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Background: Chronic obstructive pulmonary disease (COPD) is the third leading cause of death globally. Hemoglobin (HGB)
abnormalities, including anemia and secondary polycythemia, are common comorbidities in COPD patients, yet their association with
mortality remains less clear. This study aimed to investigate the relationship between HGB levels and all-cause mortality in COPD
patients and to evaluate whether HGB could serve as a treatable trait in COPD.

Methods: We conducted a retrospective observational cohort study using data from the National Health and Nutrition Examination
Survey (NHANES, 2013-2018). A total of 544 COPD patients were included. Multivariable Cox regression was conducted to assess
HGB-mortality associations, adjusting for age, sex, BMI, smoking status, and comorbidities. Nonlinear relationships were examined
using generalized additive models with threshold effect analysis. Stratified analyses were performed by sex, age, and comorbidity status.
Results: Among 544 COPD patients, HGB levels demonstrated a significant nonlinear association with all-cause mortality, with
a critical inflection point identified at 14.2 g/dL. Below this threshold, each 1g/dL in HGB was associated with reduced mortality
(adjusted HR=0.73, 95% CI: 0.61-0.79, P<0.0001). Above 14.2g/dL, however, no significant association was observed (HR=1.24,
95% CI: 0.98-1.55, P=0.0775). Although stratified analyses suggested variation in HR across subgroups (including males, elderly >65
years, smokers, and those with cardiovascular disease), interaction tests did not reach statistical significance (all P-interaction >0.05),
indicating no evidence of effect modification. Smoothing curves supported this nonlinear relationship, showing decreasing mortality
risk with rising HGB until the threshold, beyond which risk stabilized with a slight non-significant upward trend.

Conclusion: This study identifies a nonlinear relationship between HGB levels and mortality in COPD, establishing 14.2 g/dL as
a critical threshold that supports anemia’s inclusion in the COPD “treatable traits” framework. Below this value, increasing HGB is
associated with reduced mortality, whereas above it no further benefit is observed. Clinicians should prioritize HGB monitoring in
high-risk subgroups (elderly males, smokers, and cardiac comorbidities).
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Introduction
Chronic obstructive pulmonary disease (COPD) ranks as the third leading cause of death globally, accounting for
3.23 million fatalities in 2019, surpassed only by ischemic heart disease and stroke.! Projections from the Global
Burden of Disease (GBD) database indicate a 23% increase in COPD prevalence among adults aged >25 years by 2050.”
Without effective interventions, annual deaths attributable to COPD and related complications are expected to exceed
5.4 million by 2060."

The diagnosis of COPD is typically confirmed by post-bronchodilator spirometry, with a forced expiratory volume in
1 second to forced vital capacity ratio (FEV1/FVC) <0.70 serving as the key diagnostic criterion. While the present study
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relies on self-reported physician diagnosis due to data availability, this approach is widely used in large epidemiological
surveys and has been validated in prior research.**

The emerging concept of “treatable traits” in COPD encompasses pulmonary (eg, airflow limitation, eosinophilic
inflammation), extrapulmonary (eg, cardiovascular comorbidities, metabolic dysfunction), and behavioral/lifestyle factors
(eg, smoking cessation).” Current clinical guidelines recognize the importance of managing comorbidities in COPD,
though specific recommendations for routine hemoglobin monitoring remain limited. This evidence gap highlights the
novelty of investigating HGB abnormalities-which may arise from chronic hypoxemia, systemic inflammation, erythro-
poietin resistance, or altered blood viscosity®’-as a potential treatable trait.

In COPD, chronic hypoxemia may induce secondary polycythemia, with elevated HGB levels associated with pulmonary
hypertension,® venous thromboembolism,” and increased mortality.'® Conversely, anemia—frequently observed in older COPD
patients with multimorbidity—correlates with poorer quality of life,'" higher exacerbation risk,'' and elevated mortality.'*
Despite HGB dysregulation being a prevalent comorbidity, the optimal HGB range for COPD patients remains undefined. This
retrospective observational cohort study utilizes the NHANES database to examine HGB’s association with all-cause mortality
in COPD, assesses its potential as a treatable trait, and determines an optimal threshold for personalized prognosis management.

Methods
Study Design and Population

This retrospective observational cohort study utilized data from the NHANES. COPD diagnosis was based on affirmative
responses to the survey question: “Has a doctor ever told you that you have COPD?”—an established method validated
in prior publications.®* We included participants aged >25 years with COPD enrolled between 2013 and 2018, excluding
those with missing data on HGB, body mass index (BMI), waist circumference, or mortality outcomes (see Figure 1).
Ninety-nine all-cause deaths were recorded.

Variables
Exposure: HGB (g/dL) was measured using the Beckman Coulter method at NHANES Mobile Examination
Centers (MEC).

Outcome: All-cause mortality (through April 2022) was determined via linkage to the National Death Index (NDI),
recorded as binary (alive/dead) and survival time (months).

Covariates: Sex, age, smoking status, BMI (kg/m?), waist circumference (cm), diabetes, and cardiovascular disease
(coronary artery disease or heart failure).

Ethical Considerations

This study utilized de-identified, publicly available data from the NHANES database. According to Article 32, Items 1
and 2 of the Measures for Ethical Review of Life Science and Medical Research Involving Human Subjects (issued by the
National Health Commission of the People’s Republic of China on February 18, 2023; available at: https://www.nhc.gov.
cn/qjjys/c100016/202302/6b6e447b3edc4338856c9a652a85f44b.shtml), this research qualifies for exemption from ethics
approval as it involves the analysis of existing public domain data where individuals cannot be identified. Therefore, no

additional informed consent or institutional review board approval was required. The study was conducted in accordance
with the ethical standards laid down in the Declaration of Helsinki for retrospective research.

Statistical Analysis
Continuous variables with normal distribution were presented as mean + standard deviation, while categorical variables
were expressed as frequencies (percentages). Group comparisons across the four hemoglobin quartiles were performed
using one-way ANOVA for normally distributed continuous variables, Kruskal-Wallis tests for non-normally distributed
continuous variables, and chi-square tests for categorical variables.

Multivariable Cox proportional hazards models were constructed to estimate hazard ratios (HRs) and 95% confidence
intervals (Cls) for mortality. Covariates were selected based on clinical relevance and data availability, including age,
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Figure | Flowchart of participant selection from the NHANES 2013-2018 cohort. Flowchart of participant selection. Of the 29,400 initial participants, 679 reported
a physician’s diagnosis of COPD. After excluding participants with missing data on mortality outcome, body mass index, waist circumference, or hemoglobin levels, as well as
one outlier due to age, a final cohort of 544 COPD patients was included in the survival analysis.

sex, BMI, waist circumference, and smoking status. HGB concentrations were analyzed both as continuous variables and
quartile-based ordinal variables. To assess dose-response relationships, trend tests were performed by assigning median
values to each quartile and treating this as a continuous variable in the Cox models.

Nonlinear associations were examined using generalized additive models (GAM) with smoothing splines. When
nonlinearity was detected, inflection points were identified through recursive algorithms, and piecewise linear models
were subsequently developed. The log-likelihood ratio test was used to compare the goodness-of-fit between linear and
nonlinear models.

Stratified analyses were conducted by sex (male/female), age (<65/>65 years), smoking status (ever/never), cardio-
vascular disease (yes/no), and diabetes (yes/no). Interaction effects were evaluated using likelihood ratio tests. All
analyses were performed using EmpowerStats software (version 6.0), with two-tailed P-values<0.05 considered statis-
tically significant.

Results

Baseline Characteristics

This study enrolled a total of 544 participants, who were stratified into four groups based on HGB levels (quartiles Q1-
Q4). Baseline characteristic analysis revealed: The high HGB group (Q4) had a significantly higher proportion of males
compared to other groups (Q4: 77.78% vs Q1: 41.35%, P<0.001). Post-hoc pairwise comparisons for gender, performed
using chi-square tests with Bonferroni correction, indicated that the proportion of males in Q4 was significantly higher
than in Q1 (P<0.001), Q2 (P<0.001), and Q3 (P<0.001). No significant differences were observed among groups for age

International Journal of Chronic Obstructive Pulmonary Disease 2025:20 https: 3475



Jiand Yu

(P=0.119), BMI (P=0.655), or waist circumference (P=0.365). Smoking prevalence showed an increasing trend with
higher HGB levels (Q1: 81.95% vs Q4: 93.06%, P=0.003). Diabetes prevalence was highest in the low HGB group (Q1)
(41.35% vs Q4: 28.47%, P=0.033), with post-hoc analysis indicating a significant difference between Q1 and Q2
(P=0.019). Heart disease prevalence followed a similar pattern (Q1l: 41.35% vs Q4: 25.69%, P=0.031), with
a significant difference between Q1 and Q4 (P=0.008) in post-hoc testing. Details are presented in Table 1.

Association Between Hemoglobin and All-Cause Mortality

We employed Cox proportional hazards models for analysis, constructing three sequential models: an unadjusted model,
Model I (adjusted for sex and age), and Model II (further adjusted for smoking history, BMI, waist circumference,
diabetes, heart disease, and other health-related factors). The results demonstrated a significant inverse association
between HGB levels and mortality risk. In the unadjusted model, the hazard ratio for HGB was 0.79 (95% CI:
0.71-0.88, P<0.0001), indicating a strong association between higher HGB levels and lower mortality risk. This
association remained significant after adjusting for sex and age (HR=0.81, 95% CI: 0.73-0.90, P<0.0001). Further
adjustment for additional potential confounders yielded a slightly attenuated but still significant hazard ratio (HR=0.82,
95% CI: 0.74-0.91, P<0.0001).

In quartile analysis, the following trends emerged: The second quartile (Q2) showed an HR of 0.39 (95% CI:
0.22-0.68, P = 0.0009), suggesting significantly reduced mortality risk compared to the first quartile. The third quartile
(Q3) demonstrated an HR of 0.37 (95% CI: 0.21-0.65, P = 0.0005), further validating this trend. The fourth quartile (Q4)
exhibited an HR of 0.47 (95% CI: 0.28-0.79, P = 0.0045), indicating significantly lower mortality risk compared to Q1.
When analyzing HGB quartiles as a continuous variable, the results showed an HR of 0.75 (95% CI: 0.63-0.90, P =
0.0023), providing additional support for the inverse relationship between HGB levels and mortality. A significant trend
across quartiles was observed (P for trend <0.001). Detailed results are presented in Table 2.

Nonlinear Relationship and Threshold Effect Analysis

Generalized additive models revealed a nonlinear relationship between HGB levels and mortality risk. Smooth curve
fitting in the figure illustrates that mortality risk initially decreases with increasing HGB values before plateauing
(Figure 2). This pattern suggests that lower HGB levels are associated with higher mortality risk, while progressive
HGB elevation correlates with gradually decreasing mortality risk that eventually stabilizes. See Figure 2 for details.

Table | Baseline Characteristics of COPD Participants

HGB (g/dL) Ql Q2 Q3 Q4 P-value
(7.2-12.8) (12.8-14.2) (14.2-15.2) (15.2-19.9)

N 133 138 129 144

Age 6629 £ 1132 | 6341 £12.89 63.55 £ 10.35 63.52 £ 11.56 0.119

BMI 30.50 £ 10.38 | 30.93 £7.80 29.81 £728 29.93 £ 741 0.655

Waist 105.64 + 21.34 | 106.01 + 17.26 106.02 + 17.86 109.12 + 1827 | 0.365

Gender <0.001

Male 55 (41.35%) 52 (37.68%) 71 (55.04%) 112 (77.78%)

Female 78 (58.65%) 86 (62.32%) 58 (44.96%) 32 (22.22%)

Have smoked at least 100 cigarettes in the past 0.003

Yes 109 (81.95%) 109 (78.99%) 114 (88.37%) 134 (93.06%)

No 24 (18.05%) 29 (21.01%) 15 (11.63%) 10 (6.94%)

Have Diabetes 0.033

Yes 55 (41.35%) 38 (27.54%) 35 (27.13%) 41 (28.47%)

No 78 (58.65%) 100 (72.46%) 94 (72.87%) 103 (71.53%)

Have Heart disease 0.031

Yes 55 (41.35%) 39 (28.26%) 42 (32.56%) 37 (25.69%)

No 78 (58.65%) 99 (71.74%) 87 (67.44%) 107 (74.31%)

Notes: Data are presented as the weighted mean * SD for skewed variables or as unweighted numbers and weighted frequencies for categorical variables.
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Table 2 Multivariate Cox Regression Analysis on Associations Between HGB and All-Cause Mortality

Non-Adjusted
HR (95% CI), P value

Model |
HR (95% CI), P value

Model Il
HR (95% CI), P value

HGB 0.79 (0.71, 0.88), <0.0001 | 0.81 (0.73, 0.90), <0.0001 | 0.82 (0.74, 0.91), <0.0001
HGB quartile

Ql 1.0 1.0 1.0

Q2 0.39 (0.22, 0.68), 0.0009 | 0.44 (0.25, 0.76), 0.0035 | 0.48 (0.27, 0.84), 0.0103
Q3 0.37 (0.21, 0.65), 0.0005 | 0.40 (0.23, 0.70), 0.0014 | 0.40 (0.23, 0.69), 0.0012
Q4 0.47 (0.28, 0.79), 0.0045 | 0.44 (0.26, 0.76), 0.0029 | 0.49 (0.28, 0.84), 0.0098

0.76 (0.63, 0.91), 0.0029

HGB quartile continuous | 0.75 (0.63, 0.90), 0.0023 0.74 (0.61, 0.89), 0.0014

Notes: Model | adjust for: gender, age; Model Il adjust for: smoke history, BMI, waist, diabetes, heart disease.

Based on this nonlinear pattern, we conducted a piecewise linear regression to identify an inflection point. Threshold
effect analysis identified a critical inflection point at 14.2 g/dL (Table 3). Below this threshold, each 1 g/dL increase in
HGB was associated with a significant reduction in mortality risk (adjusted HR=0.73, 95% CI: 0.61-0.79, P<0.0001).
Above this threshold, however, no significant association was observed (HR=1.24, 95% CI: 0.98-1.55, P=0.0775). The
log-likelihood ratio test comparing the linear model with the piecewise linear model was statistically significant
(P=0.003), confirming the superior fit of the nonlinear threshold model.

In the linear regression model (Model I), which assumed a linear relationship across the entire HGB range,
a significant inverse correlation existed between HGB and mortality probability was observed (HR=0.85, 95% CI:
0.77-0.94, P=0.0023). Both the linear and piecewise linear models were adjusted for the same set of covariates (sex, age,

smoking history, BMI, waist circumference, diabetes, and heart disease).
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Figure 2 The nonlinear relationship between HGB levels and all-cause mortality risk in COPD patients. Smoothing curve fit with 95% confidence intervals from the
generalized additive model, showing the nonlinear association between baseline HGB levels (g/dL) and the risk of all-cause mortality. The model is adjusted for sex, age,
smoking history, body mass index, waist circumference, diabetes, and heart disease. A critical inflection point at 14.2 g/dL was identified through threshold effect analysis.
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Table 3 Comparison of Linear and Piecewise Linear Cox Regression Models for the
Association Between HGB (g/dL) and All-Cause Mortality

Model Description HR (95% CI), per | g/dL | P-value
Increase in HGB

Model I: Linear COX model® 0.85 (0.77, 0.94) 0.0023

Model II: Piecewise Cox model®

Inflection point (K) 14.2

HGB < K 0.73 (0.64, 0.84) <0.0001

HGB = K 1.24 (0.98, 1.58) 0.0780

Log-likelihood ratio test (Model | vs Model Il) 0.003

Notes: *Both models are adjusted for gender, age, smoking history, BMI, waist circumference, diabetes, and
heart disease.

Table 4 Subgroups Analysis of HGB with All-Cause Mortality

Subgroup N HR (95% CI) P-value | P for
Interaction

Gender 0.3328
Male 290 | 0.75(0.67,0.84), | <0.0001

Female 254 | 0.85 (0.68, 1.06) | 0.1386

Age 0.2589
<=65 288 | 0.90 (0.72, 1.13) | 0.3639

>65 256 | 0.78 (0.70, 0.88) | <0.0001

Have smoked at least 100 cigarettes in the past 0.4257
Yes 466 | 0.78 (0.71, 0.87) | <0.0001

No 78 | 0.58 (0.32, 1.05) | 0.0696

Have Diabetes 0.4962
Yes 169 | 0.83 (0.71, 0.96) | 0.0124

No 375 | 0.77 (0.66, 0.89) | 0.0004

Have Heart disease 0.3424
Yes 173 | 0.76 (0.66, 0.87) | <0.0001

No 371 | 0.84 (0.72, 0.98) | 0.0255

Subgroup Analyses

Stratified analyses were performed by sex, age, smoking status, diabetes, and heart disease status (Table 4). Although
point estimates suggested variation in HR across subgroups, likelihood ratio tests for interaction did not reveal any
statistically significant effect modification by these covariates (all P-interaction >0.05).

Discussion

This study, based on the NHANES database, employed a retrospective observational cohort design to investigate the
association between baseline HGB levels and all-cause mortality in COPD patients. Our analysis demonstrated that lower
HGB levels were significantly associated with an increased risk of all-cause mortality. Although stratified analyses
suggested variation in the magnitude of association across subgroups—such as males, older patients (>65 years), those
with a history of smoking, and those with comorbid cardiovascular disease—formal interaction tests did not reveal
statistically significant effect modification (all P-interaction >0.05). Meanwhile, it should be noted that some subgroup
analyses, particularly those with smaller sample sizes such as non-smokers (n=78), may have limited statistical power to
detect significant associations. Therefore, these subgroup findings should be interpreted with caution and require further
validation in larger cohorts.
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Chronic obstructive pulmonary disease (COPD) presents multiple treatable traits, which can be categorized into: 1.
Pulmonary treatable traits, including airflow limitation,"* airway mucosal edema, eosinophilic airway inflammation,'*
cough hypersensitivity,'> bronchiectasis, pulmonary hypertension, and chronic respiratory failure. 2. Extrapulmonary
treatable traits, such as physical functional decline, obesity, cachexia, obstructive sleep apnea syndrome, cardiovascular
disease, gastroesophageal reflux,'® psychological disorders (eg, depression, anxiety, and other behavioral issues), and
persistent systemic inflammation.'” 3. Behavioral/lifestyle treatable traits, including smoking and other exposures (eg,
biomass fuel, occupational hazards), allergen/pollutant exposure, polypharmacy of inhaler devices, poor treatment adher-
ence, incorrect inhalation techniques, and inadequate family and social support. Our findings suggest that anemia may
represent an additional treatable trait in COPD, and its intervention could play a crucial role in improving patient prognosis.

Several previous studies support the notion that anemia may be a treatable trait in COPD. Garcia-Pachon et al'®
investigated 125 hospitalized patients with acute exacerbations of COPD (AECOPD) and found that anemic patients had
significantly higher mortality risks at 1-year, 3-year, and study termination compared to non-anemic patients, with adjusted
hazard ratios (HRs) of 5.20, 4.30, and 3.80, respectively. Their study identified anemia as an independent predictor of mortality
in COPD patients, though further stratified analyses were not conducted. Liu et al® reported that the HGB-to-red cell
distribution width ratio (HRR) was inversely associated with mortality (HR = 0.14). In a single-center retrospective study
of severe COPD patients with chronic respiratory failure requiring home noninvasive positive-pressure ventilation and long-
term oxygen therapy, higher HGB levels were associated with better survival, with optimal cutoff values identified as 14.3 g/
dL for women and 15.1 g/dL for men.'® Chambellan et al,*° in a large cohort of severe COPD patients receiving long-term
oxygen therapy, observed that low hematocrit was not uncommon and was associated with higher mortality and morbidity.
Among COPD patients treated for acute respiratory failure, 18% had anemia, which was linked to increased 90-day
mortality.?' A prospective cohort study®? involving 683 stable COPD outpatients from US Veterans Affairs pulmonary clinics
found that anemic patients had significantly worse dyspnea scores, 6-minute walk distances, and survival times compared to
non-anemic patients, though anemia was not an independent predictor of mortality. Balasubramanian et al,”> in a cross-
sectional study of 2539 COPD patients from the COPDGene project, reported that anemia was associated with worsened
symptoms, reduced quality of life, decreased exercise tolerance, and increased exacerbation risk, though no significant
association was found between HGB levels and clinical outcomes, and mortality was not assessed. If future research confirms
a causal relationship, several therapeutic strategies could be considered: iron supplementation, erythropoiesis-stimulating
agents, and multimodal interventions encompassing nutritional support, treatment of systemic inflammation, and management
of comorbidities, which may synergistically improve anemia and overall outcomes.

The reported prevalence of anemia in COPD patients ranges from 7.5% to 34%.>* Anemia of chronic disease is the
most common type in COPD, followed by iron-deficiency anemia, both of which are linked to chronic systemic
inflammation and impaired iron utilization.”> Elevated inflammatory cytokines (eg, TNF-a, IL-6, IL-8) contribute to
erythropoietin (EPO) resistance, leading to insufficient erythropoiesis despite elevated EPO levels.?® Tron, a cofactor for
many immune-related enzymes, plays a critical role in immune function; iron deficiency may impair immune responses
and increase infection risk in COPD patients. Anemia may contribute to impaired oxygen delivery and an earlier onset of
anaerobic metabolism, increasing ventilatory drive. Additionally, hemic hypoxia exacerbates oxidative stress.”’ Since
COPD patients already exhibit reduced exercise tolerance, anemia further compromises systemic oxygen supply,*
impairing organ function—particularly in the heart and muscles. Increased cardiac workload may lead to complications
such as heart failure, further elevating mortality risk. Respiratory muscle fatigue may also worsen respiratory failure.
These mechanisms may explain the association between anemia and increased mortality in COPD patients.

Secondary polycythemia (defined as HGB >17 g/dL in men and >15 g/dL in women) is another common complica-
tion in COPD. Elevated blood viscosity in these patients may contribute to pulmonary hypertension, increased right heart
strain, and higher thromboembolic risk,? potentially worsening prognosis. In the COPDGene cohort, 9.2% of men and
3.5% of women had secondary polycythemia.*® Our study included a few such patients, precluding survival comparisons.

This study leverages the NHANES database, ensuring representative sampling and reliable longitudinal follow-up
(mean follow-up ~10 years), providing high-quality evidence for the long-term association between HGB and mortality
risk. We employed a multidimensional modeling approach: after initial trend identification via quartile stratification, we
used generalized additive models (GAMs) to validate nonlinear associations and applied recursive algorithms to precisely
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identify an inflection point (14.2 g/dL), overcoming limitations of traditional linear assumptions. Furthermore, progres-
sive adjustment for confounders (demographics, smoking history, metabolic diseases) and stratified interaction analyses
minimized bias while revealing heterogeneity in risk associations. Strict exclusion of individuals with missing key
variables ensured data integrity.

Several limitations warrant careful consideration in interpreting our findings. First, the exclusion of participants with
missing data on HGB, BMI, waist circumference, or mortality outcomes may introduce selection bias. The inherent
constraints of NHANES data precluded incorporation of pulmonary function measures, thereby limiting our ability to
adjust for COPD severity. While self-reported COPD diagnosis is a well-established method in large population-based
studies, it may introduce potential misclassification bias compared to spirometry-confirmed diagnoses. This approach
could lead to inclusion of some non-COPD individuals or exclusion of undiagnosed cases, potentially attenuating the
observed associations toward the null. Secondly, while our large sample size enhances internal validity, the exclusively
US-derived population raises questions about generalizability to other ethnic groups (particularly Asian or African
populations) and healthcare systems. Moreover, although we implemented rigorous multivariable adjustment for demo-
graphic and clinical confounders, residual confounding from unmeasured variables (such as medication use patterns or
undocumented comorbidities) remains possible. Finally, the single-timepoint HGB measurement at baseline inherently
restricts our capacity to evaluate the prognostic significance of temporal HGB fluctuations. The absence of detailed
anemia subclassification data (eg, iron deficiency versus anemia of chronic disease) represents a missed opportunity to
explore potentially differential mortality associations across anemia etiologies.

This observed trajectory supports the potential clinical utility of monitoring and managing HGB levels within the
identified optimal range for improving outcomes in real-world COPD patient care. However, the translation of these
findings into practice must be preceded by robust interventional trials to establish efficacy and safety. Future studies
should also explore interactions between HGB and other treatable traits and examine the generalizability of these results
across diverse populations and healthcare systems.

Conclusion

This study reveals a nonlinear association between hemoglobin levels and all-cause mortality in COPD patients,
identifying 14.2 g/dL as a critical threshold. These findings support the inclusion of anemia within the “treatable traits”
framework for COPD management. While subgroup trends were observed, interaction tests did not show significant
effect modification. Future intervention studies are needed to confirm whether hemoglobin correction improves
survival. Clinically, particular attention should be given to patients with hemoglobin levels below 14.2 g/dL, especially
older males, smokers, and those with comorbid cardiovascular disease. Generalizability may be limited by the U.S.-based
cohort, and further validation in diverse populations is recommended.
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