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Diabetes-Related Macrovascular
Complications Are Associated With an
Increased Risk of Diabetic Microvascular
Complications: A Prospective Study of
1518 Patients With Type 1 Diabetes and
20802 Patients With Type 2 Diabetes in the
UK Biobank

Xinyu Zhang @, MD*, Shuzhi Zhao, MD*; Yikeng Huang 2, MD*; Mingming Ma, MD; Bo Li 2, MD; Chenxin Li 2, PhD;
Xinyu Zhu, MS; Xun Xu, PhD; Haibin Chen, PhD; Yili Zhang 2, MD; Chuandi Zhou, PhD; Zhi Zheng @, PhD

BACKGROUND: Diabetic vascular complications share common pathophysiological mechanisms, but the relationship between
diabetes-related macrovascular complications (MacroVCs) and incident diabetic microvascular complications remains un-
clear. We aimed to investigate the impact of MacroVCs on the risk of microvascular complications.

METHODS AND RESULTS: There were 1518 participants with type 1 diabetes (T1D) and 20802 participants with type 2 diabetes from
the UK Biobank included in this longitudinal cohort study. MacroVCs were defined by the presence of macrovascular diseases
diagnosed after diabetes at recruitment, including coronary heart disease, peripheral artery disease, stroke, and >2 MacroVCs.
The primary outcome was incident microvascular complications, a composite of diabetic retinopathy, diabetic kidney disease, and
diabetic neuropathy. During a median (interquartile range) follow-up of 11.61 (5.84-13.12) years and 12.2 (9.50-13.18) years, 596
(39.3%) and 4113 (19.8%) participants developed a primary outcome in T1D and type 2 diabetes, respectively. After full adjust-
ment for conventional risk factors, Cox regression models showed significant associations between individual as well as cumula-
tive MacroVCs and the primary outcome, except for coronary heart disease in T1D (T1D: diabetes coronary heart disease: 1.25
[0.98-1.60]; diabetes peripheral artery disease: 3.00 [1.86—-4.84]; diabetes stroke: 1.71 [1.08-2.72]; >2: 2.57 [1.66-3.99]; type 2
diabetes: diabetes coronary heart disease: 1.59 [1.38-1.82]; diabetes peripheral artery disease: 1.60 [1.01-2.54]; diabetes stroke:
1.50 [1.13-1.99]; >2: 2.66 [1.92-3.68]). Subgroup analysis showed that strict glycemic (glycated hemoglobin <6.5%) and blood
pressure (<140/90mmHg) control attenuated the association.

CONCLUSIONS: Individual and cumulative MacroVCs confer significant risk of incident microvascular complications in patients
with T1D and type 2 diabetes. Our results may facilitate cost-effective high-risk population identification and development of
precise prevention strategies.
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CLINICAL PERSPECTIVE
What Is New?

Patients with diabetes-related macrovascular
complication are at higher risk to develop dia-
betic microvascular complication, and >2 mac-
rovascular morbidities confer even more risk.

e Glycemic and blood pressure control may at-
tenuate the excess risk.

What Are the Clinical Implications?

e Patients with diabetes-related macrovascular
complications should be given a special screen-
ing strategy and treatment to prevent diabetic
microvascular complications.

Nonstandard Abbreviations and Acronyms

ADVANCE Action in Diabetes and Vascular
Disease: Preterax and Diamicron

Modified-Release Controlled

Evaluation

DKD diabetic kidney disease

DN diabetic neuropathy

DR diabetic retinopathy

HELIUS Healthy Life in an Urban Setting

MacroVCs macrovascular complications

MacroVDs macrovascular diseases

MicroVCs  microvascular complications

OPCS-4 Office of Population Censuses and
Surveys Classification of
Interventions and Procedures,
Fourth Revision

T1D type 1 diabetes

T2D type 2 diabetes

predicted to increase to >700 million, thereby

representing approximately 10% of the world
population.! Half of patients with diabetes will develop
diabetic microvascular complications (MicroVCs),
which include diabetic retinopathy (DR), diabetic kid-
ney disease (DKD), and diabetic neuropathy (DN).2 DR
was shown to be the major cause of incident blindness
in developed countries,® DKD could proceed to end-
stage renal disease and necessitate dialysis or kidney
transplantation,* and DN was shown to significantly
impair quality of life and potentially lead to amputa-
tion or death.® However, the frequency and costs of
diabetes-related MicroVCs have barely improved over
the past few decades, despite substantially enhanced
risk management,® and individual risk prediction of

By 2045, the global prevalence of diabetes is
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diabetic MicroVCs has remained challenging, espe-
cially in clinical settings.”® Hence, to promote routine
screening, early detection, and prompt intervention
of MicroVCs, easily accessible risk factors to inter-
vene in and identify high-risk populations should be
explored in addition to conventional risk assessment
algorithms.

Due to their shared pathophysiology,® diabetes-
related macrovascular complications (MacroVCs)
may herald the onset of MicroVCs. The independent
impact of MicroVCs on the excess risk of MacroVCs
has been extensively studied.'®'" However, the asso-
ciation between MacroVCs and the risk of incident
MicroVCs remains poorly understood,"? with only a
few contradictory results reported.’®® In a type 2
diabetes (T2D) population, Mohammedi et al demon-
strated a positive association between composite
MacroVCs or individual peripheral artery disease
(PAD) and incident DR but not DKD,'®'® whereas
Zhang et al showed that PAD but not coronary
heart disease (CHD) or stroke was associated with
a slightly higher absolute lifetime risk of chronic kid-
ney disease (CKD)."® The discrepancy may be due
to shorter follow-up or cross-sectional designs'®'™#;
inclusion of only end-stage MicroVCs'®'8; insufficient
or no adjustment for conventional risk factors'®; lack
of discrimination of individual, composite, or cumu-
lative macrovascular burden; and different diabetes
types. Therefore, a robust prospective population-
level study is still lacking to understand the com-
prehensive relationships between cumulative and
individual macrovascular burden and incident indi-
vidual and composite diabetic microvascular dis-
eases, especially because no prospective study has
been performed in patients with type 1 diabetes
(T1D) or DN.

Using a prospective cohort of 1518 patients with
T1D and 20 802 patients with T2D in the UK Biobank
over a median (interquartile range [IQR]) follow-up
of 12.3 (10.6-13.3) years, we aimed to understand
the association among individual as well as cumu-
lative MacroVCs and the risk of incident compos-
ite and individual MicroVCs. This study was further
supported by extensive medical history and covari-
ate data recorded at baseline and electronic health
record linkage that allowed clinical MicroVCs to be
identified using the corresponding International
Classification of Diseases, Tenth Revision (ICD-10)
codes. Stratification of risk factor control status
was implemented to investigate the role that gly-
cemic and blood pressure control may play in this
high-risk population. Furthermore, we evaluated
the additive value of MacroVCs in MicroVC risk pre-
diction and discrimination over conventional diabe-
tes MicroVC risk factors in patients with both T1D
and T2D.
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METHODS

Study Design and Study Population

The UK Biobank study was a prospective cohort of
>500000 people aged 40 to 69years recruited dur-
ing 2006 to 2010 in 22 assessment centers across
the United Kingdom and followed from then on.'®
Extensive information on environmental exposure,
lifestyle, and health records was collected through
touchscreen questionnaires and verbal interviews.
Anthropometric and other physical measurements
were performed, and biological samples were col-
lected for comprehensive biochemical, metabo-
lomic, and genetic analysis. Medical information on
disease diagnosis and operation was collected at
baseline from questionnaires. Health-related out-
comes were followed up through linkages to national
data sets, primary care, and hospital admissions
using the International Classification of Diseases,
Ninth Revision (ICD-9) and ICD-10 and the Office of
Population Censuses and Surveys Classification of
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Interventions and Procedures (OPCS-4) as recording
codes. Details are described elsewhere.?® The last
follow-up date of this study was January 31, 2022,
and the end of follow-up was defined as the earliest
date among the following dates: the date of incident
microvascular event, the date of lost follow-up, the
date of death, and the last follow-up date.

This study was conducted in patients with T1D or
T2D (Figure 1). Baseline diabetes was defined as (1)
an inpatient hospital record of 250 (/ICD-9) or E10-14
(ICD-10); (2) self-reported diabetes in touchscreen
questionnaires or verbal interviews; (3) self-reported
diabetes-related treatment, including insulin and med-
ication use, in touchscreen questionnaires or verbal
interviews; or (4) plasma glycated hemoglobin (HbA1c)
>48 mmol/mol.?' T1D was defined as follows: (1) a hos-
pital inpatient record of E10 (ICD-10) or (2) self-reported
T1D. T2D was defined as diabetes, excluding T1D,
malnutrition-related diabetes (E12), and other speci-
fied types (E13). Medications were identified through
questionnaires or codes.?? Participants with any prior

UK Biobank participants

N=502,389
«| Participants without DM n=471,042
”| Participants with other specified DM n=2121
Y
Participants with
T1D/T2D
N=66,500
Participants with Any Prior MicroVDs n=3,311
»| Participants with Any Prior MacroVDs
v unrelated to DM n=3,595

Main analysis:
T1DI/T2D patients without
any MacroVDs or
MicroVDs at baseline

N=22,320
Missing covariates (age, sex, ethnicity,
« |education, alcohol consumption, physical
” activity, Townsend Index, smoking status, BMI,
A 4 plasma HbA1c, DM duration) n=4,020

Complete case analysis:
N=18,300

Figure 1. Creation of the study cohort.

Inclusion and exclusion criteria of this study. A total of 1518 patients with T1D and 20802 patients with
T2D were included in the main analysis. BMI indicates body mass index; DM, diabetes mellitus; HbA1lc,
glycated hemoglobin; MacroVCs, macrovascular complications; MicroVCs, microvascular complications;
MacroVDs, macrovascular diseases; T1D, type 1 diabetes; and T2D, type 2 diabetes.
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MicroVCs before baseline or any macrovascular dis-
eases (MacroVDs) before diabetes diagnosis were
excluded from the main analysis. Therefore, 22320
people were included in the main analysis.

All participants provided electronic written informed
consent. The UK Biobank study received ethical ap-
proval from the North West Multicentre Research
Ethics Committee as a Research Tissue Bank and pos-
sessed a Human Tissue Authority license. We gained
access to the UK Biobank data through an application
(ID: 88982). All data and materials are available in UK
Biobank (www.ukbiobank.ac.uk) and can be accessed
after approval of application.

Identification of Diabetes-Related Macro-
and MicroVCs

The exposure of this study was diabetes-related
macrovascular disease at baseline. Participants were
divided into 5 categories: without any macroVCs, in-
dividual diabetes-related CHD (diabetes CHD), indi-
vidual diabetes-related PAD (diabetes PAD), individual
diabetes-related stroke (diabetes stroke), and >2 co-
morbidities. Diabetes-related MacroVCs were defined
as MacroVCs that occurred after the year or the day
(if the date of diagnosis was available) of diabetes di-
agnosis. The primary outcome of this study was the
time to first MicroVC, which is a composite of diabetic
MicroVCs, including DR, DKD, and DN. The 3 second-
ary outcomes were the individual components of inci-
dent MicroVCs: DR, DKD, and DN. All diabetes-related
vascular diseases were identified according to hos-
pital inpatient records and self-reported medical his-
tory using the World Health Organization’s /ICD-9 and
ICD-10 codes, and OPCS-4 and illness and operation
codes in the UK Biobank. Detailed fields and codes to
identify end points are presented in Data S1. Notably,
in this study, DKD included diabetic nephropathy,
CKD, and end-stage renal disease due to a lack of
precision in diabetic nephropathy definition in clinical
practice.?® Baseline CKD was further defined if the es-
timated glomerular filtration rate (eGFR) was <60 mL/
min per 1.73m?. The eGFR was calculated using the
Chronic Kidney Disease Epidemiology Collaboration
creatinine equation according to specified sex, eth-
nicity, and serum creatinine.?* Although there was no
internationally recognized standardized classification
of diabetic complications,?® the definition of diabetes-
related vascular diseases in this study was generally in
line with high-quality published studies.?6-2°

Covariates

Age, sex (women or men), ethnicity (White or other),
education level (college/university or other), Townsend
index, smoker status (former smoker, current smoker,
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or never), alcohol drinking status (moderate or not),
physical activity (regular or nor), body mass index,
HbA1c, diabetes duration category, eGFR category
(<90mL/min per 1.73m?, >90mL/min per 1.73m?2),
history of hypertension (no, yes), history of hyper-
lipidemia (no, yes), antihypertensive medication (no,
yes), lipid-lowering medication (no, yes), and diabe-
tes medication type (no, insulin, oral medication) were
used as covariates.30-34

Ethnicity was categorized as White or other, and
other ethnicity included mixed, Asian or Asian British,
Black or Black British, Chinese, or other ethnic group.
The Townsend Index is an area-based index com-
posite of the percentage of owner-occupied homes,
unemployment, car ownership, and crowdedness; a
positive value denotes greater material deprivation.
Moderate alcohol drinking was defined as O to 1 unit
per day for women and O to 2 units per day for men.3®
Regular physical activity was defined as physical activ-
ity >150minutes of moderate activity or 75 minutes of
vigorous activity per week.%® A history of hypertension
was defined as yes if one was on antihypertensive med-
ication, reported prior doctor-diagnosed hypertension,
or had a blood pressure >140/90 mmHg at baseline.®”
The duration of diabetes was defined according to
hospital-recorded date or self-reported age of diabe-
tes diagnosis, and those with neither diabetes diagno-
sis nor glucose-lowering medication but with an HbA1c
>6.5% were defined as having a diabetes duration of
Oyears. For continuous variables that have nonlinear as-
sociations with outcome including HbA1c, body mass
index, and diabetes duration, restricted cubic splines
with 4 knots set at 5th, 35th, 65th, and 95th were used.
History of hyperlipidemia was defined as yes if one was
on lipid-lowering medication, reported prior doctor-
diagnosed hyperlipidemia, had a plasma lipids of cho-
lesterol >240mg/dL, or triglycerides >200mg/dL, or
high-density lipoprotein cholesterol <1.0mmol/L (men)
and <1.3mmol/L (women), or low-density lipoprotein
cholesterol >4.1 mmol/L.2® Medications were identified
through questionnaires and UK Read codes.??

Statistical Analysis

Categorical variables are described as numbers (per-
centages) and were compared among groups using
the x? test. Continuous variables were described as
the mean+SD if normally distributed or median (IQR)
if skewed and compared among groups using the F
test in ANOVA or Kruskal-Wallis rank sum test. A Cox
proportional hazards model was used to estimate the
hazard ratios of baseline diabetes-related macrovas-
cular events on incident microvascular events in T1D
and T2D. Healthy participants without macrovascu-
lar events at baseline were defined as the reference
category. Model 1 was the minimally adjusted model,
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adjusting for age, sex, and any incident macrovas-
cular event as a time-varying covariate. Model 2 was
the full adjustment model, further adjusted for ethnic,
education level, Townsend Index, smoker status, alco-
hol drinking status, physical activity, restricted cubic
splines of body mass index, restricted cubic splines of
HbA1c, and restricted cubic splines of diabetes dura-
tion, eGFR category, history of hypertension, history of
hyperlipidemia, antihypertensive medication, antilipid
medication, diabetes medication type, and incorpo-
rated any incident diabetes MacroVCs during follow-up
as a time-varying covariate. Missing values were im-
puted using the Multivariate imputation with Chained
Equations (MICE) algorithm. Linear regression was
performed for continuous variables, logistic regression
was performed for binary variables, and multinomial
logistic regression was performed for categorical vari-
ables. A total of 60% of all included participants had
complete records of all covariates. All analyses were
performed in the data set after multiple imputation,
except for the complete case analysis. A 2-sided P
value <0.05 was considered to indicate significance.
Schoenfeld residuals were used to ensure no violation
of the proportional hazard assumption (global P value
for models ranged from 0.078 to 0.960).3° Robust
standard errors were used to accommodate potential
violations of Cox regression model assumptions.

Subgroup analysis was stratified by risk-control
goal achievement according to the National Institute
for Health and Care Excellence and American Diabetes
Association guidelines.*®~* Due to the small sample
size and for the sake of validity, the subgroup analy-
sis was only performed for the primary outcome (ie, a
composite of MicroVCs). Sensitivity analysis included
the following: (1) exclusion of incident cases within
2years of baseline to avoid reverse causality, (2) com-
plete case analysis for the association between base-
line diabetes-related MacroVCs and incident MicroVCs,
(3) treatment of nonrenal death as a competing risk
using the Fine-Gray method instead of Cox regression,
and (4) Cox regression for the association between all
prior MacroVCs (both related and not related to diabe-
tes) and incident MicroVCs in T1D and T2D.

The conventional risk factor model for incident dia-
betic MicroVCs included age, sex, ethnicity, education
level, Townsend index, smoker status, alcohol drinking
status, physical activity, body mass index category,
HbAlc, diabetes duration category, eGFR category,
history of hypertension, history of hyperlipidemia,
antihypertensive medication, lipid-lowering medica-
tion, and diabetes medication type.>?34% The added
value of diabetes-related MacroVCs to predict those
who will and will not develop MicroVCs was estimated
using differences in C statistics (standard error).**

All statistical analyses were performed using Stata/
MP version 17 (StataCorp, College Station, TX) and R
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version 4.2.1 (R Foundation for Statistical Computing,
Vienna, Austria).

RESULT

Study Cohort

A total of 22 320 patients with diabetes without prev-
alent MacroVCs that were unrelated to diabetes and
without prevalent MicroVCs at baseline were included
in this study (Figure 1). Among them, 1155 (5.17%)
had diabetes-related CHD alone, 119 (0.533%)
had diabetes-related PAD alone, 246 (1.10%) had
diabetes-related stroke alone, and 159 (0.712%) had
>2 diabetes-related macrovascular comorbidities.
The overall mean+SD age was 58.79+7.46years,
and 12731 (57.0%) were women. Compared with
participants without any MacroVCs, those with
diabetes-related MacroVCs were older; more likely
to be men, current smokers, and more materially de-
prived; less likely to have a college/university degree;
and more likely to have a regular physical exercise
habit, worse control of blood glucose, worse eGFR,
a longer duration of diabetes, a history of hyperten-
sion and hyperlipidemia and relative medication,
and more likely to be using insulin (Table 1). Among
all participants, 2213 (9.91%) developed DR alone,
2073 (9.29%) developed DKD alone, 541 (2.42%)
developed DN alone, and 1173 (5.26%) developed
>1 diabetic MicroVC during a median (IQR) follow-up
of 12.3 (10.9-13.3) years. Compared with those who
did not develop any MicroVCs, those who developed
MicroVCs had similar baseline characteristics as
those with baseline MacroVCs (Table S1). Baseline
characteristics stratified by diabetes type are dem-
onstrated in Table S2.

Incident Diabetic MicroVC Outcomes

In T1D, over a median (IQR) follow-up period of 11.57
(5.84-13.12) years, the incidence rate per 1000 person-
years of any MicroVC was 34.0 (30.9-37.4) in the control
group, 65.3 (63.8-79.3) in the diabetes CHD group, 115
(72.4-182) in the diabetes PAD group, 74.1 (47.3-116) in
the diabetes stroke group, and 131 (90.5-190) in the >2
comorbidities group. In T2D, over a median (IQR) fol-
low-up period of 12.16 (9.52-13.21) years, the incidence
rate of any MicroVC was 16.3 (15.8-16.8) in the control
group, 37.0 (83.2—41.3) in the diabetes CHD group, 40.7
(27.7-59.7) in the diabetes PAD group, 30.7 (23.9-39.5)
in the diabetes stroke group, and 57.8 (43.0-77.7) in the
>2 comorbidities group (Table 2, Table S3).

Compared with the control group, a substantial
risk was evident for the first occurrence of any dia-
betic microvascular events in groups with diabetes-
related MacroVCs at baseline (Figure 2). In the fully



Diabetic Macro- and Microvascular Complications

Zhang et al

*dnoub oluyle Jay1o Jo ‘eseuly) ‘ysiiig xoe|g 40 xoe|g ‘ysiug Ueisy JO UBISY ‘paxiu sepn|oul JeylQ, ‘esessip Alelie [eseydued

‘Qvd pue ‘sesessip JejnoseAoloBW ‘SOACIOBIN ‘ebues ejienbieiul ‘Ho)| ‘uigojBowsy peredA|b ‘olyqH ‘erel

uonelyl fejniswo|b perewise ‘Y49e ‘esessip Leay Aleuoiod ‘gHD ‘Xepul ssew Apoq seiedlpul (NG

(r'29) 16 (Lv9) Grt €29 19 (2290212 (0'8v) 2666 (€6%) 10O HE uoleolpaw [elQ

(OPANE > @19z (ree) e (oR4VWiZ} (€¢9) g8zt (2'9) €05k uynsu

sy 1e (Le2) e esy s (e81) g6l (8'st) 656 (0vv) 9186 ON

000> (%) U ‘uswreau} elwedA|BiedAynuy
1000> 6'16) 2L (v'ze) 202 (2'78) €8 (7's6) v00L (e'e9) g/LeL (7'59) €65 171 (%) u ‘uorreoipaw pidinuy
L00'0> (6'38) 9L 1 (0's2) 89k (Gv)eL (982) 228 (G19) ZL20k (€'€9) 106 1 (%) U ‘uoneoipaw uoisuepadAyUY
100'0> (@'v6) 82k (r'96) 9le (8'06) 6 (7'86) Ge0k (9g8) 18 Lk (r'98) 62261 (%) u ‘eispidipedAy Jo AioisiH
100'0> (8'76) 82t (€'68) 002 (8'06) 6 (8'88) v€6 622) 0129k (2'82) 19621 (%) u ‘uoisuspiedAy Jo AloisiH
(€29 v8 (8'8¢) 28 (Fog) g (109) Z2s (281) 9vve (012 6611 Aol

(Fve) ov (6'73) ezl (2'9€) 9 (cev) vav (€2€) 2289 (L2€) 985/ Aol-¢

(oze s (Crate)RAn L) 2 (G291 (Lvy) 1618 (€'1v) 8ve8 Ae>

000> (%) u ‘se1eQeEIp JO UoIeINg
100'0> (¢t 09 (61 SOk (6'1v) 68 (9:09) 887 €le)6leL (F8e) H6L (%) U zwig/ | Jod Ui/ W 065 9499
L00'0> | [8129-0097] 029G | [09'65-€LEr] 051G | [28°G9-08'G¥] 00'7S [01'€9-02°GY] 022 [0e26-09°2¥] 09'6 [0226-082v] 0267 [HOI1] UeIpOW ‘jowy/joww O LyaH
100'0> 99'61F€1'09 89'GIF0G'E€G 02'9176€'2G 28'eIF1'GG v yIF68'1S [ep s Ae gSFuEsW ‘lowy/|oww ‘0LyqH
(829) 82 (7'59) vel (¢'89) 25 (€'59) 285 (7'e9) 9LL LL (9'€9) 266 11 JW/Bx08<

(1'82) 8¢ (€9€) 18 Q1e) 1e (5've) e9¢ (S'vE) ¥8LL (S'v€) 269/ Jw/Bx08-5¢

(K1) 61 (RN oot (eon ok Kz Lise 6+ 9992 2w/B3 Gg>

/820 (%) u ‘snieys INg
100'0> (229) €9 (9:99) 68 (009 9 (829) ey (619) eve8 (€29) €268 (%) u ‘Auanoe jeoishyd JeinBoy
6000 (922) 86 (629 2t (69 8 (G0l e (199) 99/ €1 (r'99) 91871 (%) U UeMuLIp BAISSOOX]
(€02 2 (GRS (2212 € s (1) 092z (1) ssve weung

(6'sv) 19 8'vv) 66 (S29)0 (6'8%) 605 (9'6¢) 1718 (c'ov) 088 Jawiio4

(8'e€) o (e'ov) 68 (861 (8'6€) viv (S'6Y) 62101 (2'8v) 9vL0L JoneN

L00'0> (%) u ‘snyeys Bupows
100'0> ieyorsei Ao 62'€¥G20- G8'€FL9°0 9G°€F0L0- 6E€FES 0~ 17'€F0S 0~ dSFUEsW ‘X8pu| PUSSUMOL
100'0> (rv8) it (062 221 (229) 18 (Ge8) 828 (VAR elelel (€'52) #0891 (%) u “Ausseniun/ebelj0o mojeg
7200 68 2k @1 se (F2) 2 (Fvh) 11 (Fv1) ge62 (ovvoele (%) u “ Anoluyse Jouio
000> ('12) 96 (8'9) e1 (9'82) 22 (8'12) 952 (0'95) 099 L1 (029) 1eL21t (%) u ‘s
100°0> 92970119 98'GF98°19 92'9¥88'19 68°'GF06'19 1G/F/G'8G 9v'/¥6.°8S asFuesw A ‘ebe suljeseg
gel vee 86 2sok 1802 0zece N

anjeAn 4 SANOJI2B N g3 @oJ1s sejaqeiq avd seleqeiq adHD se1eqelq SUON l1e4ano solIs1910BIBYD dul|oseg

SANOJOEN palejay-salageiq Juajeaald Aq paynenrs ajdwes Apnis ay} jo sonsualoeiey) auljeseg

'} 3lqeL

J Am Heart Assoc. 2024;13:032626. DOI: 10.1161/JAHA.123.032626



Zhang et al

Table 2. Cumulative Incidence and Incidence Rates for MicroVCs

Diabetic Macro- and Microvascular Complications

Diabetic MicroVCs
No. of events/ No. needed to

Prior MacroVCs No. at risk person-year IR per 1000 person-year screen
T1D

No MacroVCs 1228 429/12 615 34.0 (30.9-37.4) 2.9

Diabetes CHD 186 102/1562 65.3 (53.8-79.3) 1.8

Diabetes PAD 26 18/157 115 (72.4-182) 14

Diabetes stroke 31 19/256 741 (47.3-116) 1.6

>2 MacroVCs 47 28/213 131 (90.5-190) 1.7
T2D

No MacroVCs 19583 3662/224 709 16.3 (15.8-16.8) 5.3

Diabetes CHD 845 320/8650 37.0 (33.2-41.3) 2.6

Diabetes PAD 66 26/639 40.7 (27.7-59.7) 2.5

Diabetes stroke 188 61/1987 30.7 (23.9-39.5) 3.1

>2 MacroVCs 120 44/761 57.8 (43.0-77.7) 2.7

CHD indicates coronary heart disease; IR, incidence rate; MacroVCs, macrovascular complications; MicroVCs, microvascular complications; PAD, peripheral

artery disease; T1D, type 1 diabetes; and T2D, type 2 diabetes.

adjusted Cox regression model, the risk of incident
MicroVCs was clinically significantly increased in par-
ticipants with composite MicroVCs (T1D: hazard ratio
[HR], 1.25 [95% CI, 0.98-1.60]; T2D: HR, 1.59 [95%
Cl, 1.88-1.82]), diabetes PAD (T1D: HR, 3.00 [95% ClI,
1.86-4.84]; T2D: HR, 1.60 [95% CI, 1.01-2.54]), dia-
betes stroke (T1D: HR, 1.71 [95% ClI, 1.08-2.72]; T2D:
HR, 1.50 [95% ClI, 1.13-1.99]), and >2 MacroVCs (T1D:
HR, 2.57 [95% CI, 1.66-3.99]; T2D: HR, 2.66 [95%
Cl, 1.92-3.68]) in patients with both T1D and T2D, ex-
cept for diabetes CHD in patients with T1D (Figure 3,
Table S4). The significant associations persisted for all
individual diabetes MicroVCs (Table S5), except that
there was only a trend toward risk in associations
between diabetes CHD as well as diabetes stroke
and DR in T1D, diabetes PAD and DR in T2D, and >2
MacroVCs and DN in T2D.

Subgroup and Sensitivity Analysis

In the subgroup analysis, participants were stratified
into 3 groups according to whether HbA1c and blood
pressure were controlled at goal levels. Among them,
only 111 (7.33%) patients with T1D and 3915 (18.8%)
patients with T2D were in full control. The elevated
incidence rate of MicroVCs in MacroVCs persisted
when assessed across strata of established risk fac-
tors controlling for HbAlc (<6.5% and >6.5%) and
blood pressure (<140/90mmHg and >140/90mmHg)
in patients with T1D and T2D, except for the diabetes
stroke and diabetes CHD groups in patients with T1D
(Figure 4A through 4B). Compared with those with full
control and with >2 MacroVCs, the highest incidence
rate was 4.50 times higher in T1D and 2.50 times
higher in T2D. Among those without any MacroVCs at
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baseline, compared with those with full control, poor
control conferred a 3.0 times higher risk of T1D and a
1.5 times higher risk of T2D. A Cox regression model
was used to assess the excess risk of MacroVCs in
each risk category (Figure 4C through 4D). In the fully
controlled group, only diabetes CHD was significantly
associated with MicroVCs in the fully adjusted model
in patients with T1D and T2D. In contrast, in the poorly
controlled group, diabetes PAD, diabetes stroke, and
>2 diabetes MacroVCs were all significantly associ-
ated with incident MicroVCs in T2D in the fully adjusted
model, and diabetes CHD and >2 diabetes MacroVCs
were significantly associated with incident MicroVCs.

Four sensitivity analyses were performed to assess
the robustness of our finding, including Fine-Gray com-
peting risk models, excluding incident cases within
2years, not incorporating incident MacroVCs during fol-
low-up as a time-varying covariate, and complete case
analysis without multiple imputation of missing covari-
ates (Tables S6-S9). For incident diabetes MicroVCs,
associations in T2D persisted except for diabetes PAD,
whereas in T1D, only the associations of diabetes PAD
and >2 diabetes MacroVCs persisted significantly.

In an analysis adopting all prior MacroVDs (both
related and not related to diabetes [ie, MacroVDs]) as
exposure (Table S10), all MacroVDs were significantly
associated with incident diabetes MicroVCs in T2D,
whereas only PAD and >2 MacroVDs significantly con-
ferred excess risk to diabetes MicroVCs in T1D.

Additive Value of Diabetes-Related
MacroVCs in MicroVC Prediction

A standard Cox model based on established risk
factors for MicroVCs was constructed, and survival
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Figure 2.

Incident microvascular

MacroVCs.
Athrough D, Kaplan-Meier survival curve for incident composite and individual MicroVCs
in T1D. E through H, Kaplan-Meier survival curve for incident composite and individual
MicroVCs in T2D. CHD indicates coronary heart disease; DKD, diabetic kidney disease;
DM, diabetes mellitus; DN, diabetic neuropathy; DR, diabetic retinopathy; MacroVCs,
macrovascular complications; MicroVCs, microvascular complications; PAD, peripheral
artery disease; T1D, type 1 diabetes; and T2D, type 2 diabetes.
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Figure 3. Forest plot of adjusted hazard ratios for incident MicroVCs.

A through D, Multivariate Cox regression models for incident composite and individual MicroVCs in T1D and T2D. The full model
adjusted for age, sex, ethnicity, education level, Townsend index, smoker status, alcohol drinking status, physical activity, BMI,
HbAlc, DM duration, eGFR category, history of hypertension, history of hyperlipidemia, antihypertensive medication, lipid-
lowering medication, diabetes medication type, and incorporation of any incident macrovascular event during follow-up as a
time-varying covariate.”P<0.05, **P<0.001. CHD, coronary heart disease. DKD indicates diabetic kidney disease; DM, diabetes
mellitus; DN, diabetic neuropathy; DR, diabetic retinopathy; GP, group; HR, hazard ratio; MacroVCs, macrovascular complications;
MicroVCs, microvascular complications; PAD, peripheral artery disease; T1D, type 1 diabetes; and T2D, type 2 diabetes.
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Figure 4. Incidence rates and adjusted hazards ratio of baseline diabetic MacroVDs for the primary outcome stratified by

established risk factor goals.

A and B, Incident rate of MicroVCs in T1D and T2D. C and D, Multivariate Cox regression model for incident MicroVCs stratified by risk
factor control in T1D and T2D. The primary outcome was the first occurrence of diabetic microvascular disease (a composite of DR,
DKD, and DN). Risk factor goals were grouped into 3 categories: (1) well controlled, which was HbA1c <6.5% and BP <140/90 mm Hg;
(2) partly controlled, which was HbAlc >6.5% and BP <140/90mmHg, or HbAlc <6.5% and BP <140/90mmHg; and (3) poorly
controlled, which was HbAlc 26.5% and BP >140/90mmHg. The minimally adjusted model was adjusted for age, sex, and any
incident macrovascular event as a time-varying covariate. The fully adjusted model was further adjusted for ethnicity, education
level, Townsend index, smoker status, alcohol drinking status, physical activity, BMI, HbA1c, DM duration, eGFR category, history of
hyperlipidemia, antilipid medication, and incorporated any incident macrovascular event during follow-up as a time-varying covariate.
BP indicates blood pressure; CHD indicates coronary heart disease; DKD, diabetic kidney disease; DM, diabetes mellitus; DN, diabetic
neuropathy; DR, diabetic retinopathy; MacroVCs, macrovascular complications; MicroVCs, microvascular complications; MacroVDs,
macrovascular diseases; PAD, peripheral artery disease; T1D, type 1 diabetes; and T2D, type 2 diabetes.

C statistics were calculated (Table S11). The addi-
tion of diabetes-related MacroVCs yielded significant
improvements in C statistics only in T2D (difference,
0.0021 [95% ClI, 0.0008-0.0034)).

DISCUSSION

In a longitudinal cohort of 1518 individuals with T1D and
20802 individuals with T2D, this study showed that
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MacroVCs are a determinant of future MicroVC risk.
After full adjustment, the prevalence of diabetes CHD,
diabetes PAD, diabetes stroke, and >2 MacroVCs con-
ferred independent risk to both composite MicroVCs
and individual DR, DKD, and DN, except that there was
no significant association between diabetes stroke as
well as diabetes CHD and incident DR in T1D, and no
significant association between diabetes PAD and inci-
dent DR in T2D. Risk control categories did not abolish
the increased incidence rates of composite MicroVCs
in patients with T1ID and T2D with MacroVCs, and
the significant associations disappeared in the well-
controlled T1D and T2D groups (except for diabetes
CHD) after full adjustment. As current guidelines sug-
gested providing individualized care to patients with
morbidities such as cardiovascular disease or heart
failure, our results further provided the perspective of
excessive risk of microvascular complications in pa-
tients with high-risk diabetes MacroVCs and potential
benefit of glycemic and blood pressure control.

Consistent with our results, previous cross-sectional
studies have identified positive associations between
MacroVCs and MicroVCs in T2D. Dai et al showed that
stroke, cardiovascular diseases, and PAD were posi-
tively associated with the prevalence of DKD in 1620
patients with T2D.'"® Additionally, Hayfron-Benjamin et al
demonstrated a positive association between stroke
and albuminuria in 986 patients with T2D from the muilti-
ethnic HELIUS (Healthy Life in an Urban Setting) study.™
On the other hand, Chen et al demonstrated a posi-
tive association between PAD and proliferative DR in
T2D.*® Furthermore, there were also longitudinal stud-
ies that were in line with our findings. Analysis from the
ADVANCE (Action in Diabetes and Vascular Disease:
Preterax and Diamicron Modified-Release Controlled
Evaluation) and ADVANCE-ON (the post-trial follow-up
of the ADVANCE-Observational Study) studies showed
a positive association between a history of composite
MacroVDs and incident major composite microvascular
events after full adjustment.'®'® Zhang et al also demon-
strated that baseline PAD was associated with a higher
absolute lifetime risk of CKD in T2D.'® However, previ-
ous reports may misestimate the effect due to a lack
of full adjustment and not accounting for individual or
multiple MacroVCs, and our study design has avoided
this shortcoming. Furthermore, to the best of our knowl-
edge, this study was the first in a longitudinal cohort
to reveal the positive association between MacroVCs
and DN in patients with T2D and the incremental risk
that MacroVCs conferred to composite and individual
MicroVCs in patients with T1D.

Our findings of the adverse effect of diabetes
MacroVCs on diabetes MicroVCs could be explained by
currently known physio-pathological mechanisms and
have consistent population-level evidence. First, stiff-
ness in larger arteries, a common reason for MacroVDs,
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may play an important role in microcirculation dam-
age through buffering capacity impairment and con-
sequently increased flow pulsatility.*64” Higher carotid
plaque score™® and aortic stiffness, defined as aortic
pulse wave velocity >12 m/s,"* were found to be inde-
pendently associated with DKD. The results from the
Canadian Study of Longevity in Type 1 Diabetes also
showed that atherosclerosis, defined as coronary artery
calcification >300, was related to the presence of DN
and DR.*® Of note, organs with high flow (eg, endocrine
pancreas) and low impedance (eg, kidneys) were more
vulnerable to these changes and showed deteriorating
disease progression.*®® Second, the different impacts
of diabetes-related and nondiabetes-related MacroVCs
on MicroVCs may be explained by shared pathoge-
netic pathways of chronic hyperglycemia-induced an-
giopathies. For example, oxidative stress, induced by
hyperglycemia-related mitochondrial overproduction of
reactive oxygen species and decreased antioxidant ca-
pacity, accelerates insulin resistance and premature vas-
cular morbidity.5"%? Accumulation of advanced glycation
end products and increased expression of the advanced
glycation endproducts (AGE) receptor and its activating
ligand were also induced, leading to a diminished anti-
atherogenic role of the vascular endothelium and neo-
vascularization and vascular permeability, which are
critical biological pathways in both macrovascular and
microvascular complication development and progres-
sion.2® The importance of hyperglycemia in this angiop-
athy network was further supported by a retrospective
study, which showed the greater risk of diabetes-related
hypertension, representing disturbed macrovascular
function, on CKD, vision-threatening DR, and leg ampu-
tation, compared with hypertension-related diabetes.>
Our study provided real-world evidence for the indepen-
dent role that macrovascular diseases should play in mi-
crovascular pathogenesis. Future laboratory and genetic
studies are warranted to reveal the pathogenic mecha-
nism and susceptibility of macro- and microcirculation to
metabolic and mechanical changes.

Our findings added evidence to the importance
of glycemic and blood pressure control in T1D and
T2D, especially in patients with comorbid MacroVCs.
Among patients with >2 MacroVCs at baseline, com-
plete risk control reduced the risk of incident microvas-
cular events by 78% in T1D and 60% in T2D. Among
those without any MacroVCs at baseline, overall risk
was reduced risk by 67% in T1D and 33% in T2D.
Furthermore, in the well-controlled group, MacroVCs
did not confer an independently increased risk of inci-
dent MicroVCs, which was the opposite in the poorly
controlled group. However, because our study was
observational in nature, future intervention studies are
warranted to prove the benefit of intensive treatments
in this population. Although plasma dyslipidemia was
also an important modifiable risk factor in MicroVC
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development, 23435556 oyr study failed to include
this factor due to the small sample size in each group
after further categorization, which may undermine the
validity of the study. Of note, because the increased
incidence rate of MicroVCs in patients with MacroVC
persisted across risk categories, our results could also
partly explain why some people with poor control did
not develop MicroVCs, whereas others with good con-
trol still developed MicroVCs and progressed.®%”

Our study showed a less robust association be-
tween diabetes MacroVCs and diabetes MicroVCs
in patients with T1D. Our investigation into second-
ary outcomes (ie, individual microvascular complica-
tions) indicated that the reduced robustness could
be largely explained by a nonsignificant association
between prevalent diabetic CHD and diabetic stroke
with incident DR in T1D. This disparity could be at-
tributed to longer duration of diabetes in the T1D group
(median of 19years) than the T2D group (median of
3years). The onset of DR was greatly influenced by
diabetes duration.®® Prevalence of any DR was only
18% in patients with T2D with a diabetes duration
<10years, and about 86% in patients with T1D with a
diabetes duration >20years,®® which means many pa-
tients with T1D have already developed DR and have
been excluded from the current study. Rodent mod-
els also showed that diabetic retinal vasculopathy
either preceded or occurred simultaneously with the
onset of heart microangiopathy or encephalopathy in
T1D, which was not exactly the same case in T2D, al-
though diabetic macroangiopathy was not able to be
studied in the same model.”” On the other hand, the
weakened robustness of association may also be due
to the relatively smaller sample size of patients with
T1D (T1D 1518 participants versus T2D 20802 par-
ticipants), as trend of risk persisted while significance
failed to sustain. Future studies of a larger sample size
are warranted to further investigate associations be-
tween diabetic vascular complications in T1D.

Our study demonstrated a modest yet statistically sig-
nificant additive value of both individual and cumulative
MacroVCs in MicroVC prediction in patients with T2D.
Other studies of composite MacroVCs were consistent
with our results,'® and several recent prediction models
for MicroVCs in T1D or T2D have included the history of
cardiovascular events (yes/no) or cardiac/vascular fac-
tors.%9-%2 Considering the poor control of diabetic micro-
vascular incident events and costs,® there should still be
clinical importance to pay special attention to this high-
risk population and provide management to alleviate the
disease. However, future studies are warranted to weigh
between the clinical cost of enhanced management of
patients with diabetes MacroVCs and the maximum in-
crease in net benefit of ~0.3%.

The strengths of this study include a relatively large
cohort of 22320 patients with T1D or T2D, a median
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follow-up duration of >12years, continuously monitored
MicroVCs, and a comprehensive record of covariates at
baseline, including anthropometry, plasma biochemis-
try, lifestyle information, and medical history. There were
also some limitations in this study. First, the population
was mainly composed of White participants (86%), who
are less materially deprived in the United Kingdom, so
our findings should be validated elsewhere. However, al-
though the healthy bias of our cohort existed, it has been
widely accepted that the exposure-disease association
should be generalizable.?® Second, because we used
ICD-9, ICD-10, and OPCS-4 codes in hospital inpatient
records because few objective data were available in the
study cohort, this study was limited by accurate coding of
MicroVCs and MacroVCs, and subclinical-to-mild vascu-
lar complications were not included. Third, dyslipidemia
control was also important for primary and secondary
prevention of vascular complications, but our study did
not include it in our subgroup analysis. Future studies
are warranted to investigate the role of lipid manage-
ment in this population. Fourth, because the medication
history was collected during recruitment (2006-2010),
novel treatments like sodium-glucose cotransporter-2
inhibitors (SGLT-2i) and glucagon-like peptide-1 receptor
agonists (GLP-1ra) that have cardio and renal benefits
were not available at that time. Therefore, the effects of
novel treatment could not be taken into account in this
study. Last, due to the observational nature of this study
and potential unadjusted variables, residual confound-
ing could not be excluded despite confounding factors
that we have adjusted in our analysis.

In conclusion, in this study of 22320 T1D and T2D
participants from the UK Biobank with a median fol-
low-up of 12years, MacroVC prevalence, including di-
abetes CHD, diabetes PAD, diabetes stroke, and >2
MacroVCs, was found to confer significant risk to both
composite and individual MicroVCs and had significant
additive value in the conventional MicroVC 10-year risk
prediction algorithm. This increased risk could be at-
tenuated by glycemic and blood pressure control. Our
results imply that in both patients with T1D and T2D,
MacroVC prevention and control should be given more
attention, and more intensive screening and preven-
tion strategies should be studied and made for pa-
tients with MacroVCs, because they are at higher risk
of MicroVCs.

ARTICLE INFORMATION
Received January 10, 2024; accepted April 15, 2024.

Affiliations

Department of Ophthalmology, Shanghai General Hospital, Shanghai Jiao
Tong University School of Medicine, Shanghai, People’s Republic of China
(X.Z2,8.2,YH, MM, B.L,C.L,X.Z,XX,Y.Z,Z.Z); National Clinical Research
Center for Eye Diseases, Shanghai Key Laboratory of Ocular Fundus Diseases,
Shanghai Engineering Center for Visual Science and Photomedicine, Shanghai
Engineering Center for Precise Diagnosis and Treatment of Eye Diseases,

12



Zhang et al

Shanghai, People’s Republic of China (X.Z.,, S.Z.,, Y.H., M.M,, B.L,, C.L, X.Z,
XX., Y.Z., Z.2), Department of Endocrinology and Metabolism, Shanghai 10th
People’s Hospital, Tongji University, Shanghai, People’s Republic of China
(H.C.); Department of Ophthalmology, Shanghai Key Laboratory of Orbital
Diseases and Ocular Oncology, Shanghai Ninth People’s Hospital, Shanghai
JiaoTong University School of Medicine, Shanghai, People’s Republic of China
(C.Z); Ningde Municipal Hospital, Ningde Normal University, Ningde, People’s
Republic of China (Z.2.); and Fujian Medical University, Fuzhou, Fujian, People’s
Republic of China (Z.2.).

Acknowledgments

This study was conducted using UK Biobank data under application number
88982. The authors alone are responsible for the content and writing of this
article.

Sources of Funding

This study was supported by grants from the National Natural Science
Foundation of China (numbers 82271 111).

Disclosures
None.

Supplemental Material
Data S1

REFERENCES

1. Edition I. International Diabetes Federation. IDF Diabetes Atlas. 8th ed.
Brussels, Belgium: International Diabetes Federation; 2017.
2. Zheng, Ley SH, Hu FB. Global aetiology and epidemiology of type 2 di-
abetes mellitus and its complications. Nat Rev Endocrinol. 2018;14:88—
98. doi: 10.1038/nrendo.2017.151
3. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet.
2010;376:124-136. doi: 10.1016/S0140-6736(09)62124-3
4. Johansen KL, Chertow GM, Gilbertson DT, Herzog CA, Ishani A, Israni
AK, Ku E, Li S, Li S, Liu J, et al. US renal data system 2021 annual
data report: epidemiology of kidney disease in the United States. Am J
Kidney Dis. 2022;79:A8-A12. doi: 10.1053/j.ajkd.2022.02.001
5. Feldman EL, Callaghan BC, Pop-Busui R, Zochodne DW, Wright DE,
Bennett DL, Bril V, Russell JW, Viswanathan V. Diabetic neuropathy. Nat
Rev Dis Primers. 2019;5:41. doi: 10.1038/s41572-019-0092-1
6. Gregg EW, Sattar N, Ali MK. The changing face of diabetes compli-
cations. Lancet Diabetes Endocrinol. 2016;4:537-547. doi: 10.1016/
S$2213-8587(16)30010-9
7. Saputro SA, Pattanaprateep O, Pattanateepapon A, Karmacharya S,
Thakkinstian A. Prognostic models of diabetic microvascular compli-
cations: a systematic review and meta-analysis. Syst Rev. 2021;10:288.
doi: 10.1186/s13643-021-01841-z
8. Vujosevic S, Aldington SJ, Silva P, Hernandez C, Scanlon P, Peto T,
Simo R. Screening for diabetic retinopathy: new perspectives and chal-
lenges. Lancet Diabetes Endocrinol. 2020;8:337-347. doi: 10.1016/
S$2213-8587(19)30411-5
9. Brownlee M. The pathobiology of diabetic complications: a uni-
fying mechanism. Diabetes. 2005;54:1615-1625. doi: 10.2337/
diabetes.54.6.1615
10. Gubitosi-Klug R, Gao X, Pop-Busui R, de Boer IH, White N, Aiello LP,
Miller R, Palmer J, Tamborlane W, Wallia A, et al. Associations of micro-
vascular complications with the risk of cardiovascular disease in type 1
diabetes. Diabetes Care. 2021;44:1499-1505. doi: 10.2337/dc20-3104
11. Brownrigg JR, Hughes CO, Burleigh D, Karthikesalingam A, Patterson
BO, Holt PJ, Thompson MM, de Lusignan S, Ray KK, Hinchliffe RJ.
Microvascular disease and risk of cardiovascular events among individu-
als with type 2 diabetes: a population-level cohort study. Lancet Diabetes
Endocrinol. 2016;4:588-597. doi: 10.1016/52213-8587(16)30057-2
12. LiY,LiuY, LiuS, GaoM, Wang W, ChenK, HuangL, LiuY. Diabetic vascu-
lar diseases: molecular mechanisms and therapeutic strategies. Signal
Transduct Target Ther. 2023;8:152. doi: 10.1038/s41392-023-01400-z
13. DaiQ, Chen N, Zeng L, Lin XJ, Jiang FX, Zhuang XJ, Lu ZY. Clinical fea-
tures of and risk factors for normoalbuminuric diabetic kidney disease
in hospitalized patients with type 2 diabetes mellitus: a retrospective
cross-sectional study. BMC Endocr Disord. 2021;21:104. doi: 10.1186/
$12902-021-00769-8

J Am Heart Assoc. 2024;13:032626. DOI: 10.1161/JAHA.123.032626

16.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Diabetic Macro- and Microvascular Complications

Hayfron-Benjamin CF, Amoah AGB, Maitland-van der Zee AH, Moll
van Charante EP, Galenkamp H, van den Born BJ, Agyemang C.
Associations between macrovascular and renal microvascular dysfunc-
tion in type 2 diabetes and non-diabetes: the HELIUS study. Microvasc
Res. 2021;136:104162. doi: 10.1016/j.mvr.2021.104162

MohammediK, Woodward M, HirakawaY, Zoungas S, ColagiuriS, Hamet
P, Harrap S, Poulter N, Matthews DR, Marre M, et al. Presentations of
major peripheral arterial disease and risk of major outcomes in patients
with type 2 diabetes: results from the ADVANCE-ON study. Cardiovasc
Diabetol. 2016;15:129. doi: 10.1186/s12933-016-0446-x

Mohammedi K, Woodward M, Marre M, Colagiuri S, Cooper M, Harrap
S, Mancia G, Poulter N, Williams B, Zoungas S, et al. Comparative
effects of microvascular and macrovascular disease on the risk of
major outcomes in patients with type 2 diabetes. Cardiovasc Diabetol.
2017;16:95. doi: 10.1186/512933-017-0574-y

Yan BP, Zhang Y, Kong AP, Luk AO, Ozaki R, Yeung R, Tong PC, Chan
WB, Tsang CC, Lau KP, et al. Borderline ankle-brachial index is asso-
ciated with increased prevalence of micro- and macrovascular compli-
cations in type 2 diabetes: a cross-sectional analysis of 12,772 patients
from the joint Asia diabetes evaluation program. Diab Vasc Dis Res.
2015;12:334-341. doi: 10.1177/1479164115590559

Zhang R, Mamza JB, Morris T, Godfrey G, Asselbergs FW, Denaxas S,
Hemingway H, Banerjee A. Lifetime risk of cardiovascular-renal disease
in type 2 diabetes: a population-based study in 473,399 individuals.
BMC Med. 2022;20:683. doi: 10.1186/s12916-022-02234-2

Collins R. What makes UK biobank special? Lancet. 2012;379:1173—
1174. doi: 10.1016/S0140-6736(12)60404-8

Collins R. UK Biobank: Protocol for a Large-Scale Prospective
Epidemiological Resource. 2007.

de Jong M, Woodward M, Peters SAE. Diabetes, glycated hemoglobin,
and the risk of myocardial infarction in women and men: a prospective
cohort study of the UK biobank. Diabetes Care. 2020;43:2050-2059.
doi: 10.2337/dc19-2363

Wu Y, Byrne EM, Zheng Z, Kemper KE, Yengo L, Mallett AJ, Yang J,
Visscher PM, Wray NR. Genome-wide association study of medication-
use and associated disease in the UK biobank. Nat Commun.
2019;10:1891. doi: 10.1038/s41467-019-09572-5

Thomas MC, Brownlee M, Susztak K, Sharma K, Jandeleit-Dahm KA,
Zoungas S, Rossing P, Groop PH, Cooper ME. Diabetic kidney disease.
Nat Rev Dis Primers. 2015;1:15018. doi: 10.1038/nrdp.2015.18

Li FR, Hukportie DN, Yang J, Yang HH, Chen GC, Wu XB. Microvascular
burden and incident heart failure among middle-aged and older adults
with type 1 or type 2 diabetes. Diabetes Care. 2022;45:2999-3006. doi:
10.2337/dc22-0177

Zimmet P, Alberti KG, Magliano DJ, Bennett PH. Diabetes mellitus
statistics on prevalence and mortality: facts and fallacies. Nat Rev
Endocrinol. 2016;12:616—-622. doi: 10.1038/nrendo.2016.105

Vujkovic M, Keaton JM, Lynch JA, Miller DR, Zhou J, Tcheandjieu C,
Huffman JE, Assimes TL, Lorenz K, Zhu X, et al. Discovery of 318 new
risk loci for type 2 diabetes and related vascular outcomes among
1.4 million participants in a multi-ancestry meta-analysis. Nat Genet.
2020;52:680-691. doi: 10.1038/s41588-020-0637-y

Nair ATN, Wesolowska-Andersen A, Brorsson C, Rajendrakumar AL,
Hapca S, Gan S, Dawed AY, Donnelly LA, McCrimmon R, Doney ASF,
et al. Heterogeneity in phenotype, disease progression and drug re-
sponse in type 2 diabetes. Nat Med. 2022;28:982-988. doi: 10.1038/
$41591-022-01790-7

Emanuelsson F, Marott S, Tybjaerg-Hansen A, Nordestgaard BG, Benn
M. Impact of glucose level on micro- and macrovascular disease in the
general population: a Mendelian randomization study. Diabetes Care.
2020;43:894-902. doi: 10.2337/dc19-1850

Kim J, Jensen A, Ko S, Raghavan S, Phillips LS, Hung A, Sun Y, Zhou
H, Reaven P, Zhou JJ. Systematic heritability and heritability enrichment
analysis for diabetes complications in UK biobank and ACCORD stud-
ies. Diabetes. 2022;71:1137-1148. doi: 10.2337/db21-0839

Liu G, Li Y, Pan A, Hu Y, Chen S, Qian F, Rimm EB, Manson JE,
Stampfer MJ, Giatsidis G, et al. Adherence to a healthy lifestyle in
association with microvascular complications among adults with
type 2 diabetes. JAMA Netw Open. 2023;6:€2252239. doi: 10.1001/
jamanetworkopen.2022.52239

Geng T, Zhu K, Lu Q, Wan Z, Chen X, Liu L, Pan A, Liu G. Healthy life-
style behaviors, mediating biomarkers, and risk of microvascular com-
plications among individuals with type 2 diabetes: a cohort study. PLoS
Med. 2023;20:e1004135. doi: 10.1371/journal.pomed.1004135

13


https://doi.org//10.1038/nrendo.2017.151
https://doi.org//10.1016/S0140-6736(09)62124-3
https://doi.org//10.1053/j.ajkd.2022.02.001
https://doi.org//10.1038/s41572-019-0092-1
https://doi.org//10.1016/S2213-8587(16)30010-9
https://doi.org//10.1016/S2213-8587(16)30010-9
https://doi.org//10.1186/s13643-021-01841-z
https://doi.org//10.1016/S2213-8587(19)30411-5
https://doi.org//10.1016/S2213-8587(19)30411-5
https://doi.org//10.2337/diabetes.54.6.1615
https://doi.org//10.2337/diabetes.54.6.1615
https://doi.org//10.2337/dc20-3104
https://doi.org//10.1016/S2213-8587(16)30057-2
https://doi.org//10.1038/s41392-023-01400-z
https://doi.org//10.1186/s12902-021-00769-8
https://doi.org//10.1186/s12902-021-00769-8
https://doi.org//10.1016/j.mvr.2021.104162
https://doi.org//10.1186/s12933-016-0446-x
https://doi.org//10.1186/s12933-017-0574-y
https://doi.org//10.1177/1479164115590559
https://doi.org//10.1186/s12916-022-02234-2
https://doi.org//10.1016/S0140-6736(12)60404-8
https://doi.org//10.2337/dc19-2363
https://doi.org//10.1038/s41467-019-09572-5
https://doi.org//10.1038/nrdp.2015.18
https://doi.org//10.2337/dc22-0177
https://doi.org//10.1038/nrendo.2016.105
https://doi.org//10.1038/s41588-020-0637-y
https://doi.org//10.1038/s41591-022-01790-7
https://doi.org//10.1038/s41591-022-01790-7
https://doi.org//10.2337/dc19-1850
https://doi.org//10.2337/db21-0839
https://doi.org//10.1001/jamanetworkopen.2022.52239
https://doi.org//10.1001/jamanetworkopen.2022.52239
https://doi.org//10.1371/journal.pmed.1004135

Zhang et al

32.

33.

34.

35.

36.

37.
38.
39.
40.
41,

42.

43.

44,

45.

46.

47.

48.

J Am Heart Assoc. 2024;13:032626. DOI: 10.1161/JAHA.123.032626

ChenX,WanZ,Geng T, Zhu K, LiR, LuQ, Lin X, Liu S, Chen L, Guo Y, et al.
Vitamin D status, vitamin D receptor polymorphisms, and risk of microvas-
cular complications among individuals with type 2 diabetes: a prospective
study. Diabetes Care. 2023;46:270-277. doi: 10.2337/dc22-0513

Ma H, Li X, Zhou T, Sun D, Liang Z, Li 'Y, Heianza Y, Qi L. Glucosamine
use, inflammation, and genetic susceptibility, and incidence of
type 2 diabetes: a prospective study in UK biobank. Diabetes Care.
2020;43:719-725. doi: 10.2337/dc19-1836

Honigberg MC, Zekavat SM, Pirruccello JP, Natarajan P, Vaduganathan
M. Cardiovascular and kidney outcomes across the glycemic Spectrum:
insights from the UK biobank. J Am Coll Cardiol. 2021;78:453-464. doi:
10.1016/j.jacc.2021.05.004

Zhang YB, Chen C, Pan XF, Guo J, Li Y, Franco OH, Liu G, Pan A.
Associations of healthy lifestyle and socioeconomic status with mortal-
ity and incident cardiovascular disease: two prospective cohort studies.
BMJ. 2021;373:n604. doi: 10.1136/bmj.n604

Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL,
Cooney MT, Corra U, Cosyns B, Deaton C, et al. 2016 European
guidelines on cardiovascular disease prevention in clinical practice:
the sixth joint task force of the European Society of Cardiology and
Other Societies on cardiovascular disease prevention in clinical practice
(constituted by representatives of 10 societies and by invited experts)
developed with the special contribution of the European Association
for Cardiovascular Prevention & rehabilitation (EACPR). Eur Heart J.
2016;37:2315-2381. doi: 10.1093/eurheartj/ehw106

Excellence NIfHaC. Hypertension in adults: diagnosis and manage-
ment. Ng. 2019;136:20283.

Kopin L, Lowenstein C. Dyslipidemia. Ann Intern Med. 2017;167:1tc81—
itc96. doi: 10.7326/AITC201712050

Grambsch PM, Therneau TM. Proportional hazards tests and diagnos-
tics based on weighted residuals. Biometrika. 1994;81:515-526. doi:
10.1093/biomet/81.3.515

Excellence NIfHaC. Type 1 diabetes in adults: diagnosis and manage-
ment. 2015 2023.

Excellence NIfHaC. Type 2 diabetes in adults: management. 2015 2023.
American Diabetes A. Microvascular complications and foot care: standards
of medical Care in Diabetes-2021. Diabetes Care. 2021;44:5151-S167. doi:
10.2337/dc21-S011

Wong TY, Cheung CM, Larsen M, Sharma S, Simo R. Diabetic retinop-
athy. Nat Rev Dis Primers. 2016;2:16012. doi: 10.1038/nrdp.2016.12
Kim'Y, Kong L. Estimation of C-index for cox proportional hazards model
with censored biomarker covariate subject to limits of detection. J
Biopharm Stat. 2015;25:459-473. doi: 10.1080/10543406.2014.920859
Chen YW, Wang YY, Zhao D, Yu CG, Xin Z, Cao X, ShiJ, Yang GR, Yuan
MX, Yang JK. High prevalence of lower extremity peripheral artery dis-
ease in type 2 diabetes patients with proliferative diabetic retinopathy.
PLoS One. 2015;10:e0122022. doi: 10.1371/journal.pone.0122022
Climie RE, van Sloten TT, Bruno RM, Taddei S, Empana JP, Stehouwer
CDA, Sharman JE, Boutouyrie P, Laurent S. Macrovasculature and
microvasculature at the crossroads between type 2 diabetes mellitus
and hypertension. Hypertension. 2019;73:1138-1149. doi: 10.1161/
HYPERTENSIONAHA.118.11769

Climie RED, Picone DS, Blackwood S, Keel SE, Qasem A, Rattigan
S, Sharman JE. Pulsatile interaction between the macro-vasculature
and micro-vasculature: proof-of-concept among patients with type
2 diabetes. Eur J Appl Physiol. 2018;118:2455-2463. doi: 10.1007/
s00421-018-3972-2

Lovshin JA, Bjornstad P, Lovblom LE, Bai JW, Lytvyn Y, Boulet G,
Faroogi MA, Santiago S, Orszag A, Scarr D, et al. Atherosclerosis
and microvascular complications: results from the Canadian study of
longevity in type 1 diabetes. Diabetes Care. 2018;41:2570-2578. doi:
10.2337/dc18-1236

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Diabetic Macro- and Microvascular Complications

Climie RE, Srikanth V, Keith LJ, Davies JE, Sharman JE. Exercise excess
pressure and exercise-induced albuminuria in patients with type 2 dia-
betes mellitus. Am J Physiol Heart Circ Physiol. 2015;308:H1136-H1142.
doi: 10.1152/ajpheart.00739.2014

Climie RED, Picone DS, Sharman JE. Longitudinal changes in excess
pressure independently predict declining renal function among healthy
individuals-a pilot study. Am J Hypertens. 2017;30:772-775. doi:
10.1093/ajh/hpx091

GiaccoF, Brownlee M. Oxidative stressanddiabeticcomplications. Circ
Res. 2010;107:1058-1070. doi: 10.1161/CIRCRESAHA.110.223545
Doney AS, Lee S, Leese GP, Morris AD, Palmer CN. Increased cardiovas-
cular morbidity and mortality in type 2 diabetes is associated with the glu-
tathione S transferase theta-null genotype: a go-DARTS study. Circulation.
2005;111:2927-2934. doi: 10.1161/CIRCULATIONAHA.104.509224

Kang Q, Yang C. Oxidative stress and diabetic retinopathy: molecular
mechanisms, pathogenetic role and therapeutic implications. Redox
Biol. 2020;37:101799. doi: 10.1016/j.redox.2020.101799

Yen FS, Wei JC, Shih YH, Hsu CC, Hwu CM. The risk of nephropa-
thy, retinopathy, and leg amputation in patients with diabetes and
hypertension: a Nationwide, population-based retrospective cohort
study. Front Endocrinol (Lausanne). 2021;12:756189. doi: 10.3389/
fendo.2021.756189

Eid S, Sas KM, Abcouwer SF, Feldman EL, Gardner TW, Pennathur S,
Fort PE. New insights into the mechanisms of diabetic complications:
role of lipids and lipid metabolism. Diabetologia. 2019;62:15639-1549.
doi: 10.1007/s00125-019-4959-1

Yau JW, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW, Bek
T, Chen SJ, Dekker JM, Fletcher A, Grauslund J, et al. Global prev-
alence and major risk factors of diabetic retinopathy. Diabetes Care.
2012;35:556-564. doi: 10.2337/dc11-1909

Lachin JM, Genuth S, Nathan DM, Zinman B, Rutledge BN; Group DER.
Effect of glycemic exposure on the risk of microvascular complications
in the diabetes control and complications trial—revisited. Diabetes.
2008;57:995-1001. doi: 10.2337/db07-1618

Hainsworth DP, Bebu |, Aiello LP, Sivitz W, Gubitosi-Klug R, Malone J,
White NH, Danis R, Wallia A, Gao X, et al. Risk factors for retinopathy
in type 1 diabetes: the DCCT/EDIC study. Diabetes Care. 2019;42:875—
882. doi: 10.2337/dc18-2308

Basu S, Sussman JB, Berkowitz SA, Hayward RA, Yudkin JS.
Development and validation of risk equations for complications of type
2 diabetes (RECODe) using individual participant data from randomised
trials. Lancet Diabetes Endocrinol. 2017;5:788-798. doi: 10.1016/
S2213-8587(17)30221-8

Vistisen D, Andersen GS, Hulman A, McGurnaghan SJ, Colhoun HM,
Henriksen JE, Thomsen RW, Persson F, Rossing P, Jorgensen ME. A
validated prediction model for end-stage kidney disease in type 1 dia-
betes. Diabetes Care. 2021;44:901-907. doi: 10.2337/dc20-2586
Tanaka S, Tanaka S, limuro S, Yamashita H, Katayama S, Akanuma
Y, Yamada N, Araki A, Ito H, Sone H, et al. Predicting macro- and
microvascular complications in type 2 diabetes: the Japan diabe-
tes complications study/the Japanese elderly diabetes intervention
trial risk engine. Diabetes Care. 2013;36:1193-1199. doi: 10.2337/
dc12-0958

Hippisley-Cox J, Coupland C. Development and validation of risk pre-
diction equations to estimate future risk of blindness and lower limb am-
putation in patients with diabetes: cohort study. BMJ. 2015;351:n5441.
doi: 10.1136/bmj.h5441

Fry A, Littlejohns TJ, Sudlow C, Doherty N, Adamska L, Sprosen T,
Collins R, Allen NE. Comparison of sociodemographic and health-
related characteristics of UK biobank participants with those of the gen-
eral population. Am J Epidemiol. 2017;186:1026—1034. doi: 10.1093/aje/
kwx246

14


https://doi.org//10.2337/dc22-0513
https://doi.org//10.2337/dc19-1836
https://doi.org//10.1016/j.jacc.2021.05.004
https://doi.org//10.1136/bmj.n604
https://doi.org//10.1093/eurheartj/ehw106
https://doi.org//10.7326/AITC201712050
https://doi.org//10.1093/biomet/81.3.515
https://doi.org//10.2337/dc21-S011
https://doi.org//10.1038/nrdp.2016.12
https://doi.org//10.1080/10543406.2014.920859
https://doi.org//10.1371/journal.pone.0122022
https://doi.org//10.1161/HYPERTENSIONAHA.118.11769
https://doi.org//10.1161/HYPERTENSIONAHA.118.11769
https://doi.org//10.1007/s00421-018-3972-2
https://doi.org//10.1007/s00421-018-3972-2
https://doi.org//10.2337/dc18-1236
https://doi.org//10.1152/ajpheart.00739.2014
https://doi.org//10.1093/ajh/hpx091
https://doi.org//10.1161/CIRCRESAHA.110.223545
https://doi.org//10.1161/CIRCULATIONAHA.104.509224
https://doi.org//10.1016/j.redox.2020.101799
https://doi.org//10.3389/fendo.2021.756189
https://doi.org//10.3389/fendo.2021.756189
https://doi.org//10.1007/s00125-019-4959-1
https://doi.org//10.2337/dc11-1909
https://doi.org//10.2337/db07-1618
https://doi.org//10.2337/dc18-2308
https://doi.org//10.1016/S2213-8587(17)30221-8
https://doi.org//10.1016/S2213-8587(17)30221-8
https://doi.org//10.2337/dc20-2586
https://doi.org//10.2337/dc12-0958
https://doi.org//10.2337/dc12-0958
https://doi.org//10.1136/bmj.h5441
https://doi.org//10.1093/aje/kwx246
https://doi.org//10.1093/aje/kwx246

	Diabetes-­Related Macrovascular Complications Are Associated With an Increased Risk of Diabetic Microvascular Complications: A Prospective Study of 1518 Patients With Type 1 Diabetes and 20 802 Patients With Type 2 Diabetes in the UK Biobank
	Methods
	Study Design and Study Population
	Identification of Diabetes-­Related Macro-­ and MicroVCs
	Covariates
	Statistical Analysis

	Result
	Study Cohort
	Incident Diabetic MicroVC Outcomes
	Subgroup and Sensitivity Analysis
	Additive Value of Diabetes-­Related MacroVCs in MicroVC Prediction

	Discussion
	Acknowledgments
	Sources of Funding
	Disclosures
	References


