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ORIGINAL RESEARCH

Developing an Internally Validated Veterans 
Affairs Women Cardiovascular Disease 
Risk Score Using Veterans Affairs National 
Electronic Health Records
Haekyung Jeon-Slaughter , PhD; Xiaofei Chen, PhD; Shirling Tsai, MD; Bala Ramanan, MBBS, MS; 
Ramin Ebrahimi, MD

BACKGROUND: The current American College of Cardiology/American Heart Association women cardiovascular disease (CVD) 
risk score suboptimally estimates CVD risk for young and minority women in the military. The current study developed an 
internally validated CVD risk score for women military service members and veterans using the Veterans Affairs (VA) national 
electronic health records data.

METHODS AND RESULTS: The study cohort included 69 574 White, Black, and Hispanic women service members and veterans 
aged 30 to 79 years in 2007 treated in the VA Health Care System between January 1, 2007 and December 31, 2017 (hence-
forth, VA women). Stratified by race and ethnicity, the new VA women CVD risk model estimated risk coefficients and 10-year 
CVD risk using a time-variant covariate Cox model. Harrell C-statistics, calibration plots, and net classification index were 
used to assess accuracy and prognostic performance of the new VA women CVD risk model. The new internally validated 
VA women CVD risk score performed better in predicting VA women 10-year atherosclerosis cardiovascular disease risk than 
the pooled cohort American College of Cardiology/American Heart Association risk score in both accuracy (White Harrell C-
statistics, 70% versus 61%; Black, 68% versus 63%) and prognostic performance (White net classification index, 0.31; 95% 
CI, 0.26–0.33; Black net classification index, 0.06; 95% CI, 0.03–0.09).

CONCLUSIONS: The proposed VA women CVD risk score improves accuracy of the existing American College of Cardiology/
American Heart Association CVD risk assessment tool in predicting long-term CVD risk for VA women, particularly in young 
and racial/ethnic minority women.
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Despite increased awareness of cardiovascular 
disease (CVD) risk among women, CVD still re-
mains the leading cause of death among women 

in the United States.1,2 The burden of CVD in women 
varies by demographic characteristics, of which vet-
eran status disproportionally increases the burden of 
CVD.3 Although the proportion of women in the military 
services has increased to 15% of the military popu-
lation in 2018,4 women are still underrepresented in 

veteran CVD research and care, albeit being a popu-
lation at risk.5

Women in the military have more traditional CVD 
risk factors, such as hypertension, hyperlipidemia, 
diabetes mellitus (DM), and cigarette smoking, than 
the general population.5,6 Additionally, military women 
have higher prevalence of nontraditional CVD risk fac-
tors such as major depression than their civilian peers7 
and male counterparts.8,9
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The widely used American College of Cardiology/
American Heart Association (ACC/AHA) atherosclero-
sis cardiovascular disease (ASCVD) model was based 
on data from women aged 40 to 79 years; however, it 
did not include young women aged under 40 years. A 
previous study,10 wherein we rederived (ie, recalibrated) 
the ACC/AHA ASCVD model using data from women 
service members, showed that the ACC/AHA models 
underestimated 10-year ASCVD risk in Veterans Affairs 
(VA) women, especially in younger VA women aged 
under 40 years. The accuracy and fit of the rederived 
ACC/AHA model fell short of being acceptable, with 
Harrell C-statistics of 0.61 and 0.63 in White and Black 
VA women, respectively. Furthermore, risk factors for 
ASCVD events change with aging, which are referred 
to as time-variant covariates. The current ACC/AHA 
risk assessment tool does not take into consideration 
the aging trajectory of risk factors over the 10 years 
and its effects on CVD events. We aimed to incorpo-
rate effects of time-variant risk factors in predicting 10-
year CVD risk for women in the military.

The current study developed a new internally val-
idated CVD risk score for women in the military and 
veterans using VA electronic health records (EHR) 
data. Capitalizing on computerized, longitudinal, and 
integrated VA national EHR data, the new risk score 
was calculated by applying a time-variant covariate 
Cox regression model to VA women EHR data. The 
VA women EHR data contained all available person-
level visits during the study period from non-Hispanic 
White, non-Hispanic Black, and Hispanic VA women. 
Stratified by race/ethnicity, the new CVD score calcu-
lates 10-year risk of the first incidence of CVD events, 
including nonfatal heart failure and cardiac arrest, in 
addition to ASCVD events such as nonfatal myocardial 
infarction (MI), nonfatal stroke, and cardiac death in fe-
male military service members and veterans.

METHODS
VA Women Cohort
The outpatient and inpatient visit records of women 
treated at the VA Health Care System between 
January 1, 2007 and December 31, 2017 were ex-
tracted from VA national EHR data. The study se-
lected non-Hispanic White, non-Hispanic Black, and 
Hispanic VA women who were aged 30 to 79 years 
and alive on January 1, 2007 and had no known prior 
CVD events as a cohort. The study cohort was then 
refined to VA women who had complete data on 
blood pressure measurements and lipid panel tests 
at baseline visits.

For VA women who were deceased during the 
study period, death incidences were verified, and 
cause of death data were obtained separately from 
the Centers for Disease Control and Prevention 
National Death Index to define cardiac death.11 
Figure 1 depicts procedures of inclusion and exclu-
sion of the study data, yielding a final sample size 
of 69  574 female service members and veterans: 
non-Hispanic White, 36  172 (52%); non-Hispanic 
Black, 29 231 (42%); and Hispanic, 4171 (6%). This 
closely represents the current distribution of the ra-
cial and ethnic minority backgrounds of women in 
the military.4

The study used a 2-step procedure to construct 
longitudinal data of the VA women cohort with all avail-
able person-level visits for application of a time-variant 
covariate Cox model.

First, the study constructed balanced longitudinal 
data with an equal number of visits for all VA women 
during the entire study period of January 1, 2007 to 
December 31, 2017. The first step of creating the bal-
anced data is necessary to solve inherent problems 
using EHR data, such as unequal visit-to-visit intervals 
and different dates of lipid panel orders from dates of 

CLINICAL PERSPECTIVE

What Is New?
•	 This study developed a new validated risk score 

to assess cardiovascular disease risk for the 
women veteran population.

What Are the Clinical Implications?
•	 This new risk score tool predicts long-term car-

diovascular disease risk better than the exist-
ing American College of Cardiology/American 
Heart Association cardiovascular disease risk 
score for women veterans.

•	 The new risk score tool is especially valuable 
for young women veterans aged under 40 
years who are not accounted for by the existing 
American College of Cardiology/American Heart 
Association cardiovascular disease risk score 
tool and those of racial and ethnic minorities.

Nonstandard Abbreviations and Acronyms

ACC/AHA	 American College of Cardiology/
American Heart Association

DBP	 diastolic blood pressure
DM	 diabetes mellitus
NRI	 net reclassification index
SBP	 systolic blood pressure
VA	 Veterans Affairs
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tests and results. The study defined a visit interval as 
semiannual (6 months), considering a minimum interval 
length to capture time variance in factors such as refills 
of antihypertensive medications.

Each record then represented a visit with a semi-
annual interval. For example, the baseline visit was 
defined as the first 6-month interval, January 1, 2007 
to June 30, 2007, and the next available semiannual 
outpatient or inpatient visit as the next visit, and so 
forth. Every woman in the cohort had the same num-
ber of semiannual visits. If there were multiple visit re-
cords with the semiannual visit, the visit records were 
then consolidated into one data point per semiannual 
visit. Multiple visit records of dichotomized risk fac-
tors, such as DM, current smoking status, antihyper-
tensive medication intake, and any CVD events, were 
consolidated into a maximum value of 1 (yes) and 
0 (no). For continuous risk factors such as systolic 
blood pressure (SBP), total cholesterol, and high-
density lipoprotein cholesterol (HDL-C), the average 
values of the factors over the multiple visit records 

were selected as a visit data point. If there were no 
visit records within the semiannual visit, the semian-
nual visit had missing data on risk factors. The bal-
anced data set contained all patients with the same 
equal-length follow-up period of January 1, 2007 to 
December 31, 2017, with some missing data when 
there were no visit records. When the cohort patient 
died from diseases or causes other than cardiovas-
cular diseases, the follow-up data of the patient were 
left as missing (ie, censored).

Second, the balanced longitudinal data were re-
constructed to fit the time-variant covariate Cox model 
estimation. The second step created time intervals be-
tween 2 consecutive nonmissing semiannual visits per 
patient. The number and length of the time intervals for 
each patient reflected the number of available semi-
annual visits and their durations. The first time interval 
was set as the baseline. The current study assumed no 
loss to follow-up; thus, the last time interval was set to 
be either a semiannual visit of death occurrence, or the 
last semiannual visit of the study period.

Figure 1.  Procedures of inclusion and exclusion to create a study cohort.
VA indicates Veterans Affairs.
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Variable Construct
CVD events, DM, and major depression study varia-
bles were constructed using International Classification 
of Diseases (ICD), Ninth Revision (ICD-9) and Tenth 
Revision (ICD-10) diagnosis and procedure codes 
extracted from the VA EHR data. The ICD codes to 
define each variable were validated using available 
documentations from the VA Phenomics Library. 
The VA Phenomics Library compiled VA EHR-based 
phenotype algorithms including ICD codes to define 
diseases. Chen et al.10 described detailed ICD codes 
used to construct each risk factor included in the CVD 
risk score calculation and validation of ICD codes used 
to construct CVD events with providers’ notes. Over 
96% and 92% of MI and stroke events, respectively, in 
the current VA women cohort data were validated with 
providers’ notes.10,12

Model Estimation
Stratified by race and ethnicity, the new VA women 
CVD risk model estimated risk coefficients and 10-year 
CVD risk using a time-variant covariate Cox model. The 
factors included in the model were age, untreated and 
treated SBP (in millimeters of mercury), presence of 
DM (yes versus no), current smoking status (yes ver-
sus no), total cholesterol (in milligrams per deciliter), 
HDL-C (in milligrams per deciliter), and presence of 
major depressive episodes/diagnosis (yes versus no). 
Treated SBP was defined as an interaction between 
on antihypertensive medication and SBP. Data on fac-
tors were repeatedly measured from multiple visits 
during the study period. Age, SBP, total cholesterol, 
and HDL-C were natural log transformed to follow log 
normal distributions. Each VA woman had CVD risk 
factors measured repeatedly from multiple visits dur-
ing the study period. The time-variant covariate Cox 
model assumes that effects of time-varying factors on 
CVD risk follow step functions.

The study tested the new model’s accuracy and 
performance in predicting the first incidence of CVD 
event and its validity. Model accuracy in discriminat-
ing CVD events from no events was examined using 
time-dependent Harrell C-statistics over 10 years, and 
model reliability was examined by calibration plots. 
Harrell C-statistics for the time-variant covariate Cox 
model was presented at each specific point of time 
along with mean and standard error. The C-statistic 
measures concordance of the model, d+1

2
, where d 

represents Somers d.13 C-statistics ≥0.7 represent 
good model discrimination, and a 45° line in a calibra-
tion plot represents perfect agreement between pre-
dicted and observed CVD event probabilities.

Internal validation of the model predictability was 
conducted to evaluate the stability of the new CVD 
risk model coefficient estimates by applying 2 internal 

validation methods, bootstrap and cross-validation. 
The study used a bootstrap method to resample from 
the VA women cohort data with replacement and same 
sample size. We repeated this 100 times and averaged 
all estimates (bias and standard error deviation). The 
study also conducted a 10-fold cross-validation. This 
method randomly draws 90% of VA women from the 
cohort for model development (training data and 10% 
for a model validation), testing data, and to repeat this 
procedure 10 times and for average estimates. The op-
timism of the performance (value of C-statistics bias) 
was used to evaluate internal and cross-validation. 
Ideally, optimism should be close to 0; thus, optimism-
adjusted C-statistics (C-statistics optimism) should be 
identical with the original C-statistics.

The study used the net reclassification index (NRI), 
closely following Pencina et al.,14 to compare the new 
VA women CVD risk model against both the rederived 
ACC/AHA women model using VA women data and the 
original general population pooled cohort ACC/AHA 
model in predicting accuracy of 10-year ASCVD risk.10 
The ASCVD risk was classified into low, moderate, and 
high, and corresponding risk ranges were <7.5%, 7.5% 
to 19.9%, and 20% and higher, respectively.15 Upward 
reclassification represents raising a grade of ASCVD 
risk, for example, from low risk reclassified to moder-
ate or from low or moderate risk reclassified to high 
risk, whereas downward reclassification represents 
lowering a ASCVD risk grade. The NRI summarized a 
net reclassification improvement in prognostic perfor-
mance of the VA women CVD risk model to the original 
pooled cohort ASCVD score by calculating the number 
of the cohort correctly reclassified. The NRI is a sum 
of the NRI for those who experienced ASCVD events 
(NRIevent) and those with no events (NRIno event). NRIevent 
is calculated as P (predicted risk estimated upward/
ASCVD event)−P (predicted risk estimated downward/
ASCVD event) and NRIno event as P (predicted risk es-
timated downward/no event)−P (predicted risk esti-
mated upward/no event).14 Means and 95% CIs of the 
NRI were calculated using a bootstrap method (resa-
mples n=100). Absolute NRI was also calculated based 
actual numbers of patients reclassified upward and 
downward stratified by event and no-event group for 
each race and ethnic group.16 A positive value of NRI 
indicates improvement of risk prediction performance.

The study has been approved by both the VA North 
Texas Health Care System Institutional Review Board 
and University of Texas Southwestern Medical Center 
Institutional Review Board. Obtaining informed con-
sent from subjects was waived.

Because of the sensitive nature of the data col-
lected for this study, requests to access the data set 
are limited to qualified VA-affiliated researchers trained 
in human subject confidentiality. Protocols may be sent 
to the VA North Texas Health Care System Institutional 
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Review Board at NTXIRBAdmin@va.gov. Structured 
query language, SAS (SAS Institute, Cary, NC), and 
R (R Foundation for Statistical Computing, Vienna, 
Austria) programming code used in the analysis of 
this study are available from the corresponding author 
upon reasonable request. Additional methods can be 
found in Data S1.

RESULTS
The current VA women study cohort included over 40% 
minority women and 30% young women aged under 40 
years. Table 1 depicts the VA women cohort used to de-
velop the new CVD risk score for women in the military 
and veterans. Race and ethnic groups in the cohort were 
significantly different from each other in baseline CVD risk 
factors. On average, non-Hispanic White VA women were 
older than minority VA women at baseline, more likely to 
be current smokers, and had significantly higher total 
cholesterol values (P<0.01). Black VA women had signifi-
cantly higher baseline SBP and HDL-C values (P<0.01), 
and were more likely to present with DM than White and 
Hispanic VA women (P<0.01). Prevalence of major de-
pression was highest among Hispanic VA women, fol-
lowed by White and Black VA women (P<0.01).

Of all 69 574 VA women, 2176 died during the study 
period. The incidence of any ASCVD events, nonfatal 

MI, nonfatal stroke, and cardiac death among the VA 
women cohort was 5.3/1000 person-years, whereas 
any CVD events, ASCVD events plus nonfatal heart 
failure, and nonfatal cardiac arrest was 5.8/1000 
person-years. The most common CVD event among 
VA women was nonfatal MI (4.1/1000 person-years), 
followed by nonfatal stroke (1.7/1000 person-years) 
with a significant racial difference in incidence (Table 2; 
P<0.01). Black VA women had by far a higher inci-
dence of nonfatal stroke events than other races and 
ethnicities (Table 2).

Tables 3 and 4 depict estimated risk coefficients of 
the new VA women ASCVD and composite CVD risk 
models, respectively, stratified by non-Hispanic White, 
non-Hispanic Black, and Hispanic VA women.

Harrell C-statistics for the non-Hispanic White 
women ASCVD risk model ranged between 0.7 and 
0.8 over 10 years (Figure S1A), with an average value of 
0.70 and a standard error of 0.009. The non-Hispanic 
Black women model C-statistics ranged from 0.67 
to 0.74 (Figure S1B), with average C-statistics of 0.68 
(standard error, 0.010), and the Hispanic women model 
ranged from 0.62 to 0.88 (Figure  S1C), with average 
C-statistics of 0.66 (standard error, 0.033). Figure 2A 
shows calibration plots and the plots approximated 
along a 45° line across all race and ethnic groups.

Heart failure and cardiac arrest events were added 
to create a composite CVD event including the first 
event of any of nonfatal MI, nonfatal stroke, nonfa-
tal heart failure, cardiac arrest, and cardiac death, 
and estimated 10-year composite CVD risk, strat-
ified by non-Hispanic White, non-Hispanic Black, 
and Hispanic VA women (Table  4). Mean values of 
Harrell C-statistics of the VA women composite CVD 
risk model were 0.71 (range, 0.71–0.79; standard 
error, 0.008), 0.68 (range, 0.68–0.75; standard error, 
0.009), and 0.67 (range, 0.64–0.89; standard error, 
0.030) in non-Hispanic White, non-Hispanic Black, 

Table 1.  Baseline Risk Factors Stratified by Race and 
Ethnic Group (Total n=69 574)*

White, 
n=36 172, 52%

Black, 
n=29 231, 42%

Hispanic, 
n=4171, 6%

Age, mean±SD, y† 47.27±8.71 45.49±7.87 44.64±8.54

SBP, mean±SD, 
mm Hg‡

124.69±14.78 128.02±15.57 123.39±14.36

Diabetes mellitus, 
n (%)§

8253 (22.82%) 9396 (32.14%) 1043 (25.01%)

Current smoking, 
n (%)||

10 846 
(29.98%)

5106 (17.47%) 990 (23.74%)

Major depression, 
n (%)#

19 190 (47.98%) 13 771 
(43.05%)

2269 (49.60%)

Total cholesterol, 
mean±SD, mg/dL||

198.63±41.50 192.09±39.66 195.47±38.63

HDL-C, mean±SD, 
mg/dL‡

53.48±16.80 56.69±17.73 53.85±15.56

HDL-C indicates high-density lipoprotein cholesterol; SBP, systolic blood 
pressure; and SD, Standard deviation.

*Chi-squared statistics was used to describe race and ethnic groups 
association with categorical covariates, and post-hoc pairwise Tukey tests 
were used to compare means in the continuous covariates such as age, 
SBP, total cholesterol, and HDL-C levels at baseline when overall group 
differences were statistically significant using Analysis of Variance (ANOVA) 
test. The current study found that age, SBP, total cholesterol and HDL 
significantly differ across all three race and ethnic groups (P<0.0001).

†White > Black ≥ Hispanic.
‡Black > White ≈Hispanic.
§Black > Hispanic > White.
||White > Hispanic > Black.
#Hispanic > White > Black.

Table 2.  Cardiovascular Events by Race/Ethnicity: 
Number and Incidence Per 1000 Person-Years

ASCVD White† Black† Hispanic†

Nonfatal 
myocardial 
infarction

1515 (4.3) 1148 (4.0) 148 (3.6)

Nonfatal stroke 538 (1.5) 592 (2.1)‡ 61 (1.5)

Cardiac death* 245 (0.7) 144 (0.5) 16 (0.4)

Heart failure 175 (0.5) 151 (0.5) 18 (0.4)

Cardiac arrest 9 (0.025) 6 (0.02) 2 (0.048)

The same patient can experience multiple cardiovascular disease events. 
ASCVD indicates atherosclerosis cardiovascular disease.

*Validated by National Death Index data.
†Incidence is presented in parentheses. The incidence is per 1000 person-

years on the basis of new cases during the study period (10-year follow-up 
for all alive in the study cohort and 5-year follow-up for those deceased). We 
assumed no loss to follow-up except death.

‡Non-Hispanic Black women > White and Hispanic women, P=0.04.

mailto:NTXIRBAdmin@va.gov
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and Hispanic VA women, respectively (Figures  S2 
and S3). The calibration plots of the VA women com-
posite CVD risk model are depicted in Figure 2B, and 
plots are approximated along the 45° line across all 
race and ethnic groups.

Table  5 presents calculated 10-year ASCVD and 
composite CVD risk scores given values of risk fac-
tors: total cholesterol 213 mg/dL, HDL 50 mg/dL, SBP 
120 mm Hg, no DM, no current smoking status, and 
no major depression. The new VA women ASCVD risk 
model estimated 10-year ASCVD risk as 3.6%, 4.4%, 
and 3.5%, in non-Hispanic White, non-Hispanic Black, 
and Hispanic VA women aged 38 years, respectively. 
At age 55 years, the estimated ASCVD risk were 
8.4%, 9.2%, and 7.7%, respectively. If major depres-
sion was present, the ASCVD risk increased by about 
2% (range, 1.3%–2.7%) across all race and ethnicity 
groups (Table 5).

The new VA women composite CVD risk model esti-
mated risk of having any CVD events within 10 years as 

3.8%, 4.9%, and 4.6% at age 38 years in non-Hispanic 
White, non-Hispanic Black, and Hispanic VA women, 
respectively. The estimated composite CVD risk of VA 
women aged 55 years was 9.3%, 10.2%, and 8.6%, in 
non-Hispanic White, non-Hispanic Black, and Hispanic 
VA women, respectively. When a VA woman presented 
with a major depression diagnosis, her risk of having 
CVD events in 10 years increased by 1.5% on average, 
with a range between 1% and 2.2% at age 38 years, 
and over 3% on average (range, 2.6%–3.9%) at age 55 
years, across all race and ethnicity groups (Table 5).

Internal and Cross-Validation
Table 6 shows internal validation of the new VA women 
ASCVD risk models. The bias and standard error de-
viation are presented for all risk factors. The optimism 
of the performance and values of C-statistics bias 
were 0.009 for both White and Black VA women mod-
els and 0.0008 for Hispanic VA women (Table 6). The 

Table 3.  Risk Coefficient Estimates of Cox Time-Variant Model Using Veterans Affairs Women Data: Nonfatal Myocardial 
Infarction, Nonfatal Stroke, and Cardiac Death Events

Non-Hispanic White Black Hispanic

Estimate SE Estimate SE Estimate SE

Ln age 2.399 0.114 2.058 0.137 2.191 0.385

Untreated SBP 1.008 0.233 0.411 0.326 0.653 0.814

Treated SBP −0.208 0.318 1.246 0.391 −3.714 1.196

Diabetes mellitus 0.425 0.042 0.276 0.047 0.315 0.202

Current smoking 0.072 0.038 −0.020 0.048 0.356 0.196

Major depression 0.244 0.045 0.231 0.076 0.311 0.150

Ln total cholesterol 0.024 0.086 0.180 0.104 0.099 0.321

Ln HDL-C −1.350 0.064 −1.339 0.076 −1.225 0.245

Antihypertensive treatment 1.263 1.544 −5.795 1.90 18.290 5.771

Average C-statistics 0.700 0.009 0.680 0.01 0.660 0.033

HDL indicates high-density lipoprotein cholesterol; Ln, natural log transformed; and SBP, systolic blood pressure.

Table 4.  Risk Coefficient Estimates of Cox Time-Variant Model Using Veterans Affairs Women Data: Nonfatal Myocardial 
Infarction, Nonfatal Stroke, Nonfatal Heart Failure, Cardiac Arrest, and Cardiac Death Event

Non-Hispanic White Non-Hispanic Black Hispanic

Estimate SE Estimate SE Estimate SE

Ln age 2.493 0.110 2.074 0.131 2.291 0.366

Untreated SBP 1.018 0.228 0.526 0.317 0.812 0.778

Treated SBP 0.463 0.305 1.664 0.375 −1.391 1.131

Diabetes mellitus 0.457 0.040 0.350 0.045 0.301 0.141

Current smoking 0.073 0.037 −0.004 0.045 0.413 0.130

Major depression 0.254 0.044 0.282 0.052 0.393 0.140

Ln total cholesterol 0.167 0.082 0.096 0.099 0.107 0.303

Ln HDL-C −1.295 0.062 −1.276 0.073 −1.208 0.231

Antihypertensive treatment −1.966 1.481 −7.698 0.375 7.061 5.477

Average C-statistics 0.710 0.008 0.683 0.009 0.671 0.030

HDL-C indicates high-density lipoprotein cholesterol; Ln, natural log transformed; and SBP, systolic blood pressure.
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Figure 2.  Calibration plots for Veterans Affairs women cardiovascular 
disease risk model by race/ethnicity.
A, ASCVD events. B, Composite CVD events. *The vertical axis represents 
observed ASCVD event probabilities, and the horizontal axis represents 
predicted CVD event probabilities. †A 45° line in the calibration plot represents 
perfect agreement between predicted and observed CVD event probabilities. 
ASCVD indicates atherosclerosis cardiovascular disease; and CVD, 
cardiovascular disease.
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optimism-adjusted C-statistics are almost identical to 
the original C-statistics of the models; thus, the new 
VA women CVD risk models were concluded to be in-
ternally validated.

Table  7 shows cross-validation results. The study 
conducted 10-fold cross-validation. The optimism of 
the performance and values of C-statistics bias were 
−0.004, −0.008, and −0.063 for the White, Black, and 
Hispanic VA women models, respectively (Table  7). 
The optimism-adjusted C-statistics are almost identical 

with the VA women CVD risk models, which indicates 
the current model estimation was not sensitive to out-
liers of the study cohort data, particularly the first and 
last tertiles. Thus, the VA women CVD risk model was 
cross-validated.

Net Reclassification Index
The NRI of the new VA women ASCVD risk model 
compared with the original pooled cohort ACC/AHA 
model17 was positive at 0.31 (95% CI, 0.26–0.33) and 
0.06 (95% CI, 0.03–0.09) in White and Black VA women, 
respectively. Absolute NRI values were positive in both 
White and Black VA women at 0.04 (White: NRIW

event
 

0.15, NRIW
no event

 −0.11), and 0.025 (Black: NRIB
event

 0.026, 
NRI

B

no event
 −0.001), respectively (Table 8).

DISCUSSION
This study capitalized on a large-scale, longitudinal VA 
EHR database and developed an internally validated 
CVD risk model tailored to the unique demographics 
and risk factor profile in female service members and 
veterans. The current VA women study cohort, com-
posed of 48% racial and ethnic minority women, rep-
resents the ethnic distribution of women in the military, 
which makes the proposed VA women CVD risk score 
adequate and reliable to assess a long-term CVD risk 
for these women. The proposed VA women CVD risk 
score included multiple traditional CVD risk factors, 
including age, SBP, DM, current smoking, total cho-
lesterol, and HDL-C, and a new nontraditional risk fac-
tor, major depression. The VA women CVD risk model 
better performs in predicting 10-year ASCVD risk for 
VA women than the pooled cohort ACC/AHA model 
according to both Harrell C- statistics and the NRI. 
Accuracy of the proposed VA women CVD risk score 
in predicting 10-year ASCVD risk of VA women was 

Table 5.  Ten-Year Cardiovascular Disease Event Risk in 
White, Black, and Hispanic Veterans Affairs Women by 
Race/Ethnicity

White Black Hispanic

Age

S(10)* 0.9438 0.9442 0.9542

Age 38 y

ASCVD risk (%)† 3.6% (4.5%*) 4.4% (5.7%*) 3.5% (4.8%*)

Composite 
CVD risk (%)‡

3.8% (6.0%*) 4.9% (6.8%*) 4.6% (5.6%*)

Age 55 y

ASCVD risk (%)† 8.4% (10.6%) 9.2% (11.4%) 7.7% (10.4%)

Composite 
CVD risk (%)‡

9.3% 
(11.9%*)

10.2% 
(13.4%*)

8.6% 
(12.5%*)

ASCVD indicates atherosclerosis cardiovascular disease; and CVD, 
cardiovascular disease.

*S (.) is the survival probability function and S(10) is the 10-year CVD event-
free survival probability. Risk was calculated following 1−S(10)

e(x�−x�), where x 
a vector of covariates in the model and x is the mean value of corresponding 
covariates, and β is a vector of risk coefficients corresponding covariates, x, 
at age 38 and 55 years. Specific values of x are total cholesterol 213 mg/dL, 
high-density lipoprotein 50 mg/dL, systolic blood pressure 120 mm Hg, no 
diabetes mellitus, no current smoking status, and no major depression. In 
parenthesis is the risk when major depressive symptoms are present.

†ASCVD events are the first incidences of any events of nonfatal myocardial 
infarction, nonfatal stroke, and cardiac death.

‡Composite CVD events are the first incidences of any events of nonfatal 
myocardial infarction, nonfatal stroke, heart failure, cardiac arrest, and 
cardiac death.

Table 6.  Internal Validation of Veterans Affairs Women Atherosclerosis Cardiovascular Disease Risk Model*

Variable

White Women Black Women Hispanic Women

Bias RMSE Bias RMSE Bias RMSE

Ln age 0.01102 0.11540 −0.00132 0.15233 0.01987 0.42692

Ln untreated SBP 0.00718 0.25151 0.03687 0.35780 0.08465 0.84077

DM 0.00279 0.04409 0.00021 0.04982 −0.02337 0.15055

Current smoker 0.00080 0.03728 0.00133 0.04505 −0.01952 0.14192

Ln total cholesterol 0.00002 0.09113 0.02667 0.11835 0.00591 0.37230

Ln HDL-C 0.00486 0.06958 0.00198 0.08548 0.00787 0.27818

Major depression −0.00913 0.04576 −0.00121 0.05187 0.00934 0.15420

SBP treatment −0.14845 1.65215 0.18876 2.27947 0.75390 7.07361

Treated Ln SBP 0.02994 0.33894 −0.03828 0.46873 −0.15628 1.47123

C-statistics 0.00090 0.00541 0.00093 0.00669 0.00806 0.01998

DM indicates diabetes mellitus; HDL-C, high-density lipoprotein cholesterol; Ln, natural log transformed; RMSE, root mean squared error; and SBP, systolic 
blood pressure.

*On the basis of 100 times bootstrap.
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substantially improved (Harrell C-statistics White, 0.70; 
Black, 0.68) compared with the ACC/AHA ASCVD 
model10 (Harrell C-statistics, White 0.61; Black, 0.63). 
The positive NRI values also support that the new VA 
women CVD risk model has a better prognostic perfor-
mance in predicting 10-year ASCVD risk of VA women 
than the pool cohort ASCVD score.

The study uses all available VA EHR visit data on 
CVD risk factors and events in calculating predictive 
CVD risk score for women in the military and veterans 
by applying a time-variant Cox regression model. This 
VA women CVD risk score is the first score that applies 
a time-variant covariate Cox model to estimate effects 
of age-related changes in CVD risk factors on 10-year 
CVD risk using the VA women cohort data.

With a 3-fold increase in number of active-duty 
female service members between 1973 and 2010,18 
female service members constituted ≈16% of active-
duty service members in 2018.19 As a result, an in-
creased demand for CVD care for younger female 

service members is highly anticipated. This proposed 
VA women CVD risk score, derived from the cohort 
including a substantial number of younger military 
women, provides accurate and reliable 10-year CVD 
risk score for younger military women that can be 
used as part of the assessment of CVD risk in younger 
women who have served or are currently serving in the 
military.

The new CVD risk score includes a more compre-
hensive list of CVD events such as heart failure and 
cardiac arrest in addition to ASCVD events. With more 
types of CVD events, heart failure, and cardiac arrest, 
the model accuracy in discriminating CVD events has 
improved across all race and ethnic groups while still 
remaining reliable (Figure 2, a 45° approximation of cal-
ibration plots).

The newly proposed VA women CVD risk score 
can improve potential under- or overtreatment of VA 
women by more accurately calculating 10-year CVD 
risk (NRI>0). Using the ACC/AHA ASCVD risk calculator 
derived from general population pooled cohort data,17 
a 55-year-old woman with total cholesterol of 213 mg/
dL, HDL-C 50 mg/dL, untreated SBP 120 mm Hg, no 
DM, no current smoking status, and no major depres-
sion would have low (<5%) 10-year ASCVD risk (2.1% 
in White women, 3.0% in Black women17). Thus, she 
would not be considered for cholesterol-lowering treat-
ment despite elevated cholesterol level on the basis 
of the 2018 cholesterol management and treatment 
guideline.15 On the contrary, the proposed VA women 
CVD score calculates that the same 55-year-old 
woman would have moderate risk (>7.5%) of ASCVD 
(White, 8.4%; Black, 9.2%) and should be considered 
for cholesterol-lowering therapy.

The current model is parsimonious but powerful, 
with good accuracy and reliability in its prediction of 
long-term CVD risk among female service members 
and veterans. Despite the current literature on many 

Table 7.  Cross-Validation (10-Fold) of Veterans Affairs Women Atherosclerosis Cardiovascular Disease Risk Model

Variable

White Women Black Women Hispanic Women

Bias RMSE Bias RMSE Bias RMSE

Ln age −0.05585 0.34578 −0.02178 0.46978 −0.17092 1.42376

Ln SBP 0.13784 0.69663 0.19792 1.14355 −0.04432 2.83077

DM −0.01839 0.15176 0.00644 0.15451 0.05639 0.47152

Current smoker −0.01445 0.12700 −0.01148 0.15123 0.03914 0.44957

Ln total cholesterol −0.01848 0.24347 0.05901 0.38637 −0.17278 0.89220

Ln HDL-C −0.02389 0.22465 −0.00344 0.23311 −0.06432 0.80753

Major depression 0.02003 0.13724 0.00109 0.17042 −0.08892 0.44108

SBP treatment 0.72086 5.06492 0.93181 6.74508 −0.48571 21.84194

Treated SBP −0.14869 1.04515 −0.19271 1.38398 0.11053 4.52849

C-statistics −0.00369 0.01569 −0.00782 0.01769 −0.06293 0.05579

DM indicates diabetes mellitus; HDL-C, high-density lipoprotein cholesterol; Ln, natural log transformed; RMSE, root mean squared error; and SBP, systolic 
blood pressure.

Table 8.  Net Reclassification Index of VA Women ASCVD 
Risk Model Compared With the ACC/AHA ASCVD Risk 
Model Using VA Women Cohort Data

ACC/AHA Model

VA Women ASCVD Risk Model

<7.5% 7.5%–19.9% ≥20%

White <7.5% 19 572 6962 3763

7.5%–19.9% 50 3108 2636

≥20% 0 0 80

Black <7.5% 20 185 1485 0

7.5%–19.9% 4531 2828 147

≥20% 46 0 9

The study used the net reclassification index closely following Pencina 
et al.14 ACC/AHA indicates American College of Cardiology/American Heart 
Association; ASCVD, atherosclerosis cardiovascular disease; and VA, 
Veterans Affairs.

Shaded value indicated a diagonal line, where NRIs are concordant.
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CVD biomarkers, overfitting the predictive model with 
inclusion of biomarkers generates a model that is 
vulnerable to type I error as well as difficult to imple-
ment in the general clinical settings. Ultimately, body 
mass index (BMI), diastolic blood pressure (DBP), 
CVD biomarkers, menopause status and symptoms, 
and pregnancy-related hypertension or preeclampsia 
were excluded from the model on the basis of mul-
tiple criteria, specifically Akaike information criteria, 
time-dependent Harrell C-statistics, calibration plots, 
and statistical significance. Inclusion of BMI and meno-
pausal status as independent risk factors increased 
discrimination of the model but negatively associated 
with increased CVD risk, which was unexpected. This 
suggested multicollinearity with other traditional CVD 
risk factors such as cholesterol and SBP. To prevent 
multicollinearity problems, inclusion of BMI and meno-
pausal status would have required omitting one of the 
traditional CVD factors. However, inclusion of blood 
cholesterol in the risk prediction model resulted in bet-
ter discrimination and predictability than inclusion of 
BMI without consideration for blood cholesterol levels. 
In addition, BMI data from the VA EHR were prone to 
data entry errors in weight and height records. Values 
of BMI were sensitive to different data-cleaning meth-
ods of weights and heights despite large-scale data. 
Thus, the current VA women CVD risk score included 
cholesterol risk factors but omitted BMI.

Inclusion of CVD biomarkers, such as hemoglobin 
A1C,20 troponin,21–24 and fibrinogen,25,26 in the final CVD 
risk model was not feasible because of the very small 
proportion of the VA women cohort with complete 
data on CVD biomarkers. Other biomarkers, such as 
ankle-brachial index,27 high-sensitivity C-reactive pro-
tein,28 and coronary artery calcium28 were not included 
in the model, which is supported by US Preventative 
Taskforce recommendations.29 However, exclusion of 
CVD biomarkers from the final model may account for 
unexpected signs of current cigarette smoking risk 
estimates in the Black VA women model, albeit not 
significant (P value close to 0.9). For example, high-
sensitivity C-reactive protein level was higher among 
current cigarette smokers than former smokers30,31 
and was also found to be different by race and eth-
nicity among women.32 In addition, these additional 
nontraditional risk markers are not routinely available 
on most patients.

A history of pregnancy complication, as a potential 
independent CVD risk factor,33,34 was not included in 
the final model partly because of the low proportion 
(<10%) of the VA women cohort with pregnancy com-
plication history from the VA EHR records. Exclusion of 
a history of pregnancy complication is also supported 
in the previous literature.35,36

Overall, the Black women model performance with 
inclusion of DBP was poorer compared with the current 

study model with SBP (increased Akaike information cri-
teria by 57.48) despite findings in previous studies.37,38 
Although inclusion of DBP in place of SBP showed similar 
model performance in C-statistics and Akaike informa-
tion criteria for White and Hispanic women, risk coeffi-
cients of untreated and treated DBP were unexpectedly 
negative (non-Hispanic White, −0.276 in ASCVD and 
−0.723 in composite CVD models; Hispanic, −1.049 in 
ASCVD and −2.906 in composite CVD models), thus 
suggesting SBP is a better predictor than DBP.

The new VA women CVD risk score included major 
depression as an independent risk factors for CVD. 
Despite recent evidence supporting major depression 
as an independent CVD risk factor,9,39,40 and American 
Heart Association’s CVD treatment guidelines and rec-
ommendations for screening and management of de-
pressive symptoms,41 many have cautioned a causal 
inference of depression on CVD42–45 drawn from ap-
plication of naïve models to cross-sectional data. The 
current study has addressed this by using longitudinal 
VA EHR data with an application of a time-variant co-
variate Cox model.46

Under the current study design, 10% (n=7056) of 
the VA women cohort had <10 years of follow-up data 
because of administrative censoring of data collection 
in 2017. VA women with censored data were slightly 
younger (by 0.4  years, P<0.001), had lower SBP (by 
0.59 mm Hg, P=0.002), had lower total cholesterol (by 
1.1 mg/dL, P=0.031), and had a lower prevalence rate 
of DM (by 2.9%, P<0.001) at baseline than those with 
a full 10 years of follow-up data (Table S1). Under the 
study’s assumption of no loss to follow-up, this indi-
cates that healthier women visited the VA Health Care 
System less frequently than those with more CVD risk 
factors. Cox model estimates have been found unbi-
ased as long as right censoring is independent from 
CVD events.47,48 The current study’s right censoring is 
administrative and thus independent from CVD events.

There are important limitations to note. The current 
study excluded Asian and other-race/ethnic VA women, 
which comprised about 8% of the VA women cohort. 
End points of the study (MI, stroke, heart failure, cardiac 
arrest, and cardiac death) were based on ICD codes 
from the structured EHR; thus, the quality of accuracy 
of events was vulnerable to medical records errors. 
However, previous studies conducted on the quality of 
ICD codes found high concordance rates in MI (96%) 
and stroke (92%) between ICD codes entered into the 
VA EHR system and providers’ notes.10,12 Concordance 
rate of heart failure events between ICD codes and pro-
viders’ notes was slightly lower at 86% than MI and 
stroke, but 100% in cardiac arrest, with one patient suf-
fering cardiac arrest secondary to drug overdose. The 
NDI, whose data sources are state death certificates, is 
the gold standard for death ascertainment. State death 
certificates are limited in cause of death because they 
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include multiple underlying causes of death. Finally, de-
spite popular use of the NRI in comparative analysis of 
a new predictive model to an existing model, the NRI 
has many limitations. Algorithms for calculating NRI 
values using either a bootstrap method14,49,50 or abso-
lute numbers16 are currently in debate.51 Thus, the use 
of the NRI should not be an alternative to other model 
performance measures such as C-statistics and cali-
bration; it should be conjunctive.

Future studies are warranted. The proposed VA 
women CVD risk score needs to be externally validated 
with data from women service members and veterans 
who seek health care outside of the VA system to be 
used as a clinical decision tool in CVD treatment and 
prevention for all women in the military. The current 
model may underestimate CVD risk for VA women with 
a history of gestational complications or other chronic 
conditions. A future study developing new statistical 
methods and approaches that tailor the VA women 
CVD risk model to capture incremental CVD risk by a 
history of gestational complications and other chronic 
conditions is also warranted.

In conclusion, the current study developed a par-
simonious model equipped with good prediction ac-
curacy and reliability to assess VA women long-term 
CVD risk. The proposed VA women CVD risk score 
improves the accuracy of the existing ACC/AHA CVD 
risk assessment tool in predicting long-term CVD risk 
for VA women, particularly in young and racial/ethnic 
minority women. Use of the proposed VA women CVD 
risk score in assessing women veterans’ cardiovas-
cular health may have significant clinical implications.
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Supplemental Methods  

 

1. Residual tests 

Proportional hazard assumptions for Cox models were tested for log age using 

Schoenfeld residual test and Martingale residual plots.  Schoenfeld residual tests rejected 

Proportional hazard assumptions for both White and African American VA women model (p 

<0.0001).  Martingale plots also rejected proportional hazard assumption.  Martingale residuals 

are far from “0” indicating log age is not proportional. 

 

2. Net Reclassification Index (NRI) 

2.1. A subset of age group 40-79 

Additional NRIs were calculated using a subset of VA women aged 40 – 79.  NRI of VA 

White women age 40-79 were 0.136 with 95% CIs (-0.05, 0.29] and African American 0.10 (-

0.09, 0.30). 

2.2. Net Reclassification Index (NRI) for three scores—new VA women CVD risk score, 

pooled cohort ASCVD score, and re-derived (recalibrated) ACC/AHA ASCVD risk 

model10 

 



 
 

Table S1. Net Reclassification Index (NRI) for three scores—new VA women CVD risk 

score, pooled cohort ASCVD score1,17 and re-derived (recalibrated) ACC/AHA ASCVD 

risk score10 stratified by race 

Race Scores  Mean 95% CI 

White 

VA 

women 

VA women CVD risk score vs. pooled cohort ASCVD score, 

and re-derived (recalibrated) ACC/AHA ASCVD risk model 
0.31 0.26-0.33 

VA women CVD risk score vs. re-derived (recalibrated) 

ACC/AHA ASCVD risk model 
0.27 0.26-0.33 

re-derived (recalibrated) ACC/AHA ASCVD risk score vs. 

pooled cohort ASCVD score, and  
0.06 0.03-0.08 

African 

American 

VA 

women  

VA women CVD risk score vs. pooled cohort ASCVD score, 

and re-derived (recalibrated) ACC/AHA ASCVD risk model 
0.06 0.03-0.09 

VA women CVD risk score vs. re-derived (recalibrated) 

ACC/AHA ASCVD risk model 
-0.08 -0.15 - -

0.06 

Re-derived (recalibrated) ACC/AHA ASCVD risk score vs. 

pooled cohort ASCVD score, and  
0.16 0.14-0.20 

 

ACC/AHA = American College of Cardiology/American Heart Association; ASCVD = 

Atherosclerosis Cardiovascular disease; CVD = Cardiovascular disease; NRI = Net 

Reclassification Index; V = Veterans Affairs 

NRI was calculated following Pencina et al. (2014).14 Resamples = 100 

 



 
 

Figure S1. Time dependent C statistics of VA women ASCVD risk model by race and 

ethnic group. 

 

 

 

AA = African Americans. 

* Dashed line is marked at C statistics 0.7. 

† Red solid lines represent C statistics over the 10 years. 



 
 

Figure S2. Time dependent C statistics of VA women composite CVD risk model by race 

and ethnic group. 

 

AA = African Americans. 

* Dashed line is marked at C statistics 0.7. 

† Red solid lines represent C statistics over the 10 years. 



 
 

Figure S3. Martingale plot of Log age white and African American VA women. 

 

 

 


