infection increases the
risk of SARS-CoV-2 infection,” ‘HIV infection increases the
risk of severe or life-threatening SARS-CoV-2 infection,” or
‘SARS-CoV-2 infection is a serious infection warranting
vaccination.’

Discussion

In this study, we found that there was no significant difference
of SARS-CoV-2 vaccine hesitancy rate between PLHIV and
non-PLHIV in Blantyre, Malawi. Over half of PLHIV were
observed to have vaccine hesitancy. In PLHIV, SARS-CoV-2
vaccine hesitancy was associated with age, education, occupa-
tion, and religion. Those having higher knowledge and attitude
scores were less likely to have vaccine hesitancy against SARS-
CoV-2 in PLHIV.

Regarding vaccine hesitancy and vaccination status, there
were no significant differences between the non-PLHIV and
PLHIV groups. This was contrary to Iliyasu et al., who found
vaccine acceptance was lower among PLHIV compared to the
general population.'"® A lower willingness for SARS-CoV-2
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Table 4. The generalized linear model of knowledge scores and demographic characteristics in the PLHIV

group.

Characteristic Mean (SD) B (95% Cl) P value
Sex

Female 10.88 (2.12) Reference

Male 11.01 (2.04) —0.02 (—0.48, 0.45) 943
Age groups (years)

18-29 10.82 (2.19) Reference

30-39 10.84 (2.13) 0.14 (-0.46, 0.74) 639

40-49 11.10 (2.00) 0.48 (-0.21, 1.17) 173

Above 50 11.56 (1.46) 0.89 (—0.26, 2.04) 131
Education

Never been to school 10.74 (2.56) Reference

Primary 10.68 (2.09) 0.13 (-0.64, 0.91) 734

Secondary 11.29 (1.93) 0.87 (0, 1.75) .052

Tertiary 11.22 (1.56) 2.98 (0.28, 5.69) .031
Occupation

Farmers 10.86 (2.21) Reference

Small mediums 10.61 (2.25) 0.27 (—0.60, 1.14) 546

Students 11.85 (1.39) 0.71 (-0.51, 1.93) 257

Professional/Skilled workers 11.44 (1.94) 1.3 (0.26, 2.35) .015

Unemployed 10.67 (1.95) —0.24 (-0.89, 0.42) 482

Other 11.33 (1.18) 0.49 (—0.67, 1.64) 409
Monthly income

Less than K50,000 11.02 (2.03) Reference

K50,000-K100,000 10.69 (2.25) —0.83 (-1.55, -0.11) .025

K100,000-500,000 10.94 (2.15) -1.22 (-2.18, —0.26) .013

Above K500,000 10.67 (1.37) —3.85 (—7.04, —0.66) .019
Marital status

Single 10.90 (2.11) Reference

Married 10.95 (2.08) 0.13 (—0.39, 0.65) 627
Residence

Rural 10.98 (2.07) Reference

Urban 9.93 (2.31) —1.83 (-2.97, —0.68) .002
Religion

Christian 10.97 (2.03) Reference

Muslim 10.58 (2.49) —0.52 (-1.25, 0.21) .165

PLHIV, people living with human immunodeficiency virus; SD, standard deviation; Cl, confidence interval.

Table 5. The generalized linear model of attitude scores and demographic characteristics in the PLHIV

group.
Characteristic Mean (SD) B (95% Cl) P value
Sex
Female 12.53 (3.15) Reference
Male 12.75 (3.14) —0.01 (-0.67, 0.66) 983
Age groups (years)
18-29 12.04 (3.02) Reference
30-39 12.60 (3.16) 0.95 (0.09, 1.81) .031
40-49 12.95 (3.17) 1.60 (0.61, 2.59) .002
Above 50 13.88 (3.12) 2.64 (1.00, 4.29) .002
Education
Never been to school 11.88 (3.41) Reference
Primary 12.20 (3.21) 0.82 (—0.29, 1.93) 149
Secondary 13.27 (2.95) 1.83 (0.58, 3.09) .004
Tertiary 13.67 (1.5) 3.36 (—0.50, 7.23) .089
Occupation
Farmers 12.02 (3.17) Reference
Small mediums 11.75 (3.07) 0.73 (-0.51, 1.98) 251
Students 14.20 (2.76) 2.39 (0.64, 4.13) .008
Professional/Skilled workers 13.59 (2.75) 2.63 (1.14, 4.12) .001
Unemployed 13.53 (2.97) 1.59 (0.65, 2.53) .001
Other 14.13 (2.8) 1.95 (0.31, 3.60) .021
Monthly income
Less than K50,000 12.84 (3.16) Reference
K50,000-K100,000 12.01 (3.10) —1.56 (-2.59, —0.53) .003
K100,000-500,000 12.44 (3.21) —2.15 (-3.53, —0.78) .002
Above K500,000 13.67 (1.63) —3.21(-7.77, 1.35) .168
Marital status
Single 12.46 (3.05) Reference
Married 12.69 (3.19) 0.39 (-0.35, 1.13) 307
Residence
Rural 12.64 (3.18) Reference
Urban 12.07 (2.05) -1.99 (-3.63, —0.35) .018
Religion
Christian 12.76 (3.13) Reference
Muslim 11.44 (3.07) —1.44 (-2.48, —0.40) .007

PLHIV, people living with human immunodeficiency virus; SD, standard; Cl, confidence interval.
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Table 6. The generalized linear model of trust scores and demographic characteristics in the PLHIV group.

Characteristic Mean (SD) B (95% CI) P value
Sex

Female 11.79 (2.62) Reference

Male 11.96 (2.8) —0.06 (—0.66, 0.53) .833
Age groups (years)

18-29 11.09 (2.54) Reference

30-39 11.95 (2.68) 1.02 (0.25, 1.78) .010

40-49 12.04 (2.78) 1.10 (0.22, 1.98) 015

Above 50 13.56 (2.13) 2.20 (0.74, 3.66) .003
Education

Never been to school 11.76 (2.31) Reference

Primary 11.77 (2.73) 0.25 (-0.73, 1.23) 617

Secondary 11.93 (2.74) 0.41 (-0.70, 1.52) 467

Tertiary 12.88 (3.09) 3.07 (-0.36, 6.51) .081
Occupation

Farmers 12.11 (2.60) Reference

Small mediums 11.02 (2.05) —0.89 (—1.99, 0.22) 117

Students 12.89 (2.59) 1.40 (-0.2, 3.00) .088

Professional/Skilled workers 11.84 (2.95) —0.24 (-1.58, 1.09) 719

Unemployed 11.24 (3.13) —-0.67 (—1.50, 0.17) 119

Other 13.40 (2.35) 1.12 (-0.34, 2.58) 134
Monthly income

Less than K50,000 12.05 (2.74) Reference

K50,000-K100,000 11.19 (2.58) —0.89 (—1.81, 0.03) .058

K100,000-500,000 11.95 (2.59) —-0.10 (-1.32, 1.12) 873

Above K500,000 11.80 (3.19) —2.85 (-6.99, 1.28) 177
Marital status

Single 11.56 (2.87) Reference

Married 11.99 (2.61) 0.52 (-0.14, 1.18) 122
Residence

Rural 11.84 (2.70) Reference

Urban 12.27 (2.55) —0.31 (-1.78, 1.16) 679
Religion

Christian 11.99 (2.61) Reference

Muslim 10.78 (3.17) -1.04 (-1.97, -0.11) .029

PLHIV, people living with human immunodeficiency virus; SD, standard deviation; Cl, confidence interval.

vaccination in PLHIV compared with the general population
was also reported in another study.'* This disparity might due
to the difference of definitions or divisions of vaccine hesitancy
and acceptance or willingness, as well as the disparate demo-
graphic characteristics. Moreover, as to the reason for the
similar vaccine hesitancy rates between PLHIV and non-
PLHIV of our study in Malawi, the bias might exist due to
the sample selection. Nevertheless, it is definitely worth noting
that over half of all the participants reported vaccine hesitancy,
which is a significant barrier to achieving herd immunity and
controlling the COVID-19 pandemic in Blantyre, Malawi.
We found that vaccination hesitancy rates against SARS-
CoV-2 in PLHIV were significantly associated with age, edu-
cation, occupation, and religion. The findings indicated that
participants in older age groups (40-49 years and above 50
years) were less likely to have vaccine hesitancy compared to
younger adults (18-29 years). This finding was consistent with
previous studies which indicated that older PLHIV are more
likely to accept vaccination.'® This could be because older
adults may perceive themselves to be at greater risk of severe
illness and complications from COVID-19 and may be more
motivated to get vaccinated.”> PLHIV with a higher educa-
tional level might act better in understanding the knowledge of
the vaccination importance of SARS-CoV-2 vaccine and thus
they performed a lower vaccine hesitancy. This was verified by
the higher knowledge scores in well-educated PLHIV.
Regarding the occupation, the small mediums were more likely
to have vaccine hesitancy against SARS-CoV-2 in our study,

might due to certain consideration. This phenomenon still
needed further investigation to clarify. Additionally, despite
that Dubé et al. found no significant differences in vaccine
acceptance between different religious groups.”’ Muslims
appeared to have more intense vaccine hesitancy against
SARS-CoV-2 in our study, which might attribute to their
trust in the vaccine or the healthcare providers was weak,
explained by the negative association with trust scores. It has
been reported that the vaccine hesitancy rate was higher
among certain religious groups with specific beliefs around
health and healing, as documented by Iliyasu et al.,'® and
religion were shown to be significant predictors of trust in
healthcare providers in another study.”

The results of this study also showed that the attitude
toward vaccination was linked to vaccine hesitancy. Previous
research showed positive associations between knowledge,
attitudes, and vaccine acceptance. Larson et al. found that
positive attitudes toward vaccines were associated with higher
vaccination rates,” while Brewer et al. reported that vaccine
attitudes were a significant predictor of vaccine uptake.”* In
contrast, one study showed that vaccine hesitancy was related
to negative attitudes toward vaccines and distrust of the
healthcare system.”® In addition, this study revealed that
PLHIV with vaccine hesitancy against SARS-CoV-2 had
lower perceptions of their risk of SARS-CoV-2 infection,
which was consistent with Brisson et al. that identified vaccine
hesitancy as being associated with a lower perceived suscept-
ibility and the severity of infectious diseases.”® This finding



highlighted the need to address misconceptions and improve
knowledge about the risks and benefits of vaccination, parti-
cularly among vulnerable populations.

There were several limitations of this study. The results
of this study cannot be generalized or the potential selec-
tion bias and the sample size was limited. In addition, the
status of HIV for the participants was self-reported which
might have been biased especially for the non-PLHIV
group. Third, health surveillance assistants were recruited
to help conducting the data collection part. The health
surveillance assistants provide health care at primary level
in Malawi, that is, they do most of health awareness,
provide vaccines and treat simple ailments in the commu-
nity. Thus, they probably relate to the respondents but not
a close relationship of one-to-one correspondence. Lastly,
the study did not consider the influence of the vaccination
environment which was an important determinant of vac-
cine uptake. However, the findings of this study might
provide a more comprehensive understanding of the rea-
sons for vaccine hesitancy against SARS-CoV-2 among
PLHIV and help identify strategies to improve vaccine
uptake.

Conclusion

SARS-CoV-2 vaccine hesitancy rate was high among PLHIV in
Blantyre city, Malawi, which was a similar situation to non-
PLHIV. Tailored efforts are needed to address these concerns
and increase knowledge, trust, and positive attitude toward the
vaccine to reduce vaccine hesitancy against SARS-CoV-2 in
PLHIV.
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Abstract

IMPORTANCE Loss of a previously effective response while still using adequate antidepressant
treatment occurs in a relatively high proportion of patients with major depressive disorder (MDD);
therefore, there is a need to develop novel effective treatment strategies.

OBJECTIVE To assess the efficacy and safety of a single subanesthetic dose of esketamine in
boosting the efficacy of oral antidepressants for treating fluctuating antidepressant response

in MDD.

DESIGN, SETTING, AND PARTICIPANTS This single-center, double-blind, midazolam-controlled
pilot randomized clinical trial was conducted at Beijing Anding Hospital, Capital Medical University in
China. The study enrolled participants aged 18 years and older with fluctuating antidepressant
response, defined as patients with MDD experiencing fluctuating symptoms after symptom relief
and stabilization. Patient recruitment was conducted from August 2021 to January 2022, and
participants were followed-up for 6 weeks. Data were analyzed as intention-to-treat from July to
September 2022.

INTERVENTIONS All participants in the esketamine-treated group received intravenous esketamine
at 0.2 mg/kg in 40 minutes. Participants in the midazolam control group received intravenous
midazolam at 0.045 mg/kg in 40 minutes.

MAIN OUTCOMES AND MEASURES The primary outcome was the response rate at 2 weeks,
defined as a 50% reduction in Montgomery-Asberg Depression Rating Scale (MADRS). Secondary
outcomes included response rate at 6 weeks, remission rates at 2 and 6 weeks, and change in
MADRS and Clinical Global Impression-Severity score from baseline to 6 weeks; remission was
defined by a MADRS score of 10 or lower.

RESULTS A total of 30 patients (median [IQR] age, 28.0 [24.0-40.0] years; 17 [56.7%] female) were
randomized, including 15 patients randomized to midazolam and 15 patients randomized to
esketamine; 29 patients completed the study. Response rates at 2 weeks were significantly higher in
the esketamine-treated group than in the midazolam control group (10 patients [66.7%] vs 1 patient
[6.7%]; P < .001). Participants treated with esketamine experienced significantly greater reduction in
MADRS score from baseline to 2 weeks compared with those treated with midazolam (mean [SD]
reduction, 15.7 [1.5] vs 3.1[1.3]; P < .001). No serious adverse events were observed in this trial, and
no psychotogenic effects and clinically significant manic symptoms were reported.

(continued)

ﬁ Open Access. This is an open access article distributed under the terms of the CC-BY License.

Key Points

Question Can esketamine boost the
efficacy of oral antidepressants in
patients with major depressive disorder
with fluctuating symptoms (ie,
reemergence of initial symptoms or
episode or onset of a new episode)
occurring during adequate
antidepressant treatment?

Findings In this randomized clinical trial
of 30 patients with fluctuating
antidepressant response, more patients
who received a single subanesthetic
dose of esketamine experienced a
reduction of depression severity by at
least 50% compared with patients who
received midazolam, The difference
remained statistically significant at the
final follow-up at 6 weeks.

Meaning These findings suggest that
esketamine could be used as a
potentially effective and safe treatment
option for fluctuating antidepressant
response.

+ visual Abstract

#+ supplemental content

Author affiliations and article information are
listed at the end of this article.

JAMA Network Open. 2023;6(8):€2328817. doi:10.1001/jamanetworkopen.2023.28817

Downloaded From: https://jamanetwork.com/ by a Peking University Library - Wen Ke User on 08/15/2023

August 14,2023 112


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.28817&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.28817
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.28817&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.28817

JAMA Network Open | Psychiatry Esketamine to Boost Efficacy of Antidepressants for Major Depressive Disorder

Abstract (continued)

CONCLUSIONS AND RELEVANCE This pilot randomized clinical trial found that a single
subanesthetic dose of esketamine could boost the efficacy of oral antidepressants in treating
fluctuating antidepressant response, with a good safety profile.

TRIAL REGISTRATION Chinese Clinical Trial Registry Identifier: ChiCTR2100050335

JAMA Network Open. 2023;6(8):€2328817. doi:10.1001/jamanetworkopen.2023.28817

Introduction

Depression is a common chronic and disabling condition that affects an estimated 300 million people
worldwide and is associated with personal, societal, and economic burdens." Depression has high
rates of recurrence and disability, with approximately half of patients experiencing a relapse or a
recurrence.*®

Pharmacotherapy is currently the leading strategy in the treatment of major depressive disorder
(MDD).”® Treatment guidelines recommend that patients with MDD continue antidepressant
therapy for 4 to 9 months after successful acute phase treatment to prevent relapse and recurrence
and 2 years or more of maintenance treatment at a full therapeutic dose for patients with an
increased risk of MDD recurrence.®'° However, rates of relapse and recurrence remain high even
among adherent patients with MDD.""3

Unlike relapse and recurrence, which occur during the continuation or maintenance phase, loss
of a previously effective response while still receiving adequate antidepressant treatment (ADT)
occurs in a relatively high proportion of patients with MDD, with rates ranging from 9% to 57%.'
This concerning phenomenon is known as ADT tachyphylaxis or antidepressant tolerance.'®
Tachyphylaxis is a pharmacological term defined as the rapid appearance of a progressive decrease
in response to a given dose after administering an active substance.'® This metric is unconducive to
our examination of this phenomenon from a clinical perspective in practice, especially when this
phenomenon is not well understood. Instead, we used the term fluctuating antidepressant response
in MDD (FAD) to refer to the occurrence of fluctuating symptoms, including re-emergence of initial
symptoms or episodes or the onset of a new episode during adequate ADT in patients with MDD.

The causes of FAD remain unclear, and there is a lack of effective treatments.'* Available options
are limited to increasing the current antidepressant dose, drug holidays, decreasing current
antidepressant dose, changing antidepressant drugs, augmenting treatment strategies, and
combination treatment strategies. These strategies might be successful after several attempts, but
they increase the risk of unanticipated adverse effects in the meantime.”"” FAD may contribute to
treatment-resistant depression (TRD) development.'®® Therefore, finding novel effective treatment
strategies is essential to prevent TRD and adverse outcomes in patients with MDD.

Ketamine, a racemic mixture of 2 enantiomers (esketamine and R-ketamine), is a
noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist that has been used in clinical
practice as a standard anesthetic for nearly half a century.° It has been demonstrated that
40-minute administration of 0.5 mg/kg ketamine or 0.2 mg/kg esketamine produced a more
pronounced antidepressant effect than other subanesthetic intravenous doses.?""2* Ketamine has an
affinity for multiple receptors, including the NMDA receptor, opioid receptor, and alpha-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid receptor, so it can initiate cascading effects acting in
concert.?22>27 Since ketamine can act on the same receptors as current antidepressants, combining
ketamine with existing antidepressants may be more beneficial for patients with MDD.2° A study by
Hu et al*’ reported that a single subanesthetic dose of ketamine could shorten antidepressant onset.
Moreover, a recent clinical study found that ketamine may interact with existing antidepressants.
Another study by Popova et al?® found that switching patients with TRD from an ineffective
antidepressant to a flexibly dosed esketamine nasal spray plus a newly initiated antidepressant was
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more effective than the newly initiated antidepressant plus placebo. Thus, ketamine might
potentially boost the efficacy of oral antidepressants. Therefore, we conducted a double-blind,
midazolam-controlled randomized clinical trial to explore the efficacy and safety of a single dose
subanesthetic esketamine plus ongoing adequate ADT among patients with FAD.

Methods

Trial Design

This single-center, double-blind, midazolam-controlled randomized clinical trial was conducted at
Beijing Anding Hospital, Capital Medical University, Beijing, China, and approved by a local
independent ethics committee. All participants provided their written informed consent. This study
followed the Consolidated Standards of Reporting Trials (CONSORT) reporting guideline. The trial
protocol and statistical analysis plan are provided in Supplement 1.

Patients

Key inclusion criteria were age 18 to 60 years and diagnosed MDD according to the Diagnostic and
Statistical Manual of Mental Disorders (Fifth Edition). Symptoms were measured with 2 questions on
a visual analogue scale (VAS; range, 0-10; lower score indicates worse symptoms): question 1, “"How
did you feel about your state during the period when your condition was stable, under the treatment
of your current medication?” and question 2, “How do you feel about your state during the recent
period when you are not feeling well, under the treatment of your current medication?” Patients
were eligible for inclusion if they were experiencing symptom fluctuation (VAS question 2 score, =5)
after symptom relief and stabilization (VAS question 1score, =8). For inclusion, the patient's most
recent depressive episode had to have been stabilized by a single antidepressant without any
adjustments in the type and dosage, and the duration of drug interruption during this period had to
be less than 7 days. Finally, patients must have had a score of at least 14 on the 17-item Hamilton
Rating Scale for Depression (range, 0-52, with higher score indicating more severe depression
symptoms). The key exclusion criteria were (1) a history of TRD, schizophrenia, bipolar disorder,
obsessive-compulsive disorder, drug or alcohol dependence, and ketamine or its enantiomers
exposure, or current MDD episode with psychotic features; (2) contraindications to esketamine or
midazolam; (3) clinically significant anomalies in laboratory test results at screening and any concern
of certain conditions with trial risks. Detailed eligibility criteria are described in Supplement 1.

Randomization and Blinding

Eligible patients were randomly assigned in a 1:1 ratio to receive either intravenous esketamine or
intravenous midazolam for 40 minutes using a computer-generated block randomization scheme
(block size, 4). An independent assistant who was not involved in the study was responsible for
packing and labeling the prescribed medication. Study investigators, staff, participants, and all
outcome assessors were blinded to the treatment assignment.

Interventions

The infusion process was performed at Beijing Anding Hospital, Capital Medical University. All
participants were admitted to the research ward the day before infusion and started 6 hours
preoperative fasting and water deprivation. On the infusion day, 0.2 mg/kg esketamine or 0.045
mg/kg midazolam was administered intravenously according to randomization group. Both
medications were dissolved in 50 mL of normal saline and administered for 40 minutes using a
syringe pump. Safety checks were performed before, during, and after infusion. Detailed information
on the safety check procedure is presented in the trial protocol in Supplement 1. Participants were
permitted to discharge after completing the 24 hours follow-up visit after infusion. All participants in
both groups maintained their original drug regimen throughout the study.

[5 JAMA Network Open. 2023;6(8):€2328817. doi:10.1001/jamanetworkopen.2023.28817 August 14,2023 3/12

Downloaded From: https://jamanetwork.com/ by a Peking University Library - Wen Ke User on 08/15/2023


http://www.equator-network.org/reporting-guidelines/consort/
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.28817&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.28817
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.28817&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.28817
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2023.28817&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2023.28817

JAMA Network Open | Psychiatry Esketamine to Boost Efficacy of Antidepressants for Major Depressive Disorder

Efficacy Assessments

Efficacy was assessed by the Montgomery-Asberg Depression Rating Scale (MADRS; range, 0-60;
higher scores indicating more severe depressive symptoms) and Clinical Global Impression-Severity
(CGI-S; range, 1-7; higher score indicates greater severity of illness) at 40 minutes; 2, 4, and 24 hours;
and 1, 2, 4, and 6 weeks after infusion. Recalling time of MADRS general version is 1 week. In this
regard, the structured interview guide for MADRS was used at 4 and 24 hours with its corresponding
version (only these versions were available before this study), since such guides have previously
been shown to increase the reliability of given scales and to ensure the accuracy of assessment a
short time after infusion.?®

Safety Assessments

General side effects were measured by the Udvalg for Kliniske Undersogelser side effect rating scale
(range, 0-144; higher score indicates more severe side effects) and the Frequency, Intensity, and
Burden of Side Effects Rating Scale (range, 0-18; higher score indicates more severe side effects).
Psychotogenic effects were measured with the 4-item positive symptom subscale of Brief Psychiatric
Rating Scale consisting of suspiciousness, hallucinations, unusual thought content, and conceptual
disorganization (range, 4-28; higher score indicates more severe psychotic symptoms). Dissociative
effects were measured with the Clinician-Administered Dissociative States Scale (range, 0-92; higher
score indicates more severe dissociative symptoms), and manic symptoms were assessed using the
Young Mania Rating Scale (range, 0-60; higher score indicates more severe manic symptoms). The
Columbia-Suicide Severity Rating Scale (range, 0-42; higher score indicating greater suicidal risk) was
also rated throughout the trial for safety purposes.

Outcomes

The primary outcome was the response rate at 2 weeks, with response defined as a 50% reduction
in the MADRS. Secondary outcomes included the response rate at 6 weeks, remission rates at 2 and 6
weeks, and a change in MADRS and CGI-S score from baseline to 6 weeks, with remission defined by
a MADRS score of 10 or lower. Safety outcomes included general side effects, psychotogenic effects,
dissociative effects, manic symptoms, and suicide risk.

Sample Size Calculation

Since this study was a pilot study, no formal sample size calculation was performed. We planned to
recruit 30 participants (15 participants in each group). Effect size data from this pilot study will be
used to estimate the sample size of a future randomized clinical trial.

Statistical Analysis

Analyses were performed as intention-to-treat, including all randomized participants who completed
the assessments at baseline and received study medication (full analysis set [FAS]). Missing data for
MADRS scores were imputed using the last observation carried forward. Continuous variables are
presented as mean (SD) or median (IQR). Categorical variables are presented as numbers and
percentages. We used ¥ tests, Fisher exact test, independent-sample t test, or Wilcoxon rank-sum
test, as appropriate, to compare the differences in baseline variables between the intervention and
control groups. Treatment effects (ie, response and remission rates) were evaluated using the x test.
Sensitivity analysis was also performed for the primary outcome using the logistic regression model
with baseline MADRS score and the number of MDD episodes as covariates. Secondary outcomes,
the reduction in MADRS score and CGI-S from baseline over time, were analyzed using independent-
sample t tests or Wilcoxon rank-sum test. Sensitivity analysis was also performed using an analysis
of covariance model with baseline MADRS score and the number of MDD episodes as covariates.
Moreover, to compare the difference between groups over time, a 2-way repeated measures analysis
of variance was performed accounting for group, time, and the interaction term between group and
time. All tests were 2-sided, and P < .05 was considered statistically significant. All the statistical
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analyses were performed with SAS statistical software, version 9.4 (SAS Institute). Data were
analyzed from July to September 2022.

Results

Participants
From August 2021 to January 2022, 43 participants were evaluated for eligibility, and 30 participants
(median [IQR] age, 28.0 [24.0-40.0] years; 17 [56.7%] female) with FAD were enrolled (Figure 1). All
the enrolled participants were included in the FAS for final analysis, and 29 participants (96.7%)
completed the trial. There was 1 participant in the esketamine-treated group who dropped out at the
end of 1week. They received 0.2 mg/kg esketamine infusion and left the city due to a job change.
The 2 groups were generally balanced in terms of baseline demographic and clinical
characteristics, except for the proportion of participants with MDD of the first episode, mean number
of MDD episodes, and mean MADRS score (Table 1). The median (IQR) duration of ongoing ADT with
their current antidepressant was 24.9 (14.9-51.0) weeks, 8.6 (4.0-32.9) weeks stable after symptom
relief, and 5.8 (3.1-10.3) weeks with fluctuating symptoms. Among all participants, 15 (50.0%) were
experiencing their first episode of MDD, 5 (16.7%) had a family history of psychiatric illness, and 19
(63.3%) were receiving selective serotonin receptor inhibitors, followed by 9 (30.0%) receiving
serotonin and norepinephrine reuptake inhibitors, and 2 (6.7%) receiving other types of
antidepressants.

Primary Outcome

At 2 weeks, the response rate was significantly higher in the group treated with esketamine thanin
participants in the midazolam control group (10 participants [66.7%] vs 1 participants [6.7%]; OR,
28.00; 95% Cl, 2.82 to 277.96). Significant between-group differences were also observed at other
visits, including 1, 4, and 6 weeks (Figure 2). However, there was no significant difference in response
rate between the intervention and control groups at 24 hours (10 participants [66.7%] vs 5
participants [33.3%]; P = .07). In sensitivity analysis using logistic regression, the difference in
response rate between the esketamine-treated and midazolam control groups at 2 weeks remained
statistically significant after adjusting for the baseline MADRS score and the number of MDD
episodes (OR, 14.17; 95% Cl, 114 t0 175.96; P = .04).

Figure 1. Participant Recruitment Flowchart

43 Assessed for eligibility

11 Declined to participate

13 Excluded
2 Not meeting inclusion criteria

30 Randomized

p

15 Esketamine-treated group ‘ ‘ 15 Midazolam-controlled group
1 Discontinued (withdrawal of consent) ‘ ‘ 0 Discontinued One patient in the esketamine-treated group dropped
l l out at the end of 1week. They received 0.2 mg/kg
esketamine infusion and left the city due to
14 Completed study ‘ ‘ 15 Completed study .
job changes.
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Table 1. Participant Demographic and Clinical Characteristics at Baseline

Participants, No. (%)

Midazolam-controlled group

Esketamine-treated group

Characteristic (n=15) (n=15)
Sex

Female 8(53.3) 9 (60.0)

Male 7 (46.7) 6 (40.0)
Ethnicity

Han 15 (100) 13 (86.7)

Other® 0 2(13.3)
Education level, y

>12 12 (80.0) 13 (86.7)

<12 3(20.0) 2(13.3)
Marital status

Married 5(33.3) 6 (40.0)

Unmarried 10 (66.7) 9 (60.0)
Alcohol history

No 11(73.3) 11 (73.3)

Yes 4(26.7) 4(26.7)
Smoking history

No 10 (66.7) 11(73.3)

Yes 5(33.3) 4(26.7)
Family history of psychiatric illness

No 12 (80.0) 13 (86.7)

Yes 3(20.0) 2(13.3)
First-episode MDD

No 11(73.3) 4(26.7)

Yes 4(26.7) 11(73.3)
Antidepressant use

Bupropion 1(6.7) 0(0.0)

Escitalopram oxalate 4(26.7) 4(26.7)

Duloxetine 1(6.7) 2(13.3)

Fluvoxamine 1(6.7) 2(13.3)

Fluoxetine 1(6.7) 1(6.7)

Mirtazapine 0 1(6.7)

Sertraline 3(20.0) 3(20.0)

Venlafaxine 4(26.7) 2(13.3)
Class of antidepressant

SSRIs 9 (60.0) 10 (66.7)

SNRIs 5(33.3) 4(26.7)

Other® 1(6.7) 1(6.7)
Age, median (IQR), y 26.0(24.0-37.0) 30.0(25.0-40.0)
BMI, mean (SE) 24.1(5.9) 23.7(3.7)
Age at onset of MDD, mean (SE), y 23.9(8.1) 28.5(11.7)
Total course of MDD, median (IQR), y 5.0(1.8-12.6) 1.9 (0.6-6.7)
MDD episodes, mean (SE), No. 3.0(1.0-6.0) 1.0 (1.0-2.0)

Duration of recent episode, median (IQR), wk
Duration of ADT for recent episode, median (IQR), wk

Duration of symptoms with current antidepressant
medication, median (IQR), wk

Ongoing ADT

48.0 (29.0-67.0)
30.3(11.7-52.7)

26.4(11.7-45.7)

61.0(26.0-103.0)
59.6 (20.9-99.0)

23.1(14.9-85.4)

Maintaining stability after symptom relief 11.0(3.3-31.6) 8.0 (4.0-36.0)
Fluctuating symptoms 6.6 (3.1-14.1) 4.7 (2.3-10.0)
Screening HAMD-17 score, mean (SE)© 18.9 (4.2) 20.1(2.6)

(continued)
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Table 1. Participant Demographic and Clinical Characteristics at Baseline (continued)

Participants, No. (%)
Midazolam-controlled group  Esketamine-treated group

Characteristic (n=15) (n=15)
Baseline MADRS score, mean (SE)¢ 21.3(5.0) 26.1(6.4)
Screening VAS-1 score, median (IQR)® 8.0(8.0-9.0) 8.0 (8.0-8.0)
Screening VAS-2 score, median (IQR)® 2.8(1.2) 2.7(1.1)

Abbreviations: ADT, antidepressant treatment; BMI, body mass index (calculated as weight in kilograms divided by height
in meters squared); HAMD-17, 17-item Hamilton Rating Scale for Depression; MADRS, the Montgomery-Asberg Depression
Rating Scale; MDD, major depressive disorder; SNRIs, serotonin and norepinephrine reuptake inhibitors; SSRIs, selective
serotonin reuptake inhibitors; VAS, Visual Analogue Scale score.

2 Two patients were included in other ethnicities: 1identified as Hui ethnicity, and the other identified as Man ethnicity.

b One patient was receiving a norepinephrine-dopamine reuptake inhibitor (bupropion), and the other was receiving a
noradrenergic and specific serotonergic antidepressant (mirtazapine).

€ Range, O to 52; higher total score indicates more severe depression.

d Range, O to 60; higher score indicates more severe depressive symptoms.

€ Range, 0 to 10. A score of O indicates “Seeing my normal state as a reference, my state is horrible during this period”; 10,
“Seeing my normal state as a reference, my state is quite good (close to my normal state)" during this period. VAS-1 was
"How did you feel about your state during the period when your condition was stable, under the treatment of your

current medication?”; VAS-2 was “"How do you feel about your state during the recent period when you are not feeling
well, under the treatment of your current medication?”

Figure 2. The Response Rates at Different Visits by Intervention and Control Group

80
b‘ B Midazolam-controlled
E E group
a [T Esketamine-treated
60+ group
®
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3
e severe depressive symptoms). Missing data for 1
20 patient's MADRS score were imputed using the last
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2 P<.05.
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24h 1wk 2 wk 4wk 6 wk bp< 001
Secondary Outcomes

Participants in the esketamine-treated group had higher remission rates than the midazolam control
group at 4 hours (10 participants [66.7%] vs 3 participants [20.0%]; P = .01) and 4 weeks (8
participants [53.3%] vs 1 participants [6.7%]; P = .005). There was no statistically significant
difference between groups at other visits (eTable 1in Supplement 2).

Mean reduction in MADRS score from baseline to 2 weeks among participants treated with
esketamine was significantly greater than among those treated with midazolam (mean [SD]
reduction, 15.7 [1.5] vs 3.1[1.3]; P < .001). This between-group difference was also observed at all
other visits (Figure 3). Additionally, results of analysis of covariance indicated that differences
between groups in the reduction in MADRS score from baseline to 6 weeks remained statistically
significant after adjusting for the baseline MADRS score and the number of MDD episodes, except for
at 24 hours. After adjustment for the covariates, the differences in the least squares mean reduction
between the groups were -8.74 (95% Cl, -13.11 to- -4.37; P < .001) at 2 weeks and -5.55 (95% Cl,
-10.08 to -1.03; P = .02) at 6 weeks (eFigure in Supplement 2). The results of 2-way repeated-
measures analysis of variance indicated that the difference between groups over time was
statistically significant, referring to interaction between factors (time x group) (F = 8.27; P < .001).
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The reduction in CGI-S score from baseline to 6 weeks was significantly greater in the esketamine-
treated group than in the midazolam control group at each visit (eTable 2 in Supplement 2).

Safety

No serious adverse events were observed in this trial, no psychotogenic effects were reported on the
Brief Psychiatric Rating Scale, and no clinically significant manic symptoms were reported on the
Young Mania Rating Scale. All participants scored O points in Clinician-Administered Dissociative
States Scale at 2, 4, and 24 hours. At 40 minutes, participants in the esketamine-treated group
showed higher level of dissociation compared with the midazolam control group (median [IQR]
score, 0 [0-0] vs 6 [3-13]; P < .001). For general side effects assessed by Udvalg for Kliniske
Undersogelser, which were defined as an increase of at least 1on each item, 2 participants (13.3%)
had increased dream activity in the group treated with esketamine, and 4 participants (26.7%) had
tension or inner unrest and 3 participants (20.0%) had increased dream activity in the midazolam
control group (Table 2).

Discussion

This double-blind, pilot randomized clinical trial assessed the efficacy and safety of a subanesthetic
dose of esketamine for treating FAD and found that esketamine was more effective than midazolam,
with a good safety profile. Efficacy duration of a single subanesthetic dose of esketamine for treating
MDD, including TRD, is approximately 10 to 14 days, with limited studies suggesting longer-lasting
effects.?” The most recent evidence indicates that the efficacy of esketamine as an add-on therapy in
combination with oral antidepressants does not extend beyond 4 weeks. In a double-blind, active-
controlled randomized clinical trial by Chen et al,>° the group receiving esketamine exhibited a
clinically meaningful treatment effect at 24 hours compared with the placebo group, but the effect
had diminished by day 28.3° Likewise, a phase 2b study in Japan involving participants with TRD
indicated no significant difference between the esketamine and placebo groups at day 28.3' In this
study, the mean reduction in MADRS score from baseline to 4 weeks was significantly higher in
participants treated with esketamine, which contradicts the findings of previous studies showing a
loss of efficacy within 4 weeks. This indicates that a single subanesthetic dose of esketamine has a
positive effect on oral antidepressants in patients with FAD, since the expected spillover efficacy was
aided by oral antidepressants. Furthermore, this effect could last for an extended period, as the mean
reduction in MADRS score from 4 to 6 weeks in the esketamine-treated group remained significantly
higher than in the control group. This interesting phenomenon suggests that a subanesthetic dose
of esketamine could boost the efficacy of antidepressants, therefore providing preliminary evidence

Figure 3. The Mean Reduction of Montgomery-Asberg Depression Rating Scale (MADRS) Scores From Baseline
to 6 Weeks at Each Visit by Intervention and Control Group
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to confirm our hypothesis that esketamine therapy is a promising strategy for the treatment of FAD.
The simplicity and high success rate of esketamine therapy would allow patients to continue using
their current antidepressant regimen and avoid adverse effects associated with changes in the
medication regimen, for example, unanticipated adverse effects and a reduced willingness to seek
treatment due to repeated attempts.

The mechanism of ketamine and its enantiomers in exerting antidepressant effects is unclear,
and few studies have reported the underlying interaction between ketamine and antidepressants. A
study by Dean et al>?> summarized the differences in efficacy between ketamine and other glutamate
receptor modulators in the treatment of MDD, reporting that ketamine had higher response efficacy
compared with midazolam at 24 hours, with very low-certainty evidence at 1and 2 weeks, and no
significant difference was observed at 4 weeks.3? In our study, the rates of response at 1, 2, 4, and 6
weeks were significantly higher in the esketamine-treated group compared with the midazolam
control group. A study by Hu et al>® found that a single subanesthetic dose of ketamine plus newly

initiated escitalopram was associated with significantly lower MADRS scores from 2 hours to 2 weeks.

However, the mean reduction in MADRS score from baseline at each visit was significantly higher
among participants treated with esketamine than among those treated with midazolam. The
possible reasons for these inconsistencies could be the different types of participants and the
unknown interaction of esketamine and antidepressants.>> Several reports have suggested that FAD
may result from an evolving drug sensitization that causes a pharmacokinetic or pharmacodynamic
tolerance, or both, to the previously effective concentration or drug actions.>*3 For patients with
FAD receiving the same drug with a loss of efficacy, the underlying mechanism of ketamine's effect
on antidepressants might involve some unidentified interaction with antidepressants to alter
antidepressant sensitization and improve tolerance to antidepressants. Although there is no direct
evidence to suggest that ketamine and antidepressants interact, ketamine may act on the same
receptors, with the most evidence for serotonin (eg, 5-hydroxytryptophan).2®

Additionally, ketamine can alleviate depressive symptoms by restoring the lost prefrontal
synaptic spines, which may partially explain the sustained antidepressant effects observed in our
study.>® By modifying the structure of individual nervous system, ketamine may allow patients to
restore antidepressant sensitivity. Based on our findings, it is hypothesized that ketamine or its
enantiomer also exerts antidepressant effects via a reticular receptor-associated system involving

Table 2. Reported Frequency of Side Effects and Adverse Events
Assessed With Udvalg for Kliniske Undersogelser by Intervention
and Control Groups

Participants, No.
Midazolam control Esketamine-treated

Side effect group group
Psychiatric
Asthenia or lassitude 0 1
Sleepiness or sedation 0 1
Tension or inner unrest 4 0
Reduced duration of sleep 0 1
Increased dream activity 3 2
Emotional indifference 1 1
Neurologic: tremors 2 0
Autonomic
Polyuria or polydipsia 1 0
Palpitations or tachycardia 1 0
Increased sweating 1 0
Other
Weight loss 0 1
Reduced sexual desire 1 0
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several antidepressant receptors, which may include interaction with multiple antidepressant
receptors.

Limitations

This study has several limitations. First, symptom fluctuation was evaluated retrospectively using the
VAS tool, and the definition of FAD was empirical without a reference standard, which may have
introduced bias and affected data accuracy. However, proposing a definition of FAD was fundamental
to the needs of clinical practice. An improved definition of FAD in the future requires adequate
support of higher-quality evidence. Additionally, another potential weakness of the study was its
small sample size in a single center, which may limit the generalizability of the results. What is more,
including patients with first-episode depression and patients with recurrent depression in the sample
may limit the internal and external validity. Furthermore, collecting data during the COVID-19
pandemic may have impacted the results of this study. Additionally, a significant difference in
dissociation levels at 40 minutes was observed and blinding assessment was lacking, which could
potentially affect the integrity of blinding.

Conclusion

This double-blind randomized clinical trial found that a single subanesthetic dose of esketamine
could boost the efficacy of oral antidepressants in the treatment of FAD with a good safety profile.
Future larger trials with longer follow-up are required to confirm these findings.
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Abstract The healthy aging index (HAI) has been
recently developed as a surrogate measure of biologi-
cal age. However, to what extent the HAI is associated
with all-cause and cause-specific mortality and whether
this association differs in younger and older adults
remains unknown. We aimed to quantify the association
between the HAI and mortality in a population of UK
adults. In the prospective cohort study, data are obtained
from the UK Biobank. Five HAI components (systolic
blood pressure, reaction time, cystatin C, serum glucose,
forced vital capacity) were scored O (healthiest), 1, and 2
(unhealthiest) according to sex-specific tertiles or clini-
cally relevant cut-points and summed to construct the
HAI (range 0-10). Cox proportional hazard regression
models were used to estimate the associations of the
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HAI with the risk of all-cause and cause-specific mor-
tality. 387,794 middle-aged and older participants were
followed up for a median of 8.9 years (IQR 8.3-9.5).
A total of 14,112 all-cause deaths were documented.
After adjustments, each 1-point increase in the HAI was
related to a higher risk of all-cause mortality (hazards
ratio [HR], 1.17; 95%CI, 1.15-1.18). Such association
was stronger among adults younger than 60 years (1.19,
1.17-1.21) than that among those 60 years and older
(1.15, 1.14-1.17) (P interaction<0.001). For each unit
increment of the HAI, the multivariate-adjusted HRs for
risk of death were 1.28 (1.25-1.31) for cardiovascular
diseases, 1.09 (1.07-1.10) for cancer, 1.36 (1.29-1.44)
for digestive disease, 1.42 (1.35-1.48) for respiratory
disease, 1.42 (1.33-1.51) for infectious diseases, and
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1.15 (1.09-1.21) for neurodegenerative disease, respec-
tively. Our findings indicate that the HAI is positively
associated with all-cause and cause-specific mortality
independent of chronological age. Our results further
underscore the importance of effective early-life inter-
ventions to slow aging and prevent premature death.

Keywords Healthy aging - Mortality - Cohort
study - Biological age

Introduction

Rapid population aging has posed severe threats to
health and social care systems [1]. Between 2019 and
2050, the number of persons aged 65 or over world-
wide is projected to more than double (1.5 billion),
which will outnumber adolescents and youth aged 15
to 24 years (1.3 billion) [2]. Nevertheless, between-
person variations in the pace of aging may exist
among individuals of the same chronological age,
which manifest as differences in susceptibility to dis-
ease and death [3, 4]. Therefore, it is of paramount
importance to study the biological determinants of
the between-person variations in “healthy aging.”
While several aging indicators have been pro-
posed in the UK Biobank, such as the biological
age based on 72 biomarkers [5] and the frailty index
based on 49 items [6], which have provided multi-
system approaches to research and prevention of
diseases of aging, surrogate aging measures with
relative affordability and practicality are needed to
be applicable to the clinical settings. The healthy
aging index (HAI), a modified Physiological Index
of Comorbidity developed by Newman et al. [7], has
been associated with increased mortality risk in older
adults (>60 years) in the United States (US) and
China [8-13]. Using only five noninvasive clinical
tests (systolic blood pressure, reaction time, cysta-
tin C, serum glucose, forced vital capacity), the HAI
not only captures subclinical hypofunction across
multiple organ systems, but also provides incre-
mental value for death prediction beyond clinically
diagnosed chronic diseases among elders [12]. The
global proportion of older individuals is increasing,
and this phenomenon is more pronounced in the
UK than in the US and China, which may result in a
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growing risk of adverse age-related outcomes in the
UK [14]. Although the HAI has been applied in the
UK Biobank recently and has a significant impact
on major vascular events [15], the association of the
HAI with all-cause and cause mortality risk remains
unclear.

In the present study, we aimed to assess whether an
adaptation of the HAI using data from UK Biobank (a
large prospective cohort of over 500,000 middle-aged
people) can be used to identify people at increased
risk of all-cause and cause-specific mortality across a
wide range of ages; and to further investigate whether
the effect of HAI on mortality risk could be modified
by sociodemographic characteristics, lifestyle factors,
and health status.

Method
Study participants

In this prospective cohort study, we sourced
data from the UK Biobank. Details of the design
and survey methods of the UK Biobank have
been described elsewhere [16-18]. In brief, UK
Biobank, a general population cohort study,
recruited more than 500,000 middle-aged par-
ticipants between April 2007 and December 2010
(5.5% response rate for around 9 million people
who received invitations). The baseline survey
was done in 22 assessment centers across England,
Wales, and Scotland, where participants completed
a touch screen questionnaire, took physical meas-
urements, and provided biological samples.

From the initial sample of 502,527 participants,
we excluded those with missing information on all
five HAI components [SBP, reaction time, cystatin C,
serum glucose, and FVC; n=113,372), and other key
covariates [race/ethnicity; n=1361], leaving 387,794
participants included in the present study. Written
informed consent was provided by all participants,
and the study was approved by the North West Mul-
ticenter Research Ethics Committee. We conducted
this research using the UK Biobank Resource under
Application Number 44430. Ethical approval was also
obtained from the Ethical Committee of Peking Uni-
versity (Beijing, China).
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Index components
Systolic blood pressure

Two SBP measurements were taken in a seated
position after a 2-min rest using an appropriate
cuff and an Omron HEM-7015IT digital BP moni-
tor, and in this study, the average was calculated.
For individuals with missing automated SBP read-
ings, we used the mean of these 2 manual values
for imputation. We used sex-specific tertiles of SBP
values to classify participants into three catego-
ries: 0= <135 mmHg for men and <127 mmHg
for women; 1=135-150 mmHg for men and
127-146 mmHg for women; and 2= >150 mmHg
for men and > 146 mmHg for women. Participants
who reported a physician diagnosis of hypertension
or were taking BP-lowering medications were also
grouped in the unhealthiest category (component
score =2).

Reaction time

Although previous studies of HAI have identified
the Digit Symbol Substitution Test (DSST) as a
potential indicator of cognitive performance [8,
13], only a subset of participants who accepted the
invitation to the follow-up assessment have com-
pleted the DSST in the UK Biobank [19]. Given
the strong correlation between DSST score and
reaction time, we proposed that reaction time
could substitute for DSST, both of which fall
within the cognitive domain of processing speed.
Although the replacement measurement may
not represent a phenotype identical to that repre-
sented by the original components, they are none-
theless indicators of neurological health. Reac-
tion times were collected via a touchscreen at the
baseline assessment, in which participants were
asked to complete a computerized version of the
card game “Snap,” pressing a button as quickly as
possible when two cards displayed on the screen
matched. Scores consisted of the average time
to give a correct response. Sex-specific tertiles
of reaction time were applied to classify par-
ticipants into three groups: 0= <493 ms for men
and < 509 ms for women; 1 =493-574 ms for men
and 509-591 ms for women; and 2= > 574 ms for
men and > 591 ms for women.

Cystatin C

Cystatin C was measured by latex-enhanced immu-
noturbidimetric analysis on a Siemens ADVIA 1800,
which was scored using sex-specific tertiles of the cysta-
tin C values: 0= <0.87 mg/dL for men and <0.81 mg/
dL for women; 1=0.87-0.98 mg/dL for men and
0.81-0.91 mg/dL for women; and 2= >0.98 mg/dL for
men and >0.91 mg/dL for women.

Serum glucose

Random glucose was measured by hexokinase
analysis on a Beckman Coulter AU5800 for all par-
ticipants with an available blood sample at baseline.
Given the majority (>95%) of the participants who
took the random test fasted <8 h, we classified par-
ticipants into 3 groups according to clinical cutoff
points of random glucose as follows: 0= <140 mg/
dL, 1=140-200 mg/dL, and 2= >200 mg/dL [20].
In addition, participants who reported a diagnosis of
diabetes or who were using medication for diabetes
were coded as 2.

Forced vital capacity

FVC value was calculated from blow using a Vita-
lograph Pneumotrac 6800. We divided participants
into three FVC categories using sex-specific ter-
tiles: 0=>4750 mL for men and>3400 mL mg/
dL for women; 1=4000-4750 mL for men and
2870-3400 mL for women; and 2= <4000 mL for
men and <2870 mL for women.

All the above HAI components are known risk fac-
tors for death [21-27]. The sum of these five scores
together gave a total HAI score ranging from O to 10,
with a higher value indicating a worse, unhealthier
aging status. The summary of cutoffs used in this
study can be seen in eTable 1. With reference to
previous studies [8, 9, 13, 28], we further catego-
rized HAI scores into the following four levels: 0-2
(healthiest), 3—4, 5-6, and 7-10 (unhealthiest).

Mortality status follow-up

Long-term follow-up for mortality was done in the
UK Biobank through comprehensive data linkage.

@ Springer
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Date and cause of death were obtained from the
National Health Service (NHS) Information Centre
for participants from England and Wales, and from
the NHS Central Register, Scotland, for participants
from Scotland. Details of information about the link-
age procedure can be found at http://content.digital.
nhs.uk/services. Linkage recorded all deaths occur-
ring until 14 February 2018 for England and 31
December 2016 for Scotland. The outcomes of this
study were all-cause mortality and cause-specific
mortality (cardiovascular diseases, cancer, respiratory
disease, digestive disease, neurodegenerative disease,
infectious disease, and all other causes), based on the
10th revision of the International Classification of
Diseases (ICD-10) (eTable 2).

Covariates

This study utilized the following potential con-
founding factors: sociodemographic characteris-
tics [age, sex, ethnicity, UK Biobank assessment
center, social deprivation (Townsend deprivation
index), and highest education levels]; anthropo-
metric indicators [body mass index (BMI)]; life-
style behaviors [smoking status (current, former, or
never), alcohol intake, physical activity, and diet],
personal health and medical history [cardiovascular
diseases, cancer, respiratory disease, digestive dis-
ease, neurodegenerative disease, infectious disease,
and medication use (anti-hypertensive medication,
cholesterol-lowering medication, hormone replace-
ment therapy, oral contraceptive pill, or none)], and
biomarkers [high-density lipoprotein, low-density
lipoprotein, triglycerides, and total cholesterol].
Daily physical activity levels were calculated by
multiplying the metabolic equivalent tasks (METSs)
value for a specific type of physical activity by hours
spent on that activity per week and then adding up the
MET hours for all activities. Overall dietary pattern
was assessed by healthy diet score including the fol-
lowing factors: fruit intake at least three pieces each
day; vegetable intake at least four tablespoons each
day; fish intake at least twice each week; processed
meat intake no more than twice each week; and unpro-
cessed red meat intake no more than twice each week.
We added each healthy dietary factor to calculate the
final diet score ranging from 0 to 5 [29, 30]. Infor-
mation on prevalent diseases was obtained through
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self-reported and hospital inpatient records (eTa-
ble 3). For continuous variables, missing values were
imputed sex-specific median values, while categorical
variables were handled with missing indicators.

Statistical analysis

Baseline characteristics were described across four
categories of HAI (i.e., 0-2, 34, 5-—6, and 7-10) as
means (SD) for continuous variables and percentages
for categorical variables. In addition, we plotted the
mean HAI and the prevalence of unhealthiest aging
status by age and sex to examine the associations of
the HAI with age.

In the full cohort, we used Cox proportional hazard
regression models to estimate the hazard ratios (HRs)
and 95% confidence intervals (CIs) of the risk of all-
cause and cause-specific mortality associated with the
HAI, which was included in the models as a continu-
ous or a categorical variable. Follow-up person-years
were calculated from baseline until the date of death,
or end of follow-up, whichever occurred first. No vio-
lations to the proportional hazards assumption were
observed by inspection of the plots of the Schoenfeld
residual. We undertook separate models by sequential
inclusion of three groups of covariates to examine the
different potential confounding effects on the associa-
tions between HAI levels and mortality risk. Model 1
included basic sociodemographic characteristics (sex,
age, UK Biobank assessment center, and race/ethnic-
ity), followed by model 2 that additionally included
other sociodemographic characteristics (Townsend
deprivation index and highest education level),
anthropometric indicators (BMI), and lifestyle factors
(smoking status, alcohol intake, and physical activ-
ity). Model 3 additionally included chronic health
conditions (eTable 3) and medication use (anti-hyper-
tensive medication, cholesterol-lowering medication,
hormone replacement therapy, oral contraceptive pill,
or none). Notably, we adjusted for all the chronic con-
ditions in the all-cause analysis, and for only one dis-
ease in the corresponding cause-specific analyses. To
visually explore non-linear associations between HAI
and mortality risk, we used restricted cubic splines
for HAI score with 3 knots at the 25th, 50th, and
75th percentiles of the distribution, stratified by sex
and baseline age. We also applied a Kaplan—-Meier
survival curve to compare survival probabilities after
baseline recruitment between different groups of HAI


http://content.digital.nhs.uk/services
http://content.digital.nhs.uk/services

GeroScience

stratified by sex and baseline age. In addition, inter-
action terms of potential covariates (age, sex, smok-
ing status, alcohol intake, level of physical activity,
and BMI) were tested using the likelihood ratio test,
which involved comparing models with and with-
out interaction terms, and we performed subgroup
analyses. Considering that most studies of the HAI
used 60 years as the cutoff of age, we conducted sub-
group analysis by age (=60 vs.<60 years) for con-
venience of comparison, with 60 years old also being
the median age. Additionally, we also calculated the
population attributable risk percent (PAR%) to esti-
mate the proportion of death that theoretically would
not have occurred if all participants were in a low-risk
group, in the case of assuming causality.

To examine the robustness of our findings, we also
conducted several sensitivity analyses: additionally
adjusting for dietary factors; excluding individuals
with one or more of these diseases at baseline from
the analysis, either separately or together; excluding
those who had ever used medications; excluding cur-
rent smokers and current drinker. In order to avoid
bias from the imputation of missing covariates, par-
ticipants with missing values were also removed in
another sensitivity analysis. In addition, we excluded
those who had died during the first 5 years of follow-
up to minimize the influence of reverse causality.

All statistical analyses were conducted using
Stata version 16.0. All p values were two-sided and
we defined the level of statistical significance as a P
value less than 0.05.

Patient and public involvement

No patients or the public were involved in setting the
research question or the outcome measures, nor were
they involved in developing plans for the design or imple-
mentation of the study. No patients were asked to advise
on the interpretation or writing up of results. There are no
plans to disseminate the results of the research to study
participants or the relevant patient community.

Results
Population characteristics

Of the 502,527 participants recruited to UK Biobank,
387,794 (77%) who had complete data on HAI and

key covariates were included, with a median fol-
low-up of 8.9 years (IQR 8.3-9.5; total follow-up
3,425,798 person-years). Table 1 summarizes the
main characteristics of the participants by quarters
of HAIL. Among 387,794 participants (mean age
56.4 years, 45.8% men), 90,804 (23.4%) had a score
of 0-2, 122,574 (31.6%) had a score of 3—4, 113,505
(29.3%) had a score of 5-6, and 60,911 (15.7%) had
a score of 7-10. Participants with lower HAI were
more likely to be women, White people, younger,
non-smoker, and more educated, and less likely to
use medications, and to have lower Townsend index,
and a lower prevalence of comorbidities, but higher
level of physical activity. There were no significant
differences between the included and the whole popu-
lations from UK Biobank in terms of most baseline
characteristics.

The HAI showed a right-skewed distribution
towards older age, either in combination or sepa-
rately (eFigs. 1 and 2). The mean HAI across all
participants was 4.23 (SD 2.16). Both the mean
HAI and the prevalence of unhealthiest aging
status increased with age. The prevalence of
unhealthiest aging status increased from 2319
(2.5%) in 92,794 people aged <50 years to 12,827
(9.9%) in 129,870 people aged 50-60 years, and to
45,765 (27.7%) in 165,130 people aged > 60 years.
As shown in Fig. 1, women had a higher mean
HAI between the ages 40 and 59 years, while men
had a higher prevalence of unhealthiest aging sta-
tus across all age subgroups.

Association of healthy aging index with all-cause
mortality

During follow-up, 14,112 all-cause deaths were
documented. Absolute mortality rates according
to HAI categories were 1.40, 2.86, 4.92, and 9.42
deaths per 1000 person-years for participants with
a score of 0-2, 3-4, 5-6, and 7-10, respectively
(Table 2). As shown in Table 2, each HAI com-
ponent was significantly associated with all-cause
mortality; after further adjustment, the magnitude
of associations was slightly attenuated in models
2 and 3. Among all components, serum random
glucose and cystatin C were most strongly associ-
ated with mortality. When all 5 components were
combined, the multivariate-adjusted HRs for par-
ticipants scoring 3—4, 5-6, and 7-10, as compared
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Table 1 Baseline characteristics of study participants according to HAI

Characteristics HAI Samples included UK Biobank
in the study Full samples
0-2 34 (n=57,358) 5-6(n=52,580) 7-10 (n=387,794) (n=502,527)
Healthy Unhealthy
(n=38,694) (n=29,030)
White (%) 97.0% 95.7% 94.2% 91.4% 94.9% 94.6%
Male (%) 42.6% 46.8% 46.3% 47.7% 45.8% 45.6%
Age at baseline 50.4 (7.2) 55.3(1.7) 59.4 (7.0) 62.2 (5.9) 56.4 (8.1) 56.5 (8.1)
(year)
Townsend depri- —1.6 (2.9) -1.5@3.0) -13@3.1) —-0.8(3.3) -143.1) -13@3.1)
vation index
College or univer- 46.0% 37.8% 29.9% 22.0% 33.1% 32.7%
sity degree (%)
Body mass index  26.2 (3.4) 27.3 (3.8) 28.4 (4.2) 29.9 (4.8) 27.4 (4.7) 27.4 (4.8)
(kg/m?)
Physical activity ~ 2907.5 (2951.7)  2891.7 (2988.2) 2817.1 (2959.4) 2533.4(2786.9) 2663.1 (2710.6)  2650.2 (2713.1)
(MET h/week)
Smoking status (%)
Never 58.4% 52.5% 46.1% 38.9% 55.2% 54.8%
Past 31.2% 35.7% 41.2% 47.2% 34.6% 34.6%
Current 10.5% 11.8% 12.7% 13.9% 10.2% 10.6%
Alcohol con- 21.2 (20.3) 22.0 (22.5) 21.5 (22.6) 18.9 (22.2) 14.8 (18.2) 14.7 (18.4)
sumption (g/
day)
Medications (%)
Cholesterol- 5.9% 14.5% 28.0% 50.2% 17.0% 17.6%
lowering
medication
Blood pressure  1.1% 6.8% 14.6% 19.4% 10.0% 10.2%
medication
Insulin 0.0% 0.1% 0.2% 0.5% 0.2% 0.2%
Chronic conditions (%)
Diabetes 0.2% 1.3% 5.5% 31.2% 5.4% 5.4%
Hypertension 3.9% 21.2% 43.2% 69.1% 28.0% 28.7%
Cardiovascular  2.3% 5.3% 10.6% 21.3% 6.2% 6.9%
disease
Cancer 4.1% 6.3% 8.2% 10.1% 8.8% 9.3%
Respiratory 0.7% 1.2% 2.3% 4.0% 1.7% 2.3%
disease
Digest disease ~ 0.1% 0.3% 0.4% 0.6% 0.2% 0.3%
Neurode- 3.0% 3.7% 4.8% 6.7% 4.3% 4.7%
generative
disease
Infectious 0.2% 0.3% 0.6% 1.2% 0.4% 0.5%
diseases
Single item of HAI
Systolic blood 130.8 (12.7) 141.1 (17.1) 148.5 (18.1) 151.4 (18.9) 139.7 (19.6) 139.8 (19.7)
pressure
(mmHg)
Random glu- 4.9(0.7) 5.0 (0.9) 52(.3) 592.3) 5.1(1.2) 51(1.2)
cose (mg/dl)
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Table 1 (continued)

Characteristics HAI Samples included UK Biobank
in the study Full samples
0-2 34 (n=57,358) 5-6(n=52,580) 7-10 (n=387,794) (n=502,527)
Healthy Unhealthy ’ ’
(n=38,694) (n=29,030)
Forced vital 5.2(0.9) 4.6 (0.9) 4.1(0.8) 3.6 (0.7) 3.7(1.1) 3.7(1.1)
capacity
(liters)
Cystatin C 0.8 (0.1) 0.9(0.1) 1.0(0.2) 1.1(0.2) 0.9(0.2) 0.9(0.2)
(mg/dl)
Reaction time  477.4 (67.6) 528.9 (99.4) 576.5 (116.8) 635.7 (125.4) 558.2 (116.9) 559.6 (118.0)
(ms)

Mean (SD) is presented for continuous variables and percentage for categorical variables. Percentages may not total 100 because of
rounding. All exposures were associated with HAI, with P <0.001 for trends across categories
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with those scoring 0-2, were 1.31 (1.22, 1.40),
1.60 (1.49, 1.72), and 2.28 (2.11, 2.46) (P for
trend < 0.001). Each 1-point increase in HAI was
associated with a 17% higher risk of all-cause
mortality (HR 1.17; 95%CI 1.15, 1.18). As pre-
sented in Kaplan—Meier survival curves, there
was a graded decrease in the survival probabili-
ties as HAI increased, and the difference between
the HAI categories in survival probability over
time was larger in men and increased with base-
line age (eFig. 3). For participants with healthy
aging status (scoring 3—10), the PAR of all-cause
mortality was 29.8% (95% CI 25.6%, 33.8%), sug-
gesting that approximately one-third of the deaths
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ted curve of the HAL. B The histogram represents the preva-
lence of unhealthy aging with a HAI of 7-10 per each 5-year
age group

might have been prevented if all participants had
not been in the healthy aging status, regardless of
chronological age. Estimates of the PAR for the
alternative levels of HAI or individual compo-
nents can be found in eTable 4. In addition, we
found potential evidence of a non-linear dose-
response association between HAI and mortality
risk (P non-linearity < 0.0001, eFig. 4).

Association of healthy aging index with
cause-specific mortality

Over the follow-up period, 2848 (0.7%) partici-
pants died from cardiovascular disease, 8107 (2.1%)
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Table 2 Associations

. Events per 1000 HR (95% CI)

betwgen single and person-year (95%ClI)

combined HAI components Model 1 Model 2 Model 3

and risk of all-cause

mortality Systolic blood pressuret
0 2.64 (2.54,2.74) (Reference) (Reference) (Reference)
1 3.10 (2.98, 3.22) 0.94 (0.89,0.99)  0.95(0.90, 1.00) 0.97 (0.92, 1.02)
2 5.66 (5.54,5.78) 1.13(1.08,1.18)  1.14(1.09,1.19) 1.14 (1.09, 1.19)

Random glucose

0 3.74 (3.68, 3.81)
1 6.43 (5.31,7.56)
2 10.34 (9.88, 10.81)

Forced vital capacityf

0 2.32(2.24,241)

1 3.53(3.43,3.64)

2 6.55 (6.41, 6.70)
Cystatin Cf

0 2.31(2.22,2.40)

1 3.34(3.23,3.45)

2 6.88 (6.73,7.04)

Reaction timef
0
1

2.77 (2.68, 2.86)
3.93 (3.81, 4.04)

2 5.79 (5.65,5.93)
Total HAI score

0-2 1.40 (1.32, 1.48)

3-4 2.86 (2.76, 2.96)

5-6 4.92 (4.78, 5.06)

7-10 9.42 (9.16, 9.68)
P for trend -

Per score point

(Reference)
1.41 (1.18, 1.68)
1.80 (1.72, 1.90)

(Reference)
1.08 (1.03, 1.13)
1.50 (1.43,1.57)

(Reference)
1.14 (1.08, 1.20)
1.77 (1.69, 1.85)

(Reference)
1.06 (1.02, 1.11)
1.29 (1.23, 1.35)

(Reference)
1.42(1.32,1.52)
1.92 (1.79, 2.06)
3.17 (2.96, 3.41)
<0.001

1.23 (1.22, 1.24)

(Reference)
1.40 (1.18, 1.67)
1.75 (1.66, 1.84)

(Reference)
1.05 (1.00, 1.10)
1.37 (1.31, 1.44)

(Reference)
1.10 (1.05, 1.16)
1.60 (1.53, 1.68)

(Reference)
1.04 (1.00, 1.09)
1.23 (1.18, 1.28)

(Reference)
1.32(1.23,1.41)
1.66 (1.55, 1.78)
2.51(2.33,2.71)
<0.001

1.19 (1.18, 1.20)

(Reference)
1.39 (1.17, 1.66)
1.65 (1.57, 1.75)

(Reference)
1.04 (0.99, 1.09)
1.30 (1.24, 1.37)

(Reference)
1.10 (1.04, 1.15)
1.53 (146, 1.61)

(Reference)
1.04 (0.99, 1.09)
1.20 (1.15, 1.26)

(Reference)

1.31 (1.22, 1.40)
1.60 (1.49, 1.72)
2.28 (2.11, 2.46)
<0.001

1.17 (1.15, 1.18)

TAll of the 5 individual components were included in the model simultaneously

Values are hazard ratios (95% confidence intervals) unless stated otherwise

Model 1: adjusted for sex, age, UK Biobank center, and race/ethnicity

Model 2: model 1 + education, TDI, body mass index, physical activity, smoking status,

and alcohol intake

Model 3: model 2 + medications, and chronic conditions

from cancer, 530 (0.1%) from digestive disease, 757
(0.2%) from respiratory disease, 369 (0.1%) from
infectious disease, and 575 (0.2%) from neurodegen-
erative disease. A strong graded increase in the risk
of cause-specific mortality was also observed across
the HAI categories (Table 3). For each unit incre-
ment of the HAI, the corresponding HRs for risk of
death were 1.28 (1.25, 1.31) for cardiovascular dis-
eases, 1.09 (1.07, 1.10) for cancer, 1.36 (1.29, 1.44)
for digestive disease, 1.42 (1.35, 1.48) for respira-
tory disease, 1.42 (1.33, 1.51) for infectious diseases,

@ Springer

1.15 (1.09, 1.21) for neurodegenerative disease, and
1.33 (1.28, 1.38) for all other causes. The PAR of
cause-specific mortality ranged from 17.1 to 86.7%
for participants who had a relatively higher HAI of
3-10, and the reclassification of HAI groups yielded
similar estimates (eTable 4). Furthermore, we found
linear associations with the risk of death for car-
diovascular diseases (P non-linearity =0.059), can-
cer (P non-linearity =0.100), digestive disease (P
non-linearity =0.720), neurodegenerative disease
(P non-linearity =0.822), and infectious disease (P
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Table 3 Association between HAI and cause-specific mortality

Cause of death

HAI

0-2 34 5-6 7-10
Healthy (n=122,574) (n=113,505) Unhealthy
(n=90,804) (n=60,911)

P for trend

Each unit increment

Cardiovascular diseases
Events per 1000 0.17 (0.14, 0.20)

person-year
(95%CTI)

Model 1 [HR
(95% CD)]

Model 2 [HR
(95% CD)]

Model 3 [HR
(95% CD)]

Cancer

Events per 1000

person-year
(95%CTI)

Model 1 [HR
(95% CD)]

Model 2 [HR
(95% CD)]

Model 3 [HR
(95% CD)]

Digestive disease

Events per 1000

person-year
(95%CTI)

Model 1 [HR
(95% CID)]

Model 2 [HR
(95% CD)]

Model 3 [HR
(95% CI)]

Respiratory disease

Events per 1000

person-year
(95%CTI)

Model 1 [HR
(95% CD)]

Model 2 [HR
(95% CD)]

Model 3 [HR
(95% CD)]

Infectious diseases

Events per 1000

person-year
(95%CTI)

Model 1 [HR
(95% CID)]

Model 2 [HR
(95% CD)]

(Reference)

(Reference)

(Reference)

0.99 (0.92, 1.06)

(Reference)

(Reference)

(Reference)

0.04 (0.02, 0.05)

(Reference)

(Reference)

(Reference)

0.01 (0.00, 0.02)

(Reference)

(Reference)

(Reference)

0.02 (0.01, 0.03)

(Reference)

(Reference)

0.43 (0.39, 0.47)

1.83 (1.51,2.22)

1.60 (1.31, 1.94)

1.59 (1.31, 1.93)

1.85(1.77, 1.94)

1.24 (1.14, 1.35)

1.17 (1.07,1.27)

1.16 (1.06, 1.26)

0.08 (0.06, 0.09)

1.88 (1.23,2.89)

1.56 (1.01, 2.41)

1.47 (0.96, 2.27)

0.10 (0.08, 0.12)

6.18 (3.00, 12.72)

5.67 (2.75, 11.67)

5.71 (277, 11.77)

0.06 (0.04, 0.07)

2.27 (1.28, 4.03)

2.18(1.22,3.87)

0.95(0.89, 1.01)

3.26 (2.70, 3.93)

2.48 (2.05, 3.00)

2.37(1.95, 2.86)

2.90 (2.79, 3.00)

1.47 (1.35, 1.60)

1.31 (1.20, 1.42)

1.29 (1.18, 1.41)

0.20 (0.17,0.23)

4.59 (3.04, 6.93)

3.47(2.28,5.26)

3.10 (2.04, 4.70)

0.25(0.22, 0.28)

11.59 (5.68, 23.63)

9.75 (4.77, 19.93)

9.23 (4.51, 18.91)

0.12 (0.10, 0.14)

4.18 (2.38,7.32)

3.80 (2.16, 6.71)

2.45(2.32,2.59)

7.25(5.99, 8.77)

4.69 (3.85,5.71)

4.03 (3.31,4.92)

4.54 (4.36,4.72)

1.96 (1.79, 2.14)

1.62(1.48, 1.78)

1.59 (1.4, 1.74)

0.42 (0.36, 0.48)

9.42 (6.18, 14.37)

6.29 (4.06,9.73)

5.12 (3.30, 7.95)

0.74 (0.66, 0.81)

27.76 (13.60, 56.67)

21.08 (10.26, 43.31)

18.44 (8.95, 38.00)

0.33(0.28, 0.38)

10.18 (5.79, 17.93)

8.67 (4.84, 15.54)

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

1.42 (1.39, 1.45)

1.33 (1.30, 1.36)

1.28 (1.25, 1.31)

1.12 (1.11, 1.14)

1.09 (1.08, 1.11)

1.09 (1.07, 1.10)

1.47 (141, 1.54)

1.41 (1.34, 1.49)

1.36 (1.29, 1.44)

1.50 (1.44, 1.56)

1.46 (1.39, 1.52)

1.42 (1.35,1.48)

1.47 (1.39, 1.55)

1.45(1.36, 1.54)

@ Springer



GeroScience

Table 3 (continued)

Cause of death HAI P for trend Each unit increment
0-2 34 5-6 7-10
Healthy (n=122,574) (n=113,505) Unhealthy
(n=90,804) (n=60911)
Model 3 [HR (Reference) 2.19 (1.23, 3.90) 3.74 (2.11, 6.61) 8.08 (4.49, 14.54) <0.001 1.42(1.33, 1.51)
(95% CD)]

Neurodegenerative disease
Events per 1000 0.04 (0.03, 0.06) 0.13 (0.11, 0.15)
person-year
(95%CI)
Model 1 [HR
(95% CD)]
Model 2 [HR
(95% CD)]
Model 3 [HR
(95% CD)]
All other causes
Events per 1000 0.13 (0.11,0.16) 0.24 (0.21, 0.27)
person-year
(95%CTI)
Model 1 [HR
(95% CD)]
Model 2 [HR
(95% CD)]
Model 3 [HR
(95% CD)]

(Reference) 1.48 (1.01, 2.17)

(Reference) 1.57 (1.07, 2.30)

(Reference) 1.57 (1.07, 2.30)

(Reference) 1.73 (1.37, 2.17)

(Reference) 1.61 (1.28, 2.02)

(Reference) 1.60 (1.27, 2.02)

0.21 (0.19, 0.24)

1.53 (1.05, 2.24)

1.71 (1.16, 2.51)

1.75 (1.19, 2.57)

0.36 (0.32, 0.39)

2.53(2.01, 3.18)

2.20 (1.73,2.78)

2.16 (1.70, 2.74)

0.35(0.30,0.40) - -

1.93(1.31,2.84)  <0.001 1.11 (1.06, 1.16)

227(1.52,340) <0001  1.14(1.09, 1.20)

229(1.53,344) <0001  1.15(1.09, 1.21)

0.82(0.74,0.89) - -

5.76 (4.54,7.31)  <0.001 1.37(1.33,1.42)

4.59 (3.57,5.90)  <0.001 1.34 (1.29, 1.38)

4.38 (3.40,5.65) <0.001 1.33(1.28, 1.38)

Values are hazard ratios (95% confidence intervals) unless stated otherwise

Model 1: adjusted for sex, age, UK Biobank center, and race/ethnicity

Model 2: model 1+ education, TDI, body mass index, physical activity, smoking status, and alcohol intake

Model 3: model 2 + medications, and chronic conditions

non-linearity =0.741), and non-linear associations
with respiratory disease (P non-linearity =0.022) and
all other cause (P non-linearity < 0.001) (eFig. 4).

Subgroup analyses

For all-cause mortality, the effect estimates were
stronger among younger adults (<60 years)
than among older adults (>60 years; P interac-
tion < 0.0001; Fig. 2). Compared with the reference
group (HAI 0-2), the group with the HAI of 7-10
had a 1.15-fold greater risk of mortality in adults
aged > 60 years, while the HRs decreased to 1.19
in adults aged < 60 years. The association was also
significantly different between men and women,
with men generally having higher HRs associated

@ Springer

with HAI than women (P interaction<0.0001;
Fig. 3). In analyses of cause-specific mortality,
stratified analyses by age showed that the asso-
ciation of the HAI persisted in both age groups,
but the association was larger in participants
aged < 60 years than participants aged > 60 years
for cancer mortality (Fig. 2). In addition, there was
a significant difference in the association of the
HAI with the risk of mortality from cardiovascu-
lar diseases (P interaction=0.047) and cancer (P
interaction < 0.0001) between men and women, the
difference in the effect estimates was not clinically
meaningful (Fig. 3).

Notably, significant interactions between
HAI and smoking status were observed in mor-
tality outcome (P=0.026 for interaction in all
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Age < 60 yr HR (95%Cl)
All causes
Healthy aging index of 0-2 [ ] 1(Ref)
Healthy aging index of 3-4 [ ] 1.35(1.24,1.48)
Healthy aging index of 5-6 1.80(1.64,1.99)
Healthy aging index of 7-10 2.70(2.40,3.03)
Per 1 unit incremement 1.19(1.17,1.21)
Cardiovascular disease
Healthy aging index of 0-2 [ ] 1(Ref)
Healthy aging index of 3-4 - 1.53(1.20,1.96)
Healthy aging index of 5-6 2.38(1.85,3.07)
Healthy aging index of 7-10 - 3.99(3.00,5.30)
Per 1 unit incremement 1.29(1.24,1.34)
Cancer
Healthy aging index of 0-2 T 1(Ref)
Healthy aging index of 3-4 bl 1.20(1.08,1.34)
Healthy aging index of 5-6 u 1.47(1.30,1.66)
Healthy aging index of 7-10 1.94(1.66,2.27)
Per 1 unit incremement 1.12(1.09,1.14)
Digestive disease
Healthy aging index of 0-2 L 1(Ref)
Healthy aging index of 3-4 == 1.99(1.16,3.42)
Healthy aging index of 5-6 = 3.90(2.26,6.73)
Healthy aging index of 7-10 = 8.49(4.67,15.43)
Per 1 unit incremement 1.45(1.33,1.57)
Respiratory disease
Healthy aging index of 0-2 " 1(Ref)
Healthy aging index of 3-4 4.44(1.86,10.6)
Healthy aging index of 5-6 7.46(3.10,17.91)
Healthy aging index of 7-10 18.41(7.44,45.54)
Per 1 unit incremement 1.54(1.40,1.69)
Infectious disease .
Healthy aging index of 0-2 1(Ref)
Healthy aging index of 3-4 2.90(1.41,5.96)
Healthy aging index of 5-6 - 4.47(2.11,947)
Healthy aging index of 7-10 10.76(4.79,24.18)
Per 1 unit incremement 1.42(1.28,1.58)
Neurodegenerative disease .
Healthy aging index of 0-2 = 1(Ref)
Healthy aging index of 3-4 = 1.64(0.91,2.96)
Healthy aging index of 5-6 i - 2.27(1.21,4.27)
Healthy aging index of 7-10 1.84(0.75,4.54)
Per 1 unit incremement 1.14(1.01,1.28)
All other causes '
Healthy aging index of 0-2 - 1(Ref)
Healthy aging index of 3-4 1.73(1.32,2.25)
Healthy aging index of 5-6 - 2.63(1.97,3.50)
Healthy aging index of 7-10 4.79(3.39,6.76)
Per 1 unit incremement 1.33(1.27,1.41)

0.2

5

R
Higher risk of mortality

Fig. 2 The association of HAI with all-cause and cause-spe-
cific mortality by age. Models were adjusted for age, sex, UKB
center, education level, TDI, alcohol intake, smoking status,
physical activity, medications (lowing cholesterol, hormone,

participants; P <0.0001 for interaction in women)
(eTable 5). The test for the interaction item of
physical activity was also statistically signifi-
cant (P=0.004 for interaction in all participants;
P=0.021 for interaction in women). In subgroup
analyses with stratification by these covariates, the
effect sizes between HAI and all-cause mortality
were somewhat stronger among regular smokers
(versus never or former smokers) and adults with
high MET hours (versus low or moderate MET

Age = 60 yr HR (95%Cl) P interaction
1 1(Ref) <0.001
1.16(1.03,1.30)
[ 1.35(1.20,1.51)
u 1.91(1.70,2.14)
1.15(1.14,1.17)

1(Ref) 0.284
- 1.55(1.10,2.17)
- 2.18(1.57,3.02)
- 3.74(2.69,5.19)
1.28(1.24,1.31)

1(Ref) 0.004
E 1.04(0.91,1.19)
1.11(0.98,1.27)
= 1.36(1.19,1.56)
1.08(1.06,1.09)

L 1(Ref) 0.137
0.78(0.38,1.58)
1.69(0.88,3.24)

—— 2.48(1.28,4.82)
1.30(1.22,1.40)

" 1(Ref) 0.876

7.96(1.95,32.47)

12.05(2.99,48.65)

22.91(5.67,92.61)
1.37(1.3,1.45)

1(Ref) 0422
1.22(0.47,3.19)
2.25(0.90,5.59)
4.60(1.84,11.49)
1.41(1.30,1.53)

1(Ref) 0.521
1.51(0.90,2.53)
1.61(0.97,2.66)
2.19(1.30,3.67)
1.15(1.08,1.21)

1(Ref) 0.021
1.31(0.80,2.15)
1.57(0.97,2.52)
3.28(2.03,5.29)
1.32(1.25,1.38)

0.2 5 125

Higher risk of mortality

oral pills), and chronic conditions (cardiovascular disease, can-
cer, respiratory disease, digestive disease, neurogenerative dis-
ease, infectious disease)

hours). However, the associations between HAI
and mortality risk were similar across subgroups
stratified according to alcohol intake and BMI
(eTable 5).

Sensitivity analyses
In the sensitivity analyses, the associations of the

HATI with all-cause and cause-specific mortality did
not change appreciably with additional adjustment
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Men HR (95%Cl) Women HR (95%Cl) P interaction

All causes
Healthy aging index of 0-2 n 1(Ref) 1(Ref) <0.001
Healthy aging index of 3-4 u 141 (1.28, 1.55) TI 1.20 (1.09, 1.33)
Healthy aging index of 5-6 u 1.82 (1.66, 2.01) n 137 (1.23, 1.52)
Healthy aging index of 7-10 2.62 (2.37, 2.90) » 1.90 (1.70, 2.14)
Per 1 unit incremement L] 1.18 (1.17, 1.20) 1.14 (1.12, 1.16)
Cardiovascular disease l r
Healthy aging index of 0-2 1(Ref) 1(Ref) 0.050
Healthy aging index of 3-4 Rl 1.44 (1.16, 1.80) —— 2.12 (140, 3.23)
Healthy aging index of 5-6 Rl 2.13 (1.72, 2.65) —m— 3.19 (2.11, 4.83)
Healthy aging index of 7-10 - 3.65 (2.92, 4.57) —— 5.34 (3.48, 8.20)
Per 1 unit incremement u 1.27 (1.24, 1.31) | 1.32 (1.26, 1.38)
Cancer
Healthy aging index of 0-2 L 1(Ref) 1(Ref) <0.001
Healthy aging index of 3-4 = 1.28 (1.13, 1.45) 1.09 (0.97, 1.22)
Healthy aging index of 5-6 = 1.48 (1.30, 1.68) - 1.16 (1.03, 1.31)
Healthy aging index of 7-10 = 1.81 (1.58, 2.08) = 1.42 (1.24, 1.63)
Per 1 unit incremement 1.10 (1.08, 1.12) 1.08 (1.05, 1.10)
Digestive disease I
Healthy aging index of 0-2 1(Ref) 1(Ref) 0.170
Healthy aging index of 3-4 T 1.26 (0.78, 2.06) — 247 (0.93, 6.57)
Healthy aging index of 5-6 —— 2.86 (1.79, 4.55) —— 4.47 (1.71, 11.68)
Healthy aging index of 7-10 —a— 4.82 (2.95, 7.89) —a— 7.15 (2.64, 19.32)
Per 1 unit incremement L] 1.36 (1.28, 1.45) u 1.38 (1.25, 1.53)
Respiratory disease
Healthy aging index of 0-2 L 1(Ref) 1(Ref) 0.389
Healthy aging index of 3-4 — 7.83 (2.85, 21.50) — 3.53 (1.24, 10.07)
Healthy aging index of 5-6 — 12.97 (4.75, 35.39) — 5.47 (1.94, 15.38)
Healthy aging index of 7-10 " 26.28(9.57,72.19) — 10.66 (3.74, 30.35)
Per 1 unit incremement L] 143 (1.35, 1.51) L} 1.39 (1.28, 1.51)
Infectious disease
Healthy aging index of 0-2 L 1(Ref) I 1(Ref) 0.441
Healthy aging index of 3-4 — 4.17 (1.63, 10.72) 1.16 (0.54, 2.49)
Healthy aging index of 5-6 — 7.48 (2.94, 19.08) - 1.84 (0.87, 3.91)
Healthy aging index of 7-10 — 17.95 (6.92, 46.50) —— 3.44 (1,56, 7.57)
Per 1 unit incremement L] 1.48 (1.37, 1.61) u 1.33 (1.20, 1.47)
Neurodegenerative disease
Healthy aging index of 0-2 L] 1(Ref) 1(Ref) 0.382
Healthy aging index of 3-4 - 1.46 (0.90, 2.37) = 1.74 (0.94, 3.24)
Healthy aging index of 5-6 == 1.86 (1.15, 3.02) —= 1.59 (0.84, 3.00)
Healthy aging index of 7-10 == 2.18 (1.30, 3.64) — 2.50 (1.28, 4.85)
Per 1 unit incremement 1.14 (1.07, 1.22) = 1.15 (1.06, 1.25)
All other causes
Healthy aging index of 0-2 1(Ref) 1(Ref) 0.831
Healthy aging index of 3-4 - 1.61(1.20, 2.16) == 1.59 (1.10, 2.31)
Healthy aging index of 5-6 - 2.26 (1.68, 3.06) = 197 (1.33, 2.92)
Healthy aging index of 7-10 == 442 (3.21, 6.09) == 429 (2.82, 6.54)
Per 1 unit incremement L} 1.34 (1.28, 1.40) L} 1.31(1.23,1.39)

02 1 5 25 125 02 ! 5 25 125

—
Higher risk of mortality

Fig. 3 The association of HAI with all-cause and cause-spe-
cific mortality by sex. Models were adjusted for age, UKB
center, education level, TDI, alcohol intake, smoking status,
physical activity, medications (lowing cholesterol, hormone,

for blood lipids, or additional adjustment for dietary
factors (eTable 6). After excluding participants with
diabetes, hypertension, cardiovascular disease, can-
cer, respiratory disease, digestive disease, neurode-
generative disease, or infectious disease at baseline,
the association of the HAI with all-cause mortality
and cause-specific mortality showed small to moder-
ate changes (eTable 7). The most apparent attenua-
tion of associations occurred in mortality risk after
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oral pills), and chronic conditions (cardiovascular disease, can-
cer, respiratory disease, digestive disease, neurogenerative dis-
ease, infectious disecase)

participants who had any of the five aforementioned
diseases at baseline were removed from the analyses,
but these significant associations persisted. Among
relatively healthy participants, the HR for all-cause
mortality per unit increment in the HAI was 1.12
(1.09, 1.14). The exclusion of people from the
analyses who were current smokers, current drink-
ers, with missing covariates, or died during the first
5 years of follow-up only changed the HRs slightly.
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Discussion

In this large-scale prospective UK cohort, we con-
structed a 5-item HAI to characterize healthy aging
levels. Higher HAI was significantly associated with
an increased risk of all-cause and cause-specific mor-
tality with the highest risk from respiratory diseases
and the lowest risk from cancer, even after adjustment
for chronological age and other known risk factors.
In addition, we found that the effect sizes decreased
with chronological age, indicating that interventions
to slow the biological aging to prevent premature
death at an earlier stage of life course might be more
effective.

The strength of association of the HAI with all-
cause mortality reported in the present study is in line
with previous research in smaller cohorts of older
adults (> 60 years), primarily in the US and China
[8-13]. Our finding of a HR for all-cause mortality
of 1.15 for participants aged > 60 years and 1.19 for
those aged <60 years, for one point higher HAIL, in
our fully adjusted model, is in agreement with obser-
vations from the Framingham Offspring Study of 934
subjects (>60 years), which reported that per unit
higher of the 5-item HAI was, after adjustment, asso-
ciated with a HR of 1.15 for all-cause mortality [10].
Furthermore, our findings for all-cause mortality are
also comparable to those reported in the National
Health and Nutrition Examination Survey, the Car-
diovascular Health Study, and the Health, Aging, and
Body Composition Study, with a HR of 1.19, 1.17,
and 1.19, respectively. [8, 11, 13] However, China
Health and Retirement Longitudinal Study (n=3740)
suggested that each point increase in HAI was associ-
ated with a 28% higher mortality risk in older adults
(> 60 years) [12]. A potential reason for this observa-
tion may be that the measurements of HAI in the Wu
et al. [8] study included C-reactive protein addition-
ally, which is a measurement of overall inflammation
rather than specific to a particular organ system as
the traditional definition of HAI, leading to an over-
estimated effect on mortality. While another Chi-
nese cohort, the Rugao Longevity and Ageing Study
(n=1719), has found that the HRs per unit increment
of the HAI for all-cause mortality were 1.11 (95% CI
1.05-1.18), partially due to the selection criteria of
participants aged 70 years or older [9]. These studies,
including ours, collectively showed that public efforts
to understand and promote a healthy aging status in

the whole population will lead to an overall reduction
in mortality risk.

Compared with all-cause mortality, we found that
the HAI was more strongly associated with mortal-
ity from cardiovascular diseases, digestive diseases,
respiratory diseases, infectious diseases, and all other
causes. To our knowledge, only one study has ana-
lyzed the relationships between HAI and cause-spe-
cific mortality, suggesting that each point increase in
HAI was associated with a 23% higher cardiovascular
mortality risk while no significant association with
cancer mortality [8]. This is partially similar to our
finding that per unit higher HAI was associated, in the
fully adjusted model, with a HR of 1.28 for mortal-
ity risk from cardiovascular diseases. However, in our
study, the association between the HAI and the risk of
death from cancer remained even after we excluded
participants with cancer at baseline or those who died
during the first 5 years of follow-up. Findings on can-
cer mortality warrant further confirmation because of
inconsistency between study results [8]. The excess
risk for cause-specific mortality may be partially due
to reduced immunocompetence, progressive dete-
rioration of organ function, or decreased likelihood
of cure among people with higher HAI, leading to
the development of diseases that caused death. For
instance, some of the excess mortality from digestive
diseases may be owing to gut dysbiosis associated
with healthy aging status, which triggers the innate
immune response and chronic low-grade inflamma-
tion, leading to many age-related degenerative pathol-
ogies, all together contributing to the development of
digestive diseases [31-33]. As a whole, our findings
support the notion that healthy aging status, which
could be reflected by HAI, may have protean protec-
tive effects on all these specific systems to promote
longevity.

Although the HAI has been applied in the UK
Biobank with a positive effect on major vascu-
lar events [15], this is the first attempt to associate
the HAI with mortality in the European population,
which includes a considerably younger age range
than previous studies [8—13]. Little is known about
whether HALI is related to mortality risk in y ADDIN
EN.CITE [15]ounger populations. We observed that
in these associations for all-cause and cancer mor-
tality, the effect estimates were moderately stronger
among younger adults (<60 years) than that among
older adults (>60 years). Therefore, the use of a
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continuous HAI as a surrogate for biological age is
more sensitive in younger adults who are at the lower
end of the aging spectrum, which is meaningful for
the prevention of premature death and the extension
of healthy life expectancy. As longevity is a com-
plex trait determined by a combination of genetics,
environment, and stochasticity, accelerated aging
may play a more critical role in younger participants
(<60 years) who lives longer, while deaths in elders
(=60 years) may occur more stochastically [34]. Such
findings suggest that more studies focusing on healthy
aging across the age spectrum and the development
of relevant screening and intervention strategies are
needed.

It is well known that women live longer than men,
while the reasons are still largely unknown. Sex gap
in healthy aging and survival prospects was also
noticed in this study, which are often attributed to cul-
tural differences (e.g., lifestyle factors and poor social
status) in common thinking [35, 36]. However, after
we adjusted for these confounders, the association
between healthy aging and death was still stronger in
men than in women. We assumed that biological fac-
tors, such as sex hormones and telomere shortening,
may at least partly contribute to such sex differences
[37-39]. For instance, estrogen has been related to
lower risks of various life-threatening diseases, while
testosterone has been associated with higher risks
[40]. In addition, compared with women, men have
greater telomere shortening, which is associated with
accelerated aging [38, 41]. Further studies focusing
on the underlying mechanism of the sex differences in
unhealthy aging and death are warranted.

The finding that the HAI was able to stratify the
risk of mortality even among apparently healthy
adults, with no clinically diagnosed chronic condi-
tions, is also novel. The HAI, which measures the
burden of subclinical disease in multiple physiologi-
cal systems, may therefore provide a complemen-
tary explanation of the variation in survival in clini-
cally healthy adults. Compared with the biological
age based on 72 biomarkers [5] and the frailty index
based on 49 items [6], which have shown significant
associations with mortality risk, the HAI has better
performance with relative affordability and practi-
cality. We also found that unhealthy lifestyle factors
such as smoking and low physical activity level may

@ Springer

further increase the detrimental impacts of HAI on
mortality risk, indicating the positive influence of
smoking cessation and regular exercise to delay aging
[42—44]. Therefore, in a clinical setting, HAI may
be a marker which tracks the effect of aging before
diseases occurred to stratify risk, especially among
younger adults and men as well as individuals who
smoke regularly and lack exercise.

The present study has several strengths. First,
this study was a large-scale prospective cohort study
(n=387,794) based on data from a geographically and
socioeconomically diverse population in the UK. The
inclusion of 222,664 adults younger than 60 years with
a median follow-up of 8.9 years allowed a thorough
analysis of cause-specific mortality in younger adults.
Second, since measures of several potential confound-
ing factors (personal, lifestyle, and chronic conditions)
were available, we were able to adjust for these fac-
tors in our models. Thirdly, several sensitivity analyses
were performed to confirm our findings. Finally, we
constructed the HAI using objectively measured traits,
which have been suggested to be more robust than self-
reported health measures obtained from questionnaire
information. It is worth noting that there are intricate
connections between various health markers. There-
fore, it is important to establish the HAI combining
these various markers, which could be associated with
human health or disease risk in a more concerted man-
ner compared to just looking at these concepts indi-
vidually. From the perspective of public health, the use
of the simple scoring algorithm makes the results of
epidemiological research easier to be interpreted and
translated into practice, thereby being more informa-
tive for the general population. Despite these strengths,
our study had some limitations. First, the assessment of
HAI components was conducted only at one time point
at baseline. The healthy aging status might have altered
over the follow-up period, which could result in an
underestimate of the magnitude of the true association.
Second, although in our study we considered a variety
of potential confounding factors, including personal
variables, lifestyle factors, and history of chronic con-
ditions, residual and unmeasured confounding might
have influenced the association. Third, a large propor-
tion of participants were excluded based on missing
data in the present study, which may lead to selec-
tion bias. However, we have conducted a sensitivity
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analysis and found that the baseline characteristics of
these participants excluded are similar to our analytic
sample (eTable 8). Finally, as a prospective cohort,
the UK Biobank was not representative of the gen-
eral UK population. Therefore, the generalizability to
the broader UK population or the populations of other
races and ethnicities outsides the UK should be made
with caution.

Our findings from the large prospective cohort
study of the UK population for the first time show the
independent associations between the HAI and the
risk of all-cause and cause-specific mortality, with
a stronger association in younger adults (<60 years)
than that in older adults (> 60 years). Our results sug-
gest that the HAI is a better predictor of mortality in
younger adults than in those older. Further research
is needed to explore the use of these routine clinical
measures in clinical settings in identifying individu-
als whose biological age exceeds their chronological
age, especially among younger adults. The identifica-
tion of high-risk individuals may facilitate the devel-
opment of effective intervention strategies to prevent
premature death and improve the quality of life.

Author contribution T. H. and L. Q. designed the research.
Z.Z. and T. H. had full access to all the data in the study and
take responsibility for the integrity of the data and the accuracy
of the data analysis. Z. Z. wrote the paper and performed the
data analysis. All authors contributed to the statistical analysis,
critically reviewed the manuscript during the writing process,
and approved the final version to be published. Z. Z. and T. H.
are the guarantors for the study.

Funding The study was supported by grants from the
National Key R&D Program of China (2020YFC2003401), the
National Natural Science Foundation of China (82173499), and
the High-Performance Computing Platform of Peking Univer-
sity. The funders had no role in the study design, data collec-
tion, data analysis and interpretation, writing of the report, or
the decision to submit the article for publication.

Data availability UKB data are available in a public, open-
access repository. This research has been conducted using the
UKB Resource under Application Number 44430. The UKB
data are available on application to the UK Biobank (http://
www.ukbiobank.ac.uk/).

Declarations

Ethics approval The UKB study was approved by the
National Information Governance Board for Health and Social
Care in England and Wales, the Community Health Index
Advisory Group in Scotland, and the North West Multicenter
Research Ethics Committee. All participants gave written

informed consent. This UKB study was also approved by the
Ethical Committee of Peking University (Beijing, China).

Competing interests The authors declare no competing interests.

References

1. Chang AY, Skirbekk VF, Tyrovolas S, Kassebaum NIJ,
Dieleman JL. Measuring population ageing: an analysis of
the Global Burden of Disease Study 2017. Lancet Public
Health. 2019;4:e159-67. https://doi.org/10.1016/52468-
2667(19)30019-2.

2. United Nations, Department of Economic and Social
Affairs, Population Division (2019) World Population
Prospects 2019: highlights. ST/ESA/SER.A/423.

3. Hamczyk MR, Nevado RM, Barettino A, Fuster V, Andrés
V. Biological versus chronological aging: JACC Focus
Seminar. J] Am Coll Cardiol. 2020;75:919-30. https://doi.
org/10.1016/j.jacc.2019.11.062.

4. Jylhavi J, Pedersen NL, Hiagg S. Biological age predic-
tors. EBioMedicine. 2017;21:29-36. https://doi.org/10.
1016/j.ebiom.2017.03.046.

5. ChanMS, Arnold M, Offer A, Hammami I, Mafham M, Armit-
age J, Perera R, Parish S. A Biomarker-based biological
age in UK Biobank: composition and prediction of mortal-
ity and hospital admissions. J Gerontol A Biol Sci Med Sci.
2021;76:1295-302. https://doi.org/10.1093/gerona/glab069.

6. Williams DM, Jylhévi J, Pedersen NL, Hiagg S. A frailty
index for UK Biobank participants. J Gerontol A Biol Sci
Med Sci. 2019;74:582-7. https://doi.org/10.1093/gerona/
gly094.

7. Newman AB, Boudreau RM, Naydeck BL, Fried LF, Har-
ris TB. A physiologic index of comorbidity: relationship
to mortality and disability. J Gerontol A Biol Sci Med Sci.
2008;63:603-9. https://doi.org/10.1093/gerona/63.6.603.

8. Wu C, Smit E, Sanders JL, Newman AB, Odden MC.
A modified healthy aging index and its association with
mortality: the National Health and Nutrition Examina-
tion Survey, 1999-2002. J Gerontol A Biol Sci Med Sci.
2017;72:1437-44. https://doi.org/10.1093/gerona/glw334.

9. Zhang H, Zhu Y, Hao M, Wang J, Wang Z, Chu X, et al.
The modified healthy ageing index is associated with mor-
tality and disability: the Rugao Longevity and Ageing
Study. Gerontology. 2021;67:572-80. https://doi.org/10.
1159/000513931.

10. McCabe EL, Larson MG, Lunetta KL, Newman AB,
Cheng S, Murabito JM. Association of an index of healthy
aging with incident cardiovascular disease and mortality
in a community-based sample of older adults. J Gerontol
A Biol Sci Med Sci. 2016;71:1695-701. https://doi.org/
10.1093/gerona/glw077.

11. Sanders JL, Minster RL, Barmada MM, Matteini AM,
Boudreau RM, Christensen K, et al. Heritability of and
mortality prediction with a longevity phenotype: the
healthy aging index. J Gerontol A Biol Sci Med Sci.
2014;69:479-85. https://doi.org/10.1093/gerona/glt117.

12. Wu C, Newman AB, Dong BR, Odden MC. Index of
healthy aging in Chinese older adults: China Health

@ Springer


http://www.ukbiobank.ac.uk/
http://www.ukbiobank.ac.uk/
https://doi.org/10.1016/s2468-2667(19)30019-2
https://doi.org/10.1016/s2468-2667(19)30019-2
https://doi.org/10.1016/j.jacc.2019.11.062
https://doi.org/10.1016/j.jacc.2019.11.062
https://doi.org/10.1016/j.ebiom.2017.03.046
https://doi.org/10.1016/j.ebiom.2017.03.046
https://doi.org/10.1093/gerona/glab069
https://doi.org/10.1093/gerona/gly094
https://doi.org/10.1093/gerona/gly094
https://doi.org/10.1093/gerona/63.6.603
https://doi.org/10.1093/gerona/glw334
https://doi.org/10.1159/000513931
https://doi.org/10.1159/000513931
https://doi.org/10.1093/gerona/glw077
https://doi.org/10.1093/gerona/glw077
https://doi.org/10.1093/gerona/glt117

GeroScience

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

and Retirement Longitudinal Study. J Am Geriatr Soc.
2018;66:1303-10. https://doi.org/10.1111/jgs.15390.
Sanders JL, Boudreau RM, Penninx BW, Simonsick EM,
Kritchevsky SB, Satterfield S, Harris TB, Bauer DC, New-
man AB. Association of a modified physiologic index with
mortality and incident disability: the Health, Aging, and
Body Composition Study. J Gerontol A Biol Sci Med Sci.
2012;67:1439-46. https://doi.org/10.1093/gerona/gls123.
Office for National Statistics. Population estimates for
UK, England and Wales, Scotland and Northern Ireland:
Mid 2020. Newport: Office for National Statistics; 2021.
Huang N, Zhuang Z, Song Z, Wang W, Li Y, Zhao Y, et al.
Associations of modified healthy aging index with major
adverse cardiac events, major coronary events, and ischemic
heart disease. ] Am Heart Assoc. 2023;12:¢026736. https://
doi.org/10.1161/jaha.122.026736.

Sudlow C, Gallacher J, Allen N, Beral V, Burton P,
Danesh J, et al. UK Biobank: an open access resource for
identifying the causes of a wide range of complex diseases
of middle and old age. PLoS Med. 2015;12:e1001779.
https://doi.org/10.1371/journal.pmed.1001779.

Allen NE, Sudlow C, Peakman T, Collins R. UK Biobank
data: come and get it. Sci Transl Med. 2014;6:224ed224.
https://doi.org/10.1126/scitranslmed.3008601.

Collins R. What makes UK Biobank special? Lancet.
2012;379:1173-4. https://doi.org/10.1016/s0140-6736(12)60404-8.
Fawns-Ritchie C, Deary 1J. Reliability and validity of the
UK Biobank cognitive tests. PLoS One. 2020;15:e0231627.
https://doi.org/10.1371/journal.pone.0231627.
Classification and diagnosis of diabetes. standards
of medical care in diabetes-2021. Diabetes Care.
2021;44:S15-s33. https://doi.org/10.2337/dc21-S002.
Brunstrom M, Carlberg B. Association of blood pres-
sure lowering with mortality and cardiovascular dis-
ease across blood pressure levels: a systematic review
and meta-analysis. JAMA Intern Med. 2018;178:28-36.
https://doi.org/10.1001/jamainternmed.2017.6015.
Metter EJ, Schrager M, Ferrucci L, Talbot LA. Evaluation
of movement speed and reaction time as predictors of all-
cause mortality in men. J Gerontol A Biol Sci Med Sci.
2005;60:840-6. https://doi.org/10.1093/gerona/60.7.840.
Batterham PJ, Bunce D, Mackinnon AJ, Christensen H. Intra-
individual reaction time variability and all-cause mortality
over 17 years: a community-based cohort study. Age Ageing.
2014;43:84-90. https://doi.org/10.1093/ageing/aft116.

Hart A, Blackwell TL, Paudel ML, Taylor BC, Orwoll ES,
Cawthon PM, Ensrud KE. Cystatin C and the risk of frailty
and mortality in older men. J Gerontol A Biol Sci Med Sci.
2017;72:965-70. https://doi.org/10.1093/gerona/glw223.
Emberson JR, Haynes R, Dasgupta T, Mafham M, Lan-
dray MIJ, Baigent C, Clarke R. Cystatin C and risk of
vascular and nonvascular mortality: a prospective cohort
study of older men. J Intern Med. 2010;268:145-54.
https://doi.org/10.1111/j.1365-2796.2010.02214 .x.

Sorkin JD, Muller DC, Fleg JL, Andres R. The relation of
fasting and 2-h postchallenge plasma glucose concentra-
tions to mortality: data from the Baltimore Longitudinal

@ Springer

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Study of Aging with a critical review of the literature.
Diabetes Care. 2005;28:2626-32. https://doi.org/10.2337/
diacare.28.11.2626.

Lee HM, Le H, Lee BT, Lopez VA, Wong ND. Forced
vital capacity paired with Framingham Risk Score for pre-
diction of all-cause mortality. Eur Respir J. 2010;36:1002—
6. https://doi.org/10.1183/09031936.00042410.

O’Connell MDL, Marron MM, Boudreau RM, Canney
M, Sanders JL, Kenny RA, Kritchevsky SB, Harris TB,
Newman AB. Mortality in relation to changes in a healthy
aging index: the Health, Aging, and Body Composition
Study. J Gerontol A Biol Sci Med Sci. 2019;74:726-32.
https://doi.org/10.1093/gerona/gly114.

Pazoki R, Dehghan A, Evangelou E, Warren H, Gao H,
Caulfield M, Elliott P, Tzoulaki I. Genetic predisposition
to high blood pressure and lifestyle factors: associations
with midlife blood pressure levels and cardiovascular
events. Circulation. 2018;137:653-61. https://doi.org/10.
1161/circulationaha.117.030898.

Wang M, Zhou T, Li X, Ma H, Liang Z, Fonseca VA,
Heianza Y, Qi L. Baseline vitamin D status, sleep pat-
terns, and the risk of incident type 2 diabetes in data from
the UK Biobank Study. Diabetes Care. 2020;43:2776-84.
https://doi.org/10.2337/dc20-1109.

Salazar N, Valdés-Varela L, Gonzalez S, Gueimonde
M, de Los Reyes-Gavilan CG. Nutrition and the gut
microbiome in the elderly. Gut Microbes. 2017;8:82—
97. https://doi.org/10.1080/19490976.2016.1256525.
Clements SJ, Carding SR. Diet, the intestinal microbiota, and
immune health in aging. Crit Rev Food Sci Nutr. 2018;58:651—
61. https:/doi.org/10.1080/10408398.2016.1211086.

Kim S, Jazwinski SM. The gut microbiota and healthy
aging: a mini-review. Gerontology. 2018;64:513-20.
https://doi.org/10.1159/000490615.

Carmona JJ, Michan S. Biology of healthy aging and
longevity. Rev Invest Clin. 2016;68:7-16.

Luy M, Gast K. Do women live longer or do men die
earlier? Reflections on the causes of sex differences in
life expectancy. Gerontology. 2014;60:143-53. https://
doi.org/10.1159/000355310.

Rochelle TL, Yeung DK, Bond MH, Li LM. Predictors
of the gender gap in life expectancy across 54 nations.
Psychol Health Med. 2015;20:129-38. https://doi.org/
10.1080/13548506.2014.936884.

Clocchiatti A, Cora E, Zhang Y, Dotto GP. Sexual
dimorphism in cancer. Nat Rev Cancer. 2016;16:330-9.
https://doi.org/10.1038/nrc.2016.30.

Barrett EL, Richardson DS. Sex differences in telomeres
and lifespan. Aging Cell. 2011;10:913-21. https://doi.
org/10.1111/j.1474-9726.2011.00741.x.

Santoro A, Ostan R, Candela M, Biagi E, Brigidi P,
Capri M, Franceschi C. Gut microbiota changes in the
extreme decades of human life: a focus on centenarians.
Cell Mol Life Sci. 2018;75:129—-48. https://doi.org/10.
1007/s00018-017-2674-y.

Ostan R, Monti D, Gueresi P, Bussolotto M, Franceschi
C, Baggio G. Gender, aging and longevity in humans:


https://doi.org/10.1111/jgs.15390
https://doi.org/10.1093/gerona/gls123
https://doi.org/10.1161/jaha.122.026736
https://doi.org/10.1161/jaha.122.026736
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1126/scitranslmed.3008601
https://doi.org/10.1016/s0140-6736(12)60404-8
https://doi.org/10.1371/journal.pone.0231627
https://doi.org/10.2337/dc21-S002
https://doi.org/10.1001/jamainternmed.2017.6015
https://doi.org/10.1093/gerona/60.7.840
https://doi.org/10.1093/ageing/aft116
https://doi.org/10.1093/gerona/glw223
https://doi.org/10.1111/j.1365-2796.2010.02214.x
https://doi.org/10.2337/diacare.28.11.2626
https://doi.org/10.2337/diacare.28.11.2626
https://doi.org/10.1183/09031936.00042410
https://doi.org/10.1093/gerona/gly114
https://doi.org/10.1161/circulationaha.117.030898
https://doi.org/10.1161/circulationaha.117.030898
https://doi.org/10.2337/dc20-1109
https://doi.org/10.1080/19490976.2016.1256525
https://doi.org/10.1080/10408398.2016.1211086
https://doi.org/10.1159/000490615
https://doi.org/10.1159/000355310
https://doi.org/10.1159/000355310
https://doi.org/10.1080/13548506.2014.936884
https://doi.org/10.1080/13548506.2014.936884
https://doi.org/10.1038/nrc.2016.30
https://doi.org/10.1111/j.1474-9726.2011.00741.x
https://doi.org/10.1111/j.1474-9726.2011.00741.x
https://doi.org/10.1007/s00018-017-2674-y
https://doi.org/10.1007/s00018-017-2674-y

GeroScience

41.

42.

43.

an update of an intriguing/neglected scenario paving
the way to a gender-specific medicine. Clin Sci (Lond).
2016;130:1711-25. https://doi.org/10.1042/cs20160004.
Yip BW, Mok HO, Peterson DR, Wan MT, Taniguchi Y, Ge
W, Au DW. Sex-dependent telomere shortening, telomerase
activity and oxidative damage in marine medaka Oryzias
melastigma during aging. Mar Pollut Bull. 2017;124:701-9.
https://doi.org/10.1016/j.marpolbul.2017.01.021.
Sanchez-Sanchez JL, Izquierdo M, Carnicero-Carrefio JA,
Garcfa-Garcia FJ, Rodriguez-Mafias L. Physical activity
trajectories, mortality, hospitalization, and disability in the
Toledo Study of Healthy Aging. J Cachexia Sarcopenia Mus-
cle. 2020;11:1007-17. https://doi.org/10.1002/jcsm.12566.
Stenholm S, Head J, Kivimiki M, Kawachi I, Aalto V, Zins
M, et al. Smoking, physical inactivity and obesity as pre-
dictors of healthy and disease-free life expectancy between
ages 50 and 75: a multicohort study. Int J Epidemiol.
2016;45:1260-70. https://doi.org/10.1093/ije/dyw126.

44. Daskalopoulou C, Koukounari A, Wu YT, Terrera GM,
Caballero FF, de la Fuente J, et al. Healthy ageing tra-
jectories and lifestyle behaviour: the Mexican Health
and Aging Study. Sci Rep. 2019;9:11041. https://doi.
org/10.1038/541598-019-47238-w.

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

@ Springer


https://doi.org/10.1042/cs20160004
https://doi.org/10.1016/j.marpolbul.2017.01.021
https://doi.org/10.1002/jcsm.12566
https://doi.org/10.1093/ije/dyw126
https://doi.org/10.1038/s41598-019-47238-w
https://doi.org/10.1038/s41598-019-47238-w

Human Reproduction, 2023, 00(0), 1-9

human https://doi.org/10.1093/humrep/dead149

reproduction Original Article
OXFORD

Reproductive endocrinology

Uptake of the core outcome set on polycystic ovary
syndrome before and after its publication

Wengqiang Li (®) “>%, Guoliang Li (&) >, Hongbin Chi (©) *, Haining Wang (&) °, and Lin Zeng () 12~

Research Center of Clinical Epidemiology, Peking University Third Hospital, Beijing, People’s Republic of China

’Key Laboratory of Epidemiology of Major Diseases (Peking University), Ministry of Education, Beijing, People’s Republic of China

3School of Basic Medical Sciences, Peking University Health Science Center, Beijing, People’s Republic of China

“Department of Obstetrics and Gynecology, Center for Reproductive Medicine, Peking University Third Hospital, Beijing, People’s Republic of China
°Department of Endocrinology and Metabolism, Peking University Third Hospital, Beijing, People’s Republic of China

*Correspondence address. Research Center of Clinical Epidemiology, Peking University Third Hospital, 49 Huayuan North Road, Haidian District, Beijing 100191,
People’s Republic of China. E-mail: zZlwhy@163.com (® https://orcid.org/0000-0001-8707-5854
TThese authors consider that the first two authors should be regarded as joint First Authors.

ABSTRACT

STUDY QUESTION: Does the core outcome set (COS) on polycystic ovary syndrome (PCOS) impact the selection of research outcomes?

SUMMARY ANSWER: Following the publication of the COS on PCOS, an increasing number of trials are reporting both the generic
domain and body mass index; however, the uptake of this COS has not been as extensive as expected.

WHAT IS KNOWN ALREADY: The COS on PCOS included 33 core outcomes in the following seven domains: the generic (3), meta-
bolic (8), reproductive (7), pregnancy (10), psychological (3), oncological (1), and long-term (1). This was done to improve consistency
in outcome selection and definition. However, thus far, no studies have investigated the effectiveness of this COS in the above-
mentioned tasks.

STUDY DESIGN, SIZE, DURATION: A methodological study based on the trial registries, including 395 eligible clinical trials registered
between 1 January 2018 and 21 September 2022.

PARTICIPANTS/MATERIALS, SETTING, METHODS: A total of 1258 registered clinical studies on PCOS were retrieved from the
World Health Organization International Clinical Trials Registry Platform. Of those, 395 were selected according to the inclusion and
exclusion criteria, and divided into two groups based on the publication date of the COS on PCOS (4 February 2020): pre-publication
and post-publication. The practical uptake of this COS was explored after data collation, assessment, comparison of the uptake of
core outcomes or domains before and after the publication of this COS, and correlation analysis between the domains.

MAIN RESULTS AND THE ROLE OF CHANCE: There were 26 out of 33 core outcomes and five out of seven domains reported in
the 395 trials. The highest uptake was observed for the reproductive domain and the reproductive hormonal profile (63.0% and 38.7%,
respectively). After the publication of the COS on PCOS, the uptake of the generic domain and body mass index increased from 24.1%
to 35.8% (P=0.011) and 17.8% to 26.5% (P =0.039), respectively. The total number of reported core outcomes in the generic domain
met statistical significance (P=0.012). Moreover, multivariable analyses still supported the above finding in the generic domain.
Correlation analysis showed that most of the domains were positively correlated with each other. However, the pregnancy domain
was negatively correlated with the metabolic domain. Reasons responsible for the unsatisfactory uptake may be the absence of
specific definitions of core outcomes, as well as the lack of awareness among researchers regarding this COS.

LIMITATIONS, REASONS FOR CAUTION: Due to the lack of standardized definition of outcomes, it was difficult to avoid some
subjectivity in the process of consistency assessment.

WIDER IMPLICATIONS OF THE FINDINGS: Two years after its publication, there was no substantial improvement in the uptake of
the COS on PCOS. This suggests that this COS may require further revision, refinement, and promotion to improve the comparability
of PCOS studies.
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Introduction

Minimizing bias when designing clinical trials is necessary for the
direct comparison of the effects of different interventions.
Therefore, the selection of appropriate outcomes is crucial
(Williamson et al., 2012; Smith et al., 2019a). However, reporting
outcomes in clinical studies is generally inconsistent, unimpor-
tant, or incomplete, thereby resulting in a waste of resources
(Thornley and Adams, 1998; Chalmers and Glasziou, 2009;
Williamson et al., 2020). A core outcome set (COS) refers to an
agreed standard set of outcomes that should be measured and
reported, as a minimum, in all clinical trials for specific areas of
health or health care (Willilamson et al, 2012; Clarke and
Williamson, 2016; WHO Working Group on the Clinical
Characterisation and Management of COVID-19 Infection, 2020).
The main function of COSs was to reduce risk of reporting bias,
improve consistency between similar studies, facilitate integra-
tion and comparison of data, and simplify the selection of study
outcomes (Kirkham et al,, 2010; Dwan et al., 2013; Smith et al.,
2015; Clarke and Williamson, 2016; Topjian et al., 2020).

Polycystic ovary syndrome (PCOS) is a key disorder of concern
and an active topic of scientific research in the reproductive, met-
abolic, and endocrine disciplines (Escobar-Morreale, 2018). The
COS on PCOS comprises 33 core outcomes in the following seven
domains: 3 generic, 8 metabolic, 7 reproductive, 10 pregnancy, 3
psychological, 1 oncological, and 1 long-term outcomes. This COS
was developed to assist researchers in the selection of outcomes
in practice. The developers of this COS expected researchers to
tailor the reporting of outcomes according to their research ques-
tions. The objective was to cover all relevant outcomes in this
COS while justifying the lack of reporting for any remaining out-
comes (Al Wattar et al., 2020). The World Health Organization
(WHO) International Clinical Trials Registry Platform (ICTRP) pro-
vides information on PCOS clinical trials collected from various
registries, with data reflecting the design, planned completion
time and outcomes selection of clinical trials. It can help in effi-
cient evaluation of the uptake of COSs and thus has been used in
some studies (Kirkham et al., 2017; Smith et al., 2019a,b).

In recent years, an increasing number of researchers have
been focusing on COSs. A substantial increase in the develop-
ment of COSs has been recorded (Williamson et al, 2020).
However, thus far, studies on the uptake of COSs are lacking
(Hughes et al., 2021). Previous studies showed that despite the
rapid development of COSs, the clarity of reporting of core out-
comes was suboptimal and numerous COSs still require improve-
ment (Kirkham et al., 2016; Gargon et al., 2019; Goren et al., 2023).
Moreover, the low utilization rate causes a waste of resources;
this contradicts the original intention of COSs development.
Therefore, it is necessary to ensure the representativeness, uni-
versality, and practicability of COSs. Based on systematic assess-
ment, this study investigated the uptake of the COS on PCOS
research before and after its publication. The assessment can of-
fer developers the opportunity to review their research results,
and avoid situations in which a COS was developed but not effec-
tively utilized.

Materials and methods
Research data acquisition
Using the keyword ‘polycystic ovary syndrome’, clinical studies
registered between 18 October 1999 and 28 August 2022 were re-
trieved from the WHO ICTRP Search Portal.

The inclusion criteria were (i) registered clinical studies involv-
ing patients with PCOS, (ii) interventional clinical trials, and

(iii) clinical trials registered from 1 January 2018 to 21 September
2022 (date of retrieval). The exclusion criteria were (i) studies
which included non-PCOS populations and (ii) studies missing in-
formation on key outcomes.

Finally, eligible clinical trial registrations were ultimately in-
cluded in this analysis. We collected relevant information (trial
ID, public title, time of data registration, web links, study type,
study design, country or region, primary outcomes, secondary
outcomes, etc.). The purpose was to establish a database
through Research Electronic Data Capture (REDCap: Vanderbilt
University, Nashville, TN, USA), as well as to retrieve and extract
the original registration data in registries through the web links
to update the information directly provided by the WHO ICTRP.

Assessment for the uptake of the COS on PCOS

The outcomes of these clinical trial registry entries were evalu-
ated in REDCap to determine whether they were recommended
by the COS on PCOS (including three options, namely consistent,
inconsistent, and derivable outcomes). Derivable outcomes refer
to some outcomes in trial registrations that are not exactly con-
sistent with the outcomes of this COS, but can be associated with
them through a certain conceptual extension. For example, only
reporting ‘blood pressure’ does not conform to ‘hypertension’ in
this COS; however, it can be included in the derivable outcomes
of hypertension according to the above criteria. Independent
evaluations by two assessors were conducted to explore the con-
sistency between the reported all outcomes in PCOS clinical trial
registrations and this COS. Disagreements were resolved through
group discussion; for unresolved disagreements and some unde-
fined outcomes, a consensus was reached through consultation
of experts.

According to the publication date of the COS on PCOS (4
February 2020), the eligible trials were divided into two groups,
namely the pre-publication (Pre-Pub) group and post-publication
(Post-Pub) group. Among the three options of all core outcomes,
consistent outcomes were regarded as the reporting of core out-
comes, while the others were regarded as not reporting out-
comes. As randomization, blinding and prospective registration
may affect the uptake of the COS, we also included these three
factors in the analysis. To explore the adoption of this COS, the
number of clinical trials reporting each core outcome or domain,
and the total number of reported core outcomes were calculated.
Clinical trials that reported at least one core outcome from a core
domain were considered to have adopted the domain. The total
number of reported core domains was categorized into four cate-
gories (i.e. 0, 1, 2, >3); subsequently, the number of trials for each
category was calculated. In addition, the pairwise correlation be-
tween domains was analyzed to determine the domains that
researchers prefer to report simultaneously.

Statistical analysis

The study database was established using REDCap. Statistical
analysis was conducted using SPSS version 26.0 (IBM Corp,,
Armonk, NY, USA). Measurement data were presented as the me-
dian with upper and lower quartiles. The Mann-Whitney U test
was used for comparisons between the groups in terms of the to-
tal number of reported core outcomes in all domains and each of
them. Enumeration data were expressed as numbers and percen-
tages. The chi-squared test was used for comparisons between
two groups in terms of the number of trials reporting each core
outcome or domain, and the number of trials classified into the
four aforementioned categories. Multivariable logistic regression
and a generalized linear model were used to explore the influence
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of four factors on the uptake of this COS. Spearman correlation
was used to explore the pairwise correlation between the
domains. Figures were plotted using OriginPro 2022 (OriginLab
Corp., Northampton, MA, USA). Two-tailed P-values <0.05 indi-
cated statistically significant differences.

To evaluate the robustness of our findings, we conducted sensi-
tivity analysis by adjusting the evaluation criteria and the time of
trial registration. The former was achieved by selecting the consis-
tent and derivable outcomes as the reporting of core outcomes and
the inconsistent outcomes as not reporting outcomes. The latter
was achieved through exploring annual variations in the distribution
of the total number of reported core outcomes in all domains and
each of them. The procedures described above were repeated once.

Results

The screening process for PCOS registered clinical studies is
shown in Fig. 1. A total of 1258 PCOS-related studies were re-
trieved from the WHO ICTRP. Finally, 395 trials were selected and
divided into the Pre-Pub and Post-Pub groups (191 and 204 inter-
ventional trials, respectively).

The characteristics of the 395 eligible clinical trials are presented
in Table 1. Of those, 281 (71.1%) were randomized and 114 (28.9%)
were non-randomized controlled trials. The median sample size

was 78 (Q1, Qs: 52, 128). According to the data, Iran had the largest
number of clinical trial registrations (n =115, 29.1%). Notably, the
vast majority of clinical trials were single-center studies (n =386,
97.7%). The minimum and the maximum age of the study popula-
tion were 18years (Q4, Qs: 18, 20) and 40years (Q4, Qs: 36, 44), re-
spectively. There were no statistically significant differences
between two groups in any of the characteristics.

Overall, 26 of the 33 core outcomes of the COS on PCOS were
reported. Table 2 lists the uptake of this COS in included trials.
The reporting percentages of core outcomes ranged from 0.3% to
38.7%. Nine outcomes had an uptake percentage >10%, including
four reproductive outcomes, three metabolic outcomes, and two
generic outcomes. The reproductive hormonal profile exhibited
the highest uptake percentage (38.7%). The uptake of 12 out-
comes increased following the publication of this COS. BMI was
more frequently used in the Post-Pub group compared with the
Pre-Pub group (17.8% versus 26.5%, respectively, P=0.039). No
significant intergroup differences were noted in terms of the up-
take of the remaining core outcomes.

Figure 2A shows that the total number of reported core out-
comes in all domains was slightly higher after than before the pub-
lication of the COS on PCOS (2 (Q4, Qs: 1, 3) versus 2 (Qq, Qs: 1, 4),
P=0.742). There were significant increases in the generic domain
after the publication of this COS (P=0.012), as well as in the
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Figure 1. Flowchart of the screening process for PCOS clinical trial registrations retrieved from WHO ICTRP. PCOS, polycystic ovary syndrome; WHO,
World Health Organization; ICTRP, International Clinical Trials Registry Platform.
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Table 1. Characteristics of the 395 clinical trial registrations on PCOS.

Pre-Pub Post-Pub Total
Characteristics n=191 n=204 n=395 P-value
Study design, n (%)*
RCT 143 (74.9) 138 (67.6) 281 (71.1) 0.113
Non-RCT 48 (25.1) 66 (32.4) 114 (28.9)
Median sample size (Qy, Qs)' 80 (60, 120) 75 (50, 140) 78 (52, 128) 0.970
Country or region, n (%)*
Iran 62 (32.5) 53 (26.0) 115 (29.1) 0.069
China 40 (20.9) 57 (27.9) 97 (24.6)
Egypt 19 (9.9) 16 (7.8) 35 (8.9)
India 16 (8.4) 19 (9.3) 35 (8.9)
USA 18 (9.4) 8(3.9) 26 (6.6)
Others? 36 (18.8) 51 (25.0) 87 (22.0)
Median age of participants (Qs, Qs), years’
Minimum (n=323)" 18 (18, 20) 18 (18, 19) 18 (18, 20) 0.461
Maximum (n = 320)° 40 (38, 44) 40 (35, 44) 40 (36, 44) 0.540

@ Countries or regions with five or fewer registered trials were classified as others. There were three and six international multicenter studies in the Pre-Pub and

Post-Pub groups, respectively.
30 and 42 trials had missing data in the Pre-Pub and Post-Pub groups, respectively.
¢ 31 and 44 trials had missing data in the Pre-Pub and Post-Pub groups, respectively.
2 test was used.

*

T Mann-Whitney U test was used.

PCOS, polycystic ovary syndrome; Pre-Pub, pre-publication; Post-Pub, post-publication; Q,, first quartile; Qs, third quartile; RCT, randomized controlled trial.

Table 2. Uptake of the COS on PCOS in the clinical trial registrations before versus after publication (outcome level).

Pre-Pub Post-Pub Total
n=191 n=204 n=395
Outcomes n (%) n (%) n (%) P-value
Generic outcomes
BMI 34 (17.8) 54 (26.5) 88 (22.3) 0.039
Quality of life 20 (10.5) 29 (14.2) 49 (12.4) 0.259
Treatment satisfaction 1(0.5) 5(2.5) 6 (1.5) 0.217*
Metabolic outcomes
Waist circumference 18 (9.4) 28 (13.7) 46 (11.6) 0.183
Insulin resistance 36 (18.8 42 (20.6) 78 (19.7) 0.664
Impaired glucose tolerance 17 (8.9) 18 (8.8) 35(8.9) 0.979
Hypertension 1(0.5) 0 (0) 1(0.3) 0.484*
Coronary heart disease 0(0) 1(0.5) 1(0.3) >0.999"
Lipid profile 50 (26.2) 47 (23.0) 97 (24.6) 0.469
Venous thromboembolic disease 1(0.5) 0 (0) 1(0.3) 0.484*
Reproductive outcomes
Viable pregnancy 24 (12.6) 30 (14.7) 54 (13.7) 0.536
Hyperandrogenism 75(39.3) 71(34.8) 146 (37.0) 0.358
Menstrual regularity 38(19.9) 46 (22.5) 84 (21.3) 0.519
Reproductive hormonal profile 75 (39.3) 78 (38.2) 153 (38.7) 0.833
Ovulation stimulation success and number of 4(2.1) 5(2.5) 9(2.3) >0.999"
stimulated follicles >12 mm
Incidence and severity of ovarian 7(3.7) 11 (5.4) 18 (4.6) 0.411
hyperstimulation syndrome
Pregnancy outcomes
Live birth 14 (7.3) 16 (7.8) 30 (7.6) 0.847
Miscarriage 14 (7.3) 9(4.4) 23 (5.8) 0.216
Stillbirth 1(0.5) 0(0) 1(0.3) 0.484*
Preterm birth 5(2.6) 6(2.9) 11(2.8) 0.845
Gestational weight gain 1(0.5) 0 (0) 1(0.3) 0.484*
Gestational diabetes 4(2.1) 2 (1.0) 6 (1.5) 0.436*
Hypertensive disease in pregnancy 4(2.2) 2 (1.0 6 (1.5) 0.436*
Baby birthweight 5(2.6) 2(1.0) 7(1.8) 0.271*
Psychological outcomes
Depression 17 (8.9) 18 (8.8) 35(8.9) 0.979
Anxiety 13 (6.8) 11 (5.4) 24 (6.1) 0.557

T %2 test was used.
*  Fisher’s exact test was used.

PCOS, polycystic ovary syndrome; COS, core outcome set; Pre-Pub, pre-publication; Post-Pub, post-publication; BMI, body mass index.

metabolic domain between the randomization versus non-
randomization group (P=0.016) and between the blinding versus
non-blinding group (P=0.015) (Fig. 2; Supplementary Figs S1, S2,

S3, and S4).

Among the included trials, five of the seven domains of the

COS on PCOS were reported (Table 3). The reproductive domain
was the most commonly reported (63.0%). Fewer trials reported
the pregnancy and psychological domains (10.6% and 9.4%).
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Figure 2. Distribution of the total number of reported core outcomes in all domains, the generic domain and the metabolic domain. The range

of whiskers in the boxplot is £1.5*IQR. There were statistically significant differences in the generic domain between the Post- versus Pre-Pub group (P =
0.012), in the metabolic domain between the randomization versus non-randomization group (P = 0.016), and in the metabolic domain between the
blinding versus non-blinding group (P = 0.015). The effect of differences in the number of trials between the groups on the shape of distribution has
been eliminated. Pre-Pub, pre-publication; Post-Pub, post-publication; IQR, interquartile range.

The oncological and long-term domains were not reported. The
uptake percentage of the generic domain in the Pre-Pub and Post-
Pub groups was 24.1% and 35.8%, respectively, reaching statisti-
cal significance (P=0.011). Significant increases were observed in
the metabolic domain between the randomization versus non-
randomization group (P=0.017) and between the blinding versus
non-blinding group (P =0.023) (Supplementary Table S1).

Nonetheless, multivariable logistic regression analysis (ad-
justed odds ratio=1.78 (95% confidence interval: 1.14-2.78),
P=0.011) and the generalized linear model (B=0.41, P=0.018)
only supported the statistical significance in the generic domain
between the Post- versus Pre-Pub group (Table 3; Supplementary
Table S2). Moreover, the practice of prospective registration may
affect the total number of reported core outcomes in all domains
(B=0.25, P <0.001).

The number and percentage of trials classified into each cate-
gory are presented in Fig. 3. Among the four categories, the high-
est number was recorded for trials reporting only one domain
(n=128, 32.4%). Moreover, 19 (4.8%) trials and 1 (0.3%) trial
reported four and five domains, respectively. The percentage of
trials reporting three or more domains increased from 17.13% to
22.5%, indicating an improvement in the consistency of outcome
reporting. However, there was no statistically significant differ-
ence between the two groups (P=0.578).

As shown in Fig. 4, most domains were positively correlated
with each other before and after the publication of the COS on
PCOS. The generic and metabolic domains showed the strongest
correlation in the Pre-Pub and Post-Pub groups (r=0.345,

P<0.001 and r=0.406, P<0.001, respectively). This suggested
that these domains were more likely to be simultaneously se-
lected by researchers as the outcomes of clinical trials than other
domains. However, we also found that the pregnancy domain
was negatively correlated with the metabolic domain before and
after the publication of this COS (P=0.003 and 0.034, respec-
tively). But these correlations were weak.

Sensitivity analysis

For sensitivity analysis, we altered the grading standard for the
uptake of the COS on PCOS. There was no statistically significant
evidence that the overall results of this study were substantially
changed by the two adjudication standards and the time of trial
registration (Supplementary Tables S3 and S4 and Figs S5, S6, S7,
and S8).

Discussion

In the present study, the reproductive domain and reproductive
hormonal profile (63.0% and 38.7%, respectively) were recorded
as having the highest uptake. After the publication of the COS on
PCOS, except for the generic domain and its included body mass
index (P=0.011 and 0.039, respectively), the number of trials
reporting other outcomes or domains did not significantly
change. The total number of reported core outcomes in the ge-
neric domain met statistical significance (P=0.012). Additionally,
multivariable analyses supported the above finding in the generic
domain. Studies conducting prospective registration may have
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Table 3. Uptake of the COS on PCOS in the clinical trial registrations before versus after publication (domain level) and multivariable

logistic regression analysis for trials reporting each domain or not.

Pre-Pub Post-Pub Total
n=191 n=204 n=395
Domains n (%) n (%) n (%) P-value*
Generic outcomes 46 (24.1)  73(35.8)  119(30.1) 0.011
Metabolic outcomes 72(37.7)  75(36.8) 147 (37.2) 0.848
Reproductive 123 (64.4) 126 (61.8) 249 (63.0)  0.588
outcomes
Pregnancy 22 (11.5) 20 (9.8) 42 (10.6) 0.581
outcomes
Psychological 18 (9.4) 19 (9.3) 37 (9.4) 0.970
outcomes

aOR (95% CI)*

Post- versus
Pre-Pub

1.78 (1.14-2.78)
1.00 (0.66-1.51)
0.87 (0.57-1.31)

Prospective
registration
1.51(0.97-2.35)

1.21(0.79-1.83)
1.29 (0.85-1.95)

Randomization

1.34 (0.77-2.34)
1.55 (0.91-2.64)
1.07 (0.64-1.79)

Blinding

1.30 (0.80-2.13)
137 (0.86-2.17)
0.81 (0.51-1.29)

0.80(0.42-1.52) 0.75(0.35-1.62) 0.89 (0.43-1.84) 1.24 (0.64-2.37)

1.01(0.51-2.00) 1.17 (0.48-2.84) 1.21(0.56-2.59) 1.0 (0.51-1.99)

*

. ¥° test was used. The oncology and long-term domains were not reported.

registration.

Multivariable logistic regression model was used by adjusting for factors involving Post- versus Pre-Pub, randomization, blinding, and prospective

PCOS, polycystic ovary syndrome; COS, core outcome set; Pre-Pub, pre-publication; Post-Pub, post-publication; aOR, adjusted odds ratio; CI, confidence interval.
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Figure 3. Number of trials for totals of reported core domains before versus after the publication of the COS on PCOS. The categories have been
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more comprehensive research designs that took into account this
COS when selecting study outcomes. In addition, the generic and
metabolic domains showed a relatively strong correlation. In con-
trast, the pregnancy and metabolic domains were negatively cor-
related.

The results of this study showed that the uptake of some core
domains and outcomes increased to a certain extent after the

publication of the COS on PCOS. A comparison of Table 3 and
Supplementary Table S4 shows that the percentage of derivable
outcomes reported in the generic and reproductive domains de-
creased in the Post-Pub group compared with the Pre-Pub group
(by 8.9% versus 6.8% and by 13.1% versus 7.8%, respectively).
These results indicated that there are fewer ambiguous out-
comes in these domains after the publication of this COS, and
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that this COS improved consistency in reporting of these out-
comes. However, the percentage of total uptake of each outcome
or domain was low. In addition, no significant improvement was
observed in terms of the consistency. Several similar studies
also found low uptake rates for other COSs (Araujo et al., 2015;
Smith et al., 2015, 2019a,b; Boric et al., 2019; Farag et al., 2019;
Krsticevic et al., 2020). Therefore, developers of COSs should fur-
ther publicize these domains and outcomes to improve uptake.

The following reasons may be responsible for the unsatisfac-
tory uptake of COSs. Firstly, researchers may have been unaware
of the need to seek and use COSs at the stage of study design, or
had a limited understanding of COSs. Therefore, more aggressive
promotion of COSs may be needed (Kirkham et al, 2013;
Krsticevic et al., 2020). Secondly, the COS on PCOS did not include
recommendations for effective measurement tools, time frames
and guidelines for defining outcomes; these aspects should be
further investigated and updated (Palominos et al., 2012; Farag
et al,, 2019). In addition, the number of domains and outcomes
recommended by this COS was high, as PCOS has a long disease
cycle and involves a wide range of fields. However, no interven-
tion could affect all domains of the PCOS. A survey showed that
the inclusion of six domains in a COS is excessive (Boric et al.,
2018). Patients have perceived the completion of these measures
of outcomes as a burden, which led to a reluctance to implement
them (Mulla et al., 2015). Finally, some studies emphasized the
lack of representation of stakeholders in the development of
COSs (Smith et al., 2019a; Hughes et al., 2021). In short, longer ob-
servation may be necessary to identify the effects of this COS (Al
Wattar et al., 2021). In this study, the main difficulty encountered
during the assessment of consistency was the lack of clear defini-
tion of outcomes in this COS and clinical trial registries, which
complicated the matching of the outcomes. For example, it was
difficult to determine whether insulin resistance was consistent
with fasting blood glucose or fasting insulin in trial registries.
Therefore, it is preferable to have a detailed definition of out-
comes in accordance with standards recognized by academia.

In this study, psychological outcomes were rarely reported,
and oncological and long-term outcomes were not reported
(Dokras et al., 2018; Al Wattar et al., 2021; Kiconco et al., 2022a).
The following reasons may have hindered researchers from
selecting these outcomes and conducting the evidence synthesis.
The standardized definition of eating disorders remained incon-
clusive; there is a paucity of scales specifically designed to assess
depression, anxiety and eating disorders in PCOS populations (Al
Wattar et al., 2021), and longitudinal studies are confronted with
challenges in conducting long-term follow-up (Gibson-Helm et al.,
2017; Kiconco et al.,, 2022a). Furthermore, taking into consider-
ation the aforementioned outcomes, it was proved to result in a
significant increase in healthcare-related economic burdens
(Riestenberg et al., 2022). Hence these core outcomes remained
highly significant and warranted attention. In addition to the in-
ternational efforts made toward common PCOS features, Azziz
et al. has continued to investigate long-term complications of
PCOS, including psychiatric and neurological disorders and ma-
lignancy, and particularly explored the mechanisms by which
the intrauterine environment and genetics impacted long-term
offspring outcomes (Goodarzi et al., 2011; Azziz et al., 2016, 2019;
Azziz, 2018; Joham et al., 2022). The academic community should
continuously recommend the rarely evaluated outcomes (Teede
et al., 2011; Dokras et al., 2018), facilitate the development of long-
term prospective longitudinal studies (Kiconco et al., 2022a,b),
and attract the attention of experts from diverse fields, including
but not limited to gynecologists and endocrinologists. Developing

the targeted outcome assessment scales and standardized out-
come definitions may have been a significant promoting effect.

The correlation analysis showed that most of the domains
were positively correlated with each other before and after the
publication of the COS on PCOS. For example, researchers who
reported the metabolic domain were more likely to focus on the
generic domain. The pregnancy domain was negatively corre-
lated with the metabolic domain, implying that researchers who
paid attention to the pregnancy domain were less likely to focus
on the metabolic domain. Furthermore, a certain competitive re-
lationship may exist between these two domains. During preg-
nancy, some outcomes in the metabolic domain (e.g.
hypertension and diabetes) were included in the pregnancy do-
main, which ultimately led to a negative correlation. However,
PCOS is complex and shows discrepant subtypes and clinical
manifestations (Teede et al., 2018; Palomba et al., 2021; Dapas and
Dunaif, 2022). Therefore, concurrently focusing on the pregnancy
domain and reporting the outcomes in metabolic domain may
help in providing more comprehensive evidence or clues for the
in-depth understanding of the mechanism of PCOS and more ac-
curate treatment for PCOS.

The strength of this study is that we were able to obtain repre-
sentative registration data from various clinical trial registries
through the WHO ICRTP. A previous study showed that the up-
take rate obtained for outcomes in trial registries can reasonably
reflect the practical uptake of COSs in research publications
(Kirkham et al., 2017). Moreover, the method based on registration
information was also preferable to citation analysis (Barnes et al.,
2017); it shortens the period required for conducting and publish-
ing clinical trials, and offers first-hand information regarding the
uptake of COSs.

Limitations

Firstly, some results in this study may have been influenced by
the subjective judgment of the evaluators. However, the opinions
of clinical experts in related fields were used to assess the consis-
tency of outcomes, and independent assessments were used to
enhance the objectivity of the assessment. In case, it was difficult
to assess consistency with the COS on PCOS, the outcomes were
categorized as derivable outcomes, and a sensitivity analysis was
conducted. Secondly, this study evaluated registration informa-
tion only years after the publication of this COS. This period may
be insufficient to estimate the impact of this COS on researchers.
Nonetheless, improvements in the uptake of certain outcomes
and domains were observed, indicating that this COS plays a role
in the consistency of outcome reporting.

Conclusion

Based on systematic assessment, the results of this study showed
an increasing trend in the consistency between outcomes in
PCOS trial registry entries and the COS on PCOS. However, the
overall uptake of this COS was not ideal. The pertinent domains
of PCOS deserve a more in-depth exploration by researchers.
Moreover, developers of the COS on PCOS should clarify the spe-
cific definition of core outcomes, actively update this COS and
promote its uptake in clinical trials. These measures may im-
prove the comparability of research outcomes on PCOS to provide
more meaningful clinical evidence for PCOS in the future.

Supplementary data

Supplementary data are available at Human Reproduction online.
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Editor: Lidia Minguez Alarcon Background: Pregnancy loss, a major health issue that affects human sustainability, has been linked to short-term
exposure to ground-surface ozone (O3). However, the association is inconsistent, possibly because of the co-
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case-crossover study of the association between pregnancy loss and exposures to O3 and temperature and their
multiplicative interaction. The main time window for the exposure assessment was the day of case occurrence
and the preceding 3 days. To estimate the association, we used conditional logistic regression with adjustment for
relative humidity, height of the planetary boundary layer, and holidays. Sensitivity analyses were performed on
the lagged structure, nonlinearity, and between-subpopulation heterogeneity of the estimated joint effect.

Results: The joint effect was first estimated by the regression against categorical exposure by tertile. Compared to
the low-low exposure group (O3 < 78 pg/m> and temperature < 18 °C), the odds of pregnancy loss was
significantly higher by 6.0 % (95 % confidence interval [CI] 2.4-9.7 %), 9.8 % (6.1-13.8 %), and 7.5 %
(4.7-10.3 %) in the high-low (>104 pg/m® and <18 °C), low-high (<78 pg/m® and >23 °C), and high-high
(>104 pg/m® and >23 °C) groups. The model of linear exposure and the multiplicative interaction yielded
similar results. Each increment of 10 pg/m° in O3 and 1 °C in temperature was associated with a 3.0 % (2.0 %-
4.0 %) and 3.9 % (3.5 %—4.3 %), respectively, increase in the odds of pregnancy loss. A decrease in odds of 0.2 %
(0.1 %-0.2 %) was associated with the temperature x Os interaction. The finding of an antagonistic interaction
between temperature and O3 was confirmed by models parametrizing the joint exposure as alternative nonlinear
terms (i.e., a two-dimensional spline term or a varying-coefficient term) and was robust to a variety of exposure
lags and stratifications. Therefore, the marginal effect of O3 was estimated to vary by climate zone. A significant
association between O3 and pregnancy loss was observed in the northern, but not southern, United States.

Conclusion: Joint exposure to O3 and high temperature can increase the risk for pregnancy loss. The adverse effect
of Og is potentially modified by ambient temperature. In high-latitude cities, controlling for O3 pollution could

protect maternal health.

1. Introduction

Pregnancy loss (also known as fetal death), including miscarriage
and stillbirth, harms maternal health and adversely affects human sus-
tainability. Previous epidemiology evidences suggested the adverse ef-
fect of air pollution on pregnancy loss, with the pronounced and
consistent findings on gestational exposure of fine particulate matters
globally (Xie et al., 2021; Zhang et al., 2021). Over the past decade,
global levels of ozone exposure have been slowly but steadily increasing
(Health Effects Institute, 2020). In the United States (US) at 2016,
among all air pollution events, the majority was caused by ozone (O3)
exceeding the national ambient air quality standard (Zhang et al., 2019).
A limited number of studies have linked ground-surface O3 exposure
during pregnancy or a specific trimester to the risk for pregnancy loss
(Rammah et al., 2019). Ground-surface O3 concentrations fluctuate
seasonally and diurnally and typically peak on warm days. Therefore,
the long-term average might over-smooth peak values of O3 exposure,
thereby underestimating the effects of episodes of high O3 pollution.
However, few studies have evaluated the acute effect of short-term O3
exposure on pregnancy loss, and their results vary. For instance, a meta-
analysis of four independent studies on the association between stillbirth
and short-term O3 exposure reported an excess risk (ER) of 0.2 % (95 %
confidence interval [CI] 0.1-0.4 %) per 10 pg/m3 (Zhang et al., 2021).
The magnitude of the estimated association varied considerably among
studies. The point estimate of the ER ranged from 0 % (—10.2 %, 10.5 %)
in Harris County, Texas, to 3.0 % (—0.3 %, 6.5 %) in the Consortium on
Safe Labor database of 19 hospitals across the United States. The dis-
crepancies in the evidence for the acute effect of O3 on pregnancy loss
may be due to differences in study populations, epidemiological designs,
statistical models, or adjusted covariates. Therefore, a large nationwide
epidemiological study is warranted.

The effects of heat waves or increased temperature on pregnancy loss
have been evaluated. Chersich et al. pooled eight independent studies
and reported that the risk for stillbirth increased by 5 % (1 %, 8 %) for
each 1 °C increase in temperature (Chersich et al., 2020). During
extreme heat events, ambient temperature and intense sunlight can in-
crease the ambient Os. The co-occurrence of a heat wave and photo-
chemical air pollution leads to joint exposure to Oz and high
temperature, both of which contribute to pregnancy loss. Given the
complexities of the relationship between O3 and temperature and its
effect on health, it is critical to explore the joint effect of co-exposure.
High temperature can confound the effect of Os exposure. For
instance, a time-stratified case-crossover study in California reported a
significant unadjusted association between Os and stillbirth, but

adjusting for apparent temperature attenuated the association, leading
to a loss of significance (Sarovar et al., 2020). Moreover, the effects of O3
and temperature may not be additive, resulting in a synergic or antag-
onistic interaction. Given the increase in Og levels driven by global
warming (Ban et al., 2022), studying this interaction would enable ac-
curate assessment of the impact of climate change on pregnancy loss.
Some studies have reported a synergic interaction between O3 and high
temperature (Filleul et al., 2006; Ren et al., 2009; Shi et al., 2020),
whereas others have shown an antagonistic interaction (Ren et al., 2008;
Ren et al., 2009) or no interaction (Jhun et al., 2014; Schwarz et al.,
2021). However, the interactive effect of O3 and temperature on preg-
nancy loss has not been investigated. In addition, analyzing this inter-
action is equivalent to examining how the effect of O3 is modified by
temperature or climate zone, a variable determined by multiple mete-
orological conditions, including temperature. Therefore, the geographic
variation in associations between Os and stillbirth might be a result of
the O3 x temperature interaction.

To evaluate the association between pregnancy loss and short-term
O3 exposure, we conducted a nationwide case-crossover study. We
collected all available records of pregnancy loss among singleton de-
liveries in the contiguous United States from 1989 to 2005. To explore
geographic variation in the association, we focused on the joint effect of
O3 and high temperature, and so we investigated pregnancy loss only
during the warm season.

2. Methods
2.1. Study population

Data for the contiguous United States were obtained from the birth
certificate system of the National Center for Health Statistics, a publicly
available data set that contains demographic information on fetuses,
mothers, and fathers and obstetric information. In the birth certificate
system, pregnancy loss (or fetal death) is defined as death prior to the
complete expulsion or extraction from the mother of a product of human
conception. Records included all pregnancy losses, irrespective of the
duration of the pregnancy (https://www.cdc.gov/nchs/data_access/vit
alstatsonline.htm), but excluded pregnancies ended by induced termi-
nation. For reasons of confidentiality, geographic codes have not been
made publicly available since 2005. Records with last menstrual period
dates between January 1, 1989, and December 31, 2004 were included
in the analyses (Tong et al., 2022). We included only pregnancy losses
that occurred during the warm season. We excluded multiple pregnan-
cies, cases that lacked a date for the pregnancy loss, records with missing
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geographic codes, and records that could not be matched with a valid
exposure variable. Ultimately, 247,305 pregnancy losses from 386
counties across the contiguous United States were analyzed. The
outcome of interest was pregnancy loss, including miscarriage (fetal
death before the 20th gestational week) and stillbirth (fetal death at or
after the 20th gestational week).

2.2. Exposure assessment

Daily maximum 8 h average (MDAS8) concentrations of O3 from all
monitors in the contiguous United States from 1989 to 2005 were ob-
tained from the US Environmental Protection Agency (EPA) Air Quality
System (AQS) database (https://www.epa.gov/outdoor-air-quality-data
). The data were processed according to uniform EPA guidelines,
including those on quality assurance and quality control. In total, 1992
sites reported O3 measurements from 1989 to 2005, albeit with different
spatiotemporal coverages. To address this, we interpolated missing
values in AQS monitoring observations using the ordinary kriging
method by day. A complete daily time series of O3 was prepared for each
station, and the station-level data were aggregated into county-level
time series for the 387 counties.

Daily mean temperature from 1989 to 2005 was obtained from the
North American Regional Reanalysis (NARR) product (https://psl.noaa.
gov/data/gridded/data.narr.html), which provides meteorological var-
iables in a grid of 32 x 32 km cells across North America. County-
specific daily mean temperatures were calculated as the weighted av-
erages of values from all overlaid grid cells. We focused on exposure
during the warm season, as defined by the county-specific temperature
time series. For each county and year, we calculated the maximum 6-
month (i.e., 182 days) moving average temperature and used the cor-
responding duration as the warm season. To control for potential con-
founders, we extracted relative humidity (RH) and the height of the
planetary boundary layer (PBL) from the NARR product and processed
them as described previously. Our study utilized PBL as an indicator of
short-term variations in PMj 5 exposure, which is majorly determined by
meteorological conditions and their interactions with air pollution
emissions. The PBL is a critical parameter that affects near-surface air
quality, and has been utilized as an instrumental variable to estimate the
effect of PM; 5 on many other outcomes, such as mortality (Schwartz
et al., 2017; Schwartz et al., 2018).

2.3. Statistical analyses

We designed a case-crossover study of the association between
pregnancy loss and co-exposure to Oz and temperature. For each preg-
nancy loss, the hazard day was defined as the date of death. We used a
bidirectional method to select control days, which were defined as 7
days before and after the hazard day. The bidirectional design elimi-
nated potential confounding effects of the day of the week, seasonality,
and long-term trends and balanced baseline risks, which vary with
gestational age. The bidirectional, time-stratified design allowed each
case of pregnancy loss to serve as its own control and enabled us to draw
conclusions based on within-individual comparisons of exposure and
outcome. Therefore, all known and unknown confounders, which were
unlikely to vary in the short term, were controlled for by the study
design.

Conditional logistic regression was used to evaluate the association.
In the main model, to estimate the joint effect, we first divided the
continuous variable of Os or temperature into three groups according to
the tertiles (i.e., low, moderate, and high exposure levels). The first,
second, and third tertile groups of O and temperature were <78 pg/m?,
78-104 pg/m>, >104 pg/m°, and <18 °C, 18-23 °C, >23 °C, respec-
tively. Then, we created a nine-level categorical variable by combining
the groups. The low-O3 and low-temperature group (i.e., the low-low
group) was defined as the reference group. The effects of main interest
were based on the difference between the high-exposure groups (i.e., the
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high-low, low-high, and high-high groups) and the reference group. The
logistic regression against categorical co-exposure was parametrized as.

Logit(yi;) = x:;8+f (RH,;) + b,PBL;; + b.H;; + 6(i), M

where i and j denote the indices for subject and time, respectively; y is a
binary outcome variable (1 = hazard; 0 = control); x denotes an eight-
dimensional vector for categorical co-exposure; (i) is stratification by
subject index; and g and b are regression coefficients. The model was
adjusted for several potential time-varying confounders: (1) PBL as a
surrogate for ambient particulate matter, (2) a binary variable for hol-
iday (H), and (3) a nonlinear spline term for RH (df = 3). The association
was evaluated by ER for the comparison of an exposure group to the
reference group, such as ERpigh-high = €XP.(fhigh-high)—1. The interaction
was further evaluated by the relative excess risk due to interaction
(RERI) (Richardson and Kaufman, 2009), which was specified as
follows:

RERI = ERpigh-nigh — ERjow-nigh — ERigh1ow (&)

In sensitivity analyses of the main model, we first explored how a lag
in exposure affected the estimates. We estimated the effects of co-
exposure at lags of 0, 1, 2, or 3 days in separate models. For represen-
tativeness, we used the average Os and temperature values for lags of
0-3 days as co-exposure in the main model. Next, we examined between-
individual heterogeneity in the estimated joint effect by stratifying the
data set by each of 13 individual-level variables. Those variables were
maternal age (<20, 20-30, 3040, or >40 years old), maternal ethnicity
(white or nonwhite), education (<12 years or > 12 years), prenatal care
(yes or no), born in hospital (yes or no), history of pregnancy termina-
tion (none, 1, or >1), first pregnancy, parity (nulliparous or multipa-
rous), tobacco use (yes or no), alcohol use (yes or no), chronic diabetes
(yes or no), chronic hypertension (yes or no), and subtype of pregnancy
loss (stillbirth or miscarriage).

We also explored the joint effect using alternative models. First, we
replaced categorical co-exposure with linear terms with a multiplicative
interaction, which led to the following equation:

Logit(yi;) = 0,8, + Ti;, + (0i; x T;;) Bs +f (RH;;) + b;PBL;; + boH,; + 0(i)
3)

where O and T are exposure to O3 and temperature, respectively, and 3
is the coefficient of the interaction effect. Second, we modeled co-
exposure using a two-dimensional nonlinear term instead of the cate-
gorical variable. The model was specified as

Logit(y;;) = (0, Tij) +f(RH;;) + b;PBL; + b.H; + 0(i), (4

where t() denotes a full tensor product of a cubic spline term for O3 (df =
3) and another cubic spline term for temperature (df = 3). Finally, to
assess how temperature modifies the association between Og and preg-
nancy loss, we developed a varying-coefficient model, which parame-
trized the effect of O3 as a nonlinear function of temperature. The model
was specified as.

Logit(y;;) = B(Ti;) x O+ &(Ti;) +f(RH;;) + b;PBL;; + b,H;; + 0(i),
5)

where g() denotes a natural cubic spline function (df = 3) to control for
the nonlinear effect of temperature, and () is the varying-coefficient
spline function (df = 3) to estimate the effect of a per-unit increment
in O3 according to temperature. Using Eq. (5), we calculated the effects
of each 10 pg/m? increment in O3 according to county-specific average
temperatures in the warm season. The estimated effects were used to
explore geographic variation in the association between Os and preg-
nancy loss. Statistical analyses were performed with R (v4.2.0). Statis-
tical tests were two-sided, and P < 0.05 was considered indicative of
statistical significance.
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3. Results
3.1. Characteristics of the cases

Of the 247,305 cases of pregnancy loss analyzed in this case-
crossover study, 56.3 % (139,237) and 43.7 % (108,068) were mis-
carriages and stillbirths, respectively, and 67.7 % (167,537) were re-
ported by white mothers. The cases were distributed across the
contiguous United States, with 50.2 % (124,157), 25.6 % (63,223), 10.7
% (26,368), 8.8 % (21,732), and 4.8 % (11,825) in the Northeast,
Southeast, West, Midwest, and Southwest, respectively (Fig. 1). The
reporting rate of pregnancy loss, in particular miscarriage, was
geographically unbalanced. For instance, almost all miscarriage cases
(98 %) were reported in the Northeast and Southeast. The mean
maternal age was 28.8 (standard deviation 6.8) years. The characteris-
tics of the cases and mothers are listed in Table S1.

Table 1 lists MDAS8 Os, temperature, RH, and PBL. There were small
differences in exposure levels and meteorological factors between the
hazard period and the reference period. For the cases, the mean Os
exposure was highest in the West (101.8 pg/m?>), followed by the
Southeast (101.2 pg/m>), Southwest (95.3 pg/m>), Midwest (89.6 pg/
m?), and Northeast (88.1 pg/m3). In general, temperature decreased
from high-latitude to low-latitude regions. There was a significant pos-
itive correlation between O3 and temperature (r = 0.493, p < 0.001),
which indicated that O3 episodes typically occurred during heat waves
(Fig. S1).

3.2. Association between pregnancy loss and co-exposure

We examined the joint effect of O3 and high temperature using cat-
egorical models (Figs. 2 and S3, Table S2). In general, the risk for
pregnancy loss increased for each increment in O3 or temperature. The
estimates of the joint effect of co-exposure showed similar patterns
irrespective of the lag of co-exposure. The joint effect was similar for
both subtypes of pregnancy loss, although stillbirth was more strongly
associated with co-exposure than was miscarriage (Fig. 2b). The main
model focused on the association between pregnancy loss and average
co-exposure for lags of 0-3 days. Given a constant level of O3 exposure
(low, moderate, or high), the odds of pregnancy loss increased at higher

West
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Table 1
Description of the ozone and meteorological conditions (mean + SD) during
lag0-3 in five regions.

Regions O3 Temperature Related Height of
(ng/ (O] humidity planetary
m®) (%) boundary

layer (m)

Whole (N Hazard 93.4 20.2 £5.3 731+ 832.1 +

= +29.9 13.1 282.3
247,305) Reference 93.2 20.1 +£5.5 73.1 £ 835.3 +
+ 30.0 13.1 281.4
Southeast Hazard 101.2 23.2+ 4.4 75.4 + 797.3 +
(N= +29.5 6.7 172.0
63,223) Reference 101.0 23.0 £ 4.6 75.3 £ 797.9 +
+29.7 6.7 171.2
Southwest Hazard 95.3 26.9 + 3.9 60.3 + 1078.8 +
N = + 28.7 20.6 370.9
11,825) Reference 94.8 26.7 £ 4.2 60.4 + 1078.1 +
+ 28.4 20.5 370.4
West (N = Hazard 101.8 20.1 +£5.1 49.2 + 1091.8 +
26,368) + 31.3 17.4 505.0
Reference 101.4 20.0 £5.2 49.5 + 1092.4 +
+31.4 17.5 503.9
Northeast Hazard 88.1 18.3 £ 4.7 78.0 + 777.4 £
(N = +29.2 6.6 216.3
124,157) Reference 88.0 18.2 + 4.9 77.9 + 783.2 +
+29.3 6.6 216.6
Midwest Hazard 89.6 18.9 +5.2 74.4 £ 796.8 +
(N = + 25.7 7.0 179.4
21,732) Reference 89.3 18.8 +5.4 74.5 + 797.6 +
+ 26.0 7.0 178.2

temperatures. For exposure to low temperature (<18 °C), the odds
increased with each increment in O3 exposure. By contrast, the odds
were unchanged or slightly decreased for exposure to high temperature
(>23 °C). Compared with the low-low co-exposure group (i.e., the
reference group: O3 < 78 pg/m® and temperature < 18 °C), the odds of
pregnancy loss were significantly higher by 6.0 % (95 % CI: 1.1-11.2 %),
9.8 % (4.7-15.3 %), and 7.5 % (3.7-11.4 %) for the high-low (>104 pg/
m® and <18 °C), low-high (<78 pg/m® and >23 °C), and high-high
(>104 pg/m® and >23 °C) groups, respectively. Therefore, a marginal
increment in exposure to high temperature or Os was positively
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Fig. 1. Average of warm-season MDAS ozone concentration (ug/m>) during 1989-2004 across the 386 counties in contiguous United States. MDAS: daily maximum
8-h average; Warm season: the maximum of 6-months moving-average temperature.
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Fig. 2. The association between Os-temperature co-exposures and risk of pregnancy loss, miscarriage or stillbirth. (A) The excess risks and corresponding 95 %
confidence intervals for the averaged exposures of lag 0-3. (B) The excess risks by different lags. O3 and temperature were categorized into three groups according to

their own tertiles, and the reference exposure level was temperature < 18 °C and Os < 78 pg/m®.

associated with an increased risk for pregnancy loss. However, there was
a potentially antagonistic interaction between Oz and temperature,
which led to a RERI of —0.084 (—0.132 to —0.036).

We estimated the joint effect (high-high vs. low-low), marginal effect
of O3 (high-low vs. low-low), marginal effect of temperature (low-high
vs. low-low), and RERI by subpopulation (Fig. S3 and Table S3).
Generally speaking, the effects observed specifically for the sub-
populations were consistent with results of the main models. We
observed significant effects of O3, temperature, or co-exposure in nearly
all subpopulations, except for some subgroups with small sizes of sam-
ples. Additionally, the interaction effects were also estimated as statis-
tically significant for almost all subpopulations, suggesting a robust
pattern in the joint effect of temperature and Os.

Next, we quantified the joint effect using linear single-exposure,
double-exposure, and interaction models (Table 2). O3 or temperature
was significantly associated with pregnancy loss in the single-exposure
model. In the double-exposure model, the estimated effect of O3 was
markedly attenuated, changing the association from positive to nega-
tive. Adding the interaction term into the double-exposure model
reversed the direction of the estimated association, which suggested that
the main effect of O3 was harmful. The negative association between
pregnancy loss and the multiplicative interaction term was inconsistent
with the RERI estimated by the categorical model, which suggested an
antagonistic interaction. We developed linear models for miscarriage
and stillbirth (Table 2) and for different geographic regions (Fig. S4).

Table 2

*, Bonferroni-corrected P < 0.05.

Based on the complexities embedded in the joint effect, we devel-
oped a nonlinear model that linked pregnancy loss with co-exposure,
parametrized by a two-dimensional nonlinear function of O3 and tem-
perature. As shown in Fig. S5, the odds ratio (OR) of pregnancy loss
increased with each increment in O3 exposure when temperature was
maintained at <15 °C. However, the pattern changed at temperatures
>15 °C. The risk for pregnancy loss was highest for co-exposure to O3 <
120 pg/m® and a temperature of 20-25 °C. The contour lines in Fig. S5
represent different co-exposures that had equal ORs for pregnancy loss.
The contours are not parallel, which suggests complex interactions be-
tween Os and temperature.

3.3. Geographic variation in the association between pregnancy loss and
O3 due to temperature

The estimated effect of O3 on pregnancy loss according to tempera-
ture is shown in Fig. 3. In consistency with the results above, we found
positive association between O3 and pregnancy loss at low temperatures
(about 15 °C and below). When temperate rising, the association was not
significant, or even became slightly negative. These results should not be
interpreted as indicating a protective effect of O3 exposure. In our
opinion, the adverse effect of O3 exposure can be masked or suppressed
by the adverse effect of high temperature. The temperature-varying
nonlinear curves illustrate how temperature modifies the effect of Os.
The modification pattern enables identification of the spatiotemporal

The association between pregnancy loss and co-exposure to ozone and temperature, estimated by linear models with or without a multiplicative interaction.

Models" Exposure

Excess risk (95 % confidence interval)

Pregnancy loss

Miscarriage Stillbirth

03 (10 pg/m®)
Temperature (1 °C)
03 (10 pg/m>)
Temperature (1 °C)
03 (10 pg/m®)
Temperature (1 °C)
O3 x Temperature

Single-exposure model
Double-exposures model

Interaction model

0.45 (0.19,0.71)
2.05 (1.85,2.25)
—1.14 (-1.44,-0.85)
2.49 (2.26,2.72)
3.04 (1.98,4.11)
3.92 (3.50,4.33)
—0.18 (-0.22,—-0.14)

0.35 (0.01,0.68)
2.06 (1.80,2.33)
—1.47 (-1.86,—1.08)
2.70 (2.38,3.02)
2.76 (1.38,4.16)
4.19 (3.63,4.76)
—0.19 (-0.24,-0.13)

0.58 (0.17,1.00)
2.01 (1.71,2.31)
—0.73 (-1.19,-0.28)
2.23 (1.90,2.57)
3.69 (2.02,5.38)
3.70 (3.08,4.33)
—0.18 (-0.25,-0.12)

@ The single exposure model included only ozone (O3) or temperature; The double-exposures model included ozone and temperature simultaneously; The interaction
model further included a term of the product of ozone and temperature; All models were adjusted for relative humidity, planetary boundary layer height, and holiday.

The exposures were averaged during the 0-3 lagged days.
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Fig. 3. Temperature-varying (A) or geographically- and temporally-varying association (B) between O3 exposure and pregnancy loss. The excess risk for per 10 pg/
m? increment in Oz exposure is estimated as a function varying with different levels of temperature (A), which leads to a geographic variation in the county-specific

estimates (B).

domain where Os is the major contributor to the adverse effect on
pregnancy loss. For instance, based on the curve, geographic and tem-
poral variation in the association between O3 and pregnancy loss could
be estimated based on the county-specific monthly average tempera-
tures during the warm season (e.g., from May to September) in 2004
(Fig. 3b and Fig. S6). We found the association between O3 and preg-
nancy loss varied geographically and temporally. Generally, on the
temporal scale, Os-related pregnancy loss was obvious in May and
September. Moreover, the effects were more particularly pronounced in
high-latitude or high-altitude areas, such as the Rocky Mountain region.
Similar spatial-temporal variation pattern was observed in the adverse
effect of O3 on miscarriage and stillbirth (Fig. S6).

4. Discussion

To the best of our knowledge, this is the first study of the effect of

short-term co-exposure to O3 and high temperature on pregnancy loss.
Each increment in exposure to Os or high temperature was associated
with a higher risk for pregnancy loss. We also found an antagonistic
effect of joint exposure to Oz and high temperature. Although the
mechanisms underlying the O3 x temperature interaction are unclear,
the antagonistic effect suggests that the risk created by O3 exposure can
be considerable in high-latitude and high-altitude regions.

Previous studies have ignored the joint effect of O3 and high tem-
perature on pregnancy loss or stillbirth. Most have explored the asso-
ciation between O3 and stillbirth, treating temperature as a confounder
to be adjusted for in the regression models. The mixed results suggest
neglected effects, such as an interaction effect. For example, Das-
toorpoor et al. conducted a time-series study from 2008 to 2018 in Iran
and found no significant association between short-term O3 exposure
and stillbirth or spontaneous abortion after adjusting for temperature
(Dastoorpoor et al., 2021). Rammah et al. conducted a case-crossover
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analysis using birth and fetal death records from Texas from 2008 to
2013 and detected no significant effect of O3 after adjusting for apparent
temperature (Rammah et al., 2019). Sarovar et al. performed a time-
stratified case-crossover study of fetal death certificate data from 1999
to 2009 in California and found that the effect of O3 exposure was
attenuated from significant to nonsignificant after adjustment for
apparent temperature (Sarovar et al., 2020). By contrast, Mendola et al.
examined delivery records from a retrospective cohort in 12 clinical
centers across the United States from 2002 to 2008 and reported that
acute Os exposure 2, 3, and 5-7 days prior to delivery was associated
with stillbirth after they adjusted for temperature (Mendola et al.,
2017). In this study, a comparison of single-exposure and double-
exposure models showed that the effect of O3 on pregnancy loss was
markedly attenuated by adjustment for temperature.

Although no previous study on the interaction between Os and
temperature has focused on pregnancy loss, there is indirect evidence for
preterm birth (PTB) and low birthweight (LBW). A study in Australia on
PTB and LBW reported that the effect of exposure to Os during the entire
pregnancy was enhanced at low temperatures (Chen et al., 2018a).
However, studies in California and China showed that a heat wave or
high temperature enhances the estimated effect of O3 on PTB, LBW, and
large for gestational age (Chen et al., 2023; Sun et al., 2020). Several
studies have investigated the interactive effect of O3 and temperature on
mortality. A meta-analysis by Ito et al. showed that the effect of O3 on
mortality was negatively associated with mean temperature (Ito et al.,
2005). Studies conducted in Shanghai and Hong Kong reported that the
effect of O3 on mortality and cardiovascular morbidity was enhanced by
extreme cold weather (Cheng and Kan, 2012; Qiu et al., 2013). These
results are consistent with our findings. However, Chen et al. analyzed
the air temperature-stratified association between O3 exposure and total
mortality in eight European urban areas and found a synergistic effect of
high temperature and O3 (Chen et al., 2018b). In a study of 95 US cities,
increasing temperature enhanced the effect of Os-related cardiovascular
mortality, in particular in northern cities (Ren et al., 2009). Therefore,
the effect of O3 on mortality or adverse birth outcomes is modified by
temperature in a complex manner, and previous findings are inclusive.

The attenuated association between O3 and pregnancy loss at high
temperatures is plausible for the following reasons. First, the adverse
effects of O3 and high temperature on pregnancy loss may share bio-
logical pathways. For example, O3 and high temperature induce oxida-
tive stress and systemic inflammation, which leads to endothelial
dysfunction and the development of a pro-thrombotic vascular state
(Balmes et al., 2019; Samuels et al., 2022; Sharkhuu et al., 2011). Oz and
heat exposure also reduce placental blood flow and impair the energy
efficiency of the placenta, restricting fetal growth (Miller et al., 2017;
Samuels et al., 2022). Therefore, the joint effect of co-exposure can be
saturated, resulting in a weak effect of a marginal increment in Og
exposure in hot weather. Second, O3z exposure has been utilized as
medical treatment to decreases blood pressure and prevent the pro-
gression of hypertensive disease (Akcilar et al., 2015), which may pro-
tect against hypertension and cardiovascular diseases caused by
exposure to high temperature (Alpérovitch et al., 2009; Yin and Wang,
2017). Third, the relationship between O3 and temperature is deter-
mined by nonlinear atmospheric physical and chemical processes. This
complex relationship may have been simplified by our epidemiological
models, possibly leading to an underestimation of the uncertainty in our
findings.

Global climate change will increase the frequency, intensity, and
duration of extreme weather events (e.g., heat waves) as well as the O3
concentration (Zhang et al., 2018). Exploring the joint effect of O3 and
high temperature has important implications for public health. Till now,
this joint effect has not been thoroughly investigated due to complicated
relationship between O3 and temperature in the epidemiology study.
Considering the formation process of Og, it is plausible that O3 acts as an
intermediate factor between temperature and health outcomes (e.g.,
mortality) (Reid et al., 2012). Given their correlations, temperature can
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also play a role as a confounder on the effect of O3. Previous studies
mainly focused on the confounding effect, and controlled for it by
adjusting for temperature in regression models. Our study further esti-
mated the effect modification of temperature which hasn't been
explored yet. Additionally, the joint effect has not been concluded
consistently. For example, high temperature could magnify the effect of
air pollution on children's health outcomes (e.g., asthma) (Lu et al.,
2022). However, our finding that temperature antagonizes Os-related
pregnancy loss implies that the overall effect of combined exposure may
be overestimated if additive interaction is employed. Therefore, further
studies should investigate co-exposure to temperature and O3 pollution
using advanced methods to examine modifying, confounding, and
mediating effects to accurately estimate the disease burden of climate
change.

Our study provides important evidence with regard to pregnancy
loss, an important but previously neglected public health issue. The
estimated number of stillbirths after 28 gestational weeks was 2.0
million (90 % uncertainty range [UR]: 1.9-2.2) globally in 2019, for a
rate of 13.9 per 1000 total births (90 % UR: 13.5-15.4) (Hug et al.,
2021). Mothers who experience pregnancy loss might feel abandoned or
unsupported by their family, lack confidence during subsequent preg-
nancies, avoid social contact, or suffer depressive episodes, all of which
impose substantial costs on women and their families, government, and
society (Heazell et al., 2016; Kavanaugh and Hershberger, 2005). In
response to our findings, policymakers should implement regulations to
mitigate environmental issues, which would improve fetal health and
promote social equity.

The strengths of this study are its coverage of a large and diverse
population in the contiguous United States and its use of a case-
crossover design, which enabled us to control for unobservable indi-
vidual characteristics that did not change during the study period (as
well as other risk factors for stillbirth, such as maternal age at concep-
tion, smoking behavior, and history of termination). Yet this study also
has several limitations. First, because of the lack of residential addresses,
O3 exposure and temperature were assigned based on county, which
precluded our measuring exposure at a lower level of aggregation or
total exposure across all daily activities and possibly resulted in
misclassification of exposure. In addition, when the temperature is high,
pregnant women are more likely to remain indoors, so the ambient O3
concentration may not accurately reflect their O3 exposure. This could
partly explain why the risk for Os-related pregnancy loss is lower at high
temperatures. Second, O3 concentrations after the kriging imputation
were used to evaluate county-level exposure, which might have intro-
duced exposure bias, but the fact that reanalyzes of associations with
original monitoring data produced consistent results suggests that the
influence of this bias would have been minimal (Fig. S7). Third, because
we lacked information on its causes, we treated pregnancy loss as a
single outcome. However, different causes of death may be associated
with different risk factors. The use of an aggregate single outcome
instead of cause-specific fetal deaths might have led to an underesti-
mation of the strength of the association. The similar results for stillbirth
and miscarriage suggest the robustness of the findings. Fourth, we
documented the time at which pregnancy loss was observed but not the
time of actual embryonic or fetal demise. Because we could not ascertain
the exact time of stillbirth, the effect of exposure lag should be inter-
preted carefully.

5. Conclusion

We evaluated the association between pregnancy loss and short-term
co-exposure to O3 and temperature. Short-term O3 exposure and short-
term exposure to high temperature during the warm season increased
the risk for pregnancy loss. Temperature modified the relationship be-
tween O3 and pregnancy loss, and the marginal effect of O3 varied
geographically, being mainly observed in the northern United States. In
high-latitude cities, controlling for O3 pollution would protect maternal
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Triggering factors of major depressive disorder among adolescents in China SR

To the editor:

There is a rapidly increasing prevalence of major depressive disorder
(MDD) among adolescents in the world (Shorey et al., 2022) and
adolescent depression may lead to impaired social functioning,
self-harm, and suicidal behavior (Clayborne et al., 2019; Sandoval-Ato
et al., 2018). Adolescence, a formative and turbulent phase in which
rapid physical, social, emotional, and cognitive changes occur, is a
particularly vulnerable period of psychological disorders in one’s life
(Thapar et al., 2012). Prevention of depression among adolescents is an
important cost-effective strategy for MDD intervention (Bodden et al.,
2018), considering the unsatisfactory curative effect (Bschor and
Kilarski, 2016) and high relapse rate (Rao and Chen, 2022) of depressive
disorder.

To help develop depression prevention strategies among adolescents,
we conducted a qualitative study to explore risk factors of depression
among Chinese adolescents with MDD, especially focusing on the direct
and indirect impacts of family factors. Adolescents with MDD aged
12-18 years were invited to participate in the study after providing
informed consent. The sample size was determined according to the "
thematic saturation" principle, and a total of 30 adolescents with MDD
were consecutively recruited at the department of child and adolescent
psychiatry in Beijing Anding Hospital, Capital Medical University. Three
main themes were identified as family risk factors in the onset of
depression, including academic pressure interacting with family’s un-
reasonable response, trauma in family relationships, and lack of parental
support and help for school problems (Table 1).

The first main theme was academic pressure interacting with family
unreasonable response. Chinese adolescents faced the academic pres-
sure rooted in the university entrance examination system in China,
which was strengthened by families with unreasonable responses. As a
university education especially in prestigious universities remarkably
increases employment opportunities and the chances of success in life,
parents with sky-high hopes for their children have been exerting more
and more pressure on adolescents. Exam preparation began at an early
age even in primary school due to intense competition. The high ex-
pectations which can’t be achieved and the academic pressure made
adolescents a sense of powerlessness and self-loathing. In addition, to
achieve such academic goals, most parents were overly authoritarian
and forced adolescents to spend almost all their time studying, especially
under-performers (Luebbe et al., 2018). Chinese parents tend to use less
praise and they are apt to use more authoritarian parenting strategies by
controlling their children (Wang et al., 2021). Moreover, adolescents
usually faced negative comments and severe criticism from their parents
due to unsatisfactory academic performances. The parents frequently
complained their kids were not doing as brilliantly as “next-door kids”.
These negative comments and accusations hurt the child’s self-esteem
which subsequently internalized low self-esteem and pessimism (Zhou

https://doi.org/10.1016/j.ajp.2023.103737

et al., 2020). Some parents even use verbal and physical violence to
punish their children for their poor academic performance.

We shed light on the links between trauma in family relationships
and adolescent depression. Lacking emotional support, ineffective
communication, and physical and verbal violence resulted in unsatis-
factory parent-child relationships. Along with China’s urbanization and
modernization, lots of parents in rural and underdeveloped regions
moved to cities for job opportunities. The absence of parents led to
decreased care and disrupted parent-child relationships which subse-
quently increased the risk of psychological problems. They felt lonely
and lack of warmth/love because of insufficient companionship and
psychological support. Some parents showed emotional anger, even
physical and verbal violence, which erupted into parent-child conflict.
Some adolescents were entangled in family conflict which was charac-
terized by long-term discordant relationships of parents, endless quar-
rels even violence. Destructive marital relationships impaired the
emotional security of the children, which would inevitably result in
mental health problems (Li et al., 2020). The adolescents with siblings
complained that parental favoritism led to disappointment, resentment,
and adverse emotional experiences. A study also found that parental
favoritism was related to anxiety and depression, and it was speculated
that adolescents were very sensitive to perceived parental preferences
(Tong et al., 2022).

The third main theme was lacking parental support and help for
school problems, especially school bullying. A study has shown the
correlation of school problems with adolescent depression (Ye et al.,
2023). Some adolescents reported that they had been bullied on campus
and treated unfairly, but their parents misjudged school bullying as
small conflicts between students and ignored it without any support.
Unfortunately, some parents even criticized and blamed their children.
Without parental support and help and effective solutions to these
problems, adolescents suppress emotional needs instead of seeking help
until they become seriously ill.

Chinese teenagers are facing the high risk of depression during their
grown-up, and family factors exert direct or indirect influence on it.
Academic pressure interacting with family unreasonable response,
trauma in family relationships, and lack of parental support and help for
school problems were identified as three main themes in family risk
factors for the onset of depression. As we know, there are few prevention
policies or strategies for adolescents’ depression at the national level.
Therefore, to reduce the high incidence of MDD among adolescents, the
family should be integrated into the prevention strategy in China. The
parents should realize the academic pressure of the adolescents and
change their traditional notion “a boy becomes a dragon and a girl
become a phoenix in the future”. And they also should be educated
about the skills of communication, conflict management, and emotional
relief.
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Table 1
Main Themes and Subthemes in triggering factors of major depressive disorder.

Main themes N(%) Explanation

Academic pressure interacting =~ 20
with family unreasonable (66.7
response %)

Parental high expectations on
academic performance that are
difficult to achieve. Authoritarian
parenting style. Negative comments
and accusations, even violent
punishment toward the adolescents for
poor academic performance.
Trauma in family relationships 19 The unsatisfactory relationship
(63.3 between parents and adolescents
%) characterized by lack of emotional
support/reciprocity and /or physical
and verbal violence. Entangled in
conflict of parents. Parental favoritism
in multiple-child families.
Lack of supporting for school 16 Insufficient supporting or negligence
problems (53.3 for school problems faced by their
%) adolescents, e.g., school bullying,
social awkwardness, injustice from
teachers, and high-pressure teaching
and management.
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ARTICLE INFO ABSTRACT
Keywords: Background: There is a greater likelihood of anxiety and depression among older adults who suffer falls. This
Falls study examined the relationships of falls and severe falls with anxiety and depressive symptoms, and the

Severe falls

- moderating role of psychological resilience on these associations.
Anxiety symptoms

. Methods: Our study recruited participants from the 2018 Chinese Longitudinal Healthy Longevity Survey
Depressive symptoms . . . . . . .
Psychological resilience (CLHLS), a nationally representative cohort study. A total of 11,857 participants included in the analysis. We
CLHLS used a linear regression model to investigate the relationship between falls/severe falls and anxiety/depressive

symptoms, adjusting for a range of potential covariates and a bootstrapping sample test to examine the potential
moderating role of psychological resilience in these relationships.

Resuits: Older adults who suffered the falls have higher anxiety/depressive symptoms (p = 0.28 [0.23, 0.32] for
anxiety symptoms, p < 0.001; p = 0.21 [0.16, 0.25] for depressive symptoms, p < 0.001), and those who suffered
the severe falls have higher anxiety/depressive symptoms (f = 0.30 [0.24, 0.37] for anxiety symptoms, p <
0.001; p = 0.21 [0.15, 0.27] for depressive symptoms, p < 0.001), in the fully adjusted model. The relationship
between falls/severe falls and anxiety/depressive symptoms was mitigated in participants with higher levels of
psychological resilience.

Limitations: The present study is based on cross-sectional data, which limits the ability to infer causal
relationships.

Conclusions: Falls/severe falls were positively associated with anxiety and depression, and that psychological
resilience could moderate this association. Our findings suggest that psychological resilience may be an effective
target for intervention and prevention of fall-related symptoms of anxiety and depression.

1. Introduction older adults (Haller et al., 2014; Wittchen, 2002; Charlson et al., 2016).
China has the largest older population across the globe. According to

Age-related anxiety and depression are common problems among two meta-analyses conducted in China, anxiety and depression symp-
older adults in both developing and developed countries. Anxiety and toms are prevalent in the older population at 22.1 % and 23.6 %,
Depression are at the forefront of a wide range of co-morbid psycho- respectively (Su et al., 2011; Li et al., 2014). For the prevention and
logical, neurological, and substance abuse disorders, as well as pain in control of anxiety and depression, it is imperative to identify modifiable
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Participants who had not full information

Final analysis samples
(N=11,857)

of Falls and covariates
(N=4,017)

Participants with severe Falls

Participants without
Falls (N=9,084)

Participants with Falls
(N=2,773)

(N=977)
and

Participants without severe
Falls but general Falls
(N=1,796)

Fig. 1. Flow chart of the study.

risk factors and implement targeted interventions.

Previous studies have examined the link between falls-related psy-
chological concerns and anxiety/depression in older people from
developed countries (Hull et al., 2013; Painter et al., 2012). Several
underlying mechanisms of the relationship between falls and depression
have proposed, including the mediating effects of social factors (Lohman
et al., 2023; Zhang et al., 2021), frailty (Kim and Cho, 2022), antide-
pressant use (Lohman et al., 2021), cognitive and motor slowing (Cohen
et al.,, 2021) and functional limitation (Yang et al., 2023), and the
moderating effects of social factors (e.g., marital status, living arrange-
ment, family and friend network) (Rhee et al., 2021;Yang et al., 2023).
In contrast, little attention has been given to the underlying mechanisms
of the relationship between falls and anxiety. As far as we are aware,
only one study has examined the mediating effects of functional ability
and social participation on falls and anxiety (Yue et al., 2022). In theory,
the pathway between falls and anxiety may involve unique variances
that are shared with depression, such as reduced attention or muscle
strength, but further empirical investigation is necessary (Hallford et al.,
2017).

To date, little attention has been given to the symptoms of anxiety
and depression arising from falls, and its psychological mechanism was
yet to investigate among Chinese older adults. Studying the mechanism
underlying the relationship between falls and severe falls and anxiety
and depression symptoms will contribute to the literature and practice
concerning the prevention and treatment of anxiety and depression
caused by falls. In this context, older adults in a positive mental state
may be better protected against falls/severe falls that trigger anxiety or
depression. A previous study looked at the psychological dimension
primarily from a negative perspective, for example, the fear of falling
(Gambaro et al., 2022). No study has, however, examined the mecha-
nism of anxiety/depressive symptoms caused by falls/severe falls from
the perspective of positive mental health. According to the interaction
model of psychological resilience, regulatory factors can modify the
impact of stress or danger on the development or adaptation of psy-
chosocial functions (Masten and Reed, 2002). When faced with negative
experiences, psychological resilience allows one to adapt and cope with.
Previous empirical studies have shown that psychological resilience
moderates anxiety and depression in older adults (Miller et al., 2023).

As an effort to fill the above gaps, we conducted a large-scale na-
tional study in China (Chinese Longitudinal Healthy Longevity Survey,
CLHLS) to examine the relationship between falls/severe falls and
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anxiety/depressive symptoms. Moreover, we investigated whether
psychological resilience could moderate the association between falls/
severe falls and anxiety/depression symptoms in this population.

2. Methods
2.1. Participants

The study recruited 15,874 participants from the 2018 wave of the
CLHLS. The CLHLS selected half of all counties and cities in 22 of the 31
provinces, covering approximately 85 % of the total population of those
provinces. CLHLS used a targeted random sample design to ensure
sample representativeness. Data collection was conducted through face-
to-face interviews. A detailed sampling description has been reported in
our previous work (Zeng et al., 2017). CLHLS was approved by the
Ethics Committee of Peking University (IRB00001052-13074). As the
information regarding falls/severe falls and anxiety/depression in older
adults was only assessed in the CLHLS 2018, we conducted a cross-
sectional study to investigate whether falls/severe falls are associated
with anxiety/depression symptoms among older Chinese individuals.
During the study, 4017 participants were excluded for not meeting the
following inclusion criteria: (a) age 60 or older, and (b) no missing data
for the independent variable (falls/severe falls) and other covariates.
The final sample consisted of 11,857 individuals. Flowchart for the in-
clusion and exclusion of participants can be found in Fig. 1.

2.2. Measurements

2.2.1. Falls/severe falls

Falling was assessed by asking the question: “Have you fallen in the
past year?”. The answer choices were “Yes” or “No”. The respondents
who answered “Yes” were considered to have fallen in the past year;
among them Severe falls were further assessed by asking the following
question: “Was it severe enough to require hospital treatment?” There
was a choice of “Yes/No”. The respondents who answered “Yes” were
considered to have suffered a severe fall in the past year.

2.2.2. Anxiety/depressive symptoms

We assessed anxiety symptoms using the 7-item Generalized Anxiety
Disorder (GAD-7) scale (Spitzer et al., 2006), which has been widely
used to measure anxiety symptoms in older Chinese (Li et al., 2021)
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Demographics characteristics and the distribution of anxiety and depressive symptoms.

Variables Respondents Anxiety symptoms Depressive symptoms
n % M SD t/F P-value M SD t/F P-value
Sex 10.45 <0.001 12.28 <0.001
Female 6742 56.9 % 1.68 2.98 8.05 4.37
Male 5115 43.1 % 1.16 2.36 7.08 4.18
Marital status —-2.77 0.006 —14.51 <0.001
Married 4900 41.3 % 1.37 2.65 6.95 4.26
Divorced/Widowed/Never married 6957 58.7 % 1.51 2.80 8.11 4.29
Current residence 19.85 <0.001 25.28 <0.001
City 2862 241 % 1.19 2.32 7.13 4.40
Town 3917 33.0% 1.61 2.96 7.83 4.34
Rural 5078 42.9 % 1.50 2.77 7.75 4.22
Age 1.53 0.204 62.20 <0.001
60-70 1642 13.8 % 1.48 2.78 6.63 4.33
71-80 2844 24.0 % 1.55 2.85 7.21 4.37
81-90 2909 24.5 % 1.43 2.73 7.79 4.48
91 above 4462 37.6 % 1.41 2.66 8.15 4.08
Education year 47.45 <0.001 171.75 <0.001
0 5899 49.8 % 1.69 2.95 8.32 4.27
1-6 3767 31.8% 1.32 2.60 7.16 4.21
6 above 2191 18.5% 1.08 2.29 6.55 4.29
Family economic status 94.46 <0.001 108.59 <0.001
Very poor 167 1.4 % 4.16 5.30 11.89 5.98
General 11,378 96.0 % 1.44 2.69 7.61 4.26
Very rich 312 2.6 % 0.71 1.68 5.90 3.95
Co-residence 10.71 <0.001 59.29 <0.001
With household member(s) 9579 80.8 % 1.40 2.68 7.42 4.23
Alone 1851 15.6 % 1.69 2.99 8.39 4.59
In an institution 427 3.6 % 1.72 2.90 8.92 4.52
Chronic diseases 4.94 <0.001 5.46 0.007
Yes 8042 67.8 % 1.54 2.79 7.77 4.42
No 3815 322 % 1.28 2.62 7.32 4.07
Smoking —4.98 <0.001 -7.73 <0.001
Yes 1752 14.8 % 1.19 2.33 6.93 4.08
No 10,105 85.2 % 1.50 2.80 7.75 4.34
Drinking alcohol —5.89 <0.001 —11.49 <0.001
Yes 1665 14.0 % 1.13 2.43 6.53 4.19
No 10,192 86.0 % 1.51 2.78 7.81 4.31
Leisure activity —7.58 <0.001 -19.29 <0.001
Yes 9693 81.7 % 1.35 2.56 7.27 4.24
No 2164 18.3 % 1.94 3.38 9.24 4.31
Childhood hunger 28.20 <0.001 29.94 <0.001
Yes 7962 67.2 % 1.59 2.87 7.81 4.35
No 3019 25.5% 1.18 2.47 7.10 4.37
Missing 876 7.3 % 1.21 2.28 7.78 3.63
Activities of daily living —6.63 <0.001 —19.18 <0.001
Without assistance 8675 73.2% 1.35 2.63 7.17 4.23
Assistance 3182 26.8 % 1.75 3.01 8.87 4.31
Falls 105.5 <0.001 94.00 <0.001
No falls 9084 76.6 % 1.26 2.50 7.34 4.15
Falls 1796 15.1 % 1.97 3.21 8.39 4.62
Severe falls 977 8.2% 2.34 3.53 8.92 4.80

Participants aged 65 years and older were asked to recall a series of
feelings from the past two weeks using seven items with four options
each: 0 = never, 1 = for several days, 2 = more than half of the days, and
3 = almost every day. Scores ranged from O to 21. A higher score in-
dicates more severe anxiety symptoms. The internal consistency reli-
ability of the anxiety scale was satisfactory (Cronbach's alpha
coefficient = 0.920).

Depressive symptoms were examined using the 10-item the Center
for Epidemiologic Studies Depression Scale (CES-D-10) (Andresen et al.,
1994), which has been validated and applied in Chinese older adults
(Cheng and Chan, 2005). The participants were asked to recall experi-
ences from the past week. Each item had four options: 0 = “rarely”, 1 =
“some days” (1-2 days), 2 = “occasionally” (3-4 days), and 3 = “most of
the time” (5-7 days). The total score ranged from 0 to 30. Higher scores
indicated more severe depressive symptoms. Its internal consistency
reliability was acceptable (Cronbach's alpha coefficient = 0.749).
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2.2.3. Psychological resilience

In accordance to previous study, resilience was measured using
following five items (Yang and Wen, 2015): “Do you always look on the
bright side of things?”, “Can you make your own decisions concerning
your personal affairs?”, “Do you find that the older you get, the more
useless you are, and have trouble doing anything?”, “Do you often feel
fearful or anxious?”, and “Do you often feel lonely and isolated?”. The
answers ranged from 1 (always) to 5 (never), and the total score ranged
from 5 to 25. Higher scores indicated a higher level of psychological
resilience. In terms of internal consistency reliability, the resilience scale
has an acceptable value of 0.625 (Cronbach's alpha coefficient), which is
above the acceptable value of 0.6 (Nunnally, 1978).

2.2.4. Covariates

Our analysis controlled for a set of covariates, including de-
mographic, socioeconomic characteristics, lifestyles, and health status
(Yue et al., 2022; Yang and Wen, 2015). Demographic characteristics
included the following: sex (male, female), age (60-70, 71-80, 81-90,
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Table 2
The Association between falls/severe falls and anxiety/depression symptoms
among Chinese elderly.

Variables Anxiety symptoms Depression symptoms
B 95%CI P-values B 95%CI P-values

Falls

Model 17 0.30 (0.26,0.35) <0.001 0.29 (0.25,0.33) <0.001

Model 2° 0.30 (0.26,0.34) <0.001 0.24 (0.20,0.29) <0.001

Model 3¢ 0.29 (0.25,0.33) <0.001 0.23 (0.19,0.27) <0.001

Model 4¢ 0.28 (0.23,0.32) <0.001 0.21 (0.16,0.25) <0.001

Severe falls

Model 17 0.35 (0.28,0.41) <0.001 0.33 (0.26,0.39) <0.001

Model 2" 0.34 (0.27,0.40) <0.001 0.27 (0.20,0.33) <0.001

Model 3° 0.33 (0.26,0.39) <0.001 0.25 (0.19,0.32) <0.001

Model 4 0.30 (0.24,0.37) <0.001 0.21 (0.15,0.27) <0.001
Note:

@ Unadjusted model.

b Adjusted for model 1 and Demographics variables (age, sex, education level,
marital status and current residence).

¢ Adjusted for model 2 and Family socioeconomic variables (family economic
status, co-residence with family members, leisure activity, childhood hunger).

4 Adjusted for model 3 and health status (number of chronic diseases, smoking
and drinking, activities of daily living).

90+), educational level (0 year, 0-6 years, above 6 years), marital status
(married, divorced/widowed/never married) and current residence
(city, town, rural). Socioeconomic characteristics included family eco-
nomic status (very poor, general, very rich), and co-residence with
family members (with household members, alone, in an institution).
Leisure activity included following activities: tai ji, square dance,
visiting and interacting with friends, other outdoor activity, garden
work, reading newspapers and books, playing cards or Mahjong,
watching television or listening to radio, social activities (Yes = 6
above/activity; No = 6 score/without activity). Childhood starvation
was recorded as yes or no. Health status included the number of chronic
diseases, smoking (yes, no), drinking (yes, no) and activities of daily
living (ADL) (there is a total score calculated for the dependence of
following variables: bathing, dressing, toileting, indoor transferring,
continence, and eating; (Yes = 6 above/assistance;No = 6 score/without
assistance)).

2.3. Statistic analysis

The demographic characteristics and the distribution of anxiety and
depression symptoms were presented either as means (standard devia-
tion [SD]) or as frequencies with percentages. An independent sample ¢-
test and a one-way ANOVA were conducted using IBM SPSS 27.0. We
used linear regression models to investigate the association between
falls/severe falls and anxiety/depressive symptoms. Model 1 was un-
adjusted; Model 2 was adjusted for age, gender, educational level,
marital status, and current residence; Model 3 further controlled for
family economic status, co-residence with family members, leisure ac-
tivities, and childhood hunger based on Model 2; and Model 4 further
controlled for chronic diseases, smoking and drinking, and ADL based on
Model 3. We conducted subgroup analyses for age, sex, educational
level, and resilience level in order to examine the heterogeneity of the
association between falls/severe falls and anxiety/depressive symptoms.
A sensitivity analysis was also conducted to assess the robustness of the
above relationship. For example, we excluded participants with these
scores from Model 4, as those with severe cognitive impairment may be
more likely to recall incidents relating to falls.

SPSS PROCESS macro with a bootstrapping test was used to estimate
the moderating effect of psychological resilience on the association be-
tween falls/severe falls and anxiety/depressive symptoms (Hayes,
2018). Age, sex, education level, marital status, current residence,
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Table 3
Subgroup analyses of associations between falls and anxiety/depression.
Subgroups Anxiety P- Depression P-
interaction interaction
Associations
between falls and
anxiety/
depression
By sex 0.231 0.098
Men 0.23 0.24
(0.17,0.29) (0.17,0.30)
Women 0.29 0.18
(0.24,0.35) (0.13,0.24)
By age <0.001 <0.001
60-80 0.37 0.30
(0.29,0.45) (0.23,0.38)
81 above 0.23 0.16
(0.18,0.28) (0.11,0.21)
Education year 0.188 0.015
0 0.30 0.18
(0.24,0.36) (0.12,0.23)
1-6 0.25 0.21
(0.18,0.33) (0.14,0.28)
6 above 0.20 0.28
(0.12,0.29) (0.18,0.39)
Resilience level <0.001 <0.001
Low 0.41 0.23
(0.30,0.51) (0.16,0.30)
High 0.11 0.08
(0.07,0.16) (0.02,0.13)**
Associations
between severe
falls and anxiety/
depression
By sex 0.710 0.480
Men 0.27 0.16
(0.17,0.36) (0.05,0.27)**
ek
Women 0.31 0.23
(0.22,0.39) (0.15,0.31)
By age <0.001 0.030
60-80 0.53 0.30
(0.40,0.66) (0.18,0.43)
dedkk Kk
81 above 0.21 0.17
(0.13,0.29) (0.10,0.25)
ek ok
Education year 0.904 0.895
0 0.29 0.21
(0.20,0.38) (0.13,0.30)
dedkk Kk
1-6 0.33 0.24
(0.22,0.44) (0.12,0.35)
Stk dededk
6 above 0.25 0.12
(0.10,0.40) (—0.06,0.29)
-
Resilience level <0.001 <0.001
Low 0.43 0.22
(0.28,0.58) (0.12,0.32)
High 0.15 0.09
(0.08,0.23) (—0.00,0.19)

dekk

Associations of Falls/Severe falls with Anxiety/Depression symptoms among
subgroups.

Model 4 controlling for Demographics variables (age, sex, education level,
marital status and current residence); Family socioeconomic variables (family
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economic status, co-residence with family members, Leisure activity, childhood
hunger); health status (number of chronic diseases, smoking and drinking, ac-
tivities of daily living).

*P < 0.05; **P < 0.01; ***P < 0.001.

family economic status, co-residence with family members, leisure ac-
tivity, childhood hunger, number of chronic diseases, smoking, drinking
and ADL were considered covariates in this moderation analysis.
Regarding missing data of key continuous variables (anxiety/depressive
symptoms and psychological resilience), multiple imputations by the
Markov Chain Monte Carlo (MCMC) method were used to impute 20
times with the aim of mitigating the potential bias (Cleophas and
Zwinderman, 2018). SPSS (27.0 version, IBM Co.) was used to perform
all analyses and P < 0.05 indicates statistically significant.

3. Results
3.1. Descriptive statistics

A summary of the demographic characteristics and distribution of
anxiety and depressive symptoms scores can be found in Table 1. The
study included a total of 11,857 older individuals, with 43.1 % were
males. People aged 60-70, 71-80, and 81-90 constituted 13.8 %, 24 %,
and 24.5 % of the population, respectively. Among older adults, 49.8 %
were illiterate (0 schooling year) and 31.8 % had 1-6 years of schooling.
A total of 76.6 % of the participants had not experienced falls, with a
mean anxiety score of 1.26 and a mean depression score of 7.34. The
percentage of normal falls in older adults was 15.1 %, with a mean

Table 4

Moderating role of psychological resilience to falls — anxiety/depression symptoms.

Journal of Affective Disorders 341 (2023) 211-218

anxiety score of 1.97 and a mean depression score of 8.39. A percentage
of older adults who had experienced severe falls was 8.2 %, with a mean
score of 2.34 for anxiety symptoms and a mean score of 8.92 for
depression symptoms.

3.2. Regression model results

Table 2 shows both unadjusted and adjusted regression models that
examined the relationship between falls/severe falls and anxiety/
depressive symptoms. In the unadjusted model (Model 1), the relation-
ship between falls and anxiety/depressive symptoms was statistically
significant (p = 0.30 [0.26, 0.35] for anxiety symptoms, p < 0.001; p =
0.29 [0.25, 0.33] for depressive symptoms, p < 0.001), and the rela-
tionship between severe falls and anxiety/depressive symptoms was also
statistically significant (§ = 0.35 [0.28, 0.41] for anxiety symptoms, p <
0.001; B = 0.33 [0.26, 0.39] for depressive symptoms, p < 0.001).

Using adjusted models (from Models 2 to 4), where age, gender,
education level, marital status, current residence, family economic sta-
tus, co-residence with family members, leisure activities, childhood
hunger, chronic diseases, smoking and drinking, and activities of daily
living were controlled for, the increase in control covariates resulted in a
gradual decrease in the correlation between falls and anxiety/depressive
symptoms; this result was still statistically significant. In Model 4,the
relationship between falls and anxiety/depressive symptoms was sig-
nificant (f = 0.28 [0.23, 0.32] for anxiety symptoms, p < 0.001; f =0.21
[0.16, 0.25] for depressive symptoms, p < 0.001), as was the relation-
ship between severe falls and anxiety/depressive symptoms (p = 0.30
[0.24, 0.37] for anxiety symptoms, p < 0.001; = 0.21 [0.15, 0.27] for

Variables Coefficient SE t value Bootstrap 95 % CI

Lower Upper
Anxiety symptoms(Y)
Independent variable Falls(X) 0.18 0.02 9.35 0.14 0.22
Moderator variable Psychological resilience(W) —0.43 0.01 —44.04 —0.45 —0.40
Interaction X xW —0.18 0.03 —9.62 —0.24 -0.12
Constant 0.70 0.12 7.29 0.48 0.93
Depression symptoms(Y)
Independent variable Falls(X) 0.08 0.01 5.52 0.05 0.10
Moderator variable Psychological resilience(W) —0.74 0.01 —105.84 —0.76 —0.72
Interaction XxW —-0.09 0.02 —6.64 —-0.12 —0.06
Constant 0.44 0.07 6.30 0.29 0.58

Note:

Control Variable: Demographics variables (age, sex, education level, marital status and current residence);Family socioeconomic variables (family economic status, co-
residence with family members , Leisure activity, childhood hunger); health status (number of chronic diseases, smoking and drinking, activities of daily living).

Table 5

Moderating role of psychological resilience to severe falls — anxiety/depression symptoms.

Variables Coefficient SE t value Bootstrap 95 % CI

Lower Upper
Anxiety symptoms(Y)
Independent variable Severe Falls(X) 0.17 0.03 5.45 0.10 0.23
Moderator variable Psychological resilience(W) —0.45 0.01 —51.41 —0.48 —0.43
Interaction X xW —-0.22 0.05 —7.69 —0.31 -0.12
Constant 0.72 0.12 7.46 0.50 0.95
Depression symptoms(Y)
Independent variable Severe Falls(X) 0.06 0.02 2.53 0.01 0.10
Moderator variable Psychological resilience(W) —0.76 0.01 —118.41 -0.77 —0.74
Interaction X xW —0.09 0.02 —4.61 —0.14 —0.05
Constant 0.45 0.08 6.44 0.30 0.59

Note:

Control Variable: Demographics variables (age, sex, education level, marital status and current residence);Family socioeconomic variables (family economic status, co-
residence with family members , Leisure activity, childhood hunger); health status (number of chronic diseases, smoking and drinking, activities of daily living).
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Fig. 2. The interaction effect of Falls/severe falls and psychological resilience on anxiety/depressive symptoms.

depressive symptoms, p < 0.001).
3.3. Subgroup and sensitivity analyses

The results of the subgroup analyses of the relationship between
falls/severe falls and anxiety/depressive symptoms are shown in
Table 3. When examining the relationship between falls/severe falls and
anxiety symptoms, the association was robust in the following subgroup
analyses: sex, age, education, and resilience level. We found, however,
that the relationship between falls/severe falls and depressive symptoms
was heterogeneous across education levels and levels of resilience.
Accordingly, the relationship between severe falls and depressive
symptoms did not exist in the group with more than six years of edu-
cation and in the group with high levels of resilience.

Table A6 (Supplementary materials) indicates that the associations
between falls/severe falls and anxiety/depressive symptoms remained
significant after excluding participants with severe cognitive impair-
ment and MMSE scores <21. In both the unadjusted and adjusted
models, consistent results were shown.

3.4. Moderating analyses

According to Tables 4 and 5 and Fig. 2, psychological resilience
moderated the association between falls/severe falls and anxiety/
depressive symptoms. The bootstrapping results showed a significant
interaction effect for falls and anxiety symptoms (f = —0.18 [—0.24,
—0.12]), severe falls and anxiety symptoms (f = —0.22 [—-0.31, —0.12]),
falls and depressive symptoms (f = —0.09 [-0.12, —0.06]), and severe
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falls and depressive symptoms (f = —0.09 [—0.14, —0.05]). The rela-
tionship between falls/severe falls and anxiety/depressive symptoms
was mitigated in participants with higher levels of psychological
resilience.

4. Discussion

Using a nationally representative sample of data from the CLHLS,
this study examined the relationship between falls/severe falls and
anxiety/depressive symptoms and the moderating effects of psycho-
logical resilience. As a result of our research, we found that falls/severe
falls were positively associated with anxiety and depression, and that
psychological resilience could moderate this association. The results of
our study indicate a promising direction for future research regarding
the prevention of fall-related symptoms of anxiety and depression.

First, our study showed that participants who had falls/severe falls
had more serious anxiety/depressive symptoms, which is consistent
with previous studies (Yue et al., 2022; Grenier et al., 2014; Hoffman
etal., 2017). A possible explanation could be that anxiety symptoms are
correlated with four fall-related psychological concerns (fear of falling,
fall-related self-efficacy, balance confidence, and outcome expectancy),
whereas depressive symptoms are associated with avoidance of activity
because of the fear of falling (Hull et al., 2013). In addition, according to
the subgroup analyses, the relationship between severe falls and anxiety
was robust regardless of age, sex, educational and resilience level, while
depressive symptoms in this association were not significant in the
group with more than six years of education. This may be because
people with middle school education or higher have higher levels of
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health literacy (Liu et al., 2015), which can help participants to learn
more about falls prevention knowledge.

Second, our study revealed the moderating role of psychological
resilience in the relationship between falls/severe falls and anxiety/
depressive symptoms. To our knowledge, this is the first study to explore
the moderating role of psychological resilience on the relationships
between falls/severe falls and anxiety/depressive symptoms. A relevant
qualitative study showed that participating in physical activity after
falling enhances psychological resilience as a protective factor (Martin
and Kasser, 2021). Moreover, many previous studies have investigated
that the protective effect of resilience on anxiety/depressive symptoms
in different groups such as veterans (Pietrzak et al., 2009), adolescent
survivors of the Wenchuan earthquake (Ying et al., 2014), and children
(Ding et al., 2017). Consistent with Masten and Reed's (2002) interac-
tion model of psychological resilience, moderating factors alter the in-
fluence of risk factors on psycho-social functioning. In this study, high
psychological resilience decreased the relationship between falls/severe
falls and anxiety/depressive symptoms. In the low psychological resil-
ience group, falls and severe falls were positively associated with
anxiety and depressive symptoms. These results highlight the need to
pay attention to interventions aimed at psychological resilience to pro-
mote its protective role against the effects of falls/severe falls on anxi-
ety/depressive symptoms among older Chinese adults.

Our study has several strengths including the sample representa-
tiveness and novel findings of moderating role of psychological resil-
ience in the association of falls and symptoms of anxiety and depression.
There are some limitations to our study. First, this study used a cross-
sectional design, which makes it difficult to interpret causal relation-
ships. Longitudinal data should be applied in future studies to further
elucidate the causal direction. Second, in line with previous studies, this
study used a self-report form which does not remove the recall bias.
Further experimental study with more accurate documentation of falls
and symptoms of anxiety and depression was warranted.

5. Conclusion

This study found that falls and severe falls were significantly asso-
ciated with higher risks of anxiety and depression symptoms in Chinese
older adults. The effects of falls/severe falls on anxiety/depressive
symptoms were moderated by psychological resilience. An increased
correlation between falls/severe falls and anxiety/depressive symptoms
was observed among participants with lower levels of psychological
resilience. In light of this, future psychiatric intervention strategies on
fall-related symptoms of anxiety and depression could target the pro-
tective role of psychological resilience.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jad.2023.08.060.
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Abstract

Background: Depression isone of the most common mental illnesses, and it may have alasting effect on one’swholelife. As
aform of financia hardship, catastrophic health expenditure (CHE) may be associated with depression. However, current evidence
about the relationship between CHE and the risk of depression isinsufficient.

Objective: This study aimed to explore the relationship between CHE and the risk of depression among Chinese adults.

Methods: In this study, we used 3 waves of the China Family Panel Studies (CFPS) from 2012, 2016, and 2018. The CFPS are
a nationally representative study covering 25 of 31 provinces in Chinese mainland and representing nearly 94.5% of the total
population. We selected eligible household heads as participants, divided them into 2 groups by CHE events at baseline (exposed
group: with CHE; unexposed group: without CHE), and followed them up. Households with CHE were defined as having
out-of -pocket medical expenditures exceeding 40% of the total household nonfood expenditure, and peopl e with depression were
identified by the 8-item Centrefor Epidemiological Studies Depression Scale (CES-D). Wefirst described the baseline characteristics
and used logistical regression to estimate their effects on CHE events. Then, we used Cox proportional hazard modelsto estimate
adjusted hazard ratios and 95% Cls of depression among participants with CHE compared with those without CHE. Finally, we
analyzed the subgroup difference in the association between CHE and depression.

Results: Of atotal of 13,315 households, 9629 were eligible for analysis. Among them, 6824 (70.9%) were men. The mean age
was 50.15 (SD 12.84) years. Only 987 (10.3%) participants had no medical insurance. The prevalence of CHE at baseline was
12.9% (1393/9629). Participants with a higher family economic level (adjusted odds ratio [aOR] 1.15, 95% CI 1.02-1.31) and
with the highest socioeconomic development level (aOR 1.18, 95% CI 1.04-1.34) had a higher prevalence of CHE than reference
groups. During amedian of 71 (IQR 69-72) person-months of follow-up, the depression incidence of participantswith CHE (1.41
per 1000 person-months) was higher than those without CHE (0.73 per 1000 person-months). Multivariable models revealed that
the adjusted hazard ratio for the incidence of depression in participantswith CHE was 1.33 (95% CI 1.08-1.64), and this association
appeared to be greater in participants without outpatient services (for interaction, P=.048).

Conclusions: CHE was significantly associated with increased risk of depression among Chinese adults. Concentrated work
should be done to monitor CHE, and more efforts to ensure financia protection need to be made to prevent depression, especially
for people with high health care needs.
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Introduction

There is a strong bidirectional linkage between health and
poverty. To cut off thislinkage, the United Nation's Sustainable
Development Goals include target 3.8, which aims to achieve
universal health coverage (UHC) by 2030 [1]. UHC meansthat
all people can receive the health services they need without
experiencing financial hardship [1]. According to the World
Health Organization, globally in 2017, aimost 1.4 billion people
experienced financia hardship due to out-of-pocket (OOP)
health payments, among whom nearly 1 billion people were
pushed into extreme poverty [2]. Therefore, thereis still along
way to go to achieve UHC goas by 2030 considering the
additional impact of COVID-19.

One of the 2 essential parts of UHC is providing financial
protection for people to pay for health services [3], and the
government of Chinahas made great progress on thisfront. For
example, as early as 2009, China reformed a series of health
care reforms including three national basic medical insurance
programs. (1) Urban Employee Basic Medical Insurance
(UEBMI) designed for employed urban residents; (2) the Urban
Resident Basic Medica Insurance (URBMI) covering the
unemployed, retired, older adults, students, and children in
urban areas, and (3) the New Rural Cooperative Medical Scheme
(NRCMS) for rural residents [4]. Currently, China’s national
basi c insurance programs cover over 1.35 billion people, about
97% of the total population [5]. Additionally, to eliminate
poverty, the Decision on Winning the Battle Against Poverty
policy proposed by Chinain 2015 achieved substantial results
in education, primary medical care, and the basic living needs
of people living in poverty. In fact, in 2020, the government of
China announced that all low-income counties in China had
been lifted out of poverty [6]. Benefitting from policies and
measures on financial protection of health, the incidence of
catastrophic health expenditure (CHE) in China declined from
14.7% in 2010 to 8.7% in 2018 [7]. However, there are still a
few people encountering financial hardship, and the impact on
mental and physical health caused by CHE is still worth
studying.

Depressionisaprevalent mental illnessglobally that contributes
to the global burden of diseases as the |leading mental cause of
mortality for all ages[8]. Once depression appears, it can have
alasting and profound influence on one'swholelife. Thedirect
outcome of depression is a poor quality of life [9]. A study
conducted on patients with schizophrenia indicated that
depression has a strong negative effect on al 8 domains of
subjective quality of life [10]. Furthermore, a meta-analysis
showed that compared to controls, patientswith depression had
significant moderate cognitive deficits in executive function,
memory, and attention (Cohen d effect sizesranging from —0.34
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to —0.65) [11]. Moreover, depression is a negative factor in
cardiovascular disease (CVD) incidence, severity, and outcomes
[12]. Rajan et a [13] found that depression was associated with
CVD incidence (hazard ratio [HR] 1.14, 95% CI 1.05-1.24) and
myocardial infarction (HR 1.14, 95% CI 1.05-1.24). Meng et
al [14] also found that depression was associated with a higher
risk of CVD mortality (HR 1.22, 95% CI 1.04-1.44). Therefore,
the prevention and management of depression is a crucial and
urgent public health issue.

A series of social, psychological, and biological factors and
their complex interactions can play a role in depression
occurrence [15,16]. Some study results posit that lower social
support, a lower socioeconomic position, and economic
difficulties are associated with a higher risk of depression
[17,18], and the association is stronger between financia
hardship and depression than other socioeconomic variables
[19]. CHE, in theory, may have an impact on the mental health
of family members because of reduced necessary expenditures.
Nevertheless, current studies mostly focus on the likelihood of
CHE events among people with depression, not the impact of
CHE on depression occurrence [20,21]. In this study, we used
3 waves (2012, 2016, and 2018) of nationally representative
data from the China Family Panel Studies (CFPS) to anayze
the association of CHE with the risk of depression.

Methods

Study Design and Participants

Data in this study were obtained from CFPS, which is almost
anationally representative longitudinal study covering 25 of 31
provinces/municipalities in Chinese mainland (not including
Xinjiang, Tibet, Inner Mongolia, Ningxia autonomous region,
and Qinghai and Hainan provinces), representing nearly 94.5%
of thetotal population in the Chinese mainland [22]. The CFPS
were implemented by the Institute of Social Science Survey of
Peking University to collect individua-, household-, and
community-level data every 2 years. A baseline survey was
conducted in 2010, and follow-up datafrom 2012, 2014, 2016,
and 2018 were available for download from the officia CFPS
website [23].

As the information on depression in some of the CFPS waves
was deficient, we used data from 2012, 2016, and 2018. The
survey in 2012 included 35,720 adults (aged =16 years) and
13,315 households with valid interview responses. Individuals
who had missing data at baseline (n=505), had depression at
baseline (n=448), were lost to follow-up (n=2462), and had
missing data of depression at the end of follow-up (n=271) were
excluded. Finally, atotal of 9629 households (household heads)
were included in this study (Figure 1).
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Figure 1. Flowchart of participants selected from China Family Panel Studies (CFPS). CHE: catastrophic health expenditure.
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Ethics Approval

The CFPS, which involved human participants, were approved
by the Biomedica Ethics Review Committee of Peking
University (IRB00001052-14010). All written informed consent
was provided by participantsaged over 15 yearsor their parents
(for those aged 15 years and under). The participants’ personal
information and privacy were strictly protected by the CFPS
according to the rules set by Peking University’s Biomedical
Ethics Review Committee.

M easurements of Catastrophic Health Expenditure

The measurement of catastrophic health expenditure (CHE) was
based on households, where a household member was defined
by marriage, blood, or adoptive relationship, as well as an
ongoing economic tie [24]. The head of the household was
identified as the key decision-maker when the household faced
important matters and decisions. Household OOP health
payments were measured as the medical expenditure of all
family members excluding reimbursed expenses in the past 12
months. The yearly household food expenditure was estimated
as the monthly meal expenses multiplied by 12, and the total
household expenditure in the past 12 months was calculated as
the sum of monthly dailly expenditures (food, daily used
commodities and necessities, transportation, etc) multiplied by
12 plus yearly special expenditures (electricity, medical care,
clothing, etc).

https://publichealth.jmir.org/2023/1/e42469

Househol ds who experienced CHE were defined as those with
OOP medical expenditures exceeding 40% of the household's
capacity to pay (calculated astotal household expenditure minus
household food expenditure) [25]. CHE prevalence at baseline
was measured as the percentage of the number of household
heads incurring CHE to total participants. The formulawas:

1 N
CHE prevalence = (EZ CHE;) x 100%
i

where N isthetotal number of participants, and CHE; is1 when
the iy, household incurred CHE and O otherwise.

M easurements of Depression

Depression was measured by the 8-item Center for
Epidemiological Studies Depression Scale (CES-D), which is
ashortened version of the original 20-item CES-D including 8
depressive symptoms (Table S1 in Multimedia Appendix 1).
CES-D was not designed as adiagnostic tool but iswidely used
to identify individuals at high risk of depression in genera
populations and various subpopulations [26]. The score of each
item in the 20-item CES-D ranges from 0 to 3 according to the
frequency response of depressive symptoms in the past week,
with Oindicating rarely or none of thetime (<1 day), 1 indicating
someor alittle of thetime (1-2 days), 2 indicating occasionally
or amoderate amount of time (3-4 days), and 3 indicating most
or all of the time (5-7 days) [26]. The commonly used 8-item
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CES-D asked respondents whether they experienced any of the
8 depressive symptoms “most of time during the last week”
[27], which was scored according to the answer (yes=1; no=0).
The 8-item CES-D used in CFPS included the same depressive
symptoms but was scored by frequency response. As “most or
al of the time” in frequency response is equal to the “yes’
answer to “most of time last week,” we transferred the 4-score
level of frequency response to the yes/no response[28]. Hence,
the score of 8-item CES-D ranged from 0-8, and a total score
>3 was deemed to indicate depression [28]. As the 8-item
CES-D cannot diagnose depressive disorders, people with an
8-item CES-D score =3 in our study were identified as having
depressive symptoms [29].

Covariates

Covariates in this study included (1) demographic
characteristics: gender (male, female), age group (16-39, 40-49,
50-49, =60 years), marital status (married/partnered, other),
education (no or some formal education, primary school, middle
school, high school and above), and insurance (without any
insurance, UEBMI, URBMI, NRCMS, other); (2) health-related
characteristics. self-reported health (good, medium, poor),
chronic diseases (yes, no), BMI (normal, lower, overweight,
obese), outpatient services (yes, no), inpatient services (yes,
no), current smoking (yes, no), and drinking (yes, no); and (3)
socioeconomic characteristics: residence (urban, rural), family
economic level (lowest, lower, higher, highest), family size
(1-2, 3-4, =5), and socioeconomic development level (lowest,
lower, higher, highest ).

The family economic level was classified by the quartiles of
household annual income, which was converted into 2012 US
dollars based on purchasing power parities published by the
World Bank [30] (lowest: <$4775.56, lower: $4775.56 to
<$9831.46, higher: $9831.46 to <$17173.60, highest:
>$17173.60). Numerous studies have reported that nighttime
light intensity is highly associated with socioeconomic
development [31,32]. Therefore, the socioeconomic
development leve in this study was identified by the quartiles
of provinces mean nighttime light intensity in 2012 (lowest:
<0.089, lower: 0.089-0.31, higher: 0.32-0.68, highest: =0.69),
which was obtained from the Harvard Dataverse [33].

Statistical Analyses

Baseline characteristics of the participants were presented as
mean (SD) for continuous variables or frequencies and
percentages for categorical variables. The Pearson X test was
used to compare distributions of CHE according to different
baseline characteristics. A multivariate logistical regression
model was used to analyze the determinants of CHE.

https://publichealth.jmir.org/2023/1/e42469

Wang et al

We cal cul ated the incidence rates (number of events divided by
accumulated person-month) and used the univariate and
multivariate Cox proportional hazard models to estimate the
HRs and 95% Cl s of depression among participants with CHE
compared with those without CHE. First, the model adjusted
demographic characteristicsin multivariate model 1, including
gender, age group, marital status, education, and insurance.
Next, the model adjusted health-related factorsin model 2 based
on model 1, including self-reported health, chronic diseases,
BMI, outpatient services, inpatient services, current smoking,
and current drinking. Finally, the model adjusted socioeconomic
factorsin model 3 based on model 2, including residence, family
economic level, family size, and socioeconomic devel opment
level.

To examine the robustness of our findings, we conducted 3
sensitivity analyses. First, we defined households with CHE as
those having OOP medical expenditure exceeding 25% of the
total household expenditure according to the World Bank. [25]
Second, we transferred the categorical variables of age group
and family economic level into continuous variables and
conducted the same analysis in the final model. Third, we
changed the variable nighttime light intensity into the gross
regional product (GRP, divided into 4 groups based on the
quartiles of 2012 per capita GRP [34]) to indicate the
socioeconomic development level in the final model.

Finaly, the analysis was dtratified by gender, age group,
insurance, chronic diseases, self-reported health, outpatient
services, inpatient services, residence, socioeconomic
development level, and family economic level, and a
multiplicative interaction term was included in the final model
with the stratification variable removed for subgroup anaysis.

All data were analyzed in R software (version 4.2.1; R
Foundation for Statistical Computing). A 2-sided P value <.05
was considered to be significant.

Results

Baseline Characteristics

A total of 9629 participantswere enrolled in this study, of which
6824 (70.9%) were male. The mean age was 50.15 (SD 12.84)
years. Among the parti cipants, 89.5% (8622/9629) were married
or partnered. Only 987 (10.3%) participants had no medical
insurance, and 1341 (13.9%), 603 (6.3%), and 6317 (65.6%)
participants had UEBMI, URBMI, and NRCMS, respectively
(Table 1).
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Table 1. Distribution of CHE? by baseline characteristics.

Nonexposed groupb Exposed group®

Characteristics Total (N=9629) (n=8236), n (%) (n=1393), n (%) Chi-square (df) P value
Demographic characteristics
Gender 36(1) .06
Male 6824 5867 (86) 957 (14)
Female 2805 2369 (84.5) 436 (15.5)
Age group (years) 346.3 (3) <.001
16-39 1931 1753 (90.8) 178 (9.2)
40-49 3016 2750 (91.2) 266 (8.8)
50-59 2320 1969 (84.9) 351(15.1)
=60 2362 1764 (74.7) 598 (25.3)
Marital status 9.1(1 .003
Married/partnered 8622 7407 (85.9) 1215 (14.1)
Other 1007 829 (82.3) 178 (17.7)
Education 97.3(3) <.001
No or some formal education 2506 2005 (80) 501 (20)
Primary school 2322 1980 (85.3) 342 (14.7)
Middle school 2789 2475 (88.7) 314 (11.3)
High school and above 2012 1776 (88.3) 236 (11.7)
Insurance 55 (4) 24
None 987 856 (86.7) 131 (13.3)
UEBMI® 1341 1169 (87.2) 172 (12.8)
URBMI® 603 511 (84.7) 92 (15.3)
NRCMS 6317 5378 (85.1) 939 (14.9)
Other 381 322 (84.5) 59 (15.5)
Health-related characteristics
Self-reported health 2455 (2) <.001
Good 5874 5241 (89.2) 633(10.8)
Medium 2001 1692 (84.6) 309 (15.4)
Poor 1754 1303 (74.3) 451 (25.7)
Currently smoking 12.6 (1) <.001
No 5355 4519 (84.4) 836 (15.6)
Yes 4274 3717 (87) 557 (13)
Drinking 16.4 (1) <.001
No 7282 6168 (84.7) 1114 (15.3)
Yes 2347 2068 (88.1) 279 (11.9)
Chronic diseases 104 () <.001
No 8268 7195 (87) 1073 (13)
Yes 1361 1041 (76.5) 320 (23.5)
BMI 25.8(3) <.001
Normal 5596 4776 (85.3) 820 (14.7)
Lower 711 569 (80) 142 (20)
https://publichesl th.jmir.org/2023/1/e42469 JMIR Public Health Surveill 2023 | vol. 9| e42469 | p. 5
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Nonexposed groupb Exposed group®
Characteristics Total (N=9629) (n=8236), n (%) (n=1393), n (%) Chi-square (df) P value

Overweight 2658 2301 (86.6) 357 (13.4)
Obese 664 590 (88.9) 74 (11.1)

Outpatient services 101.8 (1) <.001
No 7577 6624 (87.4) 953 (12.6)
Yes 2052 1612 (78.6) 440 (21.4)

Inpatient services 164.4 (1) <.001
No 8747 7644 (87.4) 1103 (12.6)
Yes 882 592 (67.1) 290 (32.9)

Socioeconomic characteristics

Residence 11.7 (1) <.001
Urban 4315 3750 (86.9) 565 (13.1)
Rural 5314 4486 (84.4) 828 (15.6)

Family economic level 55.8 (3) <.001
Lowest 2988 2439 (81.6) 549 (18.4)
Lower 2336 2021 (86.5) 315(13.5)
Higher 2366 2084 (88.1) 282 (11.9)
Highest 1939 1692 (87.3) 247 (12.7)

Family size 1515 (2) <.001
1-2 2158 1677 (77.7) 481 (22.3)
34 4302 3833 (89.1) 469 (10.9)
>5 3169 2726 (86) 443 (14)

Socioeconomic development level 6.4 (3) .09
Lowest 2491 2158 (86.6) 333(13.4)
Lower 1492 1258 (84.3) 234 (15.7)
Higher 3726 3199 (85.9) 527 (14.1)
Highest 1920 1621 (84.4) 299 (15.6)

8CHE: catastrophic health expenditure.

bPeople without CHE.

®People with CHE.

dUEBMI: Urban Employee Basic Medical Insurance.
SURBMI: Urban Resident Basic Medical Insurance.
'NRCMS: New Rural Cooperative Medical Scheme.

CHE Prevalence

At baseline, the prevalence of CHE was 12.9% (1393/9629)
among the participants. Except for gender, insurance, and
socioeconomic development level, the distribution of baseline
characteristics was significantly different between households
with CHE and those without CHE (Table 1). The logistical
regression anaysis revealed that participants with poor (adjusted
odds ratio [aOR] 1.64, 95% Cl 1.39-1.94) and medium
self-reported health (aOR 1.17, 95% Cl 1-1.37), chronic diseases
(a0OR 1.30, 95% CI 1.11-1.52), outpatient services (aOR 1.16,
95% CI 1-1.35) and inpatient services (aOR 2.40, 95% CI
2.03-2.84), rurd residence (aOR 1.21, 95% CI 1.05-1.39), family
size 25 people (aOR 1.22, 95% Cl 1.09-1.36), higher family
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economic level (aOR 1.15, 95% CI 1.02-1.31), and the highest
socioeconomic development level (aOR 1.18, 95% Cl 1.04-1.34)
had a higher prevalence of CHE than reference groups (Table
S2 in Multimedia Appendix 1).

Risk of Depression

During a median of 71 (interquartile range: 69-72)
person-months of follow-up, 532 (5.53%) of 9629 participants
developed depression, of which 403 (75.75%) cases had no
CHE and 129 (24.25%) cases had CHE. The incidence rate of
depression among partici pants without and with CHE was 0.73
and 1.41 per 1000 person-months, respectively (Table 2). Inthe
unadjusted analysis, participantswho had CHE at baselinewere
associated with a99% higher risk of depression (crude HR 1.99,
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95% CI 1.63-2.42; Table 2). All multivariable—adjusted analyses
showed a significant association of CHE with the risk of
depression (Table S3 in Multimedia Appendix 1). In the fully
adjusted model, participants with CHE had a 33% increased
risk of developing depression compared to those without CHE
(adjusted HR [aHR] 1.33, 95% CI 1.08-1.64; Table 2).

https://publichealth.jmir.org/2023/1/e42469

Wang et al

In the sensitivity analyses, the association between CHE and
risk of depression was stable when we (1) defined CHE as OOP
medical expenditure exceeding 25% of the total household
expenditure, (2) transferred the categorical variables age group
and family economic level to continuous variables, and (3)
changed the variable nightlight time intensity into GRP to
indicate socioeconomic development level in the final model
(Table $4 in Multimedia Appendix 1).
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Table 2. Association of CHE? with risk of depression in the univariate and multivariate Cox proportional hazard models.

Wang et al

Incidence (per
Outcome (N=532), 1000 person-
Characteristics n (%) months) Univariate model Multivariate model®
cHRE (95% CI) Pvaue  aHRY(95% Cl) P value

CHE

Without 403 (75.8) 0.73 Reference Reference

With 129 (24.2) 141 1.99 (1.63-2.42) <.001 1.33(1.08-1.64) .008
Gender

Male 318 (59.8) 0.70 Reference Reference

Female 214 (40.2) 115 1.69 (1.42-2.01) <.001 1.51 (1.19-1.92) .001
Age group (years)

16-39 50 (9.4) 0.39 Reference Reference

40-49 144 (27.1) 0.71 2.39(1.93-2.97) <.001 1.61 (1.27-2.06) <.001

50-59 154 (28.9) 0.99 0.84 (0.69-1.02) .08 0.78 (0.64-0.96) .02

260 184 (34.6) 1.20 1.03 (0.87-1.22) 70 0.97 (0.82-1.15) 74
Marital status

Married/partnered 433 (81.4) 0.75 Reference Reference

Other 99 (18.6) 1.54 2.22 (1.78-2.76) <.001 1.34 (1.05-1.70) 02
Education

I\_lo or some formal educa- 255 (47.9) 1.56 Reference Reference

tion

Primary school 121 (22.7) 0.78 0.36 (0.29-0.44) <.001 0.63 (0.50-0.80) <.001

Middle school 100 (18.8) 0.53 1.27 (1.04-1.54) .02 1.18 (0.96-1.44) 12

High school and above 56 (10.5) 0.42 0.95(0.79-1.15) .61 1.01 (0.83-1.22) .95
Insurance

None 71(13.3) 111 Reference Reference

UEBMI€ 35 (6.6) 0.39 0.35(0.23-0.52) <.001 0.52 (0.34-0.79) .002

ureMIf 23 (4.3 0.57 0.51(0.32-0.81) .004 0.53(0.33-0.85) .009

NRCM <Y 394 (74.1) 0.93 0.82 (0.64-1.06) 13 0.68 (0.52-0.89) .004

Other 9(1.7) 0.35 0.30 (0.15-0.61) .001 0.43(0.21-0.88) .02
Self-reported health

Good 201 (37.8) 0.51 Reference Reference

Medium 110 (20.7) 0.83 1.61 (1.28-2.03) <.001 1.32(1.04-1.68) 02

Poor 221 (41.5) 1.93 3.89(3.21-4.71) <.001 2.10 (1.67-2.64) <.001
Currently smoking

No 314 (59.0) 0.88 Reference Reference

Yes 218 (41.0) 0.77 0.86 (0.72-1.02) .08 1.14(0.92-1.42) 24
Drinking

No 435 (81.8) 0.90 Reference Reference

Yes 97 (18.2) 0.62 0.67 (0.54-0.84) .001 0.88 (0.69-1.11) .29
Chronic diseases

No 419 (78.8) 0.76 Reference Reference

Yes 113(21.2) 1.25 1.62 (1.31-1.99) <.001 1.17 (0.94-1.46) 15
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Incidence (per
Outcome (N=532), 1000 person-
Characteristics n (%) months) Univariate model Multivariate model®
cHRE (95% Cl) Pvdue aHRY(95% CI) P value

BMI

Normal 311 (58.5) 0.84 Reference Reference

Lower 65 (12.2) 141 1.75 (1.34-2.28) <.001 1.13 (0.86-1.48) 40

Overweight 118 (22.2) 0.66 0.79 (0.64-0.98) .03 0.92 (0.74-1.13) 42

Obese 38(7.1) 0.85 1.05 (0.75-1.47) 78 1.13 (0.80-1.58) 50
Outpatient services

No 326 (61.3) 0.64 Reference Reference

Yes 206 (38.7) 152 2.36(1.98-2.81) <.001 1.41(1.16-1.72) .001
Inpatient services

No 477 (89.7) 0.82 Reference Reference

Yes 55 (10.3) 0.95 1.18 (0.89-1.56) 24 0.70 (0.52-0.94) .02
Residence

Urban 173 (32.5) 0.61 Reference Reference

Rural 359 (67.5) 1.01 1.65 (1.37-1.98) <.001 1.23 (1-1.52) .06
Family economic level

Lowest 240 (45.1) 121 Reference Reference

Lower 109 (20.5) 0.70 0.55 (0.46-0.67) <.001 0.75 (0.61-0.93) .008

Higher 116 (21.8) 0.74 1.11 (0.92-1.34) 28 1.03 (0.85-1.24) 79

Highest 67 (12.6) 0.52 0.79 (0.66-0.96) .02 0.83 (0.69-1) .049
Family size

1-2 165 (31) 1.17 Reference Reference

34 200 (37.6) 0.69 0.72 (0.62-0.84) <.001 0.96 (0.81-1.15) 69

=5 167 (31.4) 0.79 1.34(1.16-1.55) <.001 1.02 (0.88-1.19) 78
Socioeconomic development level

Lowest 174 (32.7) 1.05 Reference Reference

Lower 92 (17.3) 0.93 0.69 (0.57-0.83) .001 1.01(0.78-1.32) 92

Higher 186 (35.0) 0.75 0.92 (0.77-1.11) 39 0.86 (0.69-1.06) 16

Highest 80 (15.0) 0.63 1.01 (0.84-1.20) 94 0.73 (0.55-0.97) .03

3CHE: catastrophic health expenditure.

bAdjusted for demographic characteristics (gender, age group, education, marital status, and insurance), health-related characteristics (self-reported
health, smoking status, drinking, chronic disease, BMI, and outpatient and inpatient services), and socioeconomic characteristics (residence, family
economic level, family size, and socioeconomic development level).

CcHR: crude hazard ratio.

daHR: adjusted hazard ratio.

€UEBMI: Urban Employee Basic Medical Insurance.
fURBMI: Urban Resident Basic Medical Insurance.
INRCMS: New Rural Cooperative Medical Scheme.

CHE and the risk of depression was found to be somewhat
greater among participants without outpatient services (for
interaction, P=.048). Therisk of depression was higher among
participants with CHE who did not have outpatient services
(aHR 1.57, 95% CI 1.10-2.25) than those who had outpatient
services (aHR 1.06, 95% CI 0.76-1.48).

Subgroup Analyses

In the subgroup analyses, the association of CHE with the risk
of depression did not appear to be modified by most selected
baseline characteristics, such as gender, age group, insurance,
or chronic diseases (Figure 2). However, the association between
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Figure 2. Association of catastrophic health expenditure (CHE) with risk of depression in univariate and multivariate Cox proportional hazard models.
Superscripted arefersto people with CHE. Superscripted b refersto people without CHE. aHR: adjusted hazard ratio, NRCMS: New Rural Cooperative
Medical Scheme; UEBMI: Urban Employee Basic Medical Insurance; URBMI: Urban Resident Basic Medical I nsurance.

Total events Exposed group”  Nomexposed group® s, P for
Subgroup (N, %) (E\‘zntslogbjecrs} (F.v1.~|E|:'ts:’0bjg{:cts)p aHR (5% C1) interaction
All 532 (100.0) 129/1393 403/8236 1.33 (1.08-1.64) V——
Gender i 75
Male 318 (59.8) 71/957 24775867 1.32 (1.00-1.75) ——
Female 214 (40.2) 58/436 156/2369 1.41 (1.02-1.95) ——
Age group ! 93
16-39 50 (9.4) 6/178 44/1753 1.44 (0.59-3.48) T +
40-49 144 (27.1) 21/266 123/2750 1.34 (0.82-2.20) I—:r—’—l
50-59 154 (28.9) 38/351 116/1969 1.54 (1.05-2.27) :I—O—i
=60 184 (34.6) 64/598 120/1764 1.23 (0.89-1.69) l-:—.—|
Insurance ! .29
None 71 (13.3) 12/131 59/856 1.10 (0.56-2.15) —le—
UEBMI 35 (6.6) 10/172 25/1169 3.13 (1.39-7.03) i + >
URBMI 23 (4.3) 8/92 15/511 1.77 (0.63-4.97) i + >
NRCMS 394 (74.1) 97/939 297/5378 1.27 (1.00-1.62) :—Q—i
Other 9(L.7) 2/59 7322 0.78 (0.07-8.21) - >
Chronic diseases ! .70
No 419 (78.8) /1073 329/7195 1.28 (1.00-1.63) —+—
Yes 113 (21.2) 39/320 74/1041 1.44 (0.93-2.22) H——
QOutpatient services ! 048
No 326 (61.3) 74/953 252/6624 1.57 (1.19-2.06) ! ——
Yes 206 (38.7) 55/440 15171612 1.06 (0.76-1.48) '—P—'
Inpatient services H 53
No 477 (89.7) 101/1103 376/7644 1.30 (1.03-1.63) ——
Yes 55(10.3) 28/290 27/592 1.48 (0.81-2.69) .
Self-reported health ! 41
Good 201 (37.8) 36/633 165/5241 1.53 (1.05-2.22) il—Q—i
Medium 110 (20.7) 23/309 87/1692 1.28 (0.80-2.06) ———
Poor 221 (41.5) 70/451 15171303 1.27 (0.94-1.73) H——
Residence ' 49
Urban 173 (32.5) 33/565 140/3750 1.25(0.84-1.85) I—;—O—!
Rural 359 (67.5) 96/828 263/4486 1.36 (1.06-1.75) i'—‘_'
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Lower 109 (20.5) 28/315 81/2021 1.71 (1.08-2.70) ——
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Lower 92 (17.3) 24/234 68/1258 1.28 (0.76-2.14) I—f—ﬁ—l
Higher 186 (35.0) 46/527 140/3199 1.57 (1.10-2.25) ——
Highest 80 (15.0) 21/299 59/1621 1.20 (0.70-2.08) )—H—i
L
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00
Discussion burden of medical expenditure, and finally, leads to CHE.

CHE can introduce great financial pressure to a household, as
household members may have to borrow money, use savings,
and even sell assets[35], which may lead to alongtime negative
effect on their mental health [36]. To our knowledge, thisisthe
first cohort study on the association between CHE and the risk
of depression. We found that health-related characteristics
(chronic diseases, self-reported health, and outpatient and
inpatient services) and socioeconomic characteristics (residence,
socioeconomic development level, family size, and family
economic level) had an impact on CHE. We also found that
prior CHE events were strongly associated with depression
experienced by household heads and that there was an
i nteraction between CHE and outpatient servicesfor depression.

Our results reveal ed that people with chronic diseases, medium
and poor self-reported health, outpatient services and inpatient
services, rural, family size =5 people, and the highest
socioeconomic development level had a higher prevalence of
CHE, and these findings are consistent with those of other
studies[7,37]. Poor health directly leads to a higher frequency
of accessing health services, further leads to a heavy financia
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Nighttime light intensity is an indicator of socioeconomic
development, and areas with higher economic growth may have
access to diagnostic technology for most illnesses. In addition,
people in areas undergoing rapid socioeconomic development
may pay more attention to the early detection of diseases and
other preventive health care services [38]. Consequently,
health-rel ated characteristics and socioeconomic characteristics
were the main factors behind CHE.

The results of our study revealed that people with CHE had a
33% higher risk of developing depression (aHR 1.33, 95% Cl
1.08-1.64) than people without CHE. Socioeconomic variables,
especiadly financial hardship, have a great influence on
depression [39]. As aform of financia hardship, CHE plays a
role in depression incidence. Once a household incurred CHE,
family members had to take various measures to cope with
financial loss, which could take a long time to recover [35].
Given this, household heads had a higher risk of developing
depression with CHE than those without CHE under financial
pressure.

As CHE could trigger depression, which may further lead to
adverse outcomes [40,41], it is crucia to eliminate CHE to
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prevent depression. The first step to eliminating CHE is based
on reducing OOP health expenditures. Because poor health is
associated with an increased need and use of outpatient and
inpatient care, and this negative correlation can be intensified
by the number of chronic diseases[37], our results suggest that
relevant departments should continue to expand health
promotion, especially for chronic diseases. Additionaly,
governments should provide sufficient and targeted financial
protection, including medical insurance and poverty subsidies,
to reduce OOP payments and mitigate impoverishment caused
by poor health. Most studies on CHE are interested in
subpopul ationsthat have specialized diseaseslike cancers, HIV,
and tubercul osis[42-44]. The common features of these diseases
are long duration, which may even coexist with people and
cause a higher risk of CHE. To decreaseindividual OOP health
expenditure, inclined policies and measures should beintroduced
for these diseases. For example, to relieve the financial burden
faced by people living with chronic diseases, China launched
catastrophic medical insurance (critical illness insurance) in
2012 and implemented it nationwide in 2016 after city-based
testing, with the aim of reimbursing patients whose OOP health
expenditure exceeded a predetermined basic medical insurance
level [45]. In addition, for eligible people facing unaffordable
medical expenses, Chinaprovided medical assistance and even
offered treatment for free or at areduced pricefor some priority
diseases [46]. Of course, these policies are mostly aimed at
financialy vulnerable people. However, our study found that
people with a higher family economic level and the highest
socioeconomic development level were more likely to occur
CHE, which may be explained by the concentrated distribution
and utilization of health services. [47] In view of this, more
financial protection policies should be implemented for the
whole population regardless of their economic capacity.
Additionally, asthe current health care delivery in Chinais till
fragmented and treatment-based [48], with increasing incidence
of agerelated diseases, integrated establishment and
improvement of primary health services should be intensified
in health-related policies.

To cut off the linkage between CHE and depression, the second
point is to halt the progression to depression. As the evidence
shows in studies on financial hardship and depression, not all
people experiencing financial hardship will devel op depression
[39]. These differing responses to CHE may be explained by

Wang et al

various socioeconomic and psychological variablesin the stress
process model, such as social support, self-esteem, personal
agency, and personal ability to manage difficulties [39,49,50].
Therefore, measures to prevent and regul ate depression should
be extended widely. Additionally, timely financial assistance
should be implemented for vulnerable populations, such as
peoplewith chronic diseases and househol ds under the minimum
living guarantee.

In this study, we found that the risk of depression was higher
among participants with CHE who did not have outpatient
services (aHR 1.57, 95% Cl 1.10-2.25) than those who had
outpatient services (aHR 1.06, 95% CI 0.76-1.48). In CFPS,
the variable “outpatient services’ was measured by whether
participants had used outpatient services in the past 2 weeks
when they felt uncomfortable. Those without outpatient services
included people who did not feel uncomfortable and who felt
uncomfortable but did not use health services. The latter group
may have a lower socioeconomic status. Moreover, heads of
households with lower social support, a lower socioeconomic
position, and economic difficulties were more likely to
experience depression due to life pressures [17,18].
Consequently, not accessing outpatient services intensified the
association between CHE and the risk of depression.

There are several limitations to our study. First, because the
8-item CES-D isnot equal to clinical diagnosis, our study could
only estimate the association between CHE and the risk of
depressive symptoms, which calls for future research on CHE
and depressive disorders. Second, due to the limitation of the
original data, householdswith CHE did not include those facing
extreme poverty who could not seek health services and whose
household medical expenditure was zero. Third, expenditure
datafor calculating CHE were mainly based on the participants
memory, which may be prone to recall bias.

In conclusion, people with poor health and a higher
socioeconomic position had a higher prevalence of CHE and
CHE was significantly associated with a higher risk of
depression. To prevent depresson induced by CHE,
concentrated work should be made to monitor CHE, and more
efforts to ensure financial protection need to be introduced and
strengthened, especialy for people with higher health care
needs.

Acknowledgments

We appreciate the China Family Panel Studies (CFPS) for conducting the total survey and providing data. We also thank al the
interviewers, respondents, and volunteersin the survey. M oreover, we acknowledge the hel pful advice of the editors and reviewers.
This study was supported by the National Natural Science Foundation of China (72122001, 71934002).

Data Availability

Datafrom al are available to download from the official China Family Panel Studies (CFPS) website.

Authors Contributions

JL conceptualized and designed the study. YW carried out the literature search, data analysis, and interpretation; compiled the
tables and figures; and drafted the manuscript. WL, ML, and JL wrote, reviewed, and edited the manuscript. All authors read and

approved the final manuscript.

https://publichealth.jmir.org/2023/1/e42469

JMIR Public Health Surveill 2023 | vol. 9 | e42469 | p. 11
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR PUBLIC HEALTH AND SURVEILLANCE Wang et a

Conflictsof Interest
None declared.

Multimedia Appendix 1

Additional tables.
[DOCX File, 41 KB-Multimedia Appendix 1]

References

1.

2.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

Universal health coverage. World Health Organization. URL: https.//www.who.int/health-topics/
universal-health-coverage#tab=tab_ [accessed 2022-08-06]

Tracking universal health coverage: global monitoring report. World Health Organization and World Bank. URL : https./
[cdn.who.int/media/docs/defaul t-source/world-heal th-data-platform/events/

tracking-universal -heal th-coverage-2021-gl obal -monitoring-report_uhc-day.pdf ?sfvrsn=fd5c65c6_5& download=true
[accessed 2022-08-06]

Universal health coverage (UHC): fact sheets. World Health Organization. URL : https.//www.who.int/news-room/fact-sheets/
detail/universal-health-coverage-(uhc) [accessed 2022-08-06]

Sun J, Lyu S. The effect of medical insurance on catastrophic health expenditure: evidence from China. Cost Eff Resour
Alloc 2020 Feb 27;18:10 [FREE Full text] [doi: 10.1186/s12962-020-00206-y] [Medline: 32127784]

Yin W. To accel erate the devel opment of people’s health and promote the innovation of medical insurance system. People's
Daily. URL: http://health.people.com.cn/n1/2016/1010/c398004-28764621.html [accessed 2022-08-06]

Poverty alleviation: China's experience and contribution. The State Council Information Office of the People's Republic
of China. URL: http://www.scio.gov.cn/ztk/dtzt/44689/45216/index.htm [accessed 2022-08-07]

Liu C, Liu Z, Nicholas S, Wang J. Trends and determinants of catastrophic health expenditure in China 2010-2018: a
national panel data analysis. BMC Health Serv Res 2021 May 29;21(1):526 [FREE Full text] [doi:
10.1186/s12913-021-06533-x] [Medline: 34051762]

GBD 2019 Diseaseslnjuries Collaborators. Global burden of 369 diseases and injuriesin 204 countries and territories,
1990-2019: asystematic analysisfor the Global Burden of Disease Study 2019. Lancet 2020 Oct 17;396(10258):1204-1222
[EREE Full text] [doi: 10.1016/S0140-6736(20)30925-9] [Medline: 33069326]

Ruo B, Rumsfeld JS, Hlatky MA, Liu H, Browner WS, Whooley MA. Depressive symptoms and health-related quality of
life: theHeart and Soul Study. JAMA 2003 Jul 9;290(2):215-221 [FREE Full text] [doi: 10.1001/jama.290.2.215] [Medline:
12851276]

Reine G, Langon C, Di Tucci S, Sapin C, Auquier P. Depression and subjective quality of lifein chronic phase schizophrenic
patients. Acta Psychiatr Scand 2003 Oct;108(4):297-303 [doi: 10.1034/].1600-0447.2003.00132.x] [Medline: 12956831]
Rock PL, Roiser JP, Riedel WJ, Blackwell AD. Cognitiveimpairment in depression: asystematic review and meta-analysis.
Psychol Med 2014 Jul;44(10):2029-2040 [doi: 10.1017/S0033291713002535] [Medline: 24168753]

Elderon L, Whooley MA. Depression and cardiovascular disease. Prog Cardiovasc Dis 2013 May;55(6):511-523 [doi:
10.1016/j.pcad.2013.03.010] [Medline: 23621961]

Rajan S, McKee M, Rangarajan S, Bangdiwala S, Rosengren A, Gupta R, Prospective Urban Rural Epidemiology (PURE)
Study Investigators. Association of symptoms of depression with cardiovascular disease and mortality in low-, middle-,
and high-income countries. JAMA Psychiatry 2020 Oct 01;77(10):1052-1063 [FREE Full text] [doi:
10.1001/jamapsychiatry.2020.1351] [Medline: 32520341]

Meng R, Yu C, LiuN, HeM, Lv J, Guo Y, China Kadoorie Biobank Collaborative Group. association of depression with
all-cause and cardiovascul ar disease mortality among adultsin China. JAMA Netw Open 2020 Feb 05;3(2):€1921043
[EREE Full text] [doi: 10.1001/jamanetworkopen.2019.21043] [Medline: 32049295]

Heim C, Binder EB. Current research trendsin early life stress and depression: review of human studies on sensitive periods,
gene-environment interactions, and epigenetics. Exp Neurol 2012 Jan;233(1):102-111 [doi: 10.1016/j.expneurol.2011.10.032]
[Medline: 22101006]

Malhi GS, Mann JJ. Depression. Lancet 2018 Nov;392(10161):2299-2312 [doi: 10.1016/s0140-6736(18)31948-2]
Langer, Crockett MA, Bravo-Contreras M, Carrillo-Naipayan C, Chaura-Marié M, Gdmez-Curumilla B, et a. Social and
Economic Factors Associated With Subthreshold and Major Depressive Episodein University Students During the COVID-19
Pandemic. Front Public Health 2022;10:893483 [EREE Full text] [doi: 10.3389/fpubh.2022.893483] [Medline: 35664111]
Wei D, Au Yeung SL, He J, XiaoW, Lu J, Tu S, et a. Therole of social support in family socio-economic disparitiesin
depressive symptoms during early pregnancy: Evidence from a Chinese birth cohort. JAffect Disord 2018 Oct 01;238:418-423
[doi: 10.1016/].jad.2018.06.014] [Medline: 29913379]

Butterworth P, Olesen SC, Leach LS. Therole of hardship in the associ ation between socio-economi ¢ position and depression.
Aust N Z J Psychiatry 2012 Apr 05;46(4):364-373 [doi: 10.1177/0004867411433215] [Medline: 22508596]

https://publichealth.jmir.org/2023/1/e42469 JMIR Public Health Surveill 2023 | vol. 9 | e42469 | p. 12

RenderX

(page number not for citation purposes)


https://jmir.org/api/download?alt_name=publichealth_v9i1e42469_app1.docx&filename=337433caf6bccbf35cab25e4a2d9852f.docx
https://jmir.org/api/download?alt_name=publichealth_v9i1e42469_app1.docx&filename=337433caf6bccbf35cab25e4a2d9852f.docx
https://www.who.int/health-topics/universal-health-coverage#tab=tab_
https://www.who.int/health-topics/universal-health-coverage#tab=tab_
https://cdn.who.int/media/docs/default-source/world-health-data-platform/events/tracking-universal-health-coverage-2021-global-monitoring-report_uhc-day.pdf?sfvrsn=fd5c65c6_5&download=true
https://cdn.who.int/media/docs/default-source/world-health-data-platform/events/tracking-universal-health-coverage-2021-global-monitoring-report_uhc-day.pdf?sfvrsn=fd5c65c6_5&download=true
https://cdn.who.int/media/docs/default-source/world-health-data-platform/events/tracking-universal-health-coverage-2021-global-monitoring-report_uhc-day.pdf?sfvrsn=fd5c65c6_5&download=true
https://www.who.int/news-room/fact-sheets/detail/universal-health-coverage-(uhc)
https://www.who.int/news-room/fact-sheets/detail/universal-health-coverage-(uhc)
https://resource-allocation.biomedcentral.com/articles/10.1186/s12962-020-00206-y
http://dx.doi.org/10.1186/s12962-020-00206-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32127784&dopt=Abstract
http://health.people.com.cn/n1/2016/1010/c398004-28764621.html
http://www.scio.gov.cn/ztk/dtzt/44689/45216/index.htm
https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-021-06533-x
http://dx.doi.org/10.1186/s12913-021-06533-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34051762&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0140-6736(20)30925-9
http://dx.doi.org/10.1016/S0140-6736(20)30925-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33069326&dopt=Abstract
http://europepmc.org/abstract/MED/12851276
http://dx.doi.org/10.1001/jama.290.2.215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12851276&dopt=Abstract
http://dx.doi.org/10.1034/j.1600-0447.2003.00132.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12956831&dopt=Abstract
http://dx.doi.org/10.1017/S0033291713002535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24168753&dopt=Abstract
http://dx.doi.org/10.1016/j.pcad.2013.03.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23621961&dopt=Abstract
https://europepmc.org/abstract/MED/32520341
http://dx.doi.org/10.1001/jamapsychiatry.2020.1351
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32520341&dopt=Abstract
https://europepmc.org/abstract/MED/32049295
http://dx.doi.org/10.1001/jamanetworkopen.2019.21043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32049295&dopt=Abstract
http://dx.doi.org/10.1016/j.expneurol.2011.10.032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22101006&dopt=Abstract
http://dx.doi.org/10.1016/s0140-6736(18)31948-2
https://europepmc.org/abstract/MED/35664111
http://dx.doi.org/10.3389/fpubh.2022.893483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35664111&dopt=Abstract
http://dx.doi.org/10.1016/j.jad.2018.06.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29913379&dopt=Abstract
http://dx.doi.org/10.1177/0004867411433215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22508596&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR PUBLIC HEALTH AND SURVEILLANCE Wang et a

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

Hailemichael Y, Hanlon C, TirfessaK, Docrat S, Alem A, Medhin G, et a. Catastrophic health expenditure and
impoverishment in households of persons with depression: a cross-sectional, comparative study in rural Ethiopia. BMC
Public Health 2019 Jul 11;19(1):930 [FREE Full text] [doi: 10.1186/s12889-019-7239-6] [Medline: 31296207]

YanR, Li L, Duan X, Zhao J. Association of depressive symptomswith health service use and catastrophic health expenditure
among middle-aged and older Chinese adults: analysis of population-based panel data. JAm Med Dir Assoc 2023
May;24(5):664-671.e7 [doi: 10.1016/|.jamda.2022.11.018] [Medline: 36574953]

XieY, Lu P. The sampling design of the China Family Panel Studies (CFPS). Chin J Sociol 2015 Dec;1(4):471-484 [FREE
Full text] [doi: 10.1177/2057150X 15614535] [Medline: 29854418]

China Family Panel Studies. URL: http://www.isss.pku.edu.cn/cfps/ [accessed 2022-08-06]

XieY, HuJ. AnIntroduction to the China Family Panel Studies (CFPS). Chinese Sociological Review Sep 2014;47(1):3-29
[doi: 10.2753/CSA2162-0555470101.2014.11082908]

Cylus J, Thomson S, Evetovits T. Catastrophic health spending in Europe: equity and policy implications of different
calculation methods. Bull World Health Organ 2018 Sep 01;96(9):599-609 [ FREE Full text] [doi: 10.2471/BLT.18.209031]
[Medline: 30262941]

Smarr KL, Keefer AL. Measures of depression and depressive symptoms. Arthritis Care Res (Hoboken) 2020 Oct; 72 Suppl
10:608-629 [doi: 10.1002/acr.24191] [Medline: 33091258]

Turvey CL, Wallace RB, Herzog R. A revised CES-D measure of depressive symptoms and a DSM-based measure of
major depressive episodes in the elderly. Int Psychogeriatr 1999 Jun;11(2):139-148 [doi: 10.1017/s1041610299005694]
[Medline: 11475428]

Wallace R, Herzog A, Ofstedal M, Steffick D, Fonda S, Langa K. Documentation of affective functioning measuresin the
health and retirement study. HRS Online. URL : https://hrsonline.isr.umich.edu/sitedocs/userg/dr-005.pdf [accessed
2022-08-05]

Litwin H. The association between social network relationships and depressive symptoms among ol der Americans. what
matters most? Int Psychogeriatr 2011 Aug;23(6):930-940 [doi: 10.1017/S1041610211000251] [Medline: 21356159]

PPP conversion factor, GDP (LCU per international $) - China. World Bank. URL : https:.//data.worldbank.org/indicator/
PA.NUS.PPP? ocations=CN& most_recent_year desc=true& view=chart [accessed 2023-05-20]

Beyer RCM, Franco-Bedoya S, Galdo V. Examining the economic impact of COVID-19 in Indiathrough daily electricity
consumption and nighttime light intensity. World Dev 2021 Apr;140:105287 [FREE Full text] [doi:
10.1016/j.worlddev.2020.105287] [Medline: 34305264]

Zhang G, Guo X, Li D, Jiang B. Evaluating the potential of LJ1-01 nighttime light data for modeling socio-economic
parameters. Sensors (Basel) 2019 Mar 26;19(6) [FREE Full text] [doi: 10.3390/s19061465] [Medline: 30917491]
ChenZ, YuB, Yang C, Zhou Y, Yao S, Qian X. An extended time-series (2000-2018) of global NPP-VIIRS-like nighttime
light data. Harvard Dataverse. 2020. URL : https://dataverse.harvard.edu/dataset.xhtml ?persi stentld=doi:10.7910/DV N/
YGIVCD [accessed 2022-08-04]

National Bureau of Statistics of the People's Republic of China. China Statistical Yearbook 2012. Beijing, China: China
Statistical Publishing House; 2013:57

Kasahun GG, Gebretekle GB, Hailemichael Y, Woldemariam AA, Fenta TG. Catastrophic healthcare expenditure and
coping strategies among patients attending cancer treatment services in Addis Ababa, Ethiopia. BMC Public Health 2020
Jun 22;20(1):984 [FREE Full text] [doi: 10.1186/s12889-020-09137-y] [Medline: 32571275]

Kiely KM, Leach LS, Olesen SC, Butterworth P. How financial hardship is associated with the onset of mental health
problems over time. Soc Psychiatry Psychiatr Epidemiol 2015 Jun 17;50(6):909-918 [doi: 10.1007/s00127-015-1027-0]
[Medline: 25683473]

Zhao Y, Atun R, Oldenburg B, McPake B, Tang S, Mercer SW, et a. Physical multimorbidity, health service use, and
catastrophic health expenditure by socioeconomic groupsin China: an analysis of population-based panel data. Lancet Glob
Health 2020 Jun;8(6):e840-e849 [doi: 10.1016/s2214-109x(20)30127-3]

Tang K, Zhang Y, Wang H, Tan SH, Bai L, Liu Y. Regional economic development, household income, gender and
hypertension: evidence from half a million Chinese. BMC Public Health 2020 Jun 10;20(1):901 [FREE Full text] [doi:
10.1186/s12889-020-09002-y] [Medline: 32522178]

Frankham C, Richardson T, Maguire N. Psychological factors associated with financial hardship and mental health: A
systematic review. Clin Psychol Rev 2020 Apr;77:101832 [doi: 10.1016/j.cpr.2020.101832] [Medline: 32088498]
Yoshikawa H, Aber JL, Beardslee WR. The effects of poverty on the mental, emotional, and behavioral health of children
and youth: implications for prevention. Am Psychol 2012;67(4):272-284 [doi: 10.1037/a0028015] [Medline: 22583341]
Ridley M, Rao G, Schilbach F, Patel V. Poverty, depression, and anxiety: causal evidence and mechanisms. Science 2020
Dec 11;370(6522) [doi: 10.1126/science.aay0214] [Medline: 33303583]

Sun C, Shi J, FuW, Zhang X, Liu G, Chen'W, et a. Catastrophic health expenditure and its determinants among households
with breast cancer patientsin China: a multicentre, cross-sectional survey. Front Public Health 2021;9:704700 [FREE Full
text] [doi: 10.3389/fpubh.2021.704700] [Medline: 34291034]

https://publichealth.jmir.org/2023/1/e42469 JMIR Public Health Surveill 2023 | vol. 9 | e42469 | p. 13

(page number not for citation purposes)


https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-019-7239-6
http://dx.doi.org/10.1186/s12889-019-7239-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31296207&dopt=Abstract
http://dx.doi.org/10.1016/j.jamda.2022.11.018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36574953&dopt=Abstract
https://europepmc.org/abstract/MED/29854418
https://europepmc.org/abstract/MED/29854418
http://dx.doi.org/10.1177/2057150X15614535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29854418&dopt=Abstract
http://www.isss.pku.edu.cn/cfps/
http://dx.doi.org/10.2753/CSA2162-0555470101.2014.11082908
https://europepmc.org/abstract/MED/30262941
http://dx.doi.org/10.2471/BLT.18.209031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30262941&dopt=Abstract
http://dx.doi.org/10.1002/acr.24191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33091258&dopt=Abstract
http://dx.doi.org/10.1017/s1041610299005694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11475428&dopt=Abstract
https://hrsonline.isr.umich.edu/sitedocs/userg/dr-005.pdf
http://dx.doi.org/10.1017/S1041610211000251
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21356159&dopt=Abstract
https://data.worldbank.org/indicator/PA.NUS.PPP?locations=CN&most_recent_year_desc=true&view=chart
https://data.worldbank.org/indicator/PA.NUS.PPP?locations=CN&most_recent_year_desc=true&view=chart
https://europepmc.org/abstract/MED/34305264
http://dx.doi.org/10.1016/j.worlddev.2020.105287
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34305264&dopt=Abstract
https://www.mdpi.com/resolver?pii=s19061465
http://dx.doi.org/10.3390/s19061465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30917491&dopt=Abstract
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/YGIVCD
https://dataverse.harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/YGIVCD
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-020-09137-y
http://dx.doi.org/10.1186/s12889-020-09137-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32571275&dopt=Abstract
http://dx.doi.org/10.1007/s00127-015-1027-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25683473&dopt=Abstract
http://dx.doi.org/10.1016/s2214-109x(20)30127-3
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-020-09002-y
http://dx.doi.org/10.1186/s12889-020-09002-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32522178&dopt=Abstract
http://dx.doi.org/10.1016/j.cpr.2020.101832
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32088498&dopt=Abstract
http://dx.doi.org/10.1037/a0028015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22583341&dopt=Abstract
http://dx.doi.org/10.1126/science.aay0214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33303583&dopt=Abstract
https://doi.org/10.3389/fpubh.2021.704700
https://doi.org/10.3389/fpubh.2021.704700
http://dx.doi.org/10.3389/fpubh.2021.704700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34291034&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR PUBLIC HEALTH AND SURVEILLANCE Wang et a

43.

45,

46.

47.

48.

49,

50.

Jung H, Kwon Y D, Noh J. Financial burden of catastrophic health expenditure on householdswith chronic diseases: financia
ratio analysis. BMC Health Serv Res 2022 Apr 27;22(1):568 [FREE Full text] [doi: 10.1186/s12913-022-07922-6] [Medline:
35477404]

Assebe L F, Negussie EK, Joaily A, TollaMTT, Johansson KA. Financial burden of HIV and TB among patientsin Ethiopia:
a cross-sectional survey. BMJ Open 2020 Jun 01;10(6):e036892 [ FREE Full text] [doi: 10.1136/bmjopen-2020-036892]
[Medline: 32487582]

Li H, Jiang L. Catastrophic medical insurance in China. Lancet 2017 Oct 14;390(10104):1724-1725 [doi:
10.1016/S0140-6736(17)32603-X] [Medline: 29047433]

Cao W, Hsieh E, Li T. Optimizing treatment for adultswith HIV/AIDSin China: successes over two decades and remaining
challenges. Curr HIV/AIDS Rep 2020 Feb;17(1):26-34 [FREE Full text] [doi: 10.1007/s11904-019-00478-x] [Medline:
31939111]

Ni X, Li Z, Li X, Zhang X, Bai G, Liu, et a. Socioeconomic inequalitiesin cancer incidence and accessto health services
among children and adolescents in China: a cross-sectional study. Lancet 2022 Sep 24;400(10357):1020-1032 [doi:
10.1016/S0140-6736(22)01541-0] [Medline: 36154677]

YipW, FuH, Chen AT, Zhai T, Jlan W, XuR, et al. 10 years of health-care reform in China: progress and gapsin Universal
Hesalth Coverage. Lancet 2019 Sep 28;394(10204):1192-1204 [doi: 10.1016/S0140-6736(19)32136-1] [Medline: 31571602]
WickramaKAS, Surjadi FF, Lorenz FO, Conger RD, Walker C. Family economic hardship and progression of poor mental
health in middle-aged husbands and wives. Fam Relat 2012 Apr 01;61(2):297-312 [FREE Full text] [doi:
10.1111/j.1741-3729.2011.00697.x] [Medline: 22577243]

Drentea P, Reynolds JR. Where does debt fit in the stress process model ? Soc Ment Health 2015 Mar;5(1):16-32 [doi:
10.1177/2156869314554486] [Medline: 31106006]

Abbreviations

aHR: adjusted hazard ratio

aOR: adjusted odds ratio

CES-D: Center for Epidemiological Studies Depression Scale
CFPS: China Family Panel Studies

CHE: catastrophic health expenditure

CVD: cardiovascular disease

GRP: grossregiona product

HR: hazard ratio

NRCMS: New Rural Cooperative Medical Scheme
OOP: out-of-pocket

UEBMI: Urban Employee Basic Medical Insurance
UHC: universal health coverage

URBMI: Urban Resident Basic Medical Insurance

Edited by A Mavragani, T Sanchez, submitted 05.09.22; peer-reviewed by T Liyuan, J Ma, SPesdld, J Arias De La Torre; comments
to author 25.04.23; revised version received 18.05.23; accepted 26.05.23; published 15.08.23

Please cite as:

Wang Y, Liang W, Liu M, Liu J

Association of Catastrophic Health Expenditure With the Risk of Depression in Chinese Adults: Population-Based Cohort Sudy
JMIR Public Health Surveill 2023;9:e42469

URL: https://publichealth.jmir.org/2023/1/e42469

doi: 10.2196/42469

PMID: 37581926

©Yaping Wang, Wannian Liang, Min Liu, Jue Liu. Originally published in JMIR Public Health and Surveillance
(https://publichealth.jmir.org), 15.08.2023. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work, first published in IMIR Public Health and Surveillance, is properly cited. The complete
bibliographic information, alink to the original publication on https://publichealth.jmir.org, as well as this copyright and license
information must be included.

https://publichealth.jmir.org/2023/1/e42469 JMIR Public Health Surveill 2023 | vol. 9 | e42469 | p. 14

RenderX

(page number not for citation purposes)


https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-022-07922-6
http://dx.doi.org/10.1186/s12913-022-07922-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35477404&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=32487582
http://dx.doi.org/10.1136/bmjopen-2020-036892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32487582&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(17)32603-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29047433&dopt=Abstract
http://europepmc.org/abstract/MED/31939111
http://dx.doi.org/10.1007/s11904-019-00478-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31939111&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(22)01541-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36154677&dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(19)32136-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31571602&dopt=Abstract
https://europepmc.org/abstract/MED/22577243
http://dx.doi.org/10.1111/j.1741-3729.2011.00697.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22577243&dopt=Abstract
http://dx.doi.org/10.1177/2156869314554486
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31106006&dopt=Abstract
https://publichealth.jmir.org/2023/1/e42469
http://dx.doi.org/10.2196/42469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37581926&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

Research

JAMA | Original Investigation

Extracranial-Intracranial Bypass and Risk of Stroke and Death in Patients
With Symptomatic Artery Occlusion
The CMOSS Randomized Clinical Trial
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Visual Abstract
IMPORTANCE Prior trials of extracranial-intracranial (EC-IC) bypass surgery showed no benefit [ Editorial page 697
for stroke prevention in patients with atherosclerotic occlusion of the internal carotid artery
(ICA) or middle cerebral artery (MCA), but there have been subsequent improvements in
surgical techniques and patient selection.

Supplemental content

OBJECTIVE To evaluate EC-IC bypass surgery in symptomatic patients with atherosclerotic
occlusion of the ICA or MCA, using refined patient and operator selection.

DESIGN, SETTING, AND PARTICIPANTS This was a randomized, open-label, outcome
assessor-blinded trial conducted at 13 centers in China. A total of 324 patients with ICA or
MCA occlusion with transient ischemic attack or nondisabling ischemic stroke attributed to
hemodynamic insufficiency based on computed tomography perfusion imaging were
recruited between June 2013 and March 2018 (final follow-up: March 18, 2020).

INTERVENTIONS EC-IC bypass surgery plus medical therapy (surgical group; n = 161) or
medical therapy alone (medical group; n = 163). Medical therapy included antiplatelet
therapy and stroke risk factor control.

MAIN OUTCOMES AND MEASURES The primary outcome was a composite of stroke or death
within 30 days or ipsilateral ischemic stroke beyond 30 days through 2 years after
randomization. There were 9 secondary outcomes, including any stroke or death within 2
years and fatal stroke within 2 years.

RESULTS Among 330 patients who were enrolled, 324 patients were confirmed eligible
(median age, 52.7 years; 257 men [79.3%]) and 309 (95.4%) completed the trial. For the
surgical group vs medical group, no significant difference was found for the composite
primary outcome (8.6% [13/151] vs 12.3% [19/155]; incidence difference, -3.6% [95% ClI,
-10.1% to 2.9%]; hazard ratio [HR], 0.71[95% Cl, 0.33-1.54]; P = .39). The 30-day risk of
stroke or death was 6.2% (10/161) in the surgical group and 1.8% (3/163) in the medical group,
and the risk of ipsilateral ischemic stroke beyond 30 days through 2 years was 2.0% (3/151)

and 10.3% (16/155), respectively. Of the 9 prespecified secondary end points, none showed Author Affiliations: Author
a significant difference including any stroke or death within 2 years (9.9% [15/152] vs 15.3% affiliations are listed at the end of this
[24/157]; incidence difference, -5.4% [95% Cl, -12.5% to 1.7%]; HR, 0.69 [95% Cl, article.
0.34-1.39]; P = .30) and fatal stroke within 2 years (2.0% [3/150] vs 0% [0/153]; incidence Group Inforrflati:néThe i

4 _ investigators in the Carotid an
difference, 1.9% [95% Cl, -0.2% to 4.0%]; P = .08). Viid dIegCerebraI Artery Occlusion
CONCLUSIONS AND RELEVANCE Among patients with symptomatic ICA or MCA occlusion and gﬁ;g;;f;fi (CMOSS) arelisted in

hemodynamic insufficiency, the addition of bypass surgery to medical therapy did not ! )
significantly change the risk of the composite outcome of stroke or death within 30 days or C.O"esmndmg Authors: Liqun
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ntracranial atherosclerotic disease was a major contributor

to ischemic stroke burden globally, accounting for approxi-

mately 10% of ischemic strokes in Western countries' and
50% in Asia in 2009.2 Patients with symptomatic occlusion of
theinternal carotid artery (ICA) or middle cerebral artery (MCA)
are subject to high annual recurrent stroke risks, exceeding 10%
per year.>® Furthermore, cerebral hemodynamic insuffi-
ciency identifies a subgroup of these patients with an even
higher 2-year risk of ischemic stroke, despite medical therapy.”

Extracranial-intracranial (EC-IC) bypass surgery repre-
sents a plausible treatment strategy for patients with hemo-
dynamically compromised ICA or MCA occlusion, aimed at
restoring blood flow and reducing the risk of stroke by anas-
tomosis of the superficial temporal artery to the MCA.8 The
EC/IC Bypass Study was the first randomized clinical trial
demonstrating no benefit of bypass surgery in symptomatic
patients with atherosclerotic stenosis or occlusion of the ICA
and MCA.° This trial was criticized for including patients with
atherosclerotic stenosis, who might be unlikely to benefit
from bypass surgery, while also failing to identify patients
with hemodynamic insufficiency, in whom bypass surgery
might be of greatest benefit.!° The Carotid Occlusion Surgery
Study (COSS) in North America was halted early for futility,
failing to demonstrate a benefit of bypass surgery in patients
with hemodynamically compromised ICA occlusion.
Debates emerged as to whether reduction in perioperative
risk could render bypass surgery effective, as the postopera-
tive stroke rate was 15% in COSS.'?* Final results with adju-
dicated outcomes have not yet been published for a Japanese
EC-IC bypass trial of 196 patients.'

After COSS was published in 2011, in the United States,
the percentage of EC-IC bypasses performed for hospital-
admitted patients with symptomatic artery occlusion de-
creased from 40% in 2008-2010 to 20% in 2011-2014.' In this
context, the Carotid and Middle Cerebral Artery Occlusion
Surgery Study (CMOSS) was designed as a multicenter, ran-
domized, open-label trial comparing EC-IC bypass surgery plus
medical therapy with medical therapy alone in symptomatic
patients with ICA or MCA occlusion and hemodynamic insuf-
ficiency, with refined patient and operator selection.

Methods

Study Design and Oversight
CMOSS was a multicenter, randomized, open-label trial with
blinded assessment of end points at 13 sites in China. Details
of the study protocol have been previously published and are
provided in Supplement 1.7 A detailed statistical analysis plan
is provided in Supplement 2. The trial was approved by ethics
committees and research boards for each participating site and
overseen by anindependent data and safety monitoring board.
Information on the trial design, leadership, committees, and
investigators is provided in Supplement 3 and Supplement 4.
All the patients or their legal representatives provided writ-
ten informed consent.

The first patient was enrolled on June 6, 2013, and the last
patient on March 2, 2018. Each patient was followed up for
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Key Points

Question Among symptomatic patients with atherosclerotic
occlusion of the internal carotid artery (ICA) or middle cerebral
artery (MCA) with evidence of hemodynamic insufficiency in the
affected territory, does extracranial-intracranial (EC-IC) bypass
surgery plus medical therapy reduce stroke or death compared
with medical therapy alone?

Findings In this randomized clinical trial that included 324
patients, the addition of bypass surgery to medical therapy did not
significantly change the risk of the composite outcome of stroke or
death within 30 days or ipsilateral ischemic stroke beyond 30 days
through 2 years compared with medical therapy alone (8.6% vs
12.3%, respectively; hazard ratio, 0.71).

Meaning The findings do not support the addition of EC-IC bypass
surgery to medical therapy for the treatment of patients with
symptomatic atherosclerotic occlusion of the ICA or MCA.

2 years after randomization. The 2-year follow-up for the last
enrolled patient was completed on March 18, 2020.

Trial Population

Patients were eligible for inclusion in the trial if they were
between 18 and 65 years, had an occlusion of a unilateral ICA
or MCA demonstrated by digital subtraction angiography,
and had a modified Rankin Scale (mRS) score of O to 2
(Figure 1; Table 1). A qualifying transient ischemic attack
(TTA) or ischemic stroke in the territory of the occluded ICA
or MCA must have occurred within the past 12 months, the
most recent stroke must have occurred more than 3 weeks
previously, and the neurologic deficit must have been stable
for more than 1 month. Additionally, hemodynamic insuffi-
ciency within the MCA territory was required on imaging,
defined as mean transit time (MTT) (symptomatic side) of
longer than 4 seconds and relative cerebral blood flow (rCBF)
(symptomatic side/asymptomatic side) of less than 0.95 on
computed tomography perfusion. Detailed methods of quan-
titative measurement of MTT and CBF and the definition of
region of interest were previously described.'®-1° Patients
with more than 50% degree of stenosis of any other vessels
(especially the contralateral ICA, contralateral MCA, or basilar
artery) demonstrated by digital subtraction angiography,
massive cerebral infarction (more than 50% of the MCA terri-
tory) demonstrated by computed tomography or magnetic
resonance imaging, or other neurovascular disease likely to
cause focal cerebral ischemia were excluded. Detailed eligi-
bility criteria are provided in the eMethods in Supplement 3.
An independent imaging core laboratory confirmed the
imaging findings related to eligibility criteria.

Thirteen sites from 15 candidate academic tertiary cen-
ters in China met the following inclusion criteria: (1) attend-
ing neurosurgeons were certified by their roles as chief sur-
geonin at least 15 consecutive previous EC-IC bypass surgeries
during the previous year and (2) an anastomosis patency rate
greater than 95% and a perioperative stroke or death rate less
than 10% according to the records from the prior year.
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Figure 1. Patient Enrollment and Follow-Up in the Carotid and Middle Cerebral Artery Occlusion Surgery
Study (CMOSS) Trial

915 Adults with symptomatic carotid or
MCA occlusion assessed for eligibility

585 Excluded
348 Declined to participate
102 Without hemodynamic insufficiency on computed
tomography perfusion
56 Digital subtraction angiography demonstrating >50%
stenosis of contralateral ICA, MCA, or basilar artery
34 Qualifying events (stroke or TIA) occurred >12 mo prior
19 Psychiatric disorders, pregnancy, or involved in other trials
17 With unstable angina or myocardial infarction within
the last 6 mo
9 Comorbidities precluded general anesthesia or
angiographic assessment

330 Randomized® )

706

165 Randomized to the surgical group
4 Withdrew consent prior to any
treatment

165 Randomized to the medical group
1 Withdrew consent prior to any
treatment

1 Major protocol violation and
excluded®

!

161 Included in primary as-randomized
analysis
149 Received surgical intervention
as randomized
12 Received medical intervention
only

163 Included in primary as-randomized
analysis
153 Received medical intervention
as randomized
10 Received surgical intervention
9 Underwent bypass surgery
1 Underwent hybrid operation
of carotid artery occlusion

!

161 With follow-up visit at 30 d

163 With follow-up visit at 30 d

!

!

151 With follow-up visitat 2 y
9 Lost to follow-up
1 Died of suicide

l

155 With follow-up visitat 2 y
6 Lost to follow-up
1 Died of vehicle crash
1 Died of myocardial infarction

!

161 Included in primary as-randomized

163 Included in primary as-randomized

ICA indicates internal carotid artery;
MCA, middle cerebral artery;
and TIA, transient ischemic attack.

2 Simple randomization without block
or stratification.

analysis analysis
149 Included in secondary per-protocol 153 Included in secondary per-protocol b Major protocol violation due to
analysis analysis

baseline modified Rankin Scale

score of 4.

Randomization and Interventions

Patients were randomly assigned to EC-IC bypass surgery plus
medical therapy (the surgical group) or medical therapy alone
(the medical group) in a 1:1 ratio without block or stratifica-
tion. Computer-generated random number by an interactive
voice response system (Clinical Soft) was used for treatment
assignment. After randomization, follow-up visits at the neu-
rologic outpatient clinic were scheduled at 30 days as well as
6,12, and 24 months.

All enrolled patients received optimized medical treat-
ment including management of vascular risk factors. Risk
factor management included low-density lipoprotein choles-
terol level and hypertension control with medications as
needed, as well as encouraging smoking cessation (eg, coun-
seling or oral smoking cessation medications) and excess
weight control (eg, behavioral change or medications),
based on 2011 American Heart Association/American Stroke

JAMA August 22/29,2023 Volume 330, Number 8

Association guidelines before 2014 and 2014 American Heart
Association/American Stroke Association guidelines after
2014.29:21 Aspirin (100 mg/day) or clopidogrel (75 mg/day)
was prescribed to the patient and the use of any other anti-
thrombotic therapy (specifically, oral anticoagulant agents)
was discontinued until the 30-day follow-up visit.

Surgical intervention was performed within 7 days of ran-
domization by certified surgeons. Standard end-to-side anas-
tomosis of the superficial temporal artery to the M4 segment
(MCA) was used. Major targets of perioperative management
included the duration of the MCA cortical branch occlusion less
than 30 minutes and steady intraprocedural arterial Pco, and
periprocedural blood pressure. Specifically, continuous end-
tidal Pco, needed to be calibrated with arterial blood Pco,, and
if preoperative data were not available, noninvasive systolic
blood pressure targets were between 130 and 150 mm Hg and
Pco, targets were between 35 and 40 mm Hg.
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Table 1. Demographic and Clinical Characteristics of the Patients at Baseline

Characteristic

No. (%)*

Surgical group (n = 161)

Medical group (n = 163)

Age, median (IQR), y
Sex
Male
Female
Body mass index, median (IQR)®
Medical history
Hypertension
Diabetes
Hyperlipidemia
Previous myocardial infarction
Atrial fibrillation
Peripheral artery disease
Received medication prior to latest qualifying event
Antiplatelet therapy
Lipid-lowering therapy
Anticoagulant therapy
Smoking history
Current
Former
Alcohol history
Current
Former
Qualifying event
Stroke
TIA
Latest ischemic event to randomization, median (IQR), d
Stroke
TIA
Qualifying artery
Carotid artery
Middle cerebral artery
Qualifying side
Left
Right
Contralateral artery stenosis <50%
Carotid artery
Middle cerebral artery
Computed tomography perfusion
Mean transit time (qualifying side), median (IQR), s©

Relative cerebral blood flow (qualifying/contralateral side), median (IQR)¢

NIHSS score, median (IQR)®
0
21

mRS score, median (IQR)*
0
1
2

Blood pressure, median (IQR), mm Hg

52.0(43.9-58.4)

125 (77.6)
36 (22.4)
24.5(23.2-26.7)

97 (60.2)
35(21.7)
15(9.3)
1(0.6)
1(0.6)
1(0.6)

134 (83.2)
38(23.6)
3(1.9)

45 (28.0)
38(23.6)

35/157 (22.3)
29/157 (18.5)

90 (55.9)
71 (44.1)

65.5 (46.0-102.0)
58.0(36.0-122.0)

87 (54.0)
74 (46.0)

87 (54.0)
74 (46.0)

8(5.0)
1(0.6)

6.3(5.1-9.0) [n = 153]
0.8(0.7-0.9) [n = 156]
0.0(0.0-2.0)

81 (50.3)

80 (49.7)

1.0 (1.0-1.0)

36 (22.4)

89 (55.3)

36 (22.4)

53.5(46.7-59.1)

132 (81.0)
31(29.0)
25.2(23.0-26.8)

93 (57.1)
33(20.2)
22 (13.5)
1(0.6)

0

0

145 (89.0)
61 (37.4)
1(0.6)

53(32.5)
34(20.9)

32/162 (19.8)
24/162 (14.8)

90 (55.2)
73 (44.8)

73.0(43.0-119.0)
54.0(33.0-92.0)

99 (60.7)
64 (39.3)

88 (54.0)
75 (46.0)

11 (6.7)
3(1.8)

5.8(4.9-7.6) [n = 157]
0.7 (0.6-0.8) [n = 161]
0.0(0.0-2.0)

93 (57.1)

70 (42.9)
1.0(0.0-1.0)

46 (28.2)

85(52.2)

32(19.6)

Systolic 130.0(121.0-140.0) 130.0(120.0-140.0)
Diastolic 80.0 (75.0-87.0) 80.0(73.0-85.0)
(continued)
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Table 1. Demographic and Clinical Characteristics of the Patients at Baseline (continued)

Characteristic

No. (%)?
Surgical group (n = 161)

Medical group (n = 163)

Hemoglobin A, ¢, median (IQR), %
LDL cholesterol level, median (IQR), mmol/L
Triglycerides level, median (IQR), mmol/L

5.8 (5.4-6.7) [n = 80]
1.9 (1.4-2.3) [n = 154]
1.3 (1.0-1.8) [n = 154]

5.8 (5.4-6.8) [n = 88]
2.0(1.6-2.4) [n = 157]
1.5(1.1-1.8) [n = 157]

Abbreviations: LDL, low-density lipoprotein; TIA, transient ischemic attack;

NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale.

Sl conversion factors: To convert LDL cholesterol to mg/dL, divide by 0.0259;

triglycerides to mg/dL, divide by 0.0113.

2 Data are reported as No. (%) unless otherwise indicated.

®Body mass index is the weight in kilograms divided by height in meters squared.

€ Mean transit time designates the mean time required for a contrast bolus to
traverse the voxel and is measured in seconds. Mean transit time is inversely

proportional to cerebral perfusion pressure and prolonged value indicates
arterial stenosis or occlusion.

d Cerebral blood flow refers to the volume of blood flowing in a unit of brain
mass during a unit of time (measured in mL/100 g/min). Relative cerebral
blood flow denotes symptomatic side/asymptomatic side.

€ Scores on the NIHSS range from O to 42, with higher scores indicating a more
severe neurologic deficit.

f Scores on the mRS range from O (no functional limitations) to 6 (death), with
higher scores indicating more severe functional disability. A score of 2 or less
indicates functional independence.

Outcome Measures and Definitions
The primary outcome was a composite of any stroke or death
within 30 days after randomization or ipsilateral ischemic
stroke beyond 30 days through 2 years after randomization.
Secondary outcomes included (1) any stroke within 2 years;
(2) disabling stroke within 2 years; (3) fatal stroke within 2
years; (4) death within 2 years; (5) any stroke or death within
2 years; (6) TIA within 2 years; (7) National Institutes of
Health Stroke Scale (NIHSS) score and modified Rankin Scale
(mRS) score within 2 years; (8) complications associated with
the surgical procedures; and (9) anastomosis patency at 2 years.
A stroke was defined as rapidly developed clinical signs
of focal or global disturbance of cerebral function that lasted
more than 24 hours due to cerebral ischemia or hemorrhage,
according to World Health Organization criteria. Ipsilateral
ischemic stroke was further defined as the clinical diagnosis
of a focal or global disturbance of cerebral function due to
cerebral ischemia that was clinically localizable within the
territory of the symptomatic occluded ICA or MCA and that
lasted for more than 24 hours. Brain computed tomography
or magnetic resonance image scanning was used to identify
stroke. The mRS is a standard global 7-level measure of dis-
ability, ranging from O (no functional limitations) to 6
(death), with higher scores indicating more severe functional
disability. Scores on the NIHSS range from O to 42, with
higher scores indicating a more severe neurologic deficit.
Disabling stroke was defined by any of the following: (1) an
mRS score of 3 or more; (2) an increase of at least 1 point in
the mRS score from prestroke baseline; (3) a score on the
composite NIHSS of 7 or more; or (4) an increase of at least
4 points in the NIHSS score from prestroke baseline. Detailed
definitions are provided in Supplement 1. An independent
outcome committee and imaging core laboratory determined
the primary and secondary outcomes, blinded to treat-
ment assignment.

Sample Size Calculation

We assumed that the true primary outcome rates would be 28%
in the medical group,?>?* and there would be a 50% relative
risk reduction in the surgical group. This meant that the pri-

JAMA August 22/29,2023 Volume 330, Number 8

mary outcome rate was assumed to be 14% in the surgical
group. We estimated that 330 patients (165 per group) would
provide 80% power using a 2-tailed a of 5% to detect an ab-
solute 14% difference in the rate of primary outcome events
in the surgical group (estimated as 14%) from that in the medi-
cal group (estimated as 28%), with an attrition rate of 20% dur-
ing 2 years of follow-up.

Statistical Analysis

Outcome evaluation was conducted in both the full analysis
set and per-protocol set, with analysis in the full analysis set
as the primary analysis. The full analysis set population
included all the patients who underwent randomization and
treatment, and patients were analyzed according to their ran-
domized groups. The difference in the primary outcome
between groups was tested using log-rank test, with the cen-
ter information (site effect) as a stratification factor. The
same test was used to compare the secondary outcomes
including 2-year any stroke, disabling stroke, fatal stroke,
death, any stroke or death, and TIA between 2 groups.
Kaplan-Meier curves were used to show the risk of time-to-
event outcomes over time. Participants who were lost to
follow-up or who died from nonstroke causes were censored
at the time of occurrence. For other secondary outcomes and
baseline characteristics, X or Fisher exact tests were used for
categorical variables, and t or Wilcoxon rank tests for quanti-
tative variables.

We estimated hazard ratios (HRs) with Cox proportional-
hazards models for time-to-event analyses of the primary
outcome and secondary outcomes. However, we also per-
formed post hoc relative risk (RR) analyses for both primary
and secondary outcomes as the underlying assumption of
proportional hazards was not met with supremum test
(P < .001). Participants lost to follow-up were presumed to
not have experienced the event of interest for primary out-
come and secondary outcomes in the RRs calculation. Other
post hoc analyses included (1) analysis of the individual
components of the primary outcome (ie, stroke or death
within 30 days after randomization, ipsilateral ischemic
stroke beyond 30 days through 2 years after randomization);
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(2) subgroup analyses by age, sex, received medication prior
to latest qualifying event (antiplatelet therapy, lipid-lowering
therapy), qualifying event, time interval between the latest
ischemic event to randomization (<6 weeks, >6 weeks),
qualifying artery, MTT (<6 seconds, >6 seconds), and rCBF
(0.8, >0.8). The interaction effects between interventions
and the factors mentioned above were evaluated using the
generalized linear regression model with the binomial distri-
bution and log link function in the RRs subgroup analyses.
The trial was not powered for and had no prespecified correc-
tion for multiple comparisons for a definitive analysis of sec-
ondary end points or subgroups. The findings for these
analyses should be interpreted as exploratory.

All statistical tests were performed by 2-sided tests.
A Pvalue of .05 was considered to demonstrate a statistically
significant difference. All analyses were performed with SAS
software version 9.4 (SAS Institute).

. |
Results

Between June 6, 2013, and March 2, 2018, a total of 915 pa-
tients with symptomatic ICA or MCA occlusion were screened
at 13 sites; 330 patients were enrolled, with 165 each ran-
domly assigned to the surgical and medical groups (eFigure 1
in Supplement 3). A total of 6 patients (4 in the surgical group
and 2 in the medical group) immediately withdrew from the
study without any treatment or data collection and were ex-
cluded from the full analysis set for final analysis. The remain-
ing 324 patients (161 in the surgical and 163 in the medical
group) were included in the full analysis set for final analysis.
A total of 15 patients (4.6%) had incomplete follow-up for the
primary outcome (Figure 1). The progress of the trial, such as
on-site clarification and confirmation for data inquiries, was
significantly delayed due to the COVID-19 pandemic.

Baseline characteristics were generally balanced between
the 2 groups, except for the percentage of patients with pre-
vious lipid-lowering therapy and the level of triglycerides,
which were lower in the surgical group, and the MTT of the
qualifying side and rCBF, which were higher in the surgical
group. The median age of the participants was 52.7 years
(IQR, 44.6-58.7), and 257 (79.3%) were male. Among all 324
patients, 180 patients (55.6%) presented with index stroke
as the qualifying event, and 186 (57.4%) were diagnosed as
having ICA occlusion vs 138 (42.6%) as having MCA occlusion
as the qualifying artery (Table 1). At the last follow-up visit,
risk factor control was similar in both groups (eTable 1 in
Supplement 3).

Primary Outcome

For the surgical group vs medical group, no significant differ-
ence was found for the primary outcome of risk of stroke or
death (8.6% [13/151] vs 12.3% [19/155]; incidence difference,
-3.6% [95% CI, -10.1% to 2.9%]; HR, 0.71 [95% CI, 0.33-1.54];
P = .39) (Table 2 and Figure 2). The primary outcome was
missing for 18 patients (10 in the surgical group and 8 in the
medical group). Among patients assigned to the medical
group, 10 patients crossed over to surgical procedures. Four
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patients were further lost to follow-up, 1 died of a vehicle
crash, and 1 died of myocardial infarction beyond 30 days.
Among patients assigned to the surgical group, 12 patients
crossed over to medical treatment only. Nine patients were
further lost to follow-up and 1 died of suicide beyond 30
days. The per-protocol analysis yielded similar results (9.4%
[13/139] vs 10.9% [16/147]; incidence difference, -1.7% [95%
CI, -8.4% to 4.9%]; HR, 1.09 [95% CI, 0.50-2.37]; P = .85)
(eTable 2 in Supplement 3).

Secondary Outcomes

All secondary outcomes showed no significant difference
between groups (Table 2; eFigures 2-8 in Supplement 3). The
2-year risk of any stroke or death was 9.9% (15/152) in the sur-
gical group vs 15.3% (24/157) in the medical group (incidence
difference, -5.4% [95% CI, -12.5% to 1.7%]; HR, 0.69 [95% CI,
0.34-1.39]; P = .30). The risk of fatal stroke within 2 years was
2.0% (3/150) in the surgical group vs 0% (0/153) in the medi-
cal group (incidence difference, 1.9% [95% CI, -0.2% to
4.0%]; P = .08). The risk of disabling stroke within 2 years
was 4.1% (6/147) in the surgical group and 2.0% (3/153) in the
medical group (incidence difference, 1.9% [95% CI, -1.7% to
5.5%]; HR, 1.75 [95% CI, 0.41-7.51]; P = .43). The 2-year mor-
tality risk was 2.7% (4/151) in the surgical group vs 1.3%
(2/155) in the medical group (incidence difference, 1.3% [95%
CI, -1.7% to 4.2%]; HR, 3.72 [95% CI, 0.68-20.38]; P = .12).
Anastomosis patency at 2 years in the surgical group was
93.6% (103/110). Other secondary outcomes are shown in
Table 2.

Post Hoc Outcomes and Analyses

Post hoc analysis of the individual components of the pri-
mary outcome showed the 30-day risk of stroke or death was
6.2% (10/161) in the surgical group vs 1.8% (3/163) in the medi-
cal group, and the risk of ipsilateral ischemic stroke beyond
30 days through 2 years was 2.0% (3/151) in the surgical group
vs 10.3% (16/155) in the medical group (Table 2; eFigures 9-10
in Supplement 3). In patients with MTT longer than 6 sec-
onds, the primary outcome occurred in 7 (9.2%) of 76 pa-
tients in the surgical group and 12 (17.4%) of 69 patients in the
medical group (incidence difference, -8.2% [95% CI, -18.7%
to 2.3%]; HR, 0.57 [95% CI, 0.21-1.59]) (Figure 3). In patients
with rCBF of 0.8 or less, the primary outcome occurred in 5
(6.4%) of 78 patients in the surgical group and 15 (14.0%) of
107 patients in the medical group (incidence difference, -7.4%
[95% CI, -15.5% t0 0.7%]; HR, 0.38 [95% CI, 0.13-1.18]) (Figure 3;
eFigure 11 and eTable 3 in Supplement 3). Details of periopera-
tive management in the surgical group are shown in eTable 4
in Supplement 3.

|
Discussion

This randomized clinical trial showed that, among patients
with TIA or nondisabling ischemic stroke due to ICA or MCA
occlusion and hemodynamic insufficiency, the primary
outcome (a composite of stroke or death within 30 days or
ipsilateral ischemic stroke beyond 30 days through 2 years)
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Table 2. Primary and Secondary Outcomes

No. (%)
Surgical group Medical group Hazard ratio Incidence difference, Relative risk
Outcome (n=161) (n=163) (95% CI)? % (95% Cl)° (95% CI)© P value?
Primary outcome
Stroke or death 13/151(8.6) 19/155(12.3) 0.71(0.33t01.54) -3.6(-10.1t02.9) 0.69(0.35t01.36) .39
within 30 d or ischemic
stroke in territory
of qualifying artery
beyond 30 d
through 2y
Components of the primary outcome®
Stroke or death 10/161 (6.2) 3/163 (1.8)
within 30 df
Ischemic stroke 3/151(2.0) 16/155 (10.3)
in territory
of qualifying artery
beyond 30 d through 2 y
Secondary outcomes
Any stroke or death 15/152(9.9) 24/157 (15.3) 0.69(0.34t01.39) -5.4(-12.5t01.7) 0.63(0.34t01.16) .30
within 2 y
Any stroke within 2 y 14/151 (9.3) 22/155 (14.2) 0.67 (0.33t0 1.39) -4.8(-11.6t0 2.0) 0.64 (0.34t01.21) .29
Disabling stroke 6/147 (4.1) 3/153 (2.0) 1.75(0.41to 7.51) 1.9(-1.7t05.5) 2.02(0.52t07.96) .43
within 2 y9
Deaths within 2 y 4/151 (2.7) 2/155 (1.3) 3.72(0.68t020.38) 1.3(-1.7t04.2) 2.02(0.38to 12
10.91)

TIA within 2y 3/147 (2.0) 6/154 (3.9) 0.31(0.08t01.30) -1.8(-5.4t01.8)  0.51(0.13t01.99) .10
Fatal stroke within 2 y 3/150(2.0) 0/153 NA 1.9(-0.2t0 4.0) NA .08
NHISS score at 2y, 0.0(0.0to 1.0) 0.0 (0.0t0 0.0) 44
median (IQR)" [n=139] [n =148]

0 101/139 (72.7) 113/148 (76.4) A7

21 38/139 (27.3) 35/148 (23.6)
mRS score at 2y, 0.0(0.0to 1.0) 0.0(0.0to 1.0) .51¢
median (IQR)* [n =148] [n=151]

0 88/148 (59.5) 84/151 (55.6) .51

1 42/148 (28.4) 44/151 (29.1)

2 8/148 (5.4) 18/151(11.9)

3 2/148 (1.4) 3/151(2.0)

4 4/148 (2.7) 0/151

5 0/148 0/151

6 4/148 (2.7) 2/151(1.3)
Complications associated 6/149 (4.0) NA NA
with the surgical
procedures!
Anastomosis patencyat2y 103/110 (93.6) NA NA

Abbreviations: mRS, modified Rankin Scale; NA, not applicable; NIHSS, National
Institutes of Health Stroke Scale; TIA, transient ischemic attack.

2 Cox proportional hazard model adjusted for site effect.

b Absolute incidence difference without adjustment.

€ Post hoc analysis of relative risk adjusted for site effect based on the
assumption that patients with missing data did not have the primary or
secondary outcomes.

dLog-rank test adjusted for site effect.

¢ Individual elements of the primary outcome were analyzed post hoc.

f The mortality rate was 1.9% (3/161) in the surgical group and 0% (0/163) in the
medical group. The stroke rate was 6.2% (10/161) and 1.8% (3/163), respectively.

8The rate of disabling stroke within 30 days was 1.9% (3/158) in the surgical
group and 0% (0/163) in the medical group.

NScores on the NIHSS range from O to 42, with higher scores indicating a more
severe neurologic deficit. Twenty-two lost to follow-up in the surgical group
and 15 in the medical group.

' The P value was calculated with the use of the nonparametric Wilcoxon test.

J X2 test.

X Scores on the mRS range from O (no functional limitations) to 6 (death), with
higher scores indicating more severe functional disability. A score of 2 or less
indicates functional independence. Seventeen lost to follow-up in the surgical
group and 14 in the medical group.

' There were 3 cases of asymptomatic cerebral infarction, 1epidural hematoma,
1hyperperfusion syndrome, and 1subdural hematoma resulting in TIA.

did not differ significantly in patients who received EC-IC
bypass surgery plus medical treatment compared with medi-
cal treatment alone. The results on all prespecified secondary
outcomes were consistent with the primary result.

JAMA August 22/29,2023 Volume 330, Number 8

This trial demonstrated a lower rate of the primary out-
come in the medical therapy alone group compared with pre-
vious studies. In this trial, the 2-year primary outcome rate was
12.3%, nearly half of that reported in COSS a decade ago (21.0%)."
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Figure 2. Cumulative Probability of the Primary Outcome, According to Treatment Assignment

-
v
1

124

The primary outcome was a
composite of stroke or death within
30 days or ipsilateral ischemic stroke

) beyond 30 days through 2 years after
— Medical group

Cumulative probability of primary outcome, %

randomization. Nine patients lost to
follow-up within 2 years in the
surgical group and 6 patients in the
medical group were treated as
censored data. All other patients
were followed up to event or 2 years.
The median time of observation was
24.0 months (IQR, 24.0-24.0) for the
surgical group and 24.0 months
(IQR, 24.0-24.0) for the medical

+ Surgical group

—

group. P = .39 for log-rank testing

0 ; : : : : : . ‘
0 3 6 9 12 15 18 21 24 between the surgical group and
Months since randomization medical group with the center
No. at risk information (site effect) as a
Surgical group 161 151 149 146 146 145 144 144 138 stratification factor. The shading
Medical group 163 158 150 146 144 138 138 138 136 indicates 95% Cl of the primary

outcome.

Also, the rate was much lower than the anticipated 28% in the
trial design.'” Several reasons may have contributed to this dis-
crepancy. First, this may have been due to improved efficacy
of medical treatment, and similar trends of improved efficacy
of medical treatment for other cerebrovascular diseases have
been frequently reported. For example, for patients with asymp-
tomatic carotid artery stenosis, ipsilateral ischemic stroke within
5yearsin the medical group was lower in the SPACE-2 trial than
that in the ACAS trial almost 30 years prior (3.1% vs 11.0%).2>:2¢
Also, in one study comparing stroke rates in the WASID
and SAMMPRIS trials for patients with intracranial stenosis, a
lower stroke rate at 12 months (12.6% vs 21.9%) was found in
SAMMPRIS, which featured more intensive medical therapy
targets.?” Second, compared with COSS, the present study
achieved an overall better control of risk factors for atheroscle-
rosis such as hypertension and hyperlipidemia (eTable 1 in
Supplement 3). Third, the imaging selection criteria may have
identified less severe hemodynamic insufficiency than would
be indicative of the target high-risk population. In contrast to
COSS,!" which relied on stage 2 hemodynamic failure on posi-
tron emission tomography imaging, the present study defined
it on computed tomography perfusion with MTT longer than 4
seconds and rCBF ratio less than 0.95. However, in subgroup
analysis, patients with MTT longer than 6 seconds (median of
MTT) had higher primary outcome rates (Figure 3).

The perioperative stroke rate of 6.2% in this trial was sub-
stantially lower than that of 15% in COSS and that of 12% in the
prior EC-IC Bypass Study.®' In recent observational studies,
thereported rate of perioperative stroke following bypass sur-
gery for atherosclerotic vessel occlusion ranged from 4.3% to
8.9%,'>28 similar to that of the present study. Besides the use
of stricter criteria for surgeon certification in this trial com-
pared with COSS, intraoperative temporary occlusion time
was also lower in this trial than COSS (21.0 vs 55.9 minutes
[with stroke] or 45.4 minutes [without stroke]; eTable 4 in
Supplement 3).1 Strict periprocedural care implemented in this
trial could be a further key factor in reducing perioperative risk.
For example, the trial required monitoring intraprocedural Pco,
and periprocedural blood pressure level, with protocol-

jama.com

defined targets (eTable 4 in Supplement 3). The inclusion cri-
teria relating the time interval from the latest ischemic event
torandomization was also different between this trial and COSS
(12 months in CMOSS vs 120 days in COSS), but the actual time
interval in CMOSS was comparable with that of COSS. Thus,
this factor may not be a reason for the reduction of complica-
tionrates. This trial also limited enrollment to patients younger
than 65 years compared with younger than 85 years in COSS,
with the mean 52 vs 58 years of age. This may have contrib-
uted to the reduced risk in both groups of the trial, comparing
this trial with the earlier study.

Despite the lower rates of perioperative risk than prior trials
and the numerically lower rates of ipsilateral stroke beyond
30daysin the bypass surgery group in this trial, this study failed
to show overall superiority of bypass surgery over medical
treatment.!” If bypass surgery is investigated in future trials,
there are several factors to consider. Further refinement of pa-
tient selection may be needed to identify patients who could
benefit most from bypass surgery. The subgroup of patients
with MCA occlusion, who were not included in COSS, had anu-
merically lower rate of the primary outcome at 2 years com-
pared with patients with ICA occlusion (5.8% [4/69] vs 11.0%
[9/82]; P = .38; Figure 3), but the difference was not statisti-
cally significant and the test for interaction was not statisti-
cally significant (P for interaction = .29). The timing of by-
pass surgery may also need to be considered further; the
perioperative risk of bypass surgery may be increased if sur-
gery is performed shortly after the latest ischemic event, and
the benefit of surgery may decrease in patients if surgery is per-
formed much later after their event because hypoperfusion is
compensated or medically managed. However, the optimal
timing of bypass surgery is still unknown and may warrant fur-
ther studies. In sum, future trials of EC-IC bypass may need
larger sample sizes, refined patient selection (eg, MCA occlu-
sion, MTT >6 seconds or rCBF <0.8), and longer follow-up time.

Limitations
This trial had several limitations. First, because sham surgery

was not performed, there is the potential for bias in individual
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Figure 3. Post Hoc Subgroup Analysis for the Primary Outcome®

No./total (%)
Surgical Medical Incidence difference  Hazard ratio Favors : Favors P value for
group group (95% CI) (95% CI) surgical group : medical group interaction
Overall 13/151(8.6) 19/155(12.3) -3.6(-10.1t02.9) 0.71(0.33-1.54) ]
Age,y
<50 2/62(3.2) 6/59(10.2) -6.6(-15.1t0 1.9) 0.14 (0.01-1.46) -~
50-60 9/67 (13.4) 9/64(14.1) -0.9(-11.9t010.1) 1.14(0.43-2.97) f—— .39
>60 2/22(9.1) 4/32(12.5) -3.4(-19.4t012.6) 1.10(0.18-6.69) P
Sex
Male 7/116 (6.0) 15/124(12.1) -5.8(-12.5t01.0) 0.41(0.15-1.13) f—a— 18
Female 6/35(17.1) 4/31(12.9) 3.8(-13.2t020.7)  1.15(0.22-6.06) P
Received medication prior to latest qualifying event
Antiplatelet therapy
Yes 9/125(7.2) 18/140(12.9) -5.7(-12.5t01.1) 0.49 (0.20-1.18) —a— 17
No 4/26 (15.4) 1/15(6.7) 9.3(-7.8t026.3) 11.15(0.80-155.33) %
Lipid-lowering therapy
Yes 4/36 (11.1) 10/57 (17.5) -5.9(-19.3to7.6)  0.56(0.17-1.87) P 4
No 9/115(7.8) 9/98 (9.2) -1.5(-8.7t05.7) 0.77 (0.27-2.18) f——
Qualifying event
Stroke 6/81(7.4) 8/86 (9.3) -2.2(-10.0t0 5.6) 0.51(0.15-1.70) f———— 36
TIA 7/70(10.0) 11/69 (15.9) -5.2(-16.0to 5.5)  0.95(0.35-2.57) ]
Latest ischemic event to randomization, wk
<6 7/47 (14.9) 8/47 (17.0) -1.1(-15.2t013.0) 1.81(0.64-5.14) P n
>6 6/104 (5.8) 11/108 (10.2) -4.5(-11.4t02.4) 0.31(0.09-1.07) f——a—
Qualifying artery
Carotid artery 9/82 (11.0) 11/95(11.6) -0.8(-9.7t08.1) 0.94 (0.36-2.42) f—a— 29
Middle cerebral artery 4/69 (5.8) 8/60(13.3) -7.1(-16.7t0 2.5) 0.47 (0.12-1.82) f———
Mean transit time (qualifying side), s
<6 5/67 (7.5) 7/80(8.8) -1.1(-9.5t07.3) 0.86 (0.24-3.06) P 16
>6 7176 (9.2) 12/69(17.4) -8.2(-18.7t02.3) 0.57 (0.21-1.59) f—a—
Relative cerebral blood flow®
<0.8 5/78 (6.4) 15/107 (14.0) -7.4(-15.5t00.7) 0.38(0.13-1.18) [ — 16
>0.8 8/68(11.8) 4/46 (8.7) 3.0(-7.6t013.5) 1.66 (0.47-5.86) —
AL T R RARAY !
0.05 0.1 1 10 20

Hazard ratio (95% Cl)

HR indicates hazard ratio; and TIA, transient ischemic attack.

2 The primary outcome was a composite of stroke or death within 30 days or

ipsilateral ischemic stroke beyond 30 days through 2 years after

randomization.

®Mean transit time designates the mean time required for a contrast bolus to

proportional to cerebral perfusion pressure and prolonged value indicates

arterial stenosis or occlusion.

¢ Cerebral blood flow refers to the volume of blood flowing in a unit of brain
mass during a unit of time (measured in mL/100 g/min). Relative cerebral

traverse the voxel and is measured in seconds. Mean transit time is inversely

blood flow denotes symptomatic side/asymptomatic side.
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sites reporting potential end points for adjudication. Second,
this study was conducted only in centers in China, and its gen-
eralizability to other populations outside of China is uncer-
tain. Third, the enrolled population had a lower risk of events
than that anticipated in the trial design, and the study may be
underpowered to detect clinically relevant differences be-
tween groups. Fourth, the low-density lipoprotein choles-
terol target level (<2.58 mmol/L [100 mg/dL]) according to
guidelines at the time the trial began was relatively conserva-
tive compared with a lower low-density lipoprotein choles-
terol target for those with large artery atherosclerosis in more
recent trials. Even lower stroke rates in the medical therapy
alone group may be observed in the future because only
38.1% of the medically treated patients reached the modern
target low-density lipoprotein level of less than 70 mg/dL.

JAMA August 22/29,2023 Volume 330, Number 8

Fifth, the enrollment of women was suboptimal and future re-
search is needed to focus on the sex difference in atheroscle-
rotic ICA or MCA occlusion and its prognosis.

. |
Conclusions

Among patients with symptomatic ICA or MCA occlusion with
hemodynamicinsufficiency, the addition of bypass surgery to
medical therapy did not significantly change the risk of stroke
or death within 30 days or ipsilateral ischemic stroke beyond
30 days through 2 years. The findings do not support the ad-
dition of EC-IC bypass surgery to medical therapy for the treat-
ment of patients with symptomatic atherosclerotic occlusion
of the ICA or MCA.
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Global Effect of Modifiable Risk Factors
on Cardiovascular Disease and Mortality

The Global Cardiovascular Risk Consortium

ABSTRACT

BACKGROUND

Five modifiable risk factors are associated with cardiovascular disease and death
from any cause. Studies using individual-level data to evaluate the regional and sex-
specific prevalence of the risk factors and their effect on these outcomes are lacking.

METHODS

We pooled and harmonized individual-level data from 112 cohort studies conducted
in 34 countries and 8 geographic regions participating in the Global Cardiovascular
Risk Consortium. We examined associations between the risk factors (body-mass
index, systolic blood pressure, non-high-density lipoprotein cholesterol, current smok-
ing, and diabetes) and incident cardiovascular disease and death from any cause using
Cox regression analyses, stratified according to geographic region, age, and sex.
Population-attributable fractions were estimated for the 10-year incidence of cardio-
vascular disease and 10-year all-cause mortality.

RESULTS

Among 1,518,028 participants (54.1% of whom were women) with a median age of
54.4 years, regional variations in the prevalence of the five modifiable risk factors
were noted. Incident cardiovascular disease occurred in 80,596 participants during
a median follow-up of 7.3 years (maximum, 47.3), and 177,369 participants died
during a median follow-up of 8.7 years (maximum, 47.6). For all five risk factors
combined, the aggregate global population-attributable fraction of the 10-year inci-
dence of cardiovascular disease was 57.2% (95% confidence interval [CI], 52.4 to 62.1)
among women and 52.6% (95% CI, 49.0 to 56.1) among men, and the correspond-
ing values for 10-year all-cause mortality were 22.2% (95% CI, 16.8 to 27.5) and 19.1%
(95% CI, 14.6 to 23.0).

CONCLUSIONS

Harmonized individual-level data from a global cohort showed that 57.2% and
52.6% of cases of incident cardiovascular disease among women and men, respec-
tively, and 22.2% and 19.1% of deaths from any cause among women and men,
respectively, may be attributable to five modifiable risk factors. (Funded by the
German Center for Cardiovascular Research (DZHK); ClinicalTrials.gov number,
NCT05466825.)
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ARDIOVASCULAR DISEASES ARE THE

most common noncommunicable condi-

tions worldwide and account for approxi-
mately one third of all deaths globally.! Modifi-
able risk factors such as body-mass index, systolic
blood pressure, low-density lipoprotein cholesterol
level, tobacco smoking, and diabetes account for
a percentage of the prevalence and incidence of
cardiovascular disease; however, the percentage
varies according to the populations studied and
the methods used.?* These risk factors are used
to derive contemporary risk scores*® for the esti-
mation of the 10-year risk of cardiovascular dis-
ease, although they are given different weights.
These cardiovascular risk factors also have dif-
ferent associations with cardiovascular and non-
cardiovascular outcomes. Tobacco use is strongly
associated with premature death, whereas elevat-
ed blood pressure and non-high-density lipopro-
tein (HDL) cholesterol level are more specifically
related to cardiovascular disease.”

A tailored reduction in the burden of cardio-
vascular disease and death from any cause for
persons and populations can be achieved with a
better understanding of the region- and sex-specif-
ic associations of these cardiovascular risk factors
with the development of cardiovascular disease.
The Global Cardiovascular Risk Consortium ana-
lyzed a global harmonized individual-level data
set of population-based cohorts to overcome the
limitations of summary data and methodologic
heterogeneity.

METHODS

STUDY DESIGN AND OVERSIGHT

The study was designed by the Global Cardiovas-
cular Risk Consortium Management Group, whose
members are listed in the Supplementary Ap-
pendix, available with the full text of this article
at NEJM.org. Data were collected by the Hamburg
Data Center. Analyses were performed by the
second author and reviewed by the Global Car-
diovascular Risk Consortium Statistical Working
Group. The first draft of the manuscript was pre-
pared by the first, second, and last authors and
was reviewed and edited by all the authors. The
authors jointly agreed to submit the manuscript
for publication and vouch for the accuracy and
completeness of the data and for the fidelity of
the study to the protocol.

N ENGL J MED

STUDY POPULATION

We pooled and harmonized individual-level data
from 1,518,028 participants in 112 cohort studies
conducted in eight geographic regions (North
America, Latin America, Western Europe, Eastern
Europe and Russia, North Africa and the Middle
East, sub-Saharan Africa, Asia, and Australia) par-
ticipating in the Global Cardiovascular Risk
Consortium. Data were harmonized by applying
the variable definitions used by the MORGAM
(MONICA [Multinational Monitoring of Trends
and Determinants in Cardiovascular Diseases]
Risk, Genetics, Archiving, and Monograph) proj-
ect.® Investigators in the studies that were not
part of the MORGAM project were sent a list of
study-related variables with definitions and were
asked to provide these data. A description of each
study cohort and information about the local eth-
ics committees and participant informed consent
are provided in the Supplementary Appendix. The
cohorts that were included in the Global Cardio-
vascular Risk Consortium were selected on the
basis of literature review, existing collaborations
among investigators, and the availability of the
variables of interest (Table S1). The flow of partici-
pants through the study is shown in Figure S1 in
the Supplementary Appendix.

CARDIOVASCULAR RISK FACTORS AND OUTCOME
DEFINITIONS

Five risk factors (body-mass index, systolic blood
pressure, non-HDL cholesterol, current smoking,
and diabetes) and two outcomes (cardiovascular
disease and death from any cause) were assessed
in the study because of the heterogeneity of the
effects of the risk factors on outcomes and the
widespread availability of these data in the popu-
lation. Further, these risk factors can be modi-
fied with interventions. Information on these five
modifiable risk factors was collected at baseline
according to the protocols of the respective stud-
ies included in the Global Cardiovascular Risk
Consortium. The standardized definitions that
were used to classify cardiovascular disease events
are provided in Table S2, and the representative-
ness of the study population is shown in Table S3.

STATISTICAL ANALYSIS

Missing data were imputed by means of multiple
imputation with chained equations (Table S4).°
Both crude and age- and sex-standardized base-
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MODIFIABLE RISK FACTORS, CVD, AND MORTALITY

line characteristics were calculated according to
region with the use of direct standardization, with
the age and sex distribution of the Global Cardio-
vascular Risk Consortium data set as the standard.
Age-standardized event rates stratified according
to region were also estimated and reported per
1000 person-years. Cumulative incidence curves
were generated for cardiovascular disease and
death from any cause. Associations between risk
factors and outcome events were evaluated with
the use of a two-stage, multivariate, random-
effects meta-analysis of individual participant
data.’® Sex-specific Cox models, with age as the
time scale,’* were computed for each study, and
coefficients were pooled across studies according
to region as well as globally. Covariates (body-mass
index, systolic blood pressure, non-HDL choles-
terol level, current smoking, diabetes, and the use
of antihypertensive medications) were included
simultaneously in the models. Both linear and re-
stricted cubic spline models for continuous covari-
ates and models that allowed for time-varying ef-
fects were performed. Models that included receipt
of lipid-lowering medications as an additional
covariate were also computed with the use of
data from the studies in which this information
was available (these data were missing for ap-
proximately 20% of participants).

For the five modifiable risk factors, region-
and sex-specific population-attributable fractions
were estimated for the 10-year incidence of cardio-
vascular disease and 10-year all-cause mortality
(see the Supplementary Appendix). Population-
attributable fraction is an estimate of the pro-
portion of an outcome that could be prevented if
the value of a risk factor were replaced by a hypo-
thetical, ideal value. The approach used by Laak-
sonen and colleagues,'? which takes into account
the time-to-event nature of the data, was applied
to calculate the population-attributable fractions.
Weibull models were used in the estimation, and
their distributional assumptions were assessed
graphically. Reference categories for the risk fac-
tors are provided in the Supplementary Appendix.

All the models that were used in the analyses
of associations and population-attributable frac-
tions were run with the exclusion of first-year
follow-up data (1-year landmark analysis). Two-
year landmark analyses that excluded data from
the first 2 years of follow-up were performed as
sensitivity analyses. The widths of the confidence
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intervals have not been adjusted for multiple com-
parisons and should not be used in place of hy-
pothesis testing. All statistical analyses were per-
formed with the use of R software, version 4.1.3.B

RESULTS

PARTICIPANT CHARACTERISTICS AND PREVALENCE
OF RISK FACTORS

The baseline examination for all study cohorts
included in the Global Cardiovascular Risk Con-
sortium took place between 1963 and 2020. In
the age- and sex-standardized analysis of data
from 1,518,028 participants (54.1% of whom
were women) with a median age of 54.4 years,
the median body-mass index (the weight in kilo-
grams divided by the square of the height in
meters) was 26.4 (interquartile range, 23.7 to 29.7),
the median systolic blood pressure 130 mm Hg
(interquartile range, 118 to 144), and the median
non-HDL cholesterol level 156.9 mg per deciliter
(4.06 mmol per liter; interquartile range, 128.8 to
187.9 mg per deciliter [3.33 to 4.86 mmol per
liter]); 21.6% were current smokers and 8.3%
had diabetes. The age- and sex-standardized
prevalence of the five risk factors and the use of
antihypertensive and lipid-lowering medications
across geographic regions are shown in Table 1
and Table S5. Baseline characteristics without
age and sex standardization are shown in Table
S6, and the distributions of the risk factors ac-
cording to sex are shown in Tables S7 and S8.
The prevalence of modifiable risk factors across
contemporary national health examination sur-
veys, which were used in the population-attrib-
utable fraction analyses, is shown in Tables S9,
$10, and S11.

CARDIOVASCULAR DISEASE AND DEATH

FROM ANY CAUSE

The median duration of follow-up among partici-
pants was 7.3 years (interquartile range, 5.9 to
11.8; maximum, 47.3) for incident cardiovascu-
lar disease and 8.7 years (interquartile range,
7.0 to 15.9; maximum, 47.6) for death from any
cause. The follow-up times for each of the indi-
vidual cohorts are provided in Table S12. A total
of 80,596 cardiovascular disease events (30,033
in women and 50,563 in men) and 177,369 deaths
from any cause (78,608 in women and 98,761 in
men) were observed during the follow-up period
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(Table 2). The age-standardized 10-year incidence
of cardiovascular disease was 7.4% for women
and 13.7% for men in North America, 6.4% for
women and 9.4% for men in North Africa and
the Middle East, 5.7% for women and 9.9% for
men in Eastern Europe and Russia, 3.7% for
women and 7.3% for men in Western Europe,
and 2.5% for women and 4.2% for men in Asia.
The global 10-year incidence of cardiovascular dis-
ease was 4.0% among women and 7.8% among
men (Table 2). Cardiovascular disease appeared
to develop in women at older ages than men
(Fig. S2). The age-standardized 10-year all-cause
mortality was 27.2% for women and 34.6% for
men in sub-Saharan Africa, 10.1% for women
and 17.9% for men in Eastern Europe and Russia,
11.0% for women and 16.7% for men in Asia, and
4.7% for women and 7.2% for men in Australia
(Table 2).

EFFECTS OF MODIFIABLE RISK FACTORS
The risk factor—associated hazard ratios for car-
diovascular disease and death from any cause

according to geographic region and sex, as cal-
culated with the exclusion of data from the first
year of follow-up (1-year landmark analysis), are
shown in Table S13 and Figures S3 through S7.
Subdistribution hazard ratios for cardiovascular
disease were calculated with death from noncar-
diovascular causes as the competing event, and
the results were similar to those in the 1-year
landmark analysis (Table S14). The associations
between the risk factors and cardiovascular dis-
ease and death from any cause in the models
that used continuous risk factors and allowed for
nonlinear effects are shown in Figure 1 and Fig-
ure S4. In a 2-year landmark analysis that ex-
cluded data from the first 2 years of follow-up,
the observed associations appeared to be similar
to those in the 1-year landmark analysis (Fig. S5),
as were the results of other sensitivity analyses
(2-year landmark Cox regression models with a
linear exposure—effect assumption, models re-
stricted to cohorts starting in the year 2000 or
later, models restricted to participants with data
on the use of lipid-lowering medications, and

Hazard Ratio for Cardiovascular

Hazard Ratio for Death from

Disease

Any Cause

7.4+

4.5+

— Women

7.4+

4.5+

— Men
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Figure 1. Associations of Continuous Risk Factors with Cardiovascular Disease and Death from Any Cause.

Shown are the results of a global 1-year landmark analysis that allowed for nonlinear effects. Participants with cardiovascular disease at

baseline were excluded. Age was used as the time scale. All five risk factors, together with the use of antihypertensive medications, were
included as covariates in the models. The widths of the 95% confidence intervals (shaded areas) have not been adjusted for multiplicity
and should not be used in place of hypothesis testing. To convert the values for non—high-density lipoprotein (HDL) cholesterol to milli-
moles per liter, multiply by 0.02586.
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models with an alternative definition of cardio-
vascular disease [a composite of fatal or nonfatal
myocardial infarction, ischemic or hemorrhagic
stroke, or cardiovascular death]) (Tables S15
through S18 and Fig. S6). Unadjusted risk fac-
tor—associated hazard ratios for cardiovascular
disease and death from any cause are provided
in Table S19. For both cardiovascular disease and
death from any cause, the association with body-
mass index appeared to be consistent across all
ages, whereas the strength of the associations
with systolic blood pressure, current smoking
(after a steady increase up to the second half of
life for death from any cause), and diabetes de-
creased with age (Fig. 2 and Fig. S7). The strength
of the association between non-HDL cholesterol
level and cardiovascular disease seemed to decline
with age but appeared to be stable for death from
any cause.

PREVENTABLE CARDIOVASCULAR DISEASE AND
DEATH FROM ANY CAUSE
The distributional assumptions of the models
used in the estimations of the population-attrib-
utable fractions were examined graphically (Fig.
S8). The five modifiable risk factors accounted for
an aggregate global population-attributable frac-
tion of the 10-year incidence of cardiovascular
disease of 57.2% (95% confidence interval [CI],
52.4 to 62.1) among women and 52.6% (95% CI,
49.0 to 56.1) among men. In comparison, the five
risk factors accounted for an aggregate global
population-attributable fraction of 10-year all-cause
mortality of 22.2% (95% CI, 16.8 to 27.5) among
women and 19.1% (95% CI, 14.6 to 23.6) among
men (Fig. 3).

For all modifiable risk factors combined, the
aggregate population-attributable fraction of the
10-year incidence of cardiovascular disease was
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Figure 2. Associations of Risk Factors with Cardiovascular Disease and Death from Any Cause.

Shown are the results of a global 1-year landmark analysis that allowed for effects to change with age. Participants with cardiovascular
disease at baseline were excluded. Age was used as the time scale. All five risk factors, together with the use of antihypertensive medica-
tions, were included as covariates in the models. The widths of the 95% confidence intervals (shaded areas) have not been adjusted for
multiplicity and should not be used in place of hypothesis testing. BMI denotes body-mass index, and SBP systolic blood pressure.
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64.2% (95% CI, 59.8 to 68.6) among women and
60.5% (95% CI, 57.2 to 63.9) among men in North
Africa and the Middle East and 55.5% (95% CI,
50.7 to 60.3) and 50.3% (95% CI, 46.8 to 53.8),
respectively, among those in North America. The
aggregate population-attributable fraction of 10-
year all-cause mortality was 34.3% (95% CI, 29.7
to 38.9) among women and 43.2% (95% CI, 39.8 to
46.6) among men in Asia; 13.7% (95% CI, 7.1 to
20.3) and 2.9% (95% CI, —3.7 to 9.5), respectively,

among those in Australia; and 15.7% (95% CI, 9.3
to 22.0) and 2.1% (95% CI, —4.3 to 8.6), respec-
tively, among those in Western Europe (Fig. 3).
The population-attributable fractions calcu-
lated for the individual five modifiable risk factors
are shown in Figure S9. The population-attribut-
able fraction of the 10-year incidence of cardio-
vascular disease associated with systolic blood
pressure was 29.3% (95% CI, 25.4 to 33.2) among
women and 21.6% (95% CI, 18.7 to 24.5) among

Women Men

A Global Population-Attributable Fractions for Five Modifiable Risk Factors Combined

Cardiovascular Disease Death from Any Cause

Women 57.2 42.8 Residual risk 22.2 77.8 Residual risk
Men 52.6 47.4 Residual risk 19.1 80.9 Residual risk
I T T T 1 I T T T 1
0 25 50 75 100 0 25 50 75 100
Percentage

B Population-Attributable Fractions According to Different Regions for Five Modifiable Risk Factors Combined

North America Eastern Europe

and Russia

CcVvD Death

55.5% 21.2% CVD Death

50.3% 13.7% 60.2% 22.4%
57.6% 27.7%

Western Europe
CVD  Death
55.8% 15.7%
53.2% | 2.1%

North Africa and
the Middle East

CVD Death Asia

642%  31.8% CvD  Death

60.5%  34.1% 59.2%  34.3%
55.6%  43.2%

Latin America

\!K e O

"

cVvD Death —a—
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h P4
Sub-Saharan Africa Australia
Death CVD  Death
30.8% 57.8% 13.7%
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Figure 3. Population-Attributable Fractions of the 10-Year Incidence of Cardiovascular Disease (CVD) and 10-Year All-Cause Mortality.
Population-attributable fractions were estimated with the use of Weibull models. For the five modifiable risk factors combined, the ag-
gregate global population-attributable fractions are shown in Panel A and the aggregate population-attributable fractions according to
geographic region are shown in Panel B. Population-attributable fractions for the individual risk factors according to geographic region
are provided in Figure S9 in the Supplementary Appendix.
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men; the corresponding values were 15.4% (95%
CI, 109 to 19.8) and 16.6% (95% CI, 12.6 to
20.6) for cardiovascular disease associated with
non-HDL cholesterol level and 15.2% (95% ClI,
13.3 to 17.1) and 10.2% (95% CI, 9.2 to 11.2) for
cardiovascular disease associated with diabetes.
The population-attributable fraction of the 10-year
incidence of cardiovascular disease among wom-
en was 6.7% (95% CI, 5.8 to 7.6) for current smok-
ing and 7.6% (95% CI, 5.1 to 10.1) for body-mass
index; the corresponding values among men were
10.7% (95% CI, 9.6 to 11.7) and 7.6% (95% CI, 5.6
to 9.7). Among women, the population-attribut-
able fraction of 10-year all-cause mortality as-
sociated with diabetes was 12.2% (95% CI, 11.1
to 13.3), whereas among men, the population-
attributable fraction of 10-year all-cause mortal-
ity associated with current smoking was 14.4%
(95% CI 13.3 to 15.4). The population-attribut-
able fractions of the 10-year incidence of cardio-
vascular disease and 10-year all-cause mortality,
according to modifiable risk factor level or sta-
tus, are shown in Tables S20 and S21.

DISCUSSION

The Global Cardiovascular Risk Consortium har-
monized individual-level data from 1,518,028 par-
ticipants who participated in 112 cohort studies
conducted in 34 countries in North America,
Latin America, Western Europe, Eastern Europe
and Russia, North Africa and the Middle East,
sub-Saharan Africa, Asia, and Australia to assess
the effect of five modifiable risk factors on the
incidence of cardiovascular disease and all-cause
mortality. The study showed that the prevalence
of the five modifiable risk factors and the inci-
dence of cardiovascular disease and all-cause mor-
tality varied across geographic regions worldwide,
and women had consistently lower event rates
than men. The association between individual
modifiable risk factors and both incident cardio-
vascular disease and death from any cause also
varied across regions. The five modifiable risk
factors accounted for an aggregate population-
attributable fraction of the 10-year incidence of
cardiovascular disease of 57.2% among women
and 52.6% among men, and the corresponding
values for 10-year all-cause mortality were 22.2%
and 19.1%. Population-attributable fractions of
the incidence of cardiovascular disease and all-
cause mortality varied according to geographic

N ENGL J MED

region. Elevated systolic blood pressure ap-
peared to be the largest contributor to the pop-
ulation-attributable fraction of incident cardio-
vascular disease events in all regions.

The Global Cardiovascular Risk Consortium
and other studies?® confirmed apparent differ-
ences in cardiovascular risk factor profile and
event rates between women and men, irrespec-
tive of geographic region. Differences in risk
factor level have been shown to translate into
lifetime risk of cardiovascular disease'” but not
necessarily to affect other fatal outcomes. Car-
diovascular risk factors are known to increase
cardiovascular disease risk differently across
various geographic regions.>'® Among them,
high blood pressure is associated with up to
13.5% of all deaths annually worldwide and is
considered to be the leading risk factor for car-
diovascular disease.” Strict blood-pressure con-
trol to a systolic blood pressure of less than 120
mm Hg has been associated with lower rates of
cardiovascular events and all-cause mortality.
Our data corroborate this observation; of the
five risk factors studied, systolic blood pressure
may offer the greatest potential for the preven-
tion of cardiovascular disease. Although there is
a strong continuous association between non-
HDL cholesterol level and incident cardiovascular
disease,”! we and others*?*?* observed an inverted
J-shaped association of non-HDL cholesterol level
with all-cause mortality. Although very low levels
of non-HDL cholesterol are related to a reduction
in cardiovascular disease events,?*?> some obser-
vations point toward higher all-cause mortality
among participants with very low levels, at least
in longer-term follow-up.” In contrast to what was
previously reported,> body-mass index and current
smoking (at least in some parts of the world) were
associated with comparatively modest population-
attributable fractions of cardiovascular disease
events in the populations participating in the
Global Cardiovascular Risk Consortium. These
associations may be related to underlying differ-
ences in population characteristics, risk-factor
definition and prevalence, or methods used to
estimate population-attributable fractions.

Case—control studies such as INTERHEART
may have overestimated the population-attribut-
able fraction of the incidence of cardiovascular
disease subtypes by attributing 90% of the risk
of myocardial infarction to nine targetable risk
factors.? Data from 155,722 participants who were
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evaluated prospectively in the Prospective Urban
Rural Epidemiology (PURE) study suggested that
71% of cardiovascular disease cases are attribut-
able to 14 potentially modifiable metabolic and
behavioral risk factors, a result that is consistent
with our findings.> Our study focused on five
modifiable risk factors for which strict control
could potentially prevent 57.2% of all cases of
cardiovascular disease in women and 52.6% of all
cases in men globally. The varying effect of in-
dividual risk factors across different regions could
enable ranking and prioritization of risk-factor
control for public health action within those re-
gions. However, there is substantial scope for a
more complete characterization of the risk of car-
diovascular disease. Environmental and exposure-
related factors such as physical activity,? alcohol
consumption,” air pollution,”® climate and noise,”
educational level,> or psychosocial risk factors,
including depression,* have an effect on the risk
of cardiovascular disease. Biomarkers®*? and ge-
netic variants most likely would add to the pre-
diction of cardiovascular disease risk.

The analysis by the Global Cardiovascular Risk
Consortium differs from other global initiatives
that combine different data sources such as reg-
istries, population surveys, and health system
administrative data to produce meta-analytic
summaries.’*** The Global Cardiovascular Risk
Consortium maintains a large and comprehensive
database of harmonized, observational, individ-
ual-level, prospectively collected data. This data-
base allows for multiple prespecified statistical
analyses on large-scale individual-level data. This
study relates major modifiable cardiovascular risk
factors to the incidence of cardiovascular disease
and all-cause mortality. The inclusion of cohorts
with a large spectrum of follow-up times en-
abled robust sex-specific analyses and the evalu-
ation of differences across geographic regions.

Our study has several limitations. The Global
Cardiovascular Risk Consortium database includes
cohorts with varying representativeness, data qual-
ity and quantity, dates of baseline assessments,
follow-up times, end-point definitions, and use
of clinical interventions. Variation in the adjudi-
cation of causes of death or surrogates of non-
fatal myocardial infarction is plausible across
regions, but an analysis that included the use of
a secondary definition of cardiovascular disease
that excluded unclassifiable death, unstable
angina, and coronary revascularization did not
change the results. Structured harmonization

N ENGL J MED

was used to reduce variation, and sensitivity
analyses provided results similar to those for the
overall study population. Standardized event rates
should be interpreted as descriptive measures
rather than actual incidences in a population. To
overcome bias resulting from deaths from non-
cardiovascular diseases that were present at the
time of the baseline examination, analyses were
performed with the exclusion of first-year follow-
up data. Information about modifiable risk factors
was available from the baseline examination, and
the effect of changes in exposure over time are
not known; the analyses were not corrected for
regression dilution bias. Residual confounding
cannot be completely excluded. The effects of
overweight and obesity may be mediated by hy-
perlipidemia, hypertension, and diabetes.* Mod-
els that included body-mass index, systolic blood
pressure, and diabetes attribute the share of the
effect of body-mass index to systolic blood pres-
sure and diabetes, even if overweight or obesity
is the real underlying cause. The definition of cur-
rent smoking may not capture the entire spectrum
and dose of tobacco exposure, and smoking ces-
sation during follow-up might have led to an un-
derestimation of tobacco smoking as a risk factor.
It was also assumed that risk factor effects and
prevalence within a region are homogeneous;
however, intraregional differences may exist.
Information about ethnic group is not provided,
because definitions differed among the cohorts
or collection of the variable was incomplete or not
available to a comparable standard. The categori-
zation of geographic regions by the World Health
Organization and United Nations was adapted to
accommodate cohort size and representativeness
of a geographic region, so a different categoriza-
tion of regions may produce different results.

In our study, harmonized individual-level data
from the Global Cardiovascular Risk Consortium
showed that 57.2% and 52.6% of cases of incident
cardiovascular disease among women and men,
respectively, and 22.2% and 19.1% of deaths from
any cause among women and men, respectively,
may be attributable to five modifiable risk factors.
The prevalence and effect of these risk factors on
the incidence of cardiovascular disease and all-
cause mortality vary according to sex and geo-
graphic region.
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ABSTRACT

Background and purpose Previous studies, mostly
focusing on the European population, have reported
polygenic risk scores (PRSs) might achieve risk
stratification of stroke. We aimed to examine the
association strengths of PRSs with risks of stroke and its
subtypes in the Chinese population.

Methods Participants with genome-wide genotypic data
in China Kadoorie Biobank were split into a potential
training set (n=22191) and a population-based testing set
(n=72150). Four previously developed PRSs were included,
and new PRSs for stroke and its subtypes were developed.
The PRSs showing the strongest association with risks

of stroke or its subtypes in the training set were further
evaluated in the testing set. Cox proportional hazards
regression models were used to estimate the association
strengths of different PRSs with risks of stroke and its
subtypes (ischaemic stroke (IS), intracerebral haemorrhage
(ICH) and subarachnoid haemorrhage (SAH)).

Results In the testing set, during 872919 person-years of
follow-up, 8514 incident stroke events were documented.
The PRSs of any stroke (AS) and IS were both positively
associated with risks of AS, IS and ICH (p<0.05). The HR for
per SD increment (HR) of PRS,, was 1.10 (35% Cl 1.07
t01.12),1.10 (95% Cl 1.07 to 1.12) and 1.13 (95% Cl 1.07
to 1.20) for AS, IS and ICH, respectively. The corresponding
HR, of PRS was 1.08 (95% Cl 1.06 to 1.11), 1.08 (95%
Cl11.06 to 1.11) and 1.09 (95% Cl 1.03 t0 1.15). PRS
was positively associated with the risk of ICH (HRy,=1.07,
95%Cl 1.01 to 1.14). PRS,,, was not associated with risks
of stroke and its subtypes. The addition of current PRSs
offered little to no improvement in stroke risk prediction
and risk stratification.

Conclusions In this Chinese population, the association
strengths of current PRSs with risks of stroke and its
subtypes were moderate, suggesting a limited value for
improving risk prediction over traditional risk factors in the
context of current genome-wide association study under-
representing the East Asian population.

INTRODUCTION

Stroke is one of the leading causes of death
and disease burdens globally." Stroke includes
two main subtypes, such as ischaemic stroke

," Junshi Chen,? Zhengming Chen,’
13410 On pehalf of the China Kadoorie Biobank

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Polygenic risk scores (PRSs) might achieve risk
stratification of stroke.

= Evidence from the East Asian population (including
Chinese) is lacking.

WHAT THIS STUDY ADDS

= The association strengths of current PRSs with risks
of stroke and its subtypes were moderate in the
Chinese population.

= PRS for ischaemic stroke was positively associated
with the risk of intracerebral haemorrhage.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= In the Chinese population, current PRSs might have
limited value for improving stroke risk prediction
over traditional risk factors.

= Further studies are warranted to assess whether
new PRSs based on larger genome-wide associa-
tion study or other developing methods have con-
siderable potential to translate into population health
benefits.

(IS) and haemorrhagic stroke (HS). The
latter could further be divided into intracer-
ebral haemorrhage (ICH) and subarachnoid
haemorrhage (SAH). With the accumulation
of genomic data worldwide, the genetic back-
ground of stroke and its subtypes is gradually
being revealed. Polygenic risk score (PRS),
a method used to combine minor genetic
effects across the whole genome, has been
increasingly used in stroke research. Several
studies based on European populations have
developed PRSs for any stroke (AS) or IS
and suggested their potential to improve risk
prediction and risk stratification.”™ The inci-
dence of stroke in China, especially ICH, is
higher than in Western countries.' Recently,
a PRS for AS was developed based on the
Chinese population and showed similar

BM)
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association strength in predicting the risk of IS and HS."
However, IS and HS might have different aetiological
mechanisms."" ™" Different stroke subtypes also have their
specific genetic loci.'* No study has specifically developed
PRS:s for subtypes of stroke in the Chinese population.

The present study was based on a subcohort with
genomic data from the China Kadoorie Biobank (CKB).
We aimed to examine the association strengths of PRSs
with risks of stroke and its subtypes in the Chinese
population.

METHODS
Participants
CKB is an ongoing prospective study with 512724 partici-
pants aged 30-79 enrolled from five urban and five rural
regions in China between 2004 and 2008. Details of the
study have been described elsewhere.'”

Among all CKB participants, there are 100639
participants with genome-wide genotypic data. Of
them, 24657 participants were selected based on a

case—control design nested within the cohort with the
primary aim of studying CVD (‘case—control samples’),
which formed four matched-case-control training sets
(figure 1A, online supplemental methods, tables 1
and 2). The other 75982 participants were randomly
selected from the entire CKB cohort (‘population-
based samples’); after excluding participants with self-
reported coronary artery disease or stroke or transient
ischaemic attack at baseline (n=3832), the remaining
participants were used as a ‘testing set’” (n=72150)
(figure 1A, online supplemental methods).

Study design

The current study can be divided into four parts
(figure 1B). (1) Validation of previous PRSs. Four previ-
ously reported stroke-related PRSs were selected for vali-
dation.”** " (2) Development of new PRSs. Clumping
and thresholding (‘C+T’) and LDpred'® were used to
develop new PRSs for stroke and its subtypes based on
two genome-wide association studies with large sample

CKB Cohort
(n=512,724)
‘With genome-wide genotypic data
n=100,639
! I
Case-control samples Population-based
(n=24,657) samples (n=75,982)
407 CAD or stroke/TIA at baseline 3,832 CAD or stroke/TIA
2,059 close related participants * at baseline
Potential training set Testing set
(n=22,191) (n=72,150)
III . 1:1 matched case-control Training set
a
: controls -
G )
Previous PRSs ¢ Validation
Optimal PRS Association analyses
Training set |— 1 Testing set |—
Largest GWAS ¢
PRS;cy
I
@ C+T PRSg,
e [res,

Figure 1

Overview of the present study. (A) Flow chart for the study population; (B) Study design. The current study can be

divided into four parts: (1) validation of previous PRSs, (2) development of new PRSs, (3) identification of the optimal PRS

for each outcome and (4) validation and evaluation of the optimal PRS for each outcome. ®Participants who had a first or
second-degree relative in the sample (kinship coefficient ¢>0.125) were removed by using PLINK 1.9. PPlease refer to online
supplemental methods for detailed procedures of case-control matching. °See online supplemental methods and table

3 for details. “See online supplemental methods and table 4 for details. AS, any stroke; C+T, clumping and thresholding;
CAD, coronary heart disease; CKB, China Kadoorie Biobank; GWAS, genome-wide association study; ICH, intracerebral
haemorrhage; IS, ischaemic stroke; PRS, polygenic risk score; SAH, subarachnoid haemorrhage; SSF, summary statistics file;

TIA, transient ischaemic attack.

Yang S, et al. Stroke & Vascular Neurology 2023;0. doi:10.1136/svn-2023-002428

‘WbuAdoo Ag parosloid "SITvVD
21UaD 22UaIS Y1eaH Ausianiun Buad 1e €202 ‘T 1snBny uo /wod g uas//:dny wolj papeojumoq ‘€202 1SnBny 82 U0 827200-S202-UAS/9ETT 0T Se paysiignd 1Sl :J0INaN ISeA 940Nns


https://dx.doi.org/10.1136/svn-2023-002428
https://dx.doi.org/10.1136/svn-2023-002428
https://dx.doi.org/10.1136/svn-2023-002428
https://dx.doi.org/10.1136/svn-2023-002428
https://dx.doi.org/10.1136/svn-2023-002428
https://dx.doi.org/10.1136/svn-2023-002428
https://dx.doi.org/10.1136/svn-2023-002428
https://dx.doi.org/10.1136/svn-2023-002428
http://svn.bmj.com/

sizes.!* 17 (3) Identification of the optimal PRS for

each outcome. The performances of different PRSs in
predicting each outcome were compared in the corre-
sponding training sets. (4) Validation and evaluation
of the optimal PRS for each outcome. We prospectively
examined the associations between optimal PRSs and
risks of stroke and its subtypes. We evaluated the impact
of PRSs on the risk prediction improvement by adding
the optimal PRS to traditional risk prediction models in
the testing set.

Assessment of traditional stroke risk factors

The baseline questionnaire collected information on
sociodemographic characteristics, lifestyle behaviours,
dietary habits, and personal and family medical history."”
Traditional stroke risk factors considered in the present
study included sex, age, systolic and diastolic blood pres-
sure (SBP and DBP), smoking, body mass index (BMI),
waist circumference, hypertension, diabetes and family
history of stroke. Details on the collection and definition
of thfi‘gffqvariables have been described in our previous
work. "

Genetic data

At baseline, a 10 mL random blood sample was collected
from each participant. Genotyping and imputation in
this study were centrally conducted, with details provided
in our previous study."’ * Briefly, two custom-designed
single nucleotide polymorphism (SNP) arrays (Affyme-
trix Axiom CKB array) were used for genotyping. Imputa-
tion was performed based on haplotypes derived from the
1000 Genomes Project Phase 3. There were 9.54million
genetic variants with high reliability (online supple-
mental figure 1).

Polygenic risk scores

We searched the PGS Catalogue,21 PubMed and
Embase. Four previous stroke PRSs were selected for
validation analyses (online supplemental methods
and table 3).**° 'Y Meanwhile, we ran gwasfilter
to filter genome-wide association studies (GWAS)
from the GWAS Catalogue (https://www.ebi.ac.uk/
gwas/).”* Based on ethnicity, sample size and acces-
sibility of the summary statistics file (SSF), we finally
included one AS SSF, two SAH SSFs, two ICH SSFs
and two IS SSFs from two large-scale GWAS (online
supplemental methods and table 4)." '7 Similar to
our latest research,'” we developed new PRSs by using
two methods: clumping and thresholding (‘C+T’) and
LDpred'® (online supplemental methods).

Ascertainment of stroke outcomes

All participants were followed up for morbidity and
mortality since their baseline enrolment. Incident
events were identified by linking with local disease
and death registries and the national health insurance
database and supplemented by active follow-up.'” In
the testing set, only 653 (0.91%) were lost to follow-up
before censoring on 31 December 2018. Trained staff

blinded to baseline information coded all events
using the International Classification of Diseases,
10th Revision (ICD-10). Incident stroke events during
the follow-up were defined as 160-164, including SAH
(I60), ICH (I61), other nontraumatic intracranial
haemorrhage (162), IS (I63) and unspecified stroke
(I64). In the testing set, the events coded as 162 and
164 accounted for only 0.9% (n=76) and 3.5% (n=302)
of all incident stroke events.

Since 2014, medical records of incident stroke cases
have been retrieved and reviewed by qualified cardio-
vascular specialists blinded to baseline information.
According to a previous study,”* by October 2018, the
reporting accuracy was 91.7%, 90.4% and 82.7% for IS,
ICH and SAH*; the corresponding diagnostic accuracy
was 93.1% (including silent lacunar infarction), 98.2%
and 98.1%, respectively.**

Identification of the optimal PRS in the training set

In each training set, we used the conditional logistic
regression model to measure the association of
each PRS with the risk of the corresponding stroke
outcome, stratified by the case—control pair, with
the top 10 principal components of ancestry (PCA)
and array versions as the covariates. We defined the
optimal PRS as the PRS with the highest OR per SD,
as our previous study did."

Validation and evaluation of the optimal PRS in the testing set
In the testing set, we used the Cox regression model
to measure the association of optimal PRSs with risks
of stroke and stroke subtypes. The model was stratified
by sex and ten study regions, with age as the time scale
and adjusting for the top 10 PCA and array versions. We
further adjusted for SBP, BMI and family history of stroke
in sensitivity analyses. We evaluated the proportional
hazards assumptions by examining Schoenfeld residuals.
Either non-existent or minimal deviations were observed.
In subgroup analyses, the tests for multiplicative inter-
action were performed using likelihood ratio tests by
comparing models with and without cross-product terms
between the stratifying variable and PRS.

To evaluate the impact of PRS on risk prediction
improvement, we defined the ‘CKB-CVD models’ as
the traditional risk prediction models, as our previous
study did."” The ‘CKB-CVD models’ distinguish risks of
IS and haemorrhagic stroke and have good discrimina-
tion without relying on blood lipids.'® We added the PRS
to traditional models to get a ‘PRS-enhanced model’.
We assessed the discrimination performance by using
Harrell’s C.*> We used the net reclassification improve-
ment (NRI) and integrated discrimination improvement
to evaluate model reclassification before and after the
addition of PRS.*

The study adhered to the PRS Reporting Standards and
statement Strengthening the reporting of observational
studies in epidemiology for cohort studies simultaneously
(online supplemental file 2) 27 Analyses were done with
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Table 1 The optimal PRSs associated with risks of stroke and its subtypes in the training sets

Outcomes Method PRS source* No of variants OR, (95% Cl) P value Note
Any stroke (N=7412 pairs)

Previous study PGS002259 448 1.13(1.09to 1.16) 1.44x107"

C+T GCST005838 (p=1x10°, r’=0) 38 1.11 (1.07 to 1.14)  1.90x107°

LDpred GCST005838 (p=0.01, Ref=1KGP-EAS) 1017531 1.14(1.10t0 1.18) 3.38x107'*  Optimal
Ischaemic stroke (N=3844 pairs)

Previous study PGS000039 1563569 1.07 (1.01to 1.12) 0.012

C+T GCST90018864 (p=0.02, r’=0.8) 32158 1.18 (1.13t0 1.24) 3.55x10™""  Optimal

LDpred GCST90018864 (p=0.01, Ref=1KGP-EUR) 1017672 1.17 (1.11t0 1.23) 1.46x107°
Intracerebral haemorrhage (N=4296 pairs)

C+T GCST90018870 (p=0.001, r*=0.2) 1326 1.09 (1.04to 1.14) 1.37x107*

LDpred GCST90018870 (p=0.1, Ref=1KGP-EUR) 1017664 1.10 (1.05 to 1.15) 3.09x107° Optimal
Subarachnoid haemorrhage (N=359 pairs)

C+T GCST90018703 (p=0.4, r*=0) 7899 1.25(1.06 to 1.47) 9.21x10°  Optimal

LDpred GCST90018923 (p=0.01, Ref=1KGP-EUR) 1017665 1.15(0.98 to 1.35) 0.096

The current table only displays the optimal PRS obtained from different strategies (previous study, C+T and LDpred) for each disease
outcome. The detailed results of all PRSs can be found in online supplemental table 7.
*'PGS’ indicates the index in the PGS Catalogue. ‘GCST’ indicates the index in the GWAS Catalogue. The information in brackets is the

parameter used for developing the PRS.

C+T, clumping and thresholding; EAS, East Asian; EUR, European; 1KGP, 1000 Genomes Project (Phase 3); PRS, polygenic risk score;

Ref, reference population.

Stata (V.17.0, StataCorp) and R (V.4.0.3). All statistical
tests were two sided with 0=0.05.

RESULTS

Selection of the optimal PRSs in the training sets

In this study, four 1:1 matched training sets were
defined to identify the optimal PRS for AS (7412
pairs), IS (3844 pairs), ICH (4296 pairs) and SAH
(359 pairs) (figure 1, online supplemental methods).
Among the training sets, 72.7%, 61.6%, 77.9% and
63.8% of the participants were from rural areas in
China; 51.9%, 50.5%, 53.4% and 38.4% of the partic-
ipants were men, respectively. Among the cases, the
median age of disease onset (25th—75th percentile)
was 65.3 (57.0-72.0), 64.1 (56.1-70.6), 65.9 (57.7-
73.0) and 61.0 (53.8-69.2) years, respectively. Among
all training sets, the proportion of the control group
using the first version of the SNP array was lower
than that of the case group (p<0.001) (online supple-
mental table 2). The performance of PRS for AS and
IS developed in previous studies was not better than
that of the newly developed PRS in the present study
(table 1, online supplemental table 5). The optimal
PRS for AS came from the LDpred method, and the
optimal PRS for IS, ICH and SAH came from the C+T
method. The OR_, (95% CI) of the optimal PRSs was
1.14 (1.10 to 1.18) for AS, 1.18 (1.13 to 1.24) for IS,
1.10 (1.05 to 1.15) for ICH and 1.25 (1.06 to 1.47) for
SAH (table 1, online supplemental table 5).

Associations of PRSs with stroke and its subtypes in the
testing set

The testing set included 72150 Chinese participants,
of which 59.8% were women. The median age was 50.6
years in women and 51.9 years in men. During 872919
person-years of follow-up (over 12 years on average), 8514
incident stroke events were documented, including 7507
IS, 1193 ICH and 132 SAH (table 2). The correlations
among the optimal PRSs were weak (all correlation coef-
ficients<0.2) (online supplemental figure 2).

The PRS,  and PRS  were both positively associated with
risks of AS, IS and ICH (p<0.05). The HR (95% ClIs) of
PRS, was 1.10 (1.07 to 1.12), 1.10 (1.07 to 1.12) and 1.13
(1.07 to 1.20) for AS, IS and ICH, respectively. The corre-
sponding HR_ (95% CIs) of PRS was 1.08 (1.06 to 1.11),
1.08 (1.06 to 1.11) and 1.09 (1.03 to 1.15) (figure 2, online
supplemental table 6). PRS , was positively associated
with the risk of ICH in the whole testing set (HR =1.07),
though it was not statistically significant in women (p for
sex interaction=0.056) (figure 2C). PRS, ; was not associ-
ated with risks of any outcomes (figure 2). A strong asso-
ciation of PRS,  with the risk of SAH (HR_ =1.38, 95% CI
1.03 to 1.87) was observed in men but not in women (p
for sex interaction=0.055) (figure 2D).

In sensitivity analyses, the associations of PRSs with risks
of stroke and its subtypes did not change significantly after
additional adjustment for SBP, BMI and family history of
stroke (online supplemental table 6). In subgroup anal-
yses, there was no strong evidence supporting a different
association strength across subgroups for IS and ICH after
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Table 2 Characteristics of the testing set

Women

Men

No of participants
Baseline characteristics
Age, years
Rural areas
Array 1
Primary school and below
Daily smokers
Body mass index, kg/m?
Waist circumference, cm
Hypertension
Diabetes
Family history of stroke
Follow-up
Follow-up time, years
Total person-years*
Incident eventst
Any stroke
Ischaemic stroke
Intracerebral haemorrhage
Subarachnoid haemorrhage

43170

50.6 (42.5-58.3)
22449 (52.0)
5948 (13.8)
23605 (54.7)
915 (2.1)

23.6 (21.4-26.0)
78.0 (72.0-84.5)
14062 (32.6)
2477 (5.7)

7619 (17.6)

12.6 (11.7-13.4)
529498

4763 (11.0)
4254 (9.9)
600 (1.4)
87 (0.2)

28980

51.9 (43.2-60.3)
15772 (54.4)
4503 (15.5)
11882 (41.0)
16317 (56.3)
23.3 (21.1-25.7)
81.5 (74.5-88.5)
10653 (36.8)
1553 (5.4)

5075 (17.5)

12.4 (11.4-13.3)
343421

3751 (12.9)
3253 (11.2)
593 (2.0)
45 (0.2)

Data are presented as n (%) or median (25th-75th percentile) unless

otherwise specified.

*Person-years were calculated as the time from the baseline date
to the first of the following: death, lost to follow-up or the global
censoring date (31 December 2018).

TOnly the first event was counted.

considering multiple testing (p for interaction>0.05/8)
(online supplemental figures 3 and 4).

Addition of the optimal PRS to traditional risk prediction

models

Based on the traditional models defined in this study,
the addition of the PRS did not improve or only slightly

improve the discrimination performance of the models.
For IS, the addition of PRS,  increased Harrell’s C by
0.0010 in men (p=0.002). For haemorrhagic stroke, the
addition of PRSs did not influence Harrell’s C signif-
icantly (p>0.05) (figure 3). The addition of the PRS
offered little to no improvement in stroke risk stratifica-
tion. For example, the categorical NRIs at the 10% high-
risk threshold for ischaemic and haemorrhagic stroke
were all not significant in both sexes (p>0.05) (online
supplemental table 7).

DISCUSSION

Based on the largest biobank in the Chinese popula-
tion, only moderate associations were observed between
PRSs and risks of stroke and its subtypes in this Chinese
population, with an HR_ of about 1.10. The addition of
current PRSs offered little to no improvement in stroke
risk prediction and risk stratification. We also found that
the PRSs developed from GWAS summary statistics of IS
were positively associated with the risk of ICH.

In the present study, the associations of PRSs with risks
of stroke and its subtypes were moderate, suggesting a
limited value for improving risk prediction over tradi-
tional risk factors. The HR_ for PRS was usually greater
than 1.20 in previous studies of the general population.
A PRS for IS (PGS000039) that was developed with the
metaGRS method and combined PRSs of 5 stroke subtypes
and 14 stroke-related traits had an HR  of 1.26 (95% CI
1.22 to 1.81) in the European population.” Another PRS
for stroke (PGS002259) was also developed using the
metaGRS method in a Chinese population, with the HR
for stroke being 1.28 (95% CI 1.21 to 1.36)."” However,
these two PRSs showed much weaker associations with the
risk of stroke or IS in the present study than in previous
studies. Since both PRSs were developed using the elas-
tic-net logistic regression, a machine learning approach,
the potential overfitting may undermine their generalisa-
tion performance.
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Figure 2 Associations of PRSs with risks of stroke and its subtypes. (A) AS, (B) IS, (C) ICH, (D) SAH. The PRSs reported here
are the optimal PRSs for stroke and its subtypes in the training sets (see table 1), which were standardised (0 mean, unit SD)
in the testing set. Cox models were stratified by sex and 10 study regions and adjusted for the top 10 principal components of
ancestry and array versions, with age as the time scale. The number above the closed square represents the HR. The number
of stroke events in women and men has been reported in table 2. The vertical lines indicate 95% Cls. AS, any stroke; ICH,
intracerebral hemorrhage; IS, ischaemic stroke; PRS, polygenic risk score; SAH, subarachnoid haemorrhage.
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Harrell's C Harrell's C change P—value

Ischemic stroke (IS)
Women

Traditional model 0.806 (0.799, 0.812) -

+IS PRS 0.806 (0.800, 0.812) —— 0.0001 (—0.0002, 0.0004) 0.450

+ AS PRS 0.806 (0.800, 0.812) —a— 0.0004 (—0.0000, 0.0007) 0.053
Men

Traditional model 0.802 (0.795, 0.810) -

+IS PRS 0.803 (0.796, 0.810) —a— 0.0006 (0.0001, 0.0011) 0.026

+ AS PRS 0.803 (0.796, 0.810) —a— 0.0010 (0.0004, 0.0016) 0.002
Hemorrhagic stroke

Women

Traditional model 0.805 (0.789, 0.822) -

+ICH PRS + SAH PRS 0.805 (0.789, 0.822) [ ] 0.0000 (—0.0001, 0.0001) 0.569

+ AS PRS 0.806 (0.789, 0.822) —_—— 0.0004 (—0.0004, 0.0013) 0.331
Men

Traditional model 0.800 (0.786, 0.815) -

+ICH PRS + SAH PRS 0.801 (0.786, 0.816) - 0.0005 (—0.0008, 0.0019) 0.439

+ AS PRS 0.801 (0.786, 0.816) " 0.0004 (—0.0009, 0.0017) 0.570

[
—0.001

T
0

T 1
0.001 0.002

Harrell's C change

Figure 3 C statistics evaluating the performance of PRS. The traditional risk prediction models (traditional models) were
defined as sex-specific Cox models stratified by 10 study regions, with time on study as the time scale, including models for
ischaemic stroke (ICD-10: 163) and models for haemorrhagic stroke (ICD-10: 160-162)."® Predictors included in traditional models
were the same as the ‘CKB-CVD models’, including age, systolic and diastolic blood pressure, use of antihypertensives, current
daily smoking, self-reported diabetes and waist circumference. Interactions between age and the other six predictors were

also included. The 95% Cls of Harrell’s C and Harrell’s C changes were calculated by 100 bootstrap replications using the BCa
method in Stata. CKB, China Kadoorie Biobank; CVD, Cardiovascular disease; ICD, International Classification of Disease; PRS,

Polygenic risk score.

The incidence rate of ICH is much higher in Chinese
than in European populations. However, non-European
populations are underrepresented in GWAS, which
serves as the basis for PRS development. The largest
GWAS for ICH included only 3400 ICH cases, with most
of them from European populations.'” The present study
attempted to develop PRS for ICH based on summary
statistics from this GWAS. The weak associations observed
in the present study are either explained by the difference
in genetic background between ethnic groups or suggest
that this GWAS may be underpowered. The stronger
association estimate between PRS and HS risk reported
in the previous study was likely due to the inclusion of
PRS:s for risk factors of HS (such as blood pressure) in the
metaGRS method."” It is worth mentioning that, in the
present study, the PRSs directly developed from GWAS
summary statistics of IS were also positively associated
with the risk of ICH. Although there are differences in
aetiology and risk factor profile between IS and ICH,'"™"
they might also have some partially shared aetiological
mechanisms like the cerebral small-vessel disease.”

This study has the following strengths. The large sample
size and a large number of stroke events (including IS and
ICH) enabled us to separate powerful training sets and
the testing set and to conduct subgroup analyses. The lost
to follow-up rate was less than 1% at an average follow-up
period of over 12 years in CKB. The main subtypes of

stroke (ie, IS, ICH and SAH) were well classified, and the
reporting and diagnostic accuracy of stroke events were
high.?* The genotyping and imputation of genetic data
in this study were centrally conducted through a standard
quality control process. Genetic variants with high reli-
ability covered the whole genome well.

However, several limitations merit consideration.
First, we did not further consider the subtypes of IS (eg,
large-atherosclerotic stroke, cardioembolic stroke and
small vessel stroke) as over 75% of the incident IS events
were coded as unspecified IS (ICD-10: 163.9), which
precluded us from conducting more detailed analyses.
Previous studies have suggested that there are differences
in genetic loci of different IS subtypes.'* * Subsequent
studies can explore whether distinguishing IS subtypes
can further improve the predictive ability of PRS for IS.
Second, compared with IS and ICH, the number of SAH
events was relatively small. Therefore, it is difficult to
exclude chance factors for the positive results observed in
the present study. Further studies with more SAH events
are warranted to examine our findings. Third, the genetic
variants with ambiguous SNP (ie, A/T, C/G) and those
that were not found in CKB or had low imputation quality
scores were removed during the standard quality control
process of PRSs. This might weaken the associations
of previous PRSs with stroke and its subtypes. Fourth,
because information on blood lipids was not available for
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the current study population, we were unable to compare
the impacts of blood lipids and PRS on traditional
stroke risk prediction model improvement. However,
the addition of blood lipids may enhance the traditional
non-laboratory-based models, as previous studies have
shown.” ** Therefore, adding PRS to a ‘lipid-enhanced
model’ might lead to a more minor improvement than
what we have observed in the present study.

CONCLUSIONS

In this Chinese population, the associations of optimal
PRSs with risks of stroke and its subtypes were moderate,
suggesting a limited value for improving risk prediction
over traditional risk factors in the context of current
GWAS underrepresenting the East Asian population.
As GWAS of stroke and its subtypes progress among East
Asians, further studies are warranted to assess whether
new PRSs have considerable potential to translate into
precision public health and population health benefits
and, if so, to determine the appropriate context for their
use.
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Abstract

Aging plays a crucial role in the mechanisms of the impacts of genetic and environmental factors on blood pressure and serum lipids. However,
to our knowledge, how the influence of genetic and environmental factors on the correlation between blood pressure and serum lipids changes
with age remains to be determined. In this study, data from the Chinese National Twin Registry (CNTR) were used. Resting blood pressure,
including systolic and diastolic blood pressure (SBP and DBP), and fasting serum lipids, including total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C) and triglycerides (TGs) were measured in 2378 participants
(1189 twin pairs). Univariate and bivariate structural equation models examined the genetic and environmental influences on blood pressure
and serum lipids among three age groups. All phenotypes showed moderate to high heritability (0.37-0.59) and moderate unique
environmental variance (0.30-0.44). The heritability of all phenotypes showed a decreasing trend with age. Among all phenotypes, SBP and
DBP showed a significant monotonic decreasing trend. For phenotype-phenotype pairs, the phenotypic correlation (Rph) of each pair ranged
from —0.04 to 0.23, and the additive genetic correlation (Ra) ranged from 0.00 to 0.36. For TC&SBP, TC&DBP, TG&SBP and TGs&DBP, both
the Rph and Ra declined with age, and the Ra difference between the young group and the older adult group is statistically significant (p < .05).
The unique environmental correlation (Re) of each pair did not follow any pattern with age and remained relatively stable with age. In
summary, we observed that the heritability of blood pressure was affected by age. Moreover, blood pressure and serum lipids shared common

genetic backgrounds, and age had an impact on the phenotypic correlation and genetic correlations.

Keywords: Heritability; blood pressure; serum lipids; genetic; twin study
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Hypertension, especially high systolic blood pressure (SBP), is
widely recognized as a risk factor for cardiovascular disease, with
10.8 million deaths worldwide in 2019 (GBD 2019 Risk Factors
Collaborators, 2020). Dyslipidemia is defined as abnormal serum
lipid levels, including low levels of high-density lipoprotein
cholesterol (HDL-C) and elevated levels of serum total cholesterol
(TC), triglycerides (TGs) and low-density lipoprotein cholesterol
(LDL-C).

Both hypertension and dyslipidemia are risk factors for damage
to the vessel wall damage. Dyslipidemia directly affects blood
pressure (Ruixing et al., 2009). First, dyslipidemia reduces the
elasticity of the blood vessel wall and causes an increase in SBP. It
causes excessive lipid molecules to stimulate the elastic compo-
nents of the arterial wall, resulting in the production of large
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amounts of extracellular matrix and inflammatory mediators, such
as interleukins and chemokines. These inflammatory mediators
and lipids eventually form atheromatous plaques locally with
platelets in the arterial wall. Finally, in terms of hemodynamics, the
increase in lipid molecules in the blood will increase the viscosity of
the blood, slow down the flow of blood in the blood vessels, and
make it difficult for peripheral blood to flow back into the heart,
resulting in an increase in both SBP and diastolic blood pressure
(DBP). However, no definitive evidence has indicated that
hypertension can directly cause dyslipidemia (Hurtubise et al.,
2016). The elasticity of the blood vessel wall in middle-aged and
older adults is weakened, SBP is prone to increase. And the low
metabolic rate of middle-aged and elderly people may lead to
abnormality of hepatic lipid metabolism, resulting in dyslipidemia.
In addition, some hypertension drugs, such as thiazide diuretics
and B-blockers, have adverse effects on lipid metabolism, which
may further promote the occurrence of dyslipidemia (Deshmukh
et al., 2008).

Both blood pressure and serum lipids are affected by genetic
and environmental factors. In general, blood pressure increases
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with age. At the same time, the pattern of serum lipids changes
dramatically with age, especially in the following four life periods:
infancy, adolescence, female menopause, and old age (Snieder
et al,, 1999). These specific age trends indicate that the effect of
genetic and environmental factors changes with age (Snieder et al.,
1999). In addition, evidence from epidemiological studies has
found a positive correlation between blood pressure and serum
lipids (Lepira et al., 2005; Tang et al., 2022; Zhang et al., 2007), and
the correlation also decreases with age (Bonaa & Thelle, 1991). In
previous twin studies, it was found that there was a moderate or
low genetic correlation between blood pressure and serum lipids
(Benyamin et al., 2007; Duan et al.,, 2011; Panizzon et al., 2015;
Zhang et al., 2009). However, most previous studies did not
consider the effect of age on genetic correlation, and it is unclear
how the influence of genetic and environmental factors on the
correlation between blood pressure and serum lipids changes
with age.

Therefore, we aimed to quantify genetic and environmental
contributions to blood pressure and serum lipids. The degree to
which the genetic and environmental contributions are shared for
blood pressure and serum lipids was explored using twins in the
Chinese National Twin Registry (CNTR). Furthermore, we studied
the changes in different age groups.

Method
Study Population

The participants were from the CNTR, the largest twin registration
system in China, which has been detailed elsewhere (Gao et al.,
2019). The study data from thematic surveys of the CNTR between
2013 and 2017 included a questionnaire survey (demographic
information and medication history), physical examination (blood
pressure) and blood sampling (biochemical tests). This study
received ethical approval from the Biomedical Ethics Committee
at Peking University, Beijing, China. All participants provided
written informed consent.

Twins who are 18 years old and over were included. Exclusion
standards were as follows: (1) twins with missing key variables,
such as age and zygosity; (2) twin pairs who were raised separately
for more than one year before the age of 5; (3) opposite-sex twin
pairs; (4) twins who had been taking hypolipidemic agents in the
previous month; and (5) pregnant women and their cotwins.
Ultimately, this study divided 2378 participants (1189 twin pairs)
into three age groups based on age: young (< 5 years old), middle-
aged (46 to 55 years old), and older adults (>55 years old); see
Figure 1.

Measurements of Blood Pressure

Blood pressure of the right arm was measured twice in a sitting
position using an electronic sphygmomanometer after at least 5
minutes of rest. A third blood pressure measurement was taken if
the difference between the first two blood pressures was greater
than 10 mmHg. The average of the two measurements with the
closest values was taken as the mean blood pressure. Blood
pressure needed to be adjusted if antihypertensive drugs were
taken, and 10 mmHg and 15 mmHg were added to the measured
DBP and SBP respectively (Tobin et al., 2005).

Measurements of Serum Lipids

The peripheral blood was collected after at least 12 hours of fasting.
The blood samples were stored in a portable blood refrigerator box
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at 4 °C. Then, a desktop frozen centrifugal machine was used to
separate the serum and blood cells for 20 minutes at 2500 rpm.
Separated serum was used to detect serum lipids according to the
same testing process and standards.

Twin Zygosity

The CNTR used the ‘Peas in the Pod Questionnaire’ (PPQ) to judge
the zygosity of twins, which asks about the degree of similarity of
twins. Compared with genetic data, the accuracy of this method
can reach 87% (Wang et al., 2015).

Data Analysis

All data analyses were conducted using R (4.0.2) software, and
structural equation models (SEM) were performed using the
OpenMx (2.18.1) package of R. For serum TC, TG, HDL-C and
LDL-C showing a nonnormal distribution, a natural logarithm
transformation was carried out. For each trait, individuals with
blood pressure or serum lipid value that exceeded +3 standard
deviation (SD) from the mean and their co-twins were removed.
The models were adjusted for age and sex; p < .05 indicated
statistical significance.

Structural Equation Modeling

The SEM was utilized to evaluate the genetic and environmental
factors influencing a trait. This approach partitions the variation
into four components: additive genetic component (A), unique
environmental component (E), dominant genetic component (D)
and common environmental component (C). Since only twins
reared together are included, the effects of C or D cannot be
estimated simultaneously in the same model due to the
confounding of these components (Rijsdijk & Sham, 2002). As it
is dependent on the pattern of correlations between MZ and DZ
twins, an ACE or ADE model was chosen. C is calculated when the
MZ correlation is less than twice the DZ correlation, while D is
calculated if the MZ correlation is more than the DZ correlation.
Then A, C or D were gradually dropped to fit the submodels. Using
likelihood ratio tests, we compared ACE or ADE models and the
submodels with the saturated models. The criteria for the suitable
model was the p > .05 and the lowest Akaike information criterion
(AIC) value.

Univariate Structural Equation Modeling

We constructed the univariate SEM for blood pressure and serum
lipids in the three age groups. The proportion of the variance of A
in the overall variation was defined as heritability.

We fitted homogeneity models among the three age groups to
examine whether the variance components could be equal. A
likelihood ratio test was performed between the homogeneity
models and the suitable models in the total population and if
p < .05, we could judge that the homogeneity model was
unacceptable. Based on the homogeneity models, heritability
estimates in the three age groups and the 95% confidence intervals
(CI), we observed whether heritability changed with age.

Bivariate Structural Equation Modeling

Based on the suitable models of univariate SEM, bivariate SEM was
fitted in the three age groups. The bivariate Cholesky model was
used to calculate the genetic correlation coefficient (Ra) and
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I Twin individuals(18 years) participated in the thematic survey(N=3.038) ‘
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*Age and zygosity was missing (N=2+12)

*Twins who are raised separately for more than one
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Figure 1. Flow chart of the study population and data analysis.
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Note: SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol. SEM, structural equation model; SD, standard deviation
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environmental correlations coefficient (Re) between BP and serum
lipids indicators (Figure 2)

Like univariate SEM, we constructed homogeneity models
pairwise for each of the three age groups with equal variance
components between two age groups. We compare the homo-
geneity model with the suitable model for each age group using a
likelihood ratio test. If p < .05, the homogeneity model was
considered unacceptable. Examining the model fitting effect, the
selection criteria of the suitable models and the criteria for
determining whether different age groups are the same refer to the
univariate SEM.

Results
Sample Characteristics

A total of 2378 (1189 pairs) adult twins were included in this study,
of which 840 pairs (70.6%) were MZ. The average age of all
participants was 48.2 + 12.1 years old, and 68.5% were male. SBP
and DBP increased with age among the three age groups, while no
age-dependent trend was observed in serum lipid indicators
(Table 1).
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Figure 2. Bivariate Cholesky model for SBP and
TC as examples.

Note: The observed phenotypes of twin 1 and
twin 2 are in boxes, and the latent variables are
in circles. SBP, systolic blood pressure; TC, total
cholesterol; all, the effect of the additive
genetic component on SBP; ell, the effect of
the unique environmental component on SBP;
a21, the combined effect of the additive genetic
component on SBP; a22, the effect of additive
genetic component on TC; €22, the effect of the
unique environmental component on TC.

TC2

Heritability of Blood Pressure and Serum Lipids

In the total population and the three age groups, the model-fitting
process is shown in Supplementary Tables S1—-S5. In the total
population, except for TGs, the suitable models for other
phenotypes were ACE models, and the suitable model for TGs
was AE model (Supplementary Table 4). The heritability was
0.39 for SBP, 0.39 for DBP, 0.45 for TC, 0.59 for TGs, 0.47 for
HDL-C and 0.37 for LDL-C (Table 2).

Among the three age groups, we chose AE models as the
suitable models for phenotypes. The homogeneity model for
only SBP and DBP could be accepted (p < .001; Supplementary
Table 4), indicating that heritability is not equal among the three
age groups. Since unique environmental variation increased, the
heritability of SBP and DBP declined in the older adult group
compared to the younger group. For TC and TGs, heritability
point values at different age groups showed a downward trend as
genetic variation declined and environmental variation
increased. Still, the heritability difference was insignificant
(p > .05). Genetic and environmental variation of HDL-C and
LDL-C was similar among the three groups, so the heritability
remains relatively stable with age (Figure 3, Supplementary
Figure S1).
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Table 1. Characteristics of the study participants (N =2378)
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Characteristic Overall <45 years old 46-55 years old >55 years old
No. 2378 934 848 596
Age (years) 48.2 (12.1) 36.2(6.6) 50.4 (2.8) 63.7 (5.9)
Sex/zygosity(%)

MZF 560 (23.5) 242(25.9) 200 (23.5) 118 (19.8)
MZM 1120 (47.1) 364(39.0) 410 (48.4) 346 (58.0)
DZF 188 (8.0) 86(9.2) 76 (9.0) 26 (4.4)
DZM 510 (21.4) 242(25.9) 162 (19.1) 106 (17.8)
Blood pressure

SBP(mmHg) 134.4 (22.5) 125.2(18.1) 135.8 (21.3) 146.9 (23.8)
DBP(mmHg) 82.6 (13.9) 79.0(13.3) 84.5 (13.8) 85.6 (13.6)
Serum lipid

TC(mmol/L) 4.8 (4.2,5.4) 4.8(4.1,5.3) 9 (4.3,5.5) 4.8 (4.2,5.4)
TGs(mmol/L) 1.4 (0.9,2.1) 1.4(0.9,2.3) 4 (1.0,2.2) 1.3 (0.9,1.9)
LDL-C(mmol/L) 2.5 (2.0,3.0) 2.4(2.0,2.9) 6 (2.1,3.1) 2.5 (2.0,3.0)
HDL-C(mmol/L) 3 (1.1,1.5) 1.3(1.1,1.5) 3(1.1,1.6) 1.4 (1.1,1.6)

Note: SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
MZF, monozygotic female; MZM, monozygotic male; DZF, dizygotic female; MZM: monozygotic male. Data are reported as the mean (standard deviation) for blood pressure indicators and the

median (interquartile range) for serum lipid indicators.

Table 2. Parameter estimates (95% Cl) from the univariate model of blood pressure and serum lipids in the total population

Phenotype A (95% Cl) C (95% Cl) E (95% Cl) h2 (95% Cl) €2 (95% Cl)

SBP 0.31 (0.16, 0.49) 0.13 (0.00, 0.29) 0.36 (0.33, 0.40) 0.39 (0.20, 0.59) 0.44 (0.40, 0.49)
DBP 0.35 (0.19, 0.54) 0.17 (0.00, 0.33) 0.38 (0.35, 0.42) 0.39 (0.21, 0.59) 0.42 (0.38, 0.47)
TC 0.45 (0.28, 0.64) 0.18 (0.00, 0.33) 0.36 (0.33, 0.40) 0.45 (0.29, 0.64) 0.37 (0.33, 0.41)
TGs 0.59 (0.52, 0.66) 0.00 (0.00, 0.00) 0.42 (0.38, 0.46) 0.59 (0.54, 0.63) 0.41 (0.37, 0.46)
HDL-C 0.45 (0.30, 0.63) 0.22 (0.05, 0.38) 0.29 (0.26, 0.32) 0.47 (0.31, 0.65) 0.30 (0.27, 0.33)
LDL-C 0.37 (0.21, 0.56) 0.25 (0.08, 0.41) 0.37 (0.33, 0.41) 0.37 (0.21, 0.56) 0.37 (0.33, 0.41)

Note: SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
A, additive genetic component; E, unique environmental component. h2, heritability, that is, the ratio of A to the total variance; €2, the proportion of E to the total variance.

Genetic and Environmental Correlation between Blood
Pressure and Serum Lipids Indicators

There were eight phenotype-phenotype pairs of blood pressure and
serum lipid indicators. For each of them we chose the AE model as
the binary Cholesky decomposition model according to the
suitable model of univariate SEM. The model-fitting process is
shown in Supplementary Tables S6—S9. Therefore, the phenotypic
correlation (Rph) was decomposed into additive genetic correla-
tion (Ra) and unique environmental correlation (Re).

In total populations, the Rphs were 0.15 for TC&SBP, 0.17 for
TGs&SBP, 0.11 for LDL-C&SBP, —0.04 for HDL-C&SBP, 0.19
for TC&DBP, 0.23 for TGs&DBP, 0.16 for LDL-C&DBP and
—0.08 for HDL-C&DBP. For these phenotypes-phenotypes
pairs, the Ra ranged from 0.00 to 0.36. 0—85% of the phenotypic
correlations were determined by genetic factors, and the
remaining 15—100% were explained by environmental factors
(Table 3).

https://doi.org/10.1017/thg.2023.25 Published online by Cambridge University Press

Among the age groups, Rph and Ra of each phenotype-
phenotype pair showed the same change trend. For TC&SBP,
TC&DBP, TGs&SBP and TGs&DBP, both the Rph and Ra declined
with age, and the difference of Ra between the young group and the
older adult group was statistically significant (p < .05) according to
the 95% CI and the unacceptable homogeneity models (Figures 4
and 5, Supplementary Table S9). However, for LDL-C&DBP,
HDL-C&SBP, and HDL-C&DBP, the lowest Ra and Rph appeared
in the middle age group. The rE did not follow any pattern with age,
and the differences in Re among the three age groups for all
phenotype-phenotype pairs were not statistically significant
according to the point value of Re and their 95% CI (Figure 5).

Discussion

To our knowledge, age plays a crucial role in genetic and
environmental influences on blood pressure and serum lipids.
As expected, the heritability and genetic correlations of most
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Table 3. Parameter estimates (95% Cl) from the bivariate model of blood pressure and serum lipid in total population

Phenotypel Phenotype2 Rph (95% ClI) Ra (95% CI) Re (95% Cl) Pa (95% Cl) Pe (95% Cl)

SBP TC 0.15 (0.10, 0.20) 0.09 (0.00, 0.41) 0.19 (0.01, 0.34) 0.22 (0.00, 0.96) 0.78 (0.04, 1.00)
TGs 0.17 (0.12, 0.21) 0.28 (0.16, 0.46) 0.09 (0.05, 0.15) 0.70 (0.50, 0.85) 0.30 (0.15, 0.50)
LDL-C 0.11 (0.06, 0.15) 0.00 (0.00, 0.33) 0.16 (0.00, 0.25) 0.00 (0.00, 1.00) 1.00 (0.00, 1.00)
HDL-C —0.04 (—0.08, 0.00) —0.07 (=0.22, 0.00) —0.02 (~0.11, 0.00) 0.73 (0.00, 1.00) 0.27 (0.00, 1.00)

DBP TC 0.19 (0.14, 0.23) 0.22 (0.00, 0.50) 0.16 (0.01, 0.37) 0.50 (0.00, 0.97) 0.50 (0.03, 1.00)
TGs 0.23 (0.19, 0.27) 0.36 (0.24, 0.54) 0.14 (0.08, 0.19) 0.69 (0.55, 0.81) 0.31 (0.19, 0.45)
LDL-C 0.16 (0.11, 0.21) 0.04 (0.00, 0.38) 0.23 (0.02, 0.35) 0.09 (0.00, 0.91) 0.91 (0.09, 1.00)
HDL-C —0.08 (=0.12, —0.03) —0.17 (=0.32, 0.00) —0.02 (=0.16, 0.00) 0.85 (0.00, 1.00) 0.15 (0.00, 0.58)

Note: Ra, genetic correlation between 2 phenotypes; Re, unique environmental correlation between 2 phenotypes; Rph, phenotypic correlation between two phenotypes; Pa, percentage of
genetic contributions to the correlation between two phenotypes; Pe, percentage of environmental contributions to the correlation between two phenotypes; SBP, systolic blood pressure;
DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
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Figure 3. Heritability of blood pressure and serum lipids by three age groups.
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Note: SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TGs, triglycerides; LDL-C,low-density lipoprotein cholesterol; HDL-C, high-density

lipoprotein cholesterol.

phenotype and phenotype-phenotype pairs decreased with age.
However, some heritability or genetic correlations still reached
extreme values in the middle-aged group.

Univariate analysis showed that the overall heritability of blood
pressure and serum lipid indicators was estimated to be moderate
to high, suggesting that these phenotypic variations were mainly
due to genetic effects, which is consistent with previous findings
(Jermendy et al,, 2011; Liao et al., 2017; Liao et al., 2015; Snieder
et al,, 1999). The environmental factors that lead to phenotypic
variation are mainly the unique environment rather than the
common environment, which may be because most of the
participants in this study were middle-aged and elderly, and the
shared environmental exposure of twins may no longer play a
significant role (Benyamin et al, 2007). We found that the
heritability of SBP and DBP declined with age. The unacceptable
homogeneity models support this hypothesis. Differences in the
heritability across age groups may reflect the cumulative effect of
the unique environment, such as smoking, drinking and exercising
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(Heller et al., 1993; Province et al., 1989). Alternatively, these
results may reflect cohort differences. In line with previous studies
(Snieder et al., 1999), the heritability of TC, TG, HDL-C and LDL-
C remains relatively stable with age. However, other studies found
that the heritability of serum lipids fluctuates with age, possibly due
to the age-dependent expression of lipid-related genes (Heller
et al, 1993; Simino et al., 2014). In addition, women enter
menopause in this age group (46—55 years old; Marlatt et al., 2022).
In this period, LDL-C levels rise rapidly, while HDL-C levels fall
(Marlatt et al., 2022; Snieder et al., 1999) when a lack of ovarian
hormones affects lipid metabolism. It may be due to the complex
changes in genetic and environmental factors that lead to stability
in heritability. The role of unique environmental factors such as
lifestyle becomes increasingly important as age increases. Thus,
unique environmental factors should be given more attention at a
young age to prevent or slow disease progression.

Most previous studies have analyzed blood pressure and serum
lipid indicators separately. Few have investigated genetic and
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Figure 4. Phenotypic correlation (95% Cls) from the best-fitting bivariate AE model of
blood pressure and serum lipid in three age groups.

Note: Rph, phenotypic correlation between two phenotypes; SBP, systolic blood
pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.

environmental correlations in metabolic syndrome subpheno-
types, including blood pressure, TG and HDL-C, instead of the
four serum lipid indicators (Benyamin et al., 2007; Duan et al.,
2011; Panizzon et al.,, 2015; Zhang et al., 2009). We found a weak
genetic correlation (0.00—0.36) between blood pressure and serum
lipids through bivariate analysis, consistent with previous twin
studies (Benyamin et al., 2007; Duan et al., 2011; Panizzon et al,,
2015; Zhang et al., 2009). Genetic correlation provides epidemio-
logical evidence for exploring the overlapping genes between blood
pressure and serum lipids. The trend may indicate the change in
genetic effects of overlapping genes over time. A genetic correlation
of 1.00 or —1.00 suggests that the genetic effects on the two traits
overlap entirely, while a genetic correlation of zero indicates that
completely different genes affect the two traits. Apart from genetic
correlation, the percentage of genetic contributions to the
correlation between two phenotypes (Pa) reflects the magnitude
of genetic influences on phenotypes. This study found that genetics
contributed significantly (0—85%) to the correlation between
blood pressure and serum lipids, suggesting that genes affecting
blood pressure overlap with genes affecting serum lipids. A large
genomewide association study (GWAS; Willer et al., 2013) found
that 20 and 29 loci associated with lipid levels were associated with
SBP and DBP respectively, of which the BRAP gene (Kim et al,,
2016) and the SLC39A8 gene (Yao et al., 2015) were duplicated in
other studies. Another GWAS on Koreans found that BRAP,
ACADI0, and ALDH2 were genes shared by SBP and DBP with
TGs, HDL-C and LDL-C respectively (Kim et al., 2016). Two other
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GWAS on the pleiotropy of coronary heart disease risk loci found
that the SH2B3 gene was the locus associated with SBP, DBP, HDL-
C, and LDL-C (CARDIoGRAMplusC4D Consortium et al., 2013;
Webb et al.,, 2017). These genomic studies support our findings
that there are overlapping genes between blood pressure and serum
lipids.

In the bivariate analysis of age groups, as expected, the
phenotypic correlation between serum lipids and blood pressure
generally declined with age, and the phenotypic correlation was
highest in the young group. Considering that dyslipidemia in
China has a higher prevalence and lower awareness, treatment and
control rates than hypertension (Pan et al., 2016), we should pay
more attention to the serum lipid levels of hypertensive patients to
detect dyslipidemia early. Similarly, the genetic correlation of
TC, TG and blood pressure phenotype-phenotype pairs declined
with age. This shows that the genetic effect decreases, and the
environmental effect increases with age. Compared with the results
of a study using young twins with an average age of 21.31 years old
(McCaffery et al., 1999), the proportions of genetic correlations to
total phenotypic correlations (Pa) of TC&SBP, TC&DBP,
TGs&SBP and TGs&DBP in the youth twin study (Pa=93%,
77%, 90% and 100% respectively) were greater than those in our
study (Pa=22%, 50%, 70% and 69% respectively), indirectly
indicating that age has a moderating effect on the genetic
correlations of these phenotype-phenotype pairs. It is physio-
logically plausible that age modulates the magnitude of genetic
correlations. Aging leads to cumulative exposure to lifestyle
choices, such as smoking, alcohol consumption, diet and
exercise, which may affect the regulation of blood pressure
(Hart & Charkoudian, 2014), lipid metabolism (Liu & Li, 2015)
and the expression of lipid-related genes (Simino et al., 2014).

Both univariate and bivariate results indicate that unique
environmental factors play an increasingly important role in the
heritability of traits or the phenotypic correlations of phenotype
pairs with age. A study comparing the differences in environmental
factors between dyslipidemia and hypertension in the Guangxi
Zhuang population in China found that common risk factors for
hypertension and dyslipidemia included age, total energy and total
fat intake (Ruixing et al., 2009). In addition, smoking (Handa et al.,
1990), alcohol consumption (Handa et al., 1990; Wakabayashi,
2009), and BMI (Wakabayashi, 2009) are also common risk factors
for dyslipidemia and hypertension. These environmental risk
factors specifically accumulate with age. Therefore, common risk
factors can be intervened early to prevent and control dyslipidemia
and hypertension simultaneously.

Our study focuses on the heritability and genetic correlation
between blood pressure and serum lipids, and we also attempted to
explore the effect of age on heritability and genetic correlation.
However, our study also has limitations. First, although our sample
size is sufficient to detect the change trends with age, a larger
sample size is required for gender-stratified analysis. Second, this
study is cross-sectional and cannot directly use correlation to make
causal inferences.

Conclusion

In conclusion, our study shows the importance of genetic and
independent environmental factors in the correlation of blood
pressure with serum lipids. It shows the influence of age on genetic
and independent environmental contributions. Genetic factors
play a more significant role in the correlation between blood
pressure and serum lipids in young age, whereas cumulative
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Subgroups Ra (95%CI) Re (95%CI)
TC&SBP
=45 years old : —* 0.36(0.26, 0.46) . 0.00( 0.00, 0.10)
46-55 years old e 0.13(0.00, 0.26) e 0.10( 0.00, 0.21)
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> 55 years old e 0.06( 0.00, 0.24) i—e—  0.15(0.02,0.28)
LDL-C&SBP : :
<45 years old Do 0.28(0.17,0.38) . 0.00( 0.00, 0.10)
46-55 years old te— 0.05( 0.00, 0.18) e 0.09(0.00, 0.20)
> 55 years old I ! 0.02( 0.00, 0.20) - 0.03(0.00, 0.16)
LDL-C&DBP : :
=45 years old . 0.36(0.25,047) h y 0.02(0.00, 0.13)
46-55 years old e 0.10( 0.00, 0.23) te 0.05( 0.00, 0.16)
> 55 years old e 0.13( 0.00, 0.29) - 0.06( 0.00, 0.18) . ) .
HDL-C&SBP : Figure 5. Genetic and environmental correla-
< . tion (95% Cl) from the best-fitting bivariate AE
= 45_}"“’5 old e -0.16(-0.26,-0.05) ] -0.04(-0.15,0.00) modil of blot)>d pressure and serurﬁ lipid in three
46-5-:- years old ol -0.04(-0.19, 0.00) e 0.00(-0.09, 0.00) age groups.
> 35 years old *_'_'; -0.11(-0.27,0.00) . -0.07(-0.20, 0.00) Note: Ra, genetic correlation between two
HDL-C&DBP phenotypes; Re, unique environmental correla-
=45 years old o -0.21(-0.32.-0.11) et -0.14(-0.25,-0.03) tion between two phenotypes; SBP, systolic
46-55 years old - -0.03(-0.15, 0.00) . 0.00(-0.09, 0.00) blood pressure; DBP, diastolic blood pressure;
» 55 years old PR -0.15(-0.29, 0.00) —d 0.00(-0.12, 0.00) TC, total cholesterol; TG, triglycerides; HDL-C,
high-density lipoprotein cholesterol; LDL-C, low-
0.5 5 0.3 0 03 1 density lipoprotein cholesterol.

unique environmental effects play a more substantial role in old
age. Studies of common genes or epigenetic loci between blood
pressure and blood lipids should consider using younger
participants. Patients with hypertension or dyslipidemia should
pay more attention to their own blood pressure and serum lipids
and take intervention measures for common risk factors.
Furthermore, more prospective studies are needed to validate
our findings, and further studies are required to identify specific
genes that affect blood pressure and serum lipids.
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[ Abstract] The observational research based on big data in healthcare has attracted
increasing attention, with the control and evaluation of residual confounding being the critical issue
that needs to be solved urgently. This review summarized the methods for statistical adjustment and
sensitivity analysis of residual confounding in the association analysis with a multicenter database.
Based on individual-level data, the residual confounding can be adjusted in each subcenter using
methods such as regression discontinuity design, while the pooled estimate can be obtained as a
weighted average. Based on the center-level results, the Bayesian Meta-analysis method can adjust
the pooled estimates. The sensitivity analysis of residual confounding can also be carried out using
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center-level data to calculate the E-value, p(q), f’(rvq) and é(r,q). The abovementioned methods

should be selected reasonably according to the requirements for practical applications, advantages,

and disadvantages. For example, the use of subcenter individual data for residual confounding
adjustment usually needs strict study design and frequent coordination; the Bayesian Meta-analysis
is based on some strong assumptions; the interpretation of the results in the sensitivity analysis,
such as E-value requires professional judgment to assess the risk of residual confounding. Therefore,
the methods for controlling and evaluating residual confounding in association analysis based on
multicenter databases still need further development and improvement.

[ Key words ] Multicenter database;

Statistical method
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Residual confounding;
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inspiration of global COVID-19 vaccine research and development and national vaccination strategies for
China, and puts forward targeted vaccination recommendations suitable for China’s national conditions.

[ Keywords] COVID-19; vaccine; vaccination strategies; World Health Organization
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WEHE R, o HEXT 07 e 2 R e 1 e KT
P v DA S 4 R R HEAD | 21T COVID-19 % A HF 14 fit
REfaEA TR T 2N BER R E 2
11 BN SRR IR AR & |, R e
B R TR T-B . A SO Y i A BRoH e
TERIIE I PEVT I A R R | DL B A BRAS ) [ S 3 42
ol R s R B A 0 A T 2R

1 EXHEEEEMRERL

PR Our World in Data Giit, i %2023 4E
6 H,2EKA 70.10% 8 N 1 2= /HEF T 1 FICOVID-19
REHT A 64.37% N LT T 2R #:h, ZE1%
WA B ZKH,30.10% 9 AN B 2= DR T 15
COVID-19%% 1, Ak 42 i 3 134 {25 COVID-19
REWT , HHIRE R EERFIEALLL 207 246 7/ H B HE R
e Bt RE B HE R RT3 A E KR E
(34.912) ENFE(22.012) ZEE(6.742)",

MR O LU BIRE , R 173 B R R
AR RIRF] 75% , Horh REEIR BTHLAA 85 P
R I SIS 4 BRI el 92 1 e A R e e Y L K,
W ORI 100%, R EZEN SBREME R

91.9% ., BIRABRH LW e RIEE BT A4
ERAATIE 173 M0 G A B Al v, e HL 2 v IR
AHBIX - SR YH A X A8 8T 98 v 2 /0 1 FRIE T e
HR IR (36.83%) .

2 ERFEEEARHERE

& WHO 45, B3 2023 4 3 AR, 23kC A
382 A ey T AL T A dE AR, o 199 3K
AL PR R IT & Wy B, 183 #kh T Il PRI I By B
HRAE A B Bty o A KA EERE B Il e
B mRNA B2 DNA REHT ARRERAE T R i ok
PEHTFNAR I RARETT TR e RS B A [ 2
b BTN o TR (32. 2% ) , HIK O RE4R
TRPET (13.7%) . TR 43 6 IO BET R 2 2K
PP LR I P Rl U s R A B A TR
PENT S SRFIARBREL  TEMERRe i AR rh 2
B R, N 55. 2% L AR 1 K2,

N T A BEAS COVID-195 1 1Y i | 28 4Pk A
ARCPE, WHO fifi FH S 20l W BRXTEE W 36 2 BBk
RS 3 BBl R 50 50 DA R OC T2 2k AR
PE 5 R XU B TR %) R 2 A B A T A

® 1 WHO 5 H2ERCOVID- 195 LS 1
Table 1 Global COVID-19 vaccine candidates reported by the WHO

o Pt WiRse R AR )
Candidates in clinical phase Candidate vaccines (no.) Candidate vaccines ( proportion/% )
PS HHFUTH Protein subunit 59 322
VVnr ﬁﬁﬁﬁi(ﬂfigﬁ) Viral Vector (non-replicating) 25 13.7
DNA DNA 17 9.3
v KGR Inactivated Virus 22 12.2
RNA RNA 43 23.5
VVr ‘Eﬁﬁﬁﬁk( B 1) Virus Vector (replicating ) 4 2.2
VLP JHR R Virus Like Particle 7 3.8
VVr + APC VVr + PR 2400 VVr + Antigen Presenting Cell 2 1.1
LAV W HETHHET Live Auenuated Virus 2 1.1
VVnr + APC VVnr +HJEE A0 VVnr + Antigen Presenting Cell 1 0.5
BacAg-SpV HEPR - 82K Bacterial antigen-spore expression vector 1 0.5
R 2 WHO it i 2 BRCOVID- 195 2L P42 B 4 77 ik R I 8]
Table 2 The dose and timing of global COVID-19 vaccine candidates reported by the WHO
FERF 2 AP i) B g B R RESE B (/% )
Number of doses & schedule Number of candidate vaccines Candidate vaccines ( proportion/% )
1 7 dose 47 25.7
do 47
2 5 doses 101 55.2
do+ 14 8
do+ 21 37
do+28 56
3 5 doses 2 1.14
d0+ 28+ 56 2
M TEEAE No data 33 18.0
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B, PP AR 2 0 58 K S ) Jg i DA R
FHZ™ it T BEA R LA 5 A fal A E RS R A T AUAR
ViR B 2l NS By 0 — B 53, e A P il b 2
HRIEARSEA: A , DA 175 31 58 217 7T R WHO
FOAIE, WHO FOAUERR 4 LIRS 5 STl 2 1 1k
BRI AR A 0T 2 RS | AR DR B IR 26
A B T &R RO, T3 R0
R HETT A 15 38 WHO FIA Sl
FHIE R, 4352k F ¥ %/ BioNTech 23 7] BT 7]/
AR AR HOR S | BRAE S ] SRR
A AR S T AR 4EAE YRR PR
ZNE] EREE M OF 58 36 BT BL BL e 023 w) | TR
i IR A T E SK AR AT, WA,

TR EE R R AR A T 2R — BN, B
HIAEHA 5 SBRBEER 17 307 M E7E AT R B 58
B30T PRGBS 0 3 3008 v B A A 5 fofi T o
. 445 BBIBP-Corv 21 (1 E AW 5 AWl i
W) SERSEMRAE T (L B S b e R R

BRAA 7)) AT E T (B it A A /) 7
3 WHO #EFEXNFTEEERBHNSETESER

H AT, % 70 5 AR Sk O BRI AT 1Y £
Hoe RE bR, Jo R XBB WA {H HHLG E A
FET SR BT T B, X B 7R B s 5 A 7 2L H i
FasE , e Sy o Ik,

WHO T3 20 —23 HEF S, BITT
COVID- 1955 M LRI A 2R 1B IR Uk 1B 1T BE Sz ke
HH L o AR SR R R ] B BB B 7 R e
HRERIE TR A 5 AR s . BT Bk
FIFFsm 8 T o AUBS AR Fpoe v i 22, [
i, 45 TR 07 2 MR A S o 17 100 oF e S 2 75 4 82 R IR XL
B TR PR 1, 0 LI AS RE R i 8 R RE Vi P
BEAN 20 P I i DG T T 4 5 A RGE AR
H1 I R T AR RUBS: AR PRI e 3 T 1)
AREE, FIRHETT T A S 4T I B K Ho 42 b i)
I

&3 WHO RS 5. h Y COVID-19%E
Table 3 COVID-19 Vaccines with WHO Emergency Use Listing

PEH AR Vaccine name

A HIH Research and development institution

COMIRNATY®COVID-19 mRNA FE 1 (&1
COMIRNATY®COVID-19 mRNA Vaccine (nucleoside modified)

#%ii/BioNTech /A 7] Pfizer / BioNTech

COMIRNATY ®JE ¥k /Omicron BA.1 (15/15 meg) COVID-19 mRNA % i (B H4515)

COMIRNATY®Origina]/Omicron BA.1 (15/15 meg) COVID-19 mRNA Vaccine ( nucleoside

modified )

#%i/BioNTech /A 7] Pfizer / BioNTech

COMIRNATY ®JF #4#%/Omicron BA.4-5 (15/15 meg) COVID-19 mRNA % i (#1164 )

COMIRNATY®0riginal/0mim‘on BA.4-5(15/15 meg) COVID-19 mRNA Vaccine (nucleoside

modified )

3t/ BioNTech /A 7 Pfizer / BioNTech

COMIRNATY ®JE ##/Omicron BA.4-5 (5/5meg) COVID-19 mRNA #E i (R 151

COMIRNATY®OIiginal/Omicr0n BA.4-5 (5/5 meg) COVID-19 mRNA Vaccine ( nucleoside

modified )

VAXZEVRIA COVID-19% 1 ( ChAdOx1-S[ 4L ])
VAXZEVRIA COVID-19 Vaccine (ChAdOx1-S [ recombinant ] )

COVISHIELD ™COVID-19% 1 ( ChAdOx1-S[ 41 ])
COVISHIELD™COVID-19 Vaccine (ChAdOx1-S [ recombinant])

COVID-19% i (Ad26.COV2-S [H4l])
COVID-19 Vaccine (Ad26.COV2-S [ recombinant ] )

SPIKEVAX COVID-19 mRNA i (#F71EMi)
SPIKEVAX COVID-19 mRNA Vaccine (nucleoside modified )

COVID-19K{HHEH (Vero ML)
Inactivated COVID-19 Vaccine ( Vero Cell)

CoronaVac COVID-19K G i ( Vero 1)
CoronaVac COVID-19 Vaccine ( Vero Cell) , Inactivated

COVAXIN®COVID-19% 1 ( 42 ok K % AR )

COVAXIN®COVID-19 vaccine (Whole Virion Inactivated Corona Virus vaccine )

COVOVAX™COVID-19% 15 (SARS-CoV-2 1S T 4K ik [ T4l ])

COVOVAX™COVID-19 vaccine (SARS-CoV-2 1S Protein Nanoparticle [ recombinant] )

NUVAXOVID™COVID-19% 1 ( SARS-CoV-2 rs[ AL ])

NUVAXOVID™COVID-19 vaccine ( SARS-CoV-2 1S [ Recombinant, adjuvanted])

CONVIDECIA COVID-194% 1 ( AdS-nCoV-S [ H41])

CONVIDECIA COVID-19 Vaccine ( Ad5-nCoV-S [ Recombinant ] )
SKYCovione™( GBP510) COVID-1955 1 (T )

SKYCovione™ ( GBP510) COVID-19 Vaccine ( Recombinant protein subunit)

#% 3/ BioNTech /A i Pfizer / BioNTech

BT B A W]/ 4= HER 27 Oxford/ AstraZeneca
E[EE L WF5E T Serum Institute of India Pyt. Ltd
/42 Janssen-Cilag International NV

BLEA/N F] Moderna Biotech

JEmE b B
Beijing Institute of Biological Products Co., Ltd. (BIBP)

JEERE e RAT RN R Sinovac Life Sciences Co., Ltd
R )4 AR /A ] Bharat Biotech International Ltd

E[1 I35 BFSEAT Serum Institute of India Pvt. Lid

% [ BU R SE T 7] Novavax CZ a.s.

FE HE A 123 7 CanSino Biologics Inc.

#hE SK AEHRHE AT SK Bioscience Co., Lid,
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R 4 WHO GBg M & i) & SR T COVID-19% i 5 Fh 5 g
Table 4 The Strategic Advisory Group of Experts in WHO updates COVID-19 vaccination guidance

High priority group

A #¥ Population 7E X Definition PEH R A Vaceination recommendations
BAEN JBATE G IR (BB R FLO BERG ) IR N R o e '
7 e ot = o FERR G —UCBREE GG 6 /3 5l 12 A~ H FEEST 1l nssst | i
BEIE S8 ( ﬂﬂit%ﬁﬁ%ﬁ%‘%ﬂ*ﬁﬁx%,@ﬁ?ﬁ AMAMILIE) 2 l'ﬂf&ﬁlﬂl@%?%ﬁé‘%ﬂéﬁfiﬁﬁ? DL 4 i {,ﬁﬁﬁ:éjy\(ﬁ%;
mitkbmAg LR LR B%.

Older adults; younger adults with significant comorbidities ( e.g. diabetes
and heart disease) ; people with immunocompromising conditions (e.g.
people living with HIV and transplant recipients, including children aged
6 months and older) ; pregnant persons; and frontline health workers.

50~ <60 % LU A A& IFIE A9 BERAE A, LA 6 IFAE AL

SAGE recommends an additional booster of either 6 or 12 months after
the last dose, with the timeframe depending on factors such as age and
immunocompromising conditions

HCATRRN B MR L AR, SE B s A
DR A0 (HSE T AL TR MR ELAR, R A M

AL ST AR

Medium priority group

R

and children and adolescents with comorbidities

RASERELARE

Low priority group

RN 6 A E 17 D R ILZE T D4R

Healthy adults- usually under the age of 50-<60 without comorbidities

Healthy children and adolescents aged 6 months to 17 years

etk — ik

SAGE recommends primary series and first booster doses for the medi-
um priority group. Although additional boosters are safe for this group,
SAGE does not routinely recommend them, given the comparatively
low public health returns.

W ATERE R DL RNoR T, (ER ST HBR S AT, Pt
A TR T 4% [ SEBRA O, AN S AR AR | oA T AR
T ARSI L B 2o A, T LB A5 i R e

Primary and booster doses are safe and effective in children and ado-
lescents. However, considering the low burden of disease, SAGE urges
countries considering vaccination of this age group to base their deci-
sions on contextual factors, such as the disease burden, cost effective-
ness, and other health or programmatic priorities and opportunity costs.

BT MBS BT E T 3 ANSFR BB ik
SeMHAHE, B . m D0 I NHE S Sl A
HEFIROC A AT . XSO Se g 32 BT HhE A1l
FET IR, O e p M Re A e ss  RLRI LR
AT Z AR B 3 A SR G e 88 AR Sl
FHNHE SRR il Wk 4,

BEAR, O A M BOR 1Y 1 5N 1% 5 T
] R P AR 75 DA AL 2 AR SR PE A A AR
B EERR TR BRESZRIESN, B R AL 1A KL
W eI v L, A5 T D2 A A X B2 K,
BA.S Iy mRNA S 1R R HEAl e et

WHO COVID-19 % i i 7 £ AR % ) /N4 T
2023 4E5 H 18 HFR, I (88 ek 5 v i) 700 1 7 A= %k
XBB.1.55% XBB.1.16 45 F # Wk (1 BT 14 52 0if , 52 34T
XF XBB % & B HH RIHTAA Sz 0z 1 At g2 v i 50 B
BRI ST LIS AF &, /s e T,
H AT7E T ARSI 31585 76 L5 s R R0 RS A 7 i
(#1140 ; Alpha Beta .Gamma Delta) , 320 & X 7 4R 5
PRIZE B0 ST A9 A 7748 SR 7 2R 1 R AR
AR ERSINAS 2] PR I o oA 1) 988 1 AN 2 -5 0T 7 D
ek 27 SR

WHO 24t 175 T4 BRopie 1 42 R R 00 1 B op
O, I T XA BRZE 1k W PR OCTE I 98 & A L T A
FAFRFZm, WHO [n] T 4820 E AT T 7 S5 m i
L (1) PRAFIE K AR 135 I R R ok =5 R ikl
F o PR AN Z AL BE 5 (2) B et S5 1 4
TR AA: A 4 BV FE AP TR (3) TRk A AT

IR K2 g S A s 5Bl ) 15 8, DA SIS B A T4
(4) M7 1A 1 5 M A HE 2R PN BB 127 X 5, LA
B ORA IR A AT FHPE 5 (5) k22 54k X R L4 &
HAVE, LSRR A S AL A A DX 1) 3 A
XS5, DURAR BT BT (6) AR4E K
W Ay, ARSI 5578 e [ B iR A 7 AR S 9 TAE$ i
I ELANZRATAD i e 2 o 4 A WA A [ ik A 7 44
PRI (7) Uk SE SRR 5T LASCHE SR A% 1 AR
A IE R RER ; T RO IR B T N
R, LS AR e DI REAR T A Hh AL 5
I E ARG g A A

4 EIREEINM X ERE EE R

FH K E 2023 4F 6 J1, EE 24 85. 80% N
FHRERD Tl 0, 24 73.50% i N 10 R 3R T
BOEE . 9% FE e B 45 ] o0 T 2023 4F 6 A
5 HEEH T RERHEFI ARG JE =6 % 1 ARERR R Y
FERP 1 41 55 8T B9 ¥ 3t/ BioNTech 38 B 5 55 7 40y 337
Hi,>65 & NBER YHREE 2 /), b B sl o B e e Iy
REAIT A AR 7 24 451 142 i S5 8 1) ¥ 3/ BioNTech
REWT I BEAEGRET , <6 % LI N RETR B L2 H i
COVID-19 % i, & /D 38 1 7 & B 19 1 B/
BioNTech¥i& 1 5l 5 240 28 1 | 3 MDA AT T Ay 4 0%
FZ BIRER R B0, 2023 4 1 A 26 H, £
£ i 24 i W A L A DU A T — VOB T 1 LA
IR TRAT IR AR S, IR 22 S B W R S B AT
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TR foe K AR BE (T 4k, TC I8 S W A% b id 2 fin ik
Bt 0 % 50 B R A B RE mRNA B jed 78 1 R
BURBUC RIS Y 6 RS BUF T 2023 4F
5 A1 HEERIR BT T JE S5 R A3 0 R e 1 SR
it , AN PSR R A A RIOE R Y R BURM
F2023 455 A 9 HEFAS & AR BN 35 = BR i
BERRE (R el 2 P A 2R Rl i), SE R [ + 2 4
PSR Rl A C1 R AR R 5 Sk E A 26
FEl R 3 E i % 8 A R P et 8 1, AS P B AR Al 22
SRARAIAH G Y R P FPUE B, B ALK T 5 H 12 HA:
R, X EAITA BRSNS AR —2

YO A 2023 6 H L, BEEZA 86. 3%
FERP TR 2 T1. 2% N O AR RN T e
T, JiE E RS IRS 1K & (national health service,
NHS) I 5 2 DL b AR ] AR 0BT b 2 1, <
5 4 JLEEALRELE TR n) el e e R A RN T
T SRR XU T 57 B 55 G e T RB AT 1 A A 0
FE— A A BRI B SR, 75 % VL B
EN JEAETE B AR >5 B B g D REN T
FONTE R LA 3 £ &7 . #E WHO & #i
COVID-19%E 1 AS 544 B PHEIC J& , NHS 1817 T 3% 8
TP, AR R SR MR R 2 2023 4F 6 H
30 H, 7 6 A 30 HJ&, & B JC ik Wi 29 #% #h
COVID-19% 1 , BRI G2 B e s 75 1) KU 348 o, 9 L
FEZEAEOUT , JE R REAE SR A W] IR e 2
Wi, TERRERIEOLT , AN R B 1B i iR HL T
UWRHEEZIRYT I R BE A A U, S8 T DA s 42
FRersit ™ . 2023 4E 1 H 25 H 0 928 B R A 00 058
BRAZ A, DT RITE 2023 AR RKZS R I S Jk e
B e Fe B ERE A XU TR (AL s 751 8 i 422
[ HsF, S AR R S Ze il iy AR TR 7 5 2
TR 1 R

HA:2023 4 4 A 29 Hilt, HARBIT ABE
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(BAPE)IERA™ 2023 4F 6 H 26 H, H AL FF£R
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AGIEATH 6 WRE PR, LR 5 X 2 AE AN, R
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Table 5 Target population, time interval and vaccine selection for COVID-19vaccines

H 4R A Target population

i &) [E] ) Time interval

FEH R Vaccine selection

FJEYGL Uninfected

R O (2P A A ] bR A
Al E G A R B RN R A R ER AR
JIF) s EALHOERER R (R R RE S b LB
(Chinese Hamster Ovary ,CHO) 4l ffd ] ; Bt 2 4 (A5
SRR I (A TR

IR N BT R E BT . . .

A58 AR S N HeSbr A ikt s . Inactivated COVID-19 vaccine ( Sinopharmate Beljing
L - . In accordance with the current . .

Incomplete basic immunization population regulations Company, Sinopharmate Beijing Company, Sinopharmate

18 % DL EoRZEMER 1 ISR S B Fh iy ARE
People over 18 years of age who have not completed the first dose of
booster immunization

Wuhan Company, Shenzhen Kangtai Company, Institute
of Biology, Academy of Medical Sciences) ; Recombinant
COVID-19 vaccine ( Chinese Hamster Ovary ( CHO)
cells ) ; Adenovirus vector COVID-19 vaccine ( Concino
intramuscular injection ).

SERRELRGE 3 AN B R ST 1 PPN EALEOE T 4 h S = RIKE L A
HVC IR S i
The first dose of booster immunization JEFHS (CHO ZHAH) BRI ER (CHO 4HAf) | WS BT

SEPRIEATHE mRNA BE 1 ; 0 4R s [ K

was administered 3 months after 55(sf9 ZUHE) WL =IHH(CHO 1) M 40HE 2

completion of basic immunization

S ZIRIKT 5 I 25 F AR A T T (A IR
) s TR BB R (AL %)
Shenzhou cell recombinant novel coronavirus 4-valent S
trimer protein vaccine, Stone Pharmaceutical Group novel
coronavirus mRNA  vaccine; Recombinant COVID-19
vaccine [ Zhifeilong Coma ( CHO cells), Zhuhai Lizhu
(CHO cells), Chengdu Wesker (sf9 cells), Zhejiang
clover (CHO cells) , Shenzhou cell 2-valent S trimer ] ;
Adenovirus vector novel coronavirus vaccine ( Consinol
inhalation ) ; Influenza mildew vector novel coronavirus
vaccine ( Beijing Wantai).

18 % BAERSE IR 2 FUCIN 58 G B4 A g AR (e i KRN SEREE 1 FIUCInas: 52 6 R
HE.60 % DL B4 ARE B A B BALRIME SO A RERI G AR S 2 Ao fesie

TR

The second booster dose was ad-

People over 18 years of age who have not completed the second dose of ministered 6 months after the first
booster immunization (people at high risk of infection, people over 60 booster dose was completed

years of age, people with more serious underlying diseases and people
with low immunity)

ELEY Infected

RGE LA G e AT Incomplete

basic immunization population

J&e 3 /4~ A J5 Three months after infection

B R 3 ), 2 5E Al 3 B 4 FME R B 45
TR, VUM 1R AT (3) 12~ <
60 % HA B KA =60 % A+ HEIHER 4 7,
CL3Efh 4 FE R 0 B Rl — H 95 0 &, nl & o B2 Fh
1AM 5 (4) 2200 2] Je s 1 R e
M 6 N H A NABSMERD 1 R MM (5) A4
B2 45 N 7 i L A g A1 0 2E R it BREER 00 A s 1
U 9501 £ D 2 B Y €S S 7 e 1 e
AE bR EER e AR EM 1R M
B,

5 BREEWN

AR BT NS W R A . FEAS
LAMPBURTPG R RTHE T, 4822 0 B 4F NSF H N
FERHEE ] A0 2% B SR EHERP IS5

INRXBEEA BN E LTI KA AT BER
AU BT RS B BORIT A HETE I A ARPE v TR

TR A SR W, PR o A S 1 B AR
WA, FESE T o P A7 L T S PR e o R TR,
SIS RERHT TR I 4 52 i i e AR S ik A
DU PPl AR SR AT A 348 A I I JR X 928 v A sk
S (1) K I sh A

g5 A 3R E A H R A R e B AR N, 2
PHEIC Z5 3520, 4308 728 1 19 75 K TR 9% 44
5 X8 2o 3 P9 B S 19 7R 3 I Y, WHO
L DA PR TN > R A IR W B R AR i
B BRI TRE B AR, DR A R B oK
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[ Abstract] Adjusting time-dependent covariates into prediction models may help improve
model performance and expand clinical applications. The methodology of handling time-dependent
covariates is limited in traditional regression strategies (i.e. landmark model, joint model). For
example, the number of predictors and practical situations which can be handled are restricted
when using regression models. One new strategy is to use machine learning (i.e., neural networks).
This review summarizes the methodology of handling time-dependent covariates in prediction
models, such as applicable scenarios, strengths, and limitations, to offer methodological
enlightenment for processing time-dependent covariates.
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