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Summary
Background We sought to examine sex-specific risks for incident cardiovascular disease (CVD) across the full
glycaemic spectrum.

Methods Using data from UK Biobank, we categorised participants’ glycated haemoglobin (HbA1c) at baseline as low-
normal (<35 mmol/mol), normal (35–41 mmol/mol), pre-diabetes (42–47 mmol/mol), undiagnosed diabetes
(≥48 mmol/mol), or diagnosed diabetes. Our outcomes were coronary artery disease (CAD), atrial fibrillation,
deep vein thrombosis (DVT), pulmonary embolism (PE), stroke, heart failure, and a composite outcome of any
CVD. Cox regression estimated sex-specific associations between HbA1c and each outcome, sequentially adjusting
for socio-demographic, lifestyle, and clinical characteristics.

Findings Among 427,435 people, CVD rates were 16.9 and 9.1 events/1000 person-years for men and women,
respectively. Both men and women with pre-diabetes, undiagnosed diabetes, and, more markedly, diagnosed
diabetes were at higher risks of CVD than those with normal HbA1c, with relative increases more pronounced in
women than men. Age-adjusted HRs for pre-diabetes and undiagnosed diabetes ranged from 1.30 to 1.47; HRs
for diagnosed diabetes were 1.55 (1.49–1.61) in men and 2.00 (1.89–2.12) in women (p-interaction <0.0001).
Excess risks attenuated and were more similar between men and women after adjusting for clinical and lifestyle
factors particularly obesity and antihypertensive or statin use (fully adjusted HRs for diagnosed diabetes: 1.06
[1.02–1.11] and 1.17 [1.10–1.24], respectively).

Interpretation Excess risks in men and women were largely explained by modifiable factors, and could be ameliorated
by attention to weight reduction strategies and greater use of antihypertensive and statin medications. Addressing
these risk factors could reduce sex disparities in risk of CVD among people with and without diabetes.
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Introduction
With increasing global prevalence of hyperglycaemia
and diabetes,1–3 understanding associations and mech-
anisms with its most important complication, cardio-
vascular disease (CVD), becomes increasingly
important. It has long been asserted that men and
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women with diabetes have differential risks of CVD,4–6

but it is unclear which risk factors drive these sex dif-
ferences, and whether men or women with moderately
elevated glycaemia below the threshold for diabetes are
also at increased risk of CVD. A study of the risk of
adverse CVD outcomes across the full glycaemic
iology, London School of Hygiene & Tropical Medicine, Keppel Street,
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Research in context

Evidence before this study
It has long been asserted that men and women with diabetes
have differential risks of cardiovascular disease (CVD), but it is
unclear which risk factors drive these sex differences, and
whether men or women with moderately elevated glycated
haemoglobin (HbA1c) below the threshold for diabetes are
also at increased risk of CVD. We searched MEDLINE and
PubMed on 15 March 2023 for studies evaluating sex
differences in the risk of CVD across the glycaemic spectrum.
The keywords “(sex difference* OR sex disparit* OR sex-strat*
OR sex-specific) AND (glycaemia OR glycemia OR glycated OR
hemoglobin OR haemoglobin) AND (non-diabetes OR non-
diabetic) AND (cardiovascular) AND (rate OR hazard OR odds
OR risk)” were used and results were filtered to articles with
an abstract available in English. 33 papers were identified and
all 33 were eligible for screening. One study presented sex
differences in the overall cumulative incidence of a composite
atherosclerotic cardiovascular disease outcome among
individuals with diagnosed diabetes or pre-diabetes. However,
none reported sex-stratified associations of CVD risk across
the full glycaemic spectrum nor examined which factors
explained differential CVD risk by sex. Previous studies have
suggested a J-shaped curve in the relationship between HbA1c
and outcomes including CVD and all-cause mortality, with
individuals with low-normal HbA1c at excess risk compared to
normal HbA1c. However, these studies were limited in sample
size, combined people with controlled diabetes with those
without diabetes, and did not analyse individual CVD
outcomes. The present study leveraged UK Biobank data,
which measured HbA1c on ∼500,000 men and women,
regardless of diabetes status, presenting a unique opportunity
to study sex disparities in the risk of CVD across the glycaemic
spectrum.

Added value of this study
We uncovered novel insights around sex disparities in CVD
risk across the glycaemic spectrum. Absolute CVD rates were
higher in men than women at all levels of HbA1c. Both men
and women with pre-diabetes, undiagnosed diabetes, and,
more markedly, diagnosed diabetes were at higher risks of
CVD than those with normal HbA1c, with relative increases in
risk more pronounced in women than men. Both men and
women with low-normal HbA1c had lower absolute rates of
CVD than those with normal HbA1c. We extended previous
evidence by showing most excess risk, and thereby differential
relative risks between men and women, disappeared after
accounting for lifestyle and clinical characteristics, namely
measures of obesity and use of antihypertensive or statin
medications.

Implications of all the available evidence
This is the largest study to date to investigate sex differences
in the risk of CVD across the glycaemic spectrum. While those
with diagnosed diabetes carried the highest risk compared to
those with normal HbA1c, men and women with pre-diabetes
and undiagnosed diabetes were also at higher risk and those
with low-normal HbA1c were at lower risk of CVD outcomes,
highlighting the need for strategies to reduce risk of CVD
across the glycaemic spectrum. Our findings suggest that
excess risks in both men and women were largely explained
by modifiable factors and could be ameliorated by attention
to weight reduction strategies and greater use of
antihypertensive and statin medications. Addressing these
risk factors could reduce sex disparities in glycaemia-related
risks of CVD.
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spectrum among men and women with and without
diagnosed diabetes could help further improve our un-
derstanding of underlying sex-specific mechanisms.

Previous meta-analyses have reported a 2.5- to
3.5-fold relative risk in the association between diabetes
and CVD among women, compared to a 1.5- to 2.0-fold
relative risk in men.7–9 The greater relative risk among
women—compared to the relative risk among men—
largely persists after multivariable adjustment, though
interpretation is limited as studies are heterogeneous in
design, outcome choice, and consideration of potential
confounders. Recent evidence suggests sex differences
may also vary by specific CVD outcome, with less of an
excess observed in women for heart failure or stroke.10

The mechanisms through which these sex differences
might operate have been suggested to include dispar-
ities in the identification, treatment, and control of
cardiovascular risk factors.6,11,12 Understanding which of
these factors are driving sex differences could help
inform future evidence-based diabetes management
guidelines.

We therefore aimed to examine sex-specific risks for
CVD across the full glycaemic spectrum, and describe
the relative contributions of clinical and lifestyle char-
acteristics in terms of attenuating any observed sex
differences.
Methods
Study design and population
We conducted an observational cohort study using data
from UK Biobank,13 which includes 273,317 women and
229,081 men aged 40–69 recruited between 2006 and
2010 across England, Scotland, and Wales. Participants
underwent baseline assessment capturing socio-
demographic, lifestyle, and clinical factors, and gave
blood samples for biomarker measurement. Partici-
pants also consented for linkage to hospital and death
www.thelancet.com Vol 32 September, 2023
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registry data. For this analysis, we excluded 1836 par-
ticipants with type 1 diabetes at baseline.

This study is reported according to the strengthening
the reporting of observational studies in epidemiology
(STROBE) and reporting of studies conducted using
observational routinely collected health data (RECORD)
guidelines (see Supplementary Appendix).

Exposure and outcomes
Glycated haemoglobin (HbA1c) was measured for all
participants at recruitment, regardless of diabetes status.
We excluded 35,999 (7%) participants who had missing
HbA1c. We categorised participants at standard clinical
cut-off points14: low-normal (<35 mmol/mol or <5.5%),
normal (35–41 mmol/mol or 5.5–5.9%), pre-diabetes
(42–47 mmol/mol or 6.0–6.4%), undiagnosed diabetes
(≥48 mmol/mol or ≥6.5%), or diagnosed diabetes
defined by a previously validated algorithm incorpo-
rating medical history and receipt of receipt of glucose-
lowering medication.15

We ascertained incidence of six CVD outcomes,
namely coronary artery disease (CAD), atrial fibrillation,
deep vein thrombosis (DVT), pulmonary embolism
(PE), stroke, and heart failure. We developed a com-
posite outcome for any CVD defined as the first occur-
rence of any of the six CVD outcomes. These six
outcomes were chosen a priori based on clinical
importance and relevance and their likelihood to provide
enough events for well powered statistical analyses. All
outcomes were based on International Classification of
Diseases—Tenth Edition (ICD-10) codes (eTable 1). We
included primary and secondary diagnoses from the
hospital registry and primary or contributing cause of
death from the death registry. For the analysis of any
CVD, we excluded individuals who had any CVD prior
to baseline. For the analysis of each outcome, we
excluded individuals who had the respective event prior
to baseline (e.g., those with CAD at baseline were
excluded from the CAD analyses, those with atrial
fibrillation at baseline were excluded from the atrial
fibrillation analyses, etc).

Covariates
Potential determinants of HbA1c and CVD were iden-
tified by reviewing existing literature16,17 and clinician
consensus. We extracted the following variables from
the baseline assessment data: socio-demographic factors
(i.e., age, sex, ethnicity, index of multiple deprivation);
lifestyle characteristics (i.e., smoking status, alcohol
consumption, physical activity, body mass index, waist-
hip ratio, and dietary intake); and clinical characteris-
tics (i.e., total cholesterol, serum creatinine, C-reactive
protein, diagnosed hypertension, use of antihyperten-
sive medications or statins, and family history of CVD).
We included both body mass index and waist-hip ratio
as the former is thought to primarily reflect peripheral
fat while the latter indicates visceral fat, which is
www.thelancet.com Vol 32 September, 2023
considered a more significant cardiovascular risk fac-
tor.18,19 Adverse waist-hip ratio was defined as ≥0.95 for
men and ≥0.80 for women.20 Serum creatinine mea-
surements were converted into estimated glomerular
filtration rate (eGFR) using the chronic kidney disease
epidemiology collaboration (CKD-EPI) equation.21

Smoking status, alcohol consumption, physical activity,
dietary intake, diagnosed hypertension, use of antihy-
pertensive medications or statins, and family history of
cardiovascular disease were self-reported on surveys or
during baseline interviews. Additional details on all
covariates, how they were measured, and the program-
ming code to create them can be found in eTable 1.

Missing data affected 37,277 (8%) of participants
eligible for study inclusion. A large proportion of
missingness was driven by lack of physical activity
measures (n = 10,754, 29%) and non-HbA1c laboratory
measures (n = 22,441, 60%). The majority (70%) of
missing non-HbA1c laboratory measures at baseline
resulted from laboratory reporting and data issues;
therefore, we assumed these data were missing at
random (MAR). Lifestyle measures were missing
because participants responded, “prefers not to say,”
thus these data were likely missing not at random
(MNAR). We used complete case analysis because the
overall level of missing data was low and a large pro-
portion of missingness was likely to be MNAR. In this
circumstance, although multiple imputation is not
appropriate, a complete case analysis will be unbiased if,
conditional on model covariates, missingness is inde-
pendent of the outcome.22

Statistical analysis
Descriptive statistics were calculated for all covariates by
HbA1c category for men and women separately. Inci-
dence rates for any CVD and each CVD outcome were
age-standardised to the UK Biobank population and
then estimated by sex and HbA1c category. This was
done by weighting the calculated incidence in the study
population with the age and sex distribution in the full
UK Biobank population, hence removing differences in
incidence that could be attributed to those factors.
Confidence intervals (CIs) were estimated using 500
bootstrap replications.

Hazard ratios (HR) and 95% CI for the association
between HbA1c category and each CVD outcome were
estimated using Cox proportional hazards models using
days in study as the timescale. Individuals were followed
from the date of baseline assessment (i.e., date of
HbA1c measurement) until earliest of: incident CVD,
death, or end of data coverage (28 February 2021 in
England & Scotland; 28 February 2018 in Wales). Each
model was adjusted in five stages: 1) unadjusted; 2) age-
adjusted; 3) socio-demographic-adjusted; 4) socio-
demographic and lifestyle-adjusted; and 5) fully
adjusted, which additionally adjusted for clinical char-
acteristics. Age, body mass index, waist-hip ratio, total
3
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Fig. 1: Study flow chart. Caption: *Excludes those with outcome on
or before baseline. Abbreviations: HbA1c, glycated haemoglobin; CVD,
cardiovascular disease; CAD, coronary artery disease; Afib, atrial
fibrillation; DVT, deep vein thrombosis; PE, pulmonary embolism; HF,
heart failure. Notes: Participants could be identified in more than one
exclusion criteria within each broad exclusion. Demographics
included age, sex, ethnicity, and index of multiple deprivation.
Laboratory measures include total cholesterol, serum creatinine, and
C-reactive protein.
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cholesterol and C-reactive protein were all modelled
continuously using 4-knot restricted cubic splines. The
proportional hazards assumption for each HbA1c cate-
gory was assessed by inspecting whether scaled
Schoenfeld residuals were independent of time
(eFigure 1); there were no clear violations. We estimated
p-values testing for interaction between HbA1c category
and sex.

We then described the relative contribution of each
factor in terms of the observed attenuation in the asso-
ciations with Hba1c category and any CVD. We itera-
tively adjusted for each variable starting with an
unadjusted model and building to a fully adjusted model
separately for men and women. Within each broad
category of variables (i.e., socio-demographics, lifestyle
factors, clinical characteristics), we described the relative
contributions of each individual variable in terms of
attenuating excess risk, agnostic to any predefined
threshold of clinical or statistical importance.

Sensitivity analyses
First, we added angina to the outcome definition of CAD
and ran a separate model for ischemic stroke only. Sec-
ond, we excluded individuals with HbA1c <20 mmol/
mol, which suggests chronic illness and increased mor-
tality risk.23 Third, we assessed the potential for reverse
causality by excluding events that occurred within the
first 180 days. Fourth, we excluded individuals with
diagnosed diabetes at baseline to remove the potential
influence of individuals with exposure to glucose-
lowering medications in the model. Fifth, we excluded
individuals with any CVD at baseline in the six CVD-
specific models. Sixth, while our primary analysis quan-
tified CVD risk by time since HbA1c measurement, we
re-ran the primary Cox models using age as the time-
scale, which is a valid alternative timescale. Seventh, we
re-ran the primary Cox models specifying all sex-
confounder interactions. Analyses were performed us-
ing Stata version 17.0.

Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. Multiple authors had full access to
all of the data and the corresponding author had final
responsibility to submit for publication.
Results
Cohort description
Of 502,398 participants, we excluded 1836 (0.4%) with
known type 1 diabetes and 35,999 (7.2%) with missing
HbA1c (Fig. 1). Of the remaining 464,712, a further
37,277 (8.0%) were excluded for having any missing
data. The final analysis included 427,435 participants,
including 195,752 (45.8%) men and 231,683 (54.2%)
women.
Both men and women in higher HbA1c categories
had higher body mass index, poorer renal function,
greater prevalence of hypertension, and use of antihy-
pertensive medications or statins compared to their
counterparts with low-normal or normal HbA1c levels
(Table 1). In keeping with the highest statin use, total
cholesterol levels were lowest among those with diag-
nosed diabetes. Notably, the most favourable profiles
were observed among participants in the low-normal
HbA1c category.

Women with diagnosed diabetes had a more marked
excess of adverse risk factors than men (Table 1 and
Fig. 2). This was particularly true for adverse waist-hip
ratio (90.1% for women versus 69.7% for men),
obesity (62.5% for women versus 53.4% for men), lower
use of antihypertensive medications (63.8% for women
versus 69.1% for men), and statins (71.2% for women
versus 75.1% for men). Similarly, use of these medica-
tions was lower in women with normal HbA1c
compared to men (antihypertensives: 19.6% for women
versus 25.9% for men; statins: 12.8% for women versus
22.4% for men).
www.thelancet.com Vol 32 September, 2023
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(A) Men

Low-normal HbA1c Normal HbA1c Pre-diabetes Undiagnosed diabetes Diagnosed diabetes

Sample size, n 90,745 (100.0) 83,820 (100.0) 6873 (100.0) 1872 (100.0) 12,442 (100.0)

Socio-demographics

Age, years (median (IQR)) 56 (48–62) 59 (52–64) 61 (55–65) 60 (53–64) 62 (56–66)

Ethnicity

White European 88,253 (97.3) 79,499 (94.8) 6060 (88.2) 1635 (87.3) 11,161 (89.7)

South Asian 737 (0.8) 1512 (1.8) 282 (4.1) 91 (4.9) 626 (5.0)

African Caribbean 574 (0.6) 1124 (1.3) 260 (3.8) 68 (3.6) 266 (2.1)

Mixed or other 1181 (1.3) 1685 (2.0) 271 (3.9) 78 (4.2) 389 (3.1)

Index of multiple deprivation

1 (least deprived) 19,704 (21.7) 17,209 (20.5) 1138 (16.6) 287 (15.3) 1980 (15.9)

2 19,120 (21.1) 16,951 (20.2) 1253 (18.2) 310 (16.6) 2137 (17.2)

3 18,352 (20.2) 16,841 (20.1) 1287 (18.7) 336 (17.9) 2259 (18.2)

4 17,697 (19.5) 16,435 (19.6) 1398 (20.3) 380 (20.3) 2524 (20.3)

5 (most deprived) 15,872 (17.5) 16,384 (19.5) 1797 (26.1) 559 (29.9) 3542 (28.5)

Lifestyle characteristics

Smoking status

Never 60,439 (66.6) 47,568 (56.8) 3122 (45.4) 886 (47.3) 5888 (47.3)

Former 22,101 (24.4) 23,710 (28.3) 2432 (35.4) 650 (34.7) 5082 (40.8)

Current 8205 (9.0) 12,542 (15.0) 1319 (19.2) 336 (17.9) 1472 (11.8)

Alcohol consumption

Daily or almost daily 24,382 (26.9) 21,552 (25.7) 1516 (22.1) 396 (21.2) 2336 (18.8)

Three or four times a week 25,779 (28.4) 21,865 (26.1) 1447 (21.1) 368 (19.7) 2415 (19.4)

Once or twice a week 23,515 (25.9) 21,794 (26.0) 1789 (26.0) 490 (26.2) 3243 (26.1)

One to three times a month 7575 (8.3) 7382 (8.8) 745 (10.8) 199 (10.6) 1412 (11.3)

Special occasions only 5256 (5.8) 6156 (7.3) 740 (10.8) 202 (10.8) 1570 (12.6)

Never 4238 (4.7) 5071 (6.0) 636 (9.3) 217 (11.6) 1466 (11.8)

Days per week spent doing moderate or vigorous physical activity >10 min

0 9471 (10.4) 10,007 (11.9) 1152 (16.8) 389 (20.8) 2436 (19.6)

1–2 20,491 (22.6) 17,818 (21.3) 1375 (20.0) 414 (22.1) 2564 (20.6)

3–7 60,783 (67.0) 55,995 (66.8) 4346 (63.2) 1069 (57.1) 7442 (59.8)

Body mass index

Underweight 227 (0.3) 193 (0.2) 10 (0.1) 1 (0.1) 11 (0.1)

Normal 26,812 (29.5) 19,569 (23.3) 753 (11.0) 118 (6.3) 1056 (8.5)

Overweight 46,970 (51.8) 41,911 (50.0) 2957 (43.0) 653 (34.9) 4725 (38.0)

Obese 16,736 (18.4) 22,147 (26.4) 3153 (45.9) 1100 (58.8) 6650 (53.4)

Waist-hip ratio

Normal 62,925 (69.3) 49,011 (58.5) 2552 (37.1) 519 (27.7) 3767 (30.3)

Adverse 27,820 (30.7) 34,809 (41.5) 4321 (62.9) 1353 (72.3) 8675 (69.7)

Number of times per week consuming processed meats

None 5324 (5.9) 4009 (4.8) 337 (4.9) 87 (4.6) 637 (5.1)

<1 20,338 (22.4) 17,576 (21.0) 1359 (19.8) 332 (17.7) 2634 (21.2)

1 27,292 (30.1) 24,893 (29.7) 1955 (28.4) 535 (28.6) 3585 (28.8)

2–4 32,311 (35.6) 31,707 (37.8) 2718 (39.5) 751 (40.1) 4739 (38.1)

5+ 5480 (6.0) 5635 (6.7) 504 (7.3) 167 (8.9) 847 (6.8)

Number of times per day consuming fruit or vegetables

None 1354 (1.5) 1584 (1.9) 181 (2.6) 57 (3.0) 205 (1.6)

1–2 5705 (6.3) 6008 (7.2) 589 (8.6) 178 (9.5) 698 (5.6)

3–4 16,244 (17.9) 15,117 (18.0) 1206 (17.5) 354 (18.9) 1797 (14.4)

5+ 67,442 (74.3) 61,111 (72.9) 4897 (71.2) 1283 (68.5) 9742 (78.3)

Clinical characteristics

HbA1c, mmol/mol (median (IQR)) 32.5 (30.8–33.8) 37.1 (36.0–38.7) 43.5 (42.6–44.9) 53.2 (49.7–62.2) 49.7 (43.1–58.3)

Total cholesterol, mmol/L (median (IQR)) 5.5 (4.9–6.2) 5.6 (4.8–6.3) 5.3 (4.5–6.1) 5.5 (4.6–6.3) 4.2 (3.6–4.8)

(Table 1 continues on next page)
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(A) Men

Low-normal HbA1c Normal HbA1c Pre-diabetes Undiagnosed diabetes Diagnosed diabetes

(Continued from previous page)

eGFR, ml/min/1.73m2

≥90 55,964 (61.7) 45,633 (54.4) 3416 (49.7) 1172 (62.6) 6880 (55.3)

60–89 33,495 (36.9) 36,144 (43.1) 3147 (45.8) 652 (34.8) 4757 (38.2)

<60 1286 (1.4) 2043 (2.4) 310 (4.5) 48 (2.6) 805 (6.5)

C-reactive protein, mg/L (median (IQR)) 1.1 (0.6–2.1) 1.4 (0.7–2.8) 2.1 (1.1–4.2) 2.8 (1.5–5.2) 1.6 (0.8–3.1)

Hypertension 21,801 (24.0) 26,214 (31.3) 3081 (44.8) 800 (42.7) 8349 (67.1)

On antihypertensive medication 15,467 (17.0) 21,698 (25.9) 2861 (41.6) 641 (34.2) 8595 (69.1)

On statin 10,708 (11.8) 18,784 (22.4) 2601 (37.8) 543 (29.0) 9346 (75.1)

Family history of cardiovascular disease 47,331 (52.2) 46,263 (55.2) 3948 (57.4) 1012 (54.1) 7569 (60.8)

(B) Women

Low-normal HbA1c Normal HbA1c Pre-diabetes Undiagnosed diabetes Diagnosed diabetes

Sample size, n 110,304 (100.0) 105,533 (100.0) 7514 (100.0) 1216 (100.0) 7116 (100.0)

Socio-demographics

Age, years (median (IQR)) 54 (47–61) 60 (54–64) 62 (57–65) 60 (55–64) 61 (56–65)

Ethnicity

White European 106,805 (96.8) 100,334 (95.1) 6576 (87.5) 997 (82.0) 6192 (87.0)

South Asian 748 (0.7) 1374 (1.3) 236 (3.1) 82 (6.7) 343 (4.8)

African Caribbean 873 (0.8) 1468 (1.4) 390 (5.2) 78 (6.4) 282 (4.0)

Mixed or other 1878 (1.7) 2357 (2.2) 312 (4.2) 59 (4.9) 299 (4.2)

Index of multiple deprivation

1 (least deprived) 23,176 (21.0) 21,546 (20.4) 1316 (17.5) 181 (14.9) 978 (13.7)

2 22,816 (20.7) 21,574 (20.4) 1332 (17.7) 186 (15.3) 1151 (16.2)

3 22,675 (20.6) 21,737 (20.6) 1398 (18.6) 222 (18.3) 1340 (18.8)

4 22,419 (20.3) 21,028 (19.9) 1620 (21.6) 265 (21.8) 1536 (21.6)

5 (most deprived) 19,218 (17.4) 19,648 (18.6) 1848 (24.6) 362 (29.8) 2111 (29.7)

Lifestyle characteristics

Smoking status

Never 81,504 (73.9) 74,067 (70.2) 4949 (65.9) 824 (67.8) 4726 (66.4)

Former 20,846 (18.9) 20,868 (19.8) 1523 (20.3) 252 (20.7) 1774 (24.9)

Current 7954 (7.2) 10,598 (10.0) 1042 (13.9) 140 (11.5) 616 (8.7)

Alcohol consumption

Daily or almost daily 20,314 (18.4) 16,278 (15.4) 801 (10.7) 72 (5.9) 536 (7.5)

Three or four times a week 25,972 (23.5) 20,639 (19.6) 960 (12.8) 135 (11.1) 643 (9.0)

Once or twice a week 29,768 (27.0) 26,868 (25.5) 1744 (23.2) 247 (20.3) 1326 (18.6)

One to three times a month 13,664 (12.4) 14,414 (13.7) 1112 (14.8) 201 (16.5) 996 (14.0)

Special occasions only 13,173 (11.9) 16,805 (15.9) 1744 (23.2) 311 (25.6) 2060 (28.9)

Never 7413 (6.7) 10,529 (10.0) 1153 (15.3) 250 (20.6) 1555 (21.9)

Days per week spent doing moderate or vigorous physical activity >10 min

0 13,679 (12.4) 13,426 (12.7) 1247 (16.6) 248 (20.4) 1431 (20.1)

1–2 24,748 (22.4) 22,069 (20.9) 1494 (19.9) 246 (20.2) 1441 (20.3)

3–7 71,877 (65.2) 70,038 (66.4) 4773 (63.5) 722 (59.4) 4244 (59.6)

Body mass index

Underweight 902 (0.8) 791 (0.7) 32 (0.4) 1 (0.1) 14 (0.2)

Normal 51,026 (46.3) 37,839 (35.9) 1315 (17.5) 98 (8.1) 715 (10.0)

Overweight 40,211 (36.5) 40,185 (38.1) 2568 (34.2) 347 (28.5) 1936 (27.2)

Obese 18,165 (16.5) 26,718 (25.3) 3599 (47.9) 770 (63.3) 4451 (62.5)

Waist-hip ratio

Normal 56,636 (51.3) 40,015 (37.9) 1289 (17.2) 95 (7.8) 706 (9.9)

Adverse 53,668 (48.7) 65,518 (62.1) 6225 (82.8) 1121 (92.2) 6410 (90.1)

Number of times per week consuming processed meats

None 14,624 (13.3) 12,747 (12.1) 780 (10.4) 126 (10.4) 720 (10.1)

<1 42,936 (38.9) 40,367 (38.3) 2649 (35.3) 422 (34.7) 2461 (34.6)

1 31,084 (28.2) 30,424 (28.8) 2294 (30.5) 349 (28.7) 2119 (29.8)

(Table 1 continues on next page)
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(B) Women

Low-normal HbA1c Normal HbA1c Pre-diabetes Undiagnosed diabetes Diagnosed diabetes

(Continued from previous page)

2–4 19,754 (17.9) 20,166 (19.1) 1637 (21.8) 287 (23.6) 1628 (22.9)

5+ 1906 (1.7) 1829 (1.7) 154 (2.0) 32 (2.6) 188 (2.6)

Number of times per day consuming fruit or vegetables

None 746 (0.7) 819 (0.8) 96 (1.3) 16 (1.3) 64 (0.9)

1–2 3379 (3.1) 3318 (3.1) 289 (3.8) 55 (4.5) 230 (3.2)

3–4 12,718 (11.5) 11,612 (11.0) 932 (12.4) 159 (13.1) 695 (9.8)

5+ 93,461 (84.7) 89,784 (85.1) 6197 (82.5) 986 (81.1) 6127 (86.1)

Clinical characteristics

HbA1c, mmol/mol (median (IQR)) 32.6 (30.9–33.8) 37.1 (36.0–38.6) 43.3 (42.5–44.6) 51.6 (49.4–57.9) 49.6 (43.3–58.0)

Total cholesterol, mmol/L (median (IQR)) 5.7 (5.0–6.4) 6.0 (5.3–6.8) 5.8 (5.1–6.7) 5.9 (5.1–6.8) 4.6 (4.0–5.3)

eGFR, ml/min/1.73 m2

≥90 71,799 (65.1) 57,648 (54.6) 3676 (48.9) 772 (63.5) 4032 (56.7)

60–89 37,003 (33.5) 45,125 (42.8) 3490 (46.4) 403 (33.1) 2616 (36.8)

<60 1502 (1.4) 2760 (2.6) 348 (4.6) 41 (3.4) 468 (6.6)

C-reactive protein, mg/L (median (IQR)) 1.1 (0.5–2.3) 1.5 (0.7–3.2) 2.8 (1.3–5.7) 4.3 (2.3–8.0) 2.5 (1.1–5.1)

Hypertension 19,612 (17.8) 27,515 (26.1) 3159 (42.0) 511 (42.0) 4629 (65.1)

On antihypertensive medication 13,040 (11.8) 20,721 (19.6) 2708 (36.0) 424 (34.9) 4540 (63.8)

On statin 5533 (5.0) 13,456 (12.8) 2021 (26.9) 304 (25.0) 5064 (71.2)

Family history of cardiovascular disease 60,735 (55.1) 64,721 (61.3) 4915 (65.4) 748 (61.5) 4758 (66.9)

Abbreviations: IQR, interquartile range; HbA1c, glycated haemoglobin; eGFR, estimated glomerular filtration rate. Notes: Categories were defined by baseline HbA1c levels as follows: low-normal
(<35 mmol/mol or <5.5%), normal (35–41 mmol/mol or 5.5–5.9%), pre-diabetes (42–47 mmol/mol or 6.0–6.4%), undiagnosed diabetes (≥48 mmol/mol or ≥6.5%), or diagnosed diabetes.

Table 1: Cohort characteristics by sex and HbA1c category.

Articles
Age-standardised incidence rates
Over a median 11.8 years (interquartile range [IQR]
10.9–12.5 years; maximum 14.9 years) of follow-up, we
observed 51,288 incident cardiovascular events. Overall,
Fig. 2: Selected lifestyle and clinical characteristics by sex and HbA1c ca
Categories defined as follows: low-normal (<35 mmol/mol or <5.5%), p
(≥48 mmol/mol or ≥6.5%), or diagnosed diabetes.

www.thelancet.com Vol 32 September, 2023
age-standardised incidence rates of any CVD were 16.9
and 9.1 events per 1000 person-years (PY) for men and
women, respectively. Among men, CVD rates were
similar in those with pre-diabetes (21.8/1000 PY) and
tegory. Caption: Abbreviations: HbA1c, glycated haemoglobin. Notes:
re-diabetes (42–47 mmol/mol or 6.0–6.4%), undiagnosed diabetes
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undiagnosed diabetes (21.7/1000 PY), and even higher
among those with diagnosed diabetes (26.8/1000 PY), all
of which were markedly elevated compared to those
with normal HbA1c (16.5/1000 PY; Table 2). In
contrast, CVD rates were lower in those with low-
normal HbA1c (14.0/1000 PY) compared to normal
HbA1c. Patterns were similar among women.

HbA1c category and CVD risk
Age-adjusted relative associations between diabetes and
any CVD were stronger for women than men (HR 2.00,
95% CI 1.89–2.12 for women; HR 1.55, 95% CI
1.49–1.61 for men; p-interaction <0.0001; Fig. 3 and
eTable 2). Compared to those with normal HbA1c, both
women and men with pre-diabetes or undiagnosed
diabetes were also at elevated risk of CVD (HR 1.47,
95% CI 1.38–1.56 for pre-diabetes and HR 1.33, 95% CI
1.14–1.56 for undiagnosed diabetes among women; HR
1.30, 95% CI 1.24–1.38 for pre-diabetes and HR 1.31,
95% CI 1.18–1.45 for undiagnosed diabetes among
men). In addition, both women and men with low-
normal HbA1c were at decreased risk of CVD (HR
0.86, 95% CI 0.84–0.98 for women; HR 0.86, 95% CI
0.84–0.88 for men). Associations attenuated with addi-
tional adjustment for socio-demographic, lifestyle, and
clinical characteristics. However, both women and men
with diagnosed diabetes remained at elevated risk for
CVD (HR 1.17, 95% CI 1.10–1.24 for women; HR 1.06,
95% CI 1.02–1.11 for men; p-interaction = 0.0387).

In fully adjusted models, men and women with
diagnosed diabetes were at greater risk for CAD (HR
1.51, 95% CI 1.39–1.63 for men and HR 1.80, 95% CI
1.58–2.05 for women; p-interaction = 0.0540), stroke
(HR 1.43, 95% CI 1.30–1.57 for men and HR 1.43, 95%
CI 1.25–1.64 for women; p-interaction = 0.6596), and
heart failure (HR 1.27, 95% CI 1.18–1.36 for men and
HR 1.44, 95% CI 1.30–1.60 for women; p-interac-
tion = 0.0678) compared to their counterparts with
normal HbA1c (Fig. 3 and eTable 2). Men and women
with low-normal HbA1c were at decreased risk of CAD
(HR 0.90, 95% CI 0.86–0.95 for men and HR 0.89, 95%
CI 0.82–0.96 for women). In addition, men with pre-
diabetes (HR 1.15, 95% CI 1.04–1.27) or undiagnosed
diabetes (HR 1.33, 95% CI 1.11–1.59) were also at
elevated risk of CAD; these associations were not
observed among women. Similar patterns of associa-
tions between HbA1c category and risk of atrial fibril-
lation, DVT, and PE were observed in age-adjusted
models, with relative risks higher among women than
men; however, no strong evidence of associations or sex
differences were observed among men or women for
these outcomes after full adjustment.

Identifying factors most responsible for
attenuating excess risk
After already accounting for age, further adjustment for
socio-demographic variables did not materially alter the
greater risk of any CVD associated with pre-diabetes,
undiagnosed diabetes, or diagnosed diabetes among
men or women (Table 3). However, adjustment for both
lifestyle factors, and, separately, clinical factors, mark-
edly reduced excess risk. Inspection of the role of indi-
vidual factors revealed the following: accounting for
body mass index, waist-hip ratio, and use of antihyper-
tensive medications or statins had the greatest impact
on attenuating the increased risk of any CVD associated
with elevated HbA1c or diagnosed diabetes and
decreased risk of any CVD associated with low-normal
HbA1c. Excess risk mostly disappeared after adjust-
ment for all factors, though there remained some evi-
dence of differential risk between men and women in
fully adjusted models.

Sensitivity analyses
In models additionally including angina in the defini-
tion of CAD, associations attenuated between diagnosed
diabetes and CAD (HR 1.17, 95% CI 1.11–1.24 for men
and HR 1.34, 95% CI 1.23–1.46 for women; p-interac-
tion = 0.0574; eTable 3). In contrast, associations
strengthened between diagnosed diabetes and stroke
after restricting the outcome to ischemic stroke only
(HR 1.50, 95% CI 1.34–1.67 for men and HR 1.64, 95%
CI 1.40–1.92 for women; p-interaction = 0.08940;
eTable 3). Conclusions from the primary analyses held
after excluding individuals with HbA1c < 20 mmol/mol
(eTable 4), CVD events within the first 180 days
(eTable 5), individuals with diagnosed diabetes
(eTable 6), or individuals with any CVD at baseline from
the six CVD-specific models (eTable 7). Results were
nearly identical when age was used as the timescale,
indicating our findings were robust to the choice of
underlying timescale (eTable 8). Conclusions regarding
attenuation of sex differences strengthened in fully
adjusted models with all sex-confounder interactions
specified (eTable 9).
Discussion
In this study of 427,435 adults with 51,288 incident
cardiovascular events over an average 12 years of follow-
up, we uncovered novel insights around sex disparities
in CVD risk across the glycaemic spectrum. Absolute
CVD rates were higher in men than women in all
HbA1c categories. Both men and women with pre-
diabetes, undiagnosed diabetes, and, more markedly,
diagnosed diabetes were at higher risks of CVD than
those with normal HbA1c, with relative increases in risk
more pronounced in women than men. Both men and
women with low-normal HbA1c had lower absolute
rates of CVD than those with normal HbA1c. Lifestyle
and clinical characteristics, namely obesity and use of
antihypertensive medications or statins, appeared to
largely account for glycaemia-associated CVD risks in
both men and women, and there was little difference by
www.thelancet.com Vol 32 September, 2023

www.thelancet.com/digital-health


Low-normal HbA1c Normal HbA1c Pre-diabetes Undiagnosed diabetes Diagnosed diabetes

N Rate/1000 PY (95% CI) N Rate/1000 PY (95% CI) N Rate/1000 PY (95% CI) N Rate/1000 PY (95% CI) N Rate/1000 PY (95% CI)

Men

Any cardiovascular diseasea 11,743 13.98 (13.79–14.25) 13,990 16.49 (16.22–16.73) 1441 21.83 (20.69–22.87) 370 21.65 (19.43–23.76) 3038 26.81 (25.85–27.87)

Coronary artery disease 2538 2.64 (2.54–2.74) 3518 3.62 (3.50–3.73) 426 5.43 (4.93–5.99) 130 6.39 (5.23–7.52) 987 6.65 (6.18–7.14)

Atrial fibrillation 5504 6.19 (6.04–6.36) 6589 6.75 (6.60–6.92) 761 9.02 (8.36–9.66) 190 9.09 (7.95–10.37) 1691 11.24 (10.70–11.83)

Deep vein thrombosis 874 0.89 (0.83–0.96) 938 0.93 (0.88–0.99) 90 1.01 (0.78–1.24) 23 1.04 (0.58–1.47) 193 1.31 (1.10–1.51)

Pulmonary embolism 1232 1.27 (1.19–1.33) 1472 1.46 (1.38–1.54) 170 2.08 (1.76–2.43) 42 2.00 (1.44–2.62) 281 1.96 (1.71–2.21)

Stroke 1828 1.96 (1.87–2.06) 2332 2.30 (2.20–2.39) 263 2.94 (2.60–3.33) 75 3.41 (2.71–4.25) 685 4.40 (4.09–4.77)

Heart failure 2204 2.40 (2.30–2.50) 3187 3.12 (3.00–3.23) 469 5.36 (4.90–5.92) 132 6.12 (5.11–7.31) 1283 8.18 (7.73–8.67)

Women

Any cardiovascular disease* 7397 7.56 (7.37–7.73) 10,653 8.66 (8.48–8.82) 1154 13.00 (12.24–13.83) 157 11.65 (9.97–13.58) 1345 17.78 (16.82–18.75)

Coronary artery disease 1004 0.96 (0.89–1.02) 1696 1.28 (1.22–1.34) 199 2.07 (1.74–2.40) 30 1.88 (1.21–2.51) 300 3.36 (2.95–3.80)

Atrial fibrillation 3144 3.26 (3.15–3.39) 4421 3.30 (3.20–3.40) 482 4.44 (4.03–4.85) 64 4.05 (3.05–5.08) 602 6.35 (5.85–6.89)

Deep vein thrombosis 622 0.56 (0.51–0.60) 879 0.67 (0.62–0.71) 90 0.91 (0.73–1.12) 15 0.88 (0.47–1.33) 92 1.05 (0.84–1.28)

Pulmonary embolism 978 0.90 (0.83–0.96) 1509 1.15 (1.09–1.21) 167 1.66 (1.35–1.97) 20 1.19 (0.70–1.77) 160 1.78 (1.47–2.11)

Stroke 1290 1.27 (1.20–1.34) 1859 1.39 (1.33–1.45) 213 2.06 (1.77–2.42) 28 1.85 (1.17–2.65) 272 2.97 (2.60–3.33)

Heart failure 1247 1.29 (1.21–1.36) 1940 1.43 (1.36–1.49) 325 3.06 (2.68–3.45) 49 3.19 (2.27–4.10) 511 5.48 (4.97–5.98)

Notes: Categories were defined by baseline HbA1c levels as follows: low-normal (<35 mmol/mol or <5.5%), normal (35–41 mmol/mol or 5.5–5.9%), pre-diabetes (42–47 mmol/mol or 6.0–6.4%),
undiagnosed diabetes (≥48 mmol/mol or ≥6.5%), or diagnosed diabetes. aA composite measure of all examined outcomes.

Table 2: Age-standardised incidence rates by sex and HbA1c category.
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sex after adjustment for these factors. Broadly, each of
the six CVD outcomes showed similar patterns as the
composite CVD outcome; however, men and women
with diagnosed diabetes remained at elevated risk of
CAD, stroke, and heart failure even after accounting for
all lifestyle and clinical characteristics.

We confirmed previous evidence that found women
had higher relative risks of CVD compared to their male
counterparts, which has been postulated to arise from a
lower CVD risk profile among women so that the
addition of a risk factor (e.g., diabetes) may have a larger
impact in women. In our cohort, women with undiag-
nosed and diagnosed diabetes were more likely to be
classified as obese than their male counterparts. While
men typically get diagnosed with diabetes at a lower
body mass index than women,24 other evidence suggests
women remain more insulin sensitive despite weight
gain due to their greater ability to expand subcutaneous
storage capacity.25 In contrast, excess fat in men is stored
more rapidly as ectopic fat in central and visceral de-
pots,5 which in turn accelerates the development of in-
sulin resistance.26 We did not observe this; more women
than men in our analysis had an adverse waist-hip ratio,
which is a measure strongly correlated with visceral
body fat27 and has been demonstrated to be more
strongly associated with risk of CVD in women than
men.28 In addition, use of antihypertensive medications
and statins was lower in women than men, particularly
in the low-normal, normal, and pre-diabetes groups.
Altogether, higher levels of obesity and lower use of
treatments for CVD prevention were key factors in
explaining the observed sex differences in the present
www.thelancet.com Vol 32 September, 2023
study. Notably, dietary factors and clinical characteristics
including total cholesterol, eGFR, C-reactive protein, or
family history of CVD had relatively minimal impact in
models already accounting for lifestyle characteristics,
which have been suggested as potential causes in pre-
vious summary reviews.29

Though associations between glycaemia and the
composite CVD outcome largely disappeared in fully
adjusted models, we observed strong associations be-
tween diagnosed diabetes and individual CVD outcomes
for men and women. Of all outcomes examined in the
present study, the largest excess risks associated with
diagnosed diabetes were observed for CAD, for which
both men and women with diagnosed diabetes
remained at ∼50% and 80% elevated risk, respectively,
in fully adjusted models. Previous meta-analyses have
found larger excess risks for both men and women7–9;
however, many of the included studies accounted for a
limited set of demographic and clinical characteristics.
Our study included a wide range of characteristics,
including those not typically recorded in large routinely-
collected datasets. We also note that the use of antihy-
pertensive (>60%) and statin therapies (>70%) in people
with diagnosed diabetes was high in our study cohort,
which may explain why these associations were lower in
our study. Conversely, we did not find any strong evi-
dence of risk of atrial fibrillation, DVT, or PE associated
with diagnosed diabetes for men or women. One po-
tential explanation may be due to different sets of risk
factors between these outcomes. In the development of
a risk score based on the Framingham Heart Study data,
diabetes was not a significant predictor in the 10-year
9
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Fig. 3: Sex-specific associations between glycated haemoglobin (HbA1c) and six cardiovascular diseases. Caption: *A composite measure of all
examined outcomes. Notes: Sex-specific hazard ratios from Cox proportional hazards models, sequentially adjusted for age at study entry, socio-
demographics (i.e., ethnicity and deprivation), lifestyle factors (i.e., smoking status, alcohol consumption, physical activity, body mass index,
waist-hip ratio, processed meat and fruit and vegetable intake), and clinical characteristics (i.e., total cholesterol, estimated glomerular filtration
rate, C-reactive protein, diagnosed hypertension, use of antihypertensive medication or statins, and family history of cardiovascular disease).
Categories defined as follows: low-normal (<35 mmol/mol or <5.5%), pre-diabetes (42–47 mmol/mol or 6.0–6.4%), undiagnosed diabetes
(≥48 mmol/mol or ≥6.5%), or diagnosed diabetes. Reference group: normal HbA1c (35–41 mmol/mol or 5.5–5.9%).
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risk of atrial fibrillation.30 With the increasing availabil-
ity of imaging data, future research could further our
understanding of the mechanisms between glycaemia
and cardiovascular outcomes by leveraging cardiac and
brain magnetic resonance imaging (MRI) data capturing
preclinical stages of target organ damage.
While those with diagnosed diabetes had the highest
risk, age-adjusted rates and risk of any CVD was elevated
in both men and women with pre-diabetes and undiag-
nosed diabetes, compared to those with normal HbA1c.
These risks diminished greatly or disappeared entirely in
fully adjusted models; however, in outcome-specific
www.thelancet.com Vol 32 September, 2023
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Low-normal HbA1c Normal HbA1c Pre-diabetes Undiagnosed
diabetes

Diagnosed diabetes

HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Men

Unadjusted 0.72 (0.70–0.74) 1.00 (ref) 1.46 (1.38–1.54) 1.32 (1.19–1.46) 1.82 (1.75–1.89)

Age-adjusted 0.86 (0.84–0.88) 1.00 (ref) 1.30 (1.24–1.38) 1.31 (1.18–1.45) 1.55 (1.49–1.61)

+ Ethnicity 0.86 (0.84–0.88) 1.00 (ref) 1.31 (1.24–1.38) 1.32 (1.19–1.46) 1.56 (1.50–1.62)

+ IMD 0.87 (0.85–0.89) 1.00 (ref) 1.28 (1.21–1.35) 1.27 (1.15–1.41) 1.52 (1.46–1.58)

Socio-demographic adjusted 0.87 (0.84–0.89) 1.00 (ref) 1.29 (1.22–1.36) 1.28 (1.16–1.42) 1.53 (1.47–1.59)

+ Smoking 0.89 (0.87–0.91) 1.00 (ref) 1.25 (1.18–1.32) 1.25 (1.13–1.39) 1.51 (1.45–1.57)

+ Alcohol 0.87 (0.85–0.89) 1.00 (ref) 1.28 (1.21–1.35) 1.27 (1.14–1.40) 1.50 (1.44–1.56)

+ Exercise 0.87 (0.85–0.89) 1.00 (ref) 1.28 (1.21–1.35) 1.26 (1.14–1.40) 1.50 (1.45–1.57)

+ BMI 0.91 (0.88–0.93) 1.00 (ref) 1.15 (1.09–1.21) 1.06 (0.96–1.18) 1.31 (1.26–1.36)

+ WHR 0.90 (0.87–0.92) 1.00 (ref) 1.19 (1.13–1.26) 1.13 (1.02–1.26) 1.37 (1.32–1.42)

+ Processed meat consumption 0.87 (0.85–0.89) 1.00 (ref) 1.28 (1.22–1.35) 1.27 (1.15–1.41) 1.52 (1.46–1.58)

+ Fruit/vegetable consumption 0.87 (0.85–0.89) 1.00 (ref) 1.28 (1.21–1.35) 1.27 (1.15–1.41) 1.54 (1.48–1.60)

Socio-demographic and lifestyle characteristic adjusted 0.95 (0.92–0.97) 1.00 (ref) 1.09 (1.03–1.15) 1.00 (0.90–1.11) 1.26 (1.21–1.32)

+ Total cholesterol 0.95 (0.92–0.97) 1.00 (ref) 1.08 (1.02–1.14) 0.99 (0.90–1.10) 1.15 (1.10–1.20)

+ eGFR 0.95 (0.93–0.97) 1.00 (ref) 1.09 (1.03–1.15) 1.00 (0.90–1.11) 1.25 (1.20–1.30)

+ CRP 0.96 (0.93–0.98) 1.00 (ref) 1.08 (1.02–1.14) 0.98 (0.88–1.08) 1.30 (1.24–1.35)

+ Hypertension 0.95 (0.93–0.98) 1.00 (ref) 1.07 (1.01–1.13) 0.99 (0.89–1.10) 1.17 (1.12–1.22)

+ Antihypertensive medication 0.96 (0.94–0.98) 1.00 (ref) 1.06 (1.00–1.12) 1.00 (0.90–1.10) 1.10 (1.06–1.15)

+ Statin 0.97 (0.94–0.99) 1.00 (ref) 1.06 (1.00–1.12) 0.99 (0.89–1.10) 1.11 (1.06–1.15)

+ Family history of CVD 0.95 (0.92–0.97) 1.00 (ref) 1.09 (1.03–1.15) 1.00 (0.90–1.11) 1.26 (1.21–1.31)

Fully adjusted 0.98 (0.96–1.01) 1.00 (ref) 1.04 (0.98–1.10) 0.97 (0.88–1.08) 1.06 (1.02–1.11)

Women

Unadjusted 0.64 (0.62–0.65) 1.00 (ref) 1.67 (1.57–1.77) 1.38 (1.18–1.62) 2.19 (2.07–2.32)

Age-sex adjusted 0.86 (0.84–0.89) 1.00 (ref) 1.47 (1.38–1.56) 1.33 (1.14–1.56) 2.00 (1.89–2.12)

+ Ethnicity 0.86 (0.84–0.89) 1.00 (ref) 1.48 (1.39–1.57) 1.34 (1.14–1.57) 2.01 (1.90–2.13)

+ IMD 0.87 (0.84–0.90) 1.00 (ref) 1.44 (1.36–1.53) 1.30 (1.11–1.52) 1.93 (1.82–2.04)

Socio-demographic adjusted 0.87 (0.84–0.89) 1.00 (ref) 1.46 (1.38–1.55) 1.32 (1.12–1.54) 1.95 (1.84–2.07)

+ Smoking 0.88 (0.85–0.90) 1.00 (ref) 1.44 (1.35–1.53) 1.29 (1.10–1.51) 1.95 (1.84–2.06)

+ Alcohol 0.88 (0.85–0.91) 1.00 (ref) 1.43 (1.34–1.52) 1.27 (1.08–1.49) 1.86 (1.76–1.97)

+ Exercise 0.87 (0.84–0.89) 1.00 (ref) 1.45 (1.37–1.54) 1.30 (1.11–1.52) 1.92 (1.82–2.04)

+ BMI 0.92 (0.89–0.95) 1.00 (ref) 1.26 (1.19–1.34) 1.02 (0.87–1.19) 1.52 (1.43–1.61)

+ WHR 0.91 (0.88–0.93) 1.00 (ref) 1.32 (1.24–1.40) 1.10 (0.94–1.29) 1.64 (1.54–1.73)

+ Processed meat consumption 0.87 (0.84–0.90) 1.00 (ref) 1.45 (1.37–1.54) 1.30 (1.11–1.53) 1.93 (1.83–2.05)

+ Fruit/vegetable consumption 0.87 (0.84–0.90) 1.00 (ref) 1.45 (1.37–1.54) 1.31 (1.12–1.53) 1.95 (1.85–2.07)

Socio-demographic and lifestyle characteristic adjusted 0.96 (0.93–0.99) 1.00 (ref) 1.18 (1.11–1.26) 0.93 (0.79–1.09) 1.40 (1.32–1.48)

+ Total cholesterol 0.96 (0.93–0.98) 1.00 (ref) 1.18 (1.11–1.25) 0.92 (0.79–1.08) 1.29 (1.22–1.37)

+ eGFR 0.96 (0.93–0.99) 1.00 (ref) 1.18 (1.11–1.25) 0.94 (0.80–1.10) 1.38 (1.31–1.47)

+ CRP 0.97 (0.94–1.00) 1.00 (ref) 1.16 (1.10–1.24) 0.90 (0.76–1.05) 1.42 (1.34–1.50)

+ Hypertension 0.96 (0.93–0.99) 1.00 (ref) 1.16 (1.09–1.23) 0.92 (0.79–1.08) 1.29 (1.22–1.37)

+ Antihypertensive medication 0.96 (0.94–0.99) 1.00 (ref) 1.14 (1.07–1.22) 0.92 (0.79–1.08) 1.22 (1.15–1.30)

+ Statin 0.97 (0.94–1.00) 1.00 (ref) 1.15 (1.08–1.22) 0.91 (0.78–1.07) 1.20 (1.13–1.28)

+ Family history of CVD 0.96 (0.93–0.99) 1.00 (ref) 1.18 (1.11–1.25) 0.93 (0.79–1.09) 1.39 (1.31–1.47)

Fully adjusted 0.99 (0.96–1.02) 1.00 (ref) 1.11 (1.04–1.18) 0.88 (0.75–1.03) 1.17 (1.10–1.24)

Abbreviations: HbA1c, glycated haemoglobin; IMD, index of multiple deprivation; BMI, body mass index; WHR, waist-hip ratio; eGFR, estimated glomerular filtration rate; CRP, C-reactive protein; CVD,
cardiovascular disease. Note: All estimates displayed are exposure-outcome associations adjusted iteratively for individual variables. Bolded rows indicate stages of adjustment in primary analyses. Age-
adjusted model includes age only. Socio-demographic adjusted model additionally includes ethnicity and IMD. Socio-demographic and lifestyle adjusted model additionally includes smoking, alcohol,
exercise, BMI, WHR, processed meat consumption, and fruit/vegetable consumption. Fully adjusted model includes all variables. Individual adjustments between these four bolded primary models are not
inclusive of other adjustments made within that group. For example, “+ Smoking” indicates a model adjusted for age, ethnicity, IMD, and smoking, and “+ Alcohol” indicates a model adjusted for age,
ethnicity, IMD, and alcohol. Categories were defined by baseline HbA1c levels as follows: low-normal (<35 mmol/mol or <5.5%), normal (35–41 mmol/mol or 5.5–5.9%), pre-diabetes (42–47 mmol/mol or
6.0–6.4%), undiagnosed diabetes (≥48 mmol/mol or ≥6.5%), or diagnosed diabetes.

Table 3: Individual adjustments for the associations between HbA1c category and any cardiovascular disease.
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models, men with pre-diabetes and undiagnosed diabetes
remained at elevated risk of CAD. The threshold for
diagnosing diabetes has been historically decided at the
level of HbA1c associated with higher risk of diabetic
retinopathy.31 Our findings are concordant with a recent
systematic review and meta-analysis that demonstrated
individuals with moderately elevated HbA1c below the
threshold for diabetes were also at higher risk of cardio-
vascular outcomes.32 A recent meta-analysis of 51 trials
demonstrated similar absolute effects and greater relative
effects of initiating antihypertensive medications in pa-
tients without diabetes compared to those with diabetes.33

Taken together, these findings support recent recom-
mendations for wider use of pharmaceutical strategies
for the prevention of cardiovascular disease in patients
without diabetes.34

A novel finding was some degree of protection
associated with low-normal HbA1c for both men and
women, which persisted after full adjustment in the
CAD model. This is in contrast with previous studies
that have suggested a J-shaped curve in the relationship
between HbA1c and outcomes including CVD and all-
cause mortality, with individuals with low-normal
HbA1c at excess risk compared to normal HbA1c.35,36

Individuals with low-normal HbA1c may have other
health conditions that place them at higher risk of
adverse events. Our primary findings remained un-
changed in sensitivity analyses excluding those with
abnormally low HbA1c indicating chronic illness and
increased mortality risk. The present study also lever-
aged data that allowed us to differentiate individuals on
glucose-lowering therapies from the low-normal HbA1c
group. Therefore, we are able to rule out any influence
of glucose-lowering therapies on our finding of protec-
tion associated with low-normal HbA1c, highlighting
the potential for non-pharmaceutical strategies to reduce
risk of CVD across the glycaemic spectrum.

Our study has several key strengths, particularly a
large sample size, long follow-up, highly detailed cova-
riates with small proportions of missingness, and the
availability of HbA1c on all participants, regardless of
diabetes status. We also acknowledge important limita-
tions. First, the overall healthier population contributing
to the UK Biobank37 meant that we observed a study
cohort with healthy lifestyle behaviours and relatively
low CVD incidence rates compared to studies in the
general population. Although the underlying rates and
exposure distributions may not be representative of the
UK population, the associations observed between
HbA1c and CVD incidence are unlikely to be biased.38

Second, it is important to note our rationale of using
the term “sex” rather than “gender”. For historical
context on the use of “sex” and “gender” in medicine,
see Marino et al.39 and Franconi et al.40 In brief, “sex”
refers to biological status of males and females while
“gender” refers to the self-identification of an individual.
Our analysis includes both lifestyle and clinical
characteristics, and it is likely that biological sex and
gender constructs are at play. Though the UK Biobank
Data Showcase uses the term “sex” instead of “gender”,
the description of this field (Data-field #31) states that
“...this field may contain a mixture of the sex the NHS
had recorded for the participant and self-reported sex.”
Given NHS records largely include self-reported de-
mographic information, which may capture biological
status or how a person identifies, we do not have the
data to appropriately distinguish between sex and
gender. Current and future data collection efforts
should collect these related but distinct concepts sepa-
rately and include other sexes and gender identities
beyond male/female or man/women. Third, although
many of the variables used in the present study were
collected by trained nurses, directly measured, or coded
in linked hospital records, lifestyle behaviours were self-
reported and thus may be affected by social desirability
bias. Any measurement error in the included covariates
could have resulted in residual confounding. Fourth,
there were relatively few events in some subgroups of
this cohort (e.g., 15 women with undiagnosed diabetes
experienced incident DVT) and therefore these partic-
ular analyses may have been underpowered. Fifth, UK
Biobank participants were aged 40–69 years at baseline
recruitment. Although the distribution of participants’
age ranged between 41 and 86 years at the end of the
study period, our findings may not generalise to pop-
ulations outside of these age ranges. Sixth, given the age
structure of UK Biobank, we were unable to explore
changing CVD risk by menopausal status due to the very
low number of pre-menopausal women with CVD out-
comes. Seventh, HbA1c was measured once on all UK
Biobank participants at baseline and therefore we were
unable to model changes in HbA1c over time. It is
possible that some covariates are on the causal path as
intermediates or proximal causal factors, since without
longitudinal A1c, lifestyle, or clinical data, we could not
determine whether a high A1c could have led to a
change in lifestyle or clinical characteristics, or vice
versa. Lastly, it is possible that although we adjusted for
a wide range of confounders, some residual confound-
ing may remain. We were also unable to look at the
effect of medication use in those with diagnosed dia-
betes as we lacked longitudinal prescription data for the
full UK Biobank cohort.

Conclusion
This is the largest study to date to investigate sex dif-
ferences in the risk of CVD across the glycaemic spec-
trum. We demonstrated sex differences in the
underlying rate and diabetes-associated risk of CVD,
and showed increased risks among men and women
with moderately elevated HbA1c, even below the
threshold for diabetes. We extended previous evidence
by showing most excess risk, and thereby differential
relative risks between men and women, disappeared
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after accounting for lifestyle and clinical characteristics,
namely measures of obesity and medications for pri-
mary prevention of CVD including antihypertensive and
statin therapies. Addressing these risk factors could
reduce sex disparities in glycaemia-related risks of CVD.
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