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Article History: Background: In type 2 diabetes mellitus (T2D), cardiovascular risk factors including glycemic control differen-
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renal, and retinal microvascular dysfunction.
Methods: This was a cross-sectional study among 403 adults with T2D. Microvascular dysfunction was based
on nephropathy (albumin-creatinine ratio > 30 mg/g), neuropathy (vibration perception threshold > 25 V
and/or Diabetic Neuropathy Symptom score > 1), and retinopathy (based on retinal photography). Logistic
regression was used to examine the associations of hypertension, systolic BP, and diastolic BP with microvas-
cular dysfunction with adjustments for age, sex, diabetes duration, smoking pack years, HbA1c concentration,
total cholesterol concentration, and BMI.
Results: The mean age (+ SD), proportion of females, and proportion of hypertensives were 56.35 (£ 9.91)
years, 75.7%, and 49.1%, respectively. In a fully adjusted model, hypertension was significantly associated
with neuropathy [odds ratio 3.44, 95% confidence interval 1.96—6.04, P < 0.001] and nephropathy [2.05 (1.09
—3.85), 0.026] but not for retinopathy [0.98 (0.42—-2.31), 0.970]. Increasing Z-score systolic BP was signifi-
cantly associated with nephropathy [1.43 (1.05—1.97), 0.025] but not for neuropathy [1.28 (0.98-1.67),
0.075] or retinopathy [1.27 (0.84—1.91), 0.261]. Increasing Z-score diastolic BP was significantly associated
with nephropathy [1.81 (1.32 — 2.49), < 0.001] but not retinopathy [1.38 (0.92—-2.05), 0.120] or neuropathy
[0.86 (0.67—1.10), 0.230].
Conclusion: Our study shows varying strengths of associations of hypertension, systolic BP, and diastolic
BP with microvascular dysfunction in different microcirculatory beds. Hypertension prevention and/or
control may be valuable in the prevention/treatment of microvascular disease, especially nephropathy,
and neuropathy.
© 2023 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Abbreviations: BMI, body mass index; BP, blood pressure.; CI, confidence interval.;
DNS, Diabetic neuropathy symptom; HBAc, glycated hemoglobin; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; NPDR, Non-proliferative diabetic retinopa-
thy; OR, odds ratio; PDR, Proliferative diabetic retinopathy; SBP, systolic blood pres-
sure; T2D, type 2 diabetes mellitus; VPT, Vibration perception threshold
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Diabetes mellitus remains a global public health problem, affect-
ing over ten percent of the world’s adult population [1]. A character-
istic complication of diabetes mellitus is microvascular disease
including retinopathy, neuropathy, and nephropathy [2]. These
microvascular complications are important causes of disability. For
example, diabetic retinopathy is the commonest cause of blindness
in adults [3], diabetic nephropathy is the commonest cause of
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end-stage renal failure [4], and diabetic neuropathy is a leading cause
of leg ulcers, gangrene, and lower limb amputations [5]. Type 2
diabetes mellitus (T2D), the commonest type of diabetes, is associ-
ated with other vascular risk factors including hypertension, obesity,
and dyslipidemia [1].

There are important gaps in the treatment of diabetes-related
microvascular complications. For example, there is currently no effec-
tive treatment for diabetic neuropathy [6]. Given this, a multifactorial
approach targeting glycemia and other conventional risk factors has
been recommended for the prevention of diabetic microvascular dis-
ease [6]. Targeting optimum glucose control may not always be effec-
tive in the prevention of microvascular complications in T2D. For
example, while enhanced glucose control limits the progression of
neuropathy in type 1 diabetes, there is limited evidence for the same
in T2D [7]. This has warranted the need for identifying alternative
strategies for preventing the development and progression of micro-
vascular disease in T2D. Based on work done by our team among
sub-Saharan Africans [8—11], and those of other researchers in other
populations [2,12,13], non-conventional candidate risk factors
including low-grade inflammation, hyperuricemia, and macrovascu-
lar dysfunction also do not fully explain the burden of vascular dys-
function. One potential factor is the impact of blood pressure (BP)
control on systemic microvascular injury. It has previously been
reported that patients with T2D have a loss of myogenic tone and
vascular hypertrophy in resistance vessels [14]. There is also evidence
that deranged myogenic tone and vascular hypertrophy in T2D may
be partially ameliorated after treatment with the angiotensin-recep-
tor blocker candesartan [15]. Given the above, BP and its control
could play an important role in the development and/or progressions
of microvascular complications. However, the prognostic potency of
the individual vascular risk factors for vascular injury is known to
vary in the different vascular beds [16]. We hypothesize that the
associations of BP and its control with microvascular dysfunction
differ by microvascular beds. Therefore, we assessed the associations
of BP and its control with neural, renal, and retinal microvascular
dysfunction.

Methods
Study design

This cross-sectional study among adult Ghanaians with T2D man-
aged at a National Diabetes Management and Research center in
Ghana has been previously described [17]. Between 2019 and 2022, a
total of 500 adults with established diagnoses of T2D and who did
not have primary heart disease and/or previous/current heart failure
were recruited for pulmonary, cardiac, and vascular functional
assessment. The patients were systematically sampled from patients
who reported for clinic visits. The diagnosis of T2D was based on fast-
ing plasma glucose (FPG) > 7.0 mmol/l and/or 2—h plasma glucose >
11.1 mmol/l and/or on hypoglycemic agents who reported the start
of their diabetes age > 30 years, and whose diabetes initially did not
require insulin for management. The current analyses included 403
participants with data on at least one measure of microvascular func-
tion. Before the start of data collection, ethical approval was obtained
from the Ethics Committees of the University of Ghana College of
Health Sciences (CHS-Et/M6-P20.14/2017-2018) and the Korle Bu
Teaching Hospital (KBTH-IRB/000,124/2019). All participants pro-
vided written informed consent before enrolment in the study.

Measurements

Assessment of baseline sociodemographic/clinical characteristics
including smoking and diabetes duration, measurement of height,
weight, and concentrations of fasting plasma glucose, HbA1c, choles-
terol, and serum creatinine has also been previously described [17].
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BP measurement and control

BP was measured thrice using the Omron BP Monitor HEM-907XL
device, with appropriate-sized cuffs after at least 5 minutes of rest
while seated. The mean of the last two BP measurements was used
for the analyses. Hypertension was based on a clinical diagnosis
code/documentation in the medical records, evidenced by docu-
mented systolic BP (SBP) > 140 mmHg and/or diastolic BP (DBP) >
90 mmHg, and/or being on antihypertensive medication treatment
[18]. Suboptimal BP control was defined per the 2017 American Col-
lege of Cardiology/American Heart Association guidelines criteria and
European Society of Cardiology/European Society of Hypertension
guidelines (for individuals with hypertension and diabetes) as sys-
tolic BP >/= 130 mmHg and/or diastolic BP >/= 80 mmHg [19]. These
cutoff values are consistent with the American Diabetes Association’s
recommendation for individuals with diabetes with higher cardiovas-
cular risk [20].

Assessment of neural microvascular dysfunction

Neural microvascular dysfunction was based on the presence of
neuropathy. Vibration perception threshold (VPT) was measured using
the Horwell Neurothesiometer (Scientific Laboratory Supplies Ltd, Not-
tingham) at the metatarsophalangeal joint of both feet in a two-step
manner (ascending and descending methods). The VPT procedure was
demonstrated to each participant before the VPT testing was done. To
explain the nature of the vibration to be perceived, the vibration was
demonstrated at the planter surface of the participant’s thumb. VPT
testing was done while the patient was in the supine position and the
neurothesiometer was placed in a position where the patient could
not see the vibration settings. Using light pressure, the plastic tip of
the neurothesiometer was applied against the plantar surface of the
great toe of the foot. For the ascending method, the induced vibrations
were gradually increased by increasing the device voltage at a rate of
0.5 Vs/second until the participant first detected the vibration. The
voltage at which the participant first detected the vibration was docu-
mented as the ascending VPT. Two other ascending vibrating tests
were performed, and the arithmetic mean of consistent values was
used as the final ascending VPT used in the analyses. The consistent
voltages were voltages whose values do not differ by > 0.5 V. The
technique was repeated using a descending approach by decreasing
the voltage from 50 V at a rate of 0.5 Vs/second and identifying the
lowest voltage at which no vibration was perceived; this voltage was
documented as the descending VPT. The average of consistent
descending voltages was used in the final descending VPT used in the
analyses. Symptoms of diabetic neuropathy were scored with the Dia-
betic Neuropathy Symptom (DNS) score [21]. Neuropathy was diag-
nosed if the VPT was > 25 V [22] and/or a DNS score > 1 [21].

Assessment of renal microvascular dysfunction

Renal microvascular dysfunction was based on the presence of
albuminuria. Direct analyses of urinary albumin and creatinine con-
centration were performed on an early morning urine sample. Uri-
nary albumin concentration was measured by an immunochemical
turbidimetric method (Roche Diagnostics). Urinary creatinine con-
centration was measured by a kinetic spectrophotometric method
(Roche Diagnostics). Albuminuria was based on the urinary albumin-
creatinine ratio (ACR) > 30 mg/g [category > A2]) according to the
2012 Kidney Disease: Improving Global Outcomes (KDIGO) guide-
lines [23].

Assessment of retinal microvascular dysfunction

Retinal microvascular dysfunction was based on the presence of
retinopathy. The ZEISS 500 Fundus Camera (ZEISS Inc. JENA) was
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used for retinal photography after dilatation with tropicamide (1%)
and phenylephrine (2.5%) ophthalmic solutions. Retinal images were
analyzed and graded by a certified ophthalmologist according to the
Early Treatment Diabetic Retinopathy Study (ETDRS) criteria [24].
Diabetic retinopathy when present was classified as either prolifer-
ative diabetic retinopathy (PDR) or non-proliferative diabetic
retinopathy (NPDR). NPDR was graded as mild, moderate, severe, or
very severe. Mild NPDR was based on the presence of at least one
microaneurysm in the absence of any criteria for moderate, severe, or
very severe NPDR. Moderate NPDR was based on the presence of
hemorrhage/microaneurysm > standard photograph #2A or soft exu-
dates (cotton wool spots), venous beading, and intraretinal microvas-
cular abnormalities present, in the absence of any criteria for severe
or very severe NPDR or PDR. Severe NPDR was based on the presence
of hemorrhage/microaneurysm > standard photograph #2A in all 4
quadrants or venous beading in at least 2 quadrants or intraretinal
microvascular abnormalities > standard photograph #8A in at least 1
quadrant. Very severe NPDR was based on the presence of any two
criteria for severe NPDR in the absence of PDR. PDR was graded as
either early PDR, high-risk PDR, or severe PDR. Because of the smaller
number of individuals in the moderate group (N = 1) for the NPDR
group, we merged moderate and severe NPDR groups. Further, only
two individuals were in the high-risk or severe PDR groups. There-
fore, we graded diabetic retinopathy into either mild NPDR/early PDR
or moderate or severe NPDR/high risk or severe PDR.

Statistical analysis

Data were analyzed using the IBM SPSS version 25 for Windows.
Differences in clinical characteristics between individuals with and
without hypertension or sub-optimal BP control were assessed by
the chi—square test or Fisher’s exact test for categorical variables,
t—test for continuous variables, or the Mann—Whitney U—test for
variables not normally distributed. Multivariate logistic regression
analyses were used to examine the associations of hypertension, sub-
optimal BP control, and increasing z-score systolic BP or diastolic BP
(independent variables) with measures of microvascular dysfunction
(dependent variables), with adjustment for potential covariates. The
minimal sufficient adjustment sets for estimating the direct effect of
impaired spirometry on microvascular dysfunction were determined

Glycemic Control
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by a directed acyclic graph (DAG) (Fig. 1). Based on the DAG, the min-
imal sufficient adjustment sets were age, sex, diabetes duration,
smoking pack years, HbAlc concentration, total cholesterol concen-
tration, and BMI. Three models were used to examine the data. Model
1 was unadjusted. Model 2 was adjusted for age and sex. Model 3 was
adjusted for age, sex, diabetes duration, smoking pack years, HbAlc
concentration, total cholesterol concentration, and BMI. Odds ratios
(ORs) and their corresponding 95% CI were estimated. A statistical
test of significance was set at a P-value < 0.05.

Results
General characteristics of the study participants

The baseline characteristics of the study population are summa-
rized in Table 1. Compared with individuals with T2D without hyper-
tension, individuals with T2D with hypertension were much older,
had a longer mean duration of diabetes, and were more frequently
users of statins and insulin. The mean BMI, waist circumference, and
WHR were higher in T2D individuals with hypertension compared
with their non-hypertensive comparative group. There were no sig-
nificant differences in the mean HbA1C and cholesterol concentra-
tions between the two groups. Similar observations were made when
the two groups were compared in terms of hypertensive control,
except for the observations that the T2D with suboptimal BP control
had a higher female-to-male ratio and a similar mean WHR com-
pared with the T2D with optimal BP control group.

Microvascular dysfunction in the study population

Table 2 compares the measures of neural, renal, and retinal micro-
vascular function in the study population. Respectively 31.0%, 25.4%,
and 28.8% had markers of neural, renal, and retinal microvascular
dysfunction. The mean VPT in the left and right legs were respectively
38% higher (12.30 Vs vs. 8.94 Vs, P < 0.001) and 34% higher (12.04 Vs
vs. 8.96 Vs, P < 0.001) in the T2D with hypertension group compared
to the T2D without hypertension group (P < 0.001 for both). The
prevalence rate of neuropathy was nearly thrice as high in the T2D
with hypertension group compared with the T2D without hyperten-
sion group (46.5% vs 16.1, P < 0.001). These observed disparities were
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Fig. 1. Directed acyclic graph for estimating the direct effect of hypertension or blood pressure measures on microvascular dysfunction.
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Table 1
General characteristics of the study participants.
All Participants (N =403) Hypertension Status * BP Control *
Normotensive (N =205) Hypertensive (N=198) p-value Optimum (N=111) Suboptimum (N=293) P-value

Sex (%) 0.165 0.027
Female 305 (75.7%) 149 (72.7%) 156 (78.8%) 75 (67.6%) 230(78.8%)
Male 98 (24.3%) 56 (27.3%) 42 (21.1%) 36 (32.4%) 62 (21.2%)
Age (years) 56.35(+9.91) 53.74 (£11.11) 59.05(+7.63) <0.001  53.05(410.58) 57.61(4£9.36) <0.001
Higher education (%) 149 (43.2%) 68 (42.2%) 81 (44.0%) 0.745 49 (55.1%) 100 (39.1%) 0.009
Smoking status (%) 0.747 0.711
Never smoker 394 (97.8%) 201 (98.0%) 193 (97.5%) 108 (97.3%) 286 (97.9%)
Current/previous smoker 9(2.2%) 4(2.0%) 5(2.5%) 3(2.7%) 6(2.1%)
Smoking pack years* 0.0(0.0) 0.0(0.0) 0.0(0.0) 0.687 0.0(0.0) 0.0 (0.0) 0.703
Duration of diabetes (years) 11.15(+7.17) 9.44(47.48) 12.73 (+£6.48) <0.001 8.71(£6.65) 11.99 (£7.15) <0.001
Insulin use (%) 138 (34.2%) 47 (22.9%) 91 (46.0%) <0.001 28(25.2%) 110 (37.7%) 0.019
Statin use (%) 191 (47.4%) 58 (28.3%) 133 (67.2%) <0.001 42 (37.8%) 149 (51.1%) 0.019
Systolic BP, mmHg 136.51 (+16.23) 128.60 (+32) 144.70 (£16.50) <0.001 119.48 (+7.29) 142.98 (+13.82) <0.001
Diastolic BP, mmHg 79.47 (+£8.40) 77.61(+7.38) 81.40 (+8.95) <0.001  72.36(£5.21) 82.18 (+7.78) <0.001
Pulse rate, beats per minute ~ 79.62 (+11.15) 78.70 (+£11.40) 80.57 (+£10.83) 0.093 78.60 (+10.82) 80.00 (+£11.26) 0.262
Anthropometry
BMI, kg/m? 29.55 (+6.07) 28.48 (+5.84) 30.65 (+£6.12) <0.001 28.4(45.47) 29.98 (+6.24) 0.019
Waist circumference, cm 96.16 (+£12.18) 93.83 (£11.34) 98.56 (£12.57) <0.001 93.70(£10.82) 97.09 (£12.55) 0.012
WHR 0.90 (+0.07) 0.89 (+0.08) 0.91 (+0.74) 0.047 0.89 (+0.08) 0.90 (+0.07) 0.799
Biochemical Measurements
HbAlc,% 7.98 (+£1.78) 8.03 (+1.85) 7.93 (£1.70) 0.596 8.00(+1.87) 8.00 (+1.74) 0.903
Total cholesterol, mmol/I 4.88 (£1.27) 491 (£1.23) 4.85(+1.31) 0.712 4.6 (+1.13) 4,95 (+£1.32) 0.110
Triglyceride, mmol/l 1.23(£0.51) 1.20 (+0.49) 1.26 (£0.52) 0.374 1.18 (£0.44) 1.25 (£0.36) 0.228
HDL- cholesterol, mmol/l 1.34 (£0.35) 1.37 (£0.36) 1.32(£0.33) 0.171 1.37 (£0.36) 1.33(£0.34) 0.339
LDL-cholesterol, mmol/l 2.97 (£1.15) 2.98 (£1.14) 2.95(+1.16) 0.783 2.78 (£1.05) 3.04(+1.18) 0.078

Obesity is defined as BMI > 30 kg/m2; Central obesity defined as waist to hip ratio > 0.90 for males and > 0.85 for females.

Higher education is defined as secondary school education or higher.
Abbreviations: BMI =

less masked when individuals with T2D with and without suboptimal
BP control were compared.

The median ACR was 63% higher in the in the T2D with hyperten-
sion group compared to the T2D without hypertension group
(19.50 mg/g vs. 12.00 mg/g, P < 0.001). Similarly, the proportion of
individuals with albuminuria was nearly 80% higher in individuals
with T2D with hypertension compared with those with T2D without
hypertension (32.6% vs. 18.2%, P = 0.003). Similar observations were
made when individuals with T2D with and without suboptimal BP
control were compared.

The rates, types, and grades of retinopathy were similar in the T2D
with hypertension and T2D without hypertension groups. However,

body mass index, HBA1c = glycated hemoglobin; WC = waist circumference.

differences were observed when individuals with T2D with and with-
out suboptimal BP control were compared. For example, the prevalence
of retinopathy was over twice as high in individuals with T2D with
suboptimal BP control compared with those with optimal BP control
(33.6% vs. 14.0%, P = 0.013). Also, individuals with T2D with suboptimal
BP control were less likely to have mild NPDR or early PDR compared
with those with optimal BP control (29.1% vs. 14.0%, P = 0.036).

Relationship between measures of BP and microvascular dysfunction

In the unadjusted and age and sex-adjusted models, hypertension
was positively associated with higher odds of neuropathy and

Table 2

Microvascular Dysfunction in the Study Population.
Microvascular circulation Hypertension Status * BP Control *
A. Neural microvascular All Participants (N =403) Normotensive (N =205) Hypertensive (N=198) p-value Optimum (N=111) Suboptimum (N=292) P-value
VPT left leg, volts 10.59 (£7.93) 8.94 (+5.77) 12.30(£+9.38) <0.001 9.24(+6.67) 11.10(£8.31) 0.021
VPT right leg, volts 10.47 (+8.06) 8.96 (+6.22) 12.04 (£9.36) <0.001 9.77 (£7.47) 10.74 (£8.27) 0.291
Neuropathy (%) 125 (31.0%) 33(16.1%) 92 (46.5%) <0.001 27 (24.3%) 98 (33.6%) 0.091
B. Renal microvascular All Participants (N =342) Normotensive (N=170) Hypertensive (N=172) p-value Optimum (N=92) Suboptimum (N =250) P-value
ACR, mg/g 12.00 (24.00) 12.00 (18.00) 19.50 (34.00) <0.001 11.00(18.00) 17.00 (29.00) 0.001
Nephropathy 87 (25.4%) 31(18.2%) 56 (32.6%) 0.003  14(15.2%) 73 (29.2%) 0.008

C. Retinal microvascular

All Participants (N =177) Normotensive (N=77) Hypertensive (N=100) p-value

Optimum (N =43)

Suboptimum (N =134) P-value

Retinopathy 51 (28.8%) 19 (24.7%) 32(32.0%) 0318  6(14.0%) 45 (33.6%) 0.013
Retinopathy type 0.496 0.040
PDR 4(2.3%) 1(1.3%) 3(3.0%) 0(0.0%) 4(3.0%)

NPDR 47 (26.6%) 18 (23.4%) 29 (29.0%) 6(14.0%) 41 (30.6%)

Retinopathy Grade 0.315 0.036
Mild NPDR / early PDR 45 (25.4%) 18 (23.4%) 27 (27.0%) 6(14.0%) 39(29.1%)

Moderate to severe NPDR /| 6 (3.4%) 1(1.3%) 5(5.0%) 0(0.0%) 6 (4.4%)

high risk or severe PDR

ACR expressed as median 9interquartile range).
Abbreviations: ACR = urinary albumin to creatinine ratio; DNS = Diabetic Neuropathy Symptom; NPDR = non-proliferative diabetic retinopathy; PDR = proliferative diabetic reti-
nopathy; VPT = vibration perception threshold.
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basis of increased susceptibility of the neural microcirculation to
dysfunction, compared with other microcirculations, is not fully
understood. Proposed explanations include enhanced hyperglyce-
mia-induced oxidative stress in diabetic neurons [25] or the fact that
some nondiabetic neuropathies may be misdiagnosed as diabetic
neuropathy [6].

The current study shows that coexisting hypertension and/or sub-
optimal BP control is associated with an increased likelihood of
microvascular dysfunction in individuals with T2D. Our findings
agree with a limited study that assessed the impact of hypertension
on diabetes-related complications based on questionnaires [29].
Kesavamoorthy et al. reported that the proportion of individuals
reporting diabetes neuropathy and retinopathy was higher among
individuals with diabetes and hypertension compared with those
without hypertension [29]. Our findings and that of Kesavamoorthy
et al. are supported by evidence that hypertension or elevated BP
alone can cause derangements in the microvascular circulation
[30—33]. Mechanistically, hypertension alters the mechanisms regu-
lating vasomotor tone resulting in enhanced vasoconstriction or
reduced vasodilator responses to various vasodilators [34]. In addi-
tion, the loss of myogenic tone and vascular hypertrophy in resis-
tance vessels of hypertensive patients with T2D results in increased
wall thickness to radius ratio, resulting in microcirculatory dysfunc-
tion [14]. Regardless of the above mechanistic model, some studies
have not found hypertension to substantially enhance the risk of
microvascular injury in T2D. For example in the Wisconsin Epidemio-
logic Study of Diabetic Retinopathy, a diagnosis of hypertension, sys-
tolic BP, and diastolic BP were not associated with the incidence and
progression of retinopathy in individuals with T2D [35]. Our findings
suggest that in individuals with T2D of West African ethnic origin,
coexisting hypertension and/or suboptimal BP control are associated
with an increased likelihood of microvascular injury. BP control in
West Africans with T2D may thus have protective benefits including
enhanced microvascular function.

A novel contribution of our study to the existing literature is our
comparison of the differential effects of BP and control measures on
different microcirculation. While prior studies have compared the
differential effects of hypertension on different microcirculatory
beds, none has done so in the setting of T2D. Our results show that
measures of abnormal BP are more strongly associated with renal
microvascular dysfunction than neural and retinal microvascular dys-
function. In the fully adjusted model, both increasing systolic BP and
diastolic BP were independently associated with an increased likeli-
hood of nephropathy, but not neuropathy or retinopathy. Our find-
ings are consistent with previous observations that show that high-
flow, low-impedance organs including the brain and kidney are par-
ticularly vulnerable to high BP pulsatility since the pulsatile load in
these organs penetrates deeply into their microvascular beds [36].
T2D is independently associated with stiffness of the elastic proximal
arteries including the aorta [37,38]. In the setting of aortic stiffness,
there is a loss in the ability to dampen the pulsatility of ventricular
ejection [36]. However, the distal muscular arteries may not stiffen.
Therefore, there is a decrease in the difference or gradient of stiffness
between the proximal elastic arteries and distal muscular arteries,
resulting in a reduction in the backward reflection of pulsatile energy.
The pulsatile energy that is not reflected backward may be transmit-
ted toward the small arteries of target organs [36]. Because the renal
microvasculature is more susceptible to high BP pulsatility compared
with the neural and retinal microcirculation, measures of increasing
BP are more likely to be associated with renal microvascular dysfunc-
tion, compared with neural and retinal microvascular dysfunction,

Like systolic and diastolic BP, a diagnosis of hypertension was
independently associated with nephropathy. However, a diagnosis of
hypertension was also independently associated with neuropathy.
The strength of the association between hypertension diagnosis and
neuropathy was more pronounced than that of nephropathy. For
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example, in a fully adjusted model, hypertension diagnosis was asso-
ciated with 244% increased odds of neuropathy (P < 0.001) and 105%
increased odds of nephropathy (P = 0.026); there was no significant
association with retinopathy. Given the evidence of no effective treat-
ment for diabetic neuropathy [6], interventions aimed at preventing
hypertension in individuals with T2D may be valuable in reducing
the risk of diabetic neuropathy. It remains unclear why a diagnosis of
hypertension had different strengths of associations with microvas-
cular dysfunction, compared with measures of BP. It may well be the
case that hypertension per se is more strongly associated with neu-
ropathy, but poor BP control more adversely affects high-flow, low-
impedance organs including the kidney [36]. Future longitudinal
studies may confirm or refute this claim.

Strengths and limitations

To the best of our knowledge, our study is the first to compare the
impact of BP and its control on complementary measures of systemic
microvascular dysfunction in individuals with T2D. The strengths of
our study include an objective assessment of three complementary
measures of microvascular dysfunction and the adjustments for a
wide range of confounders. Our study has limitations. First, the cross-
sectional design limits us from precluding reverse caus. Secondly, we
did not assess microvascular dysfunctions of the coronary and cere-
bral microcirculation due to the current technical challenges associ-
ated with microvascular functional testing in these circulations. For
example, coronary microcirculation is beyond the resolution of inva-
sive or noninvasive coronary angiography [39].

Conclusions

The current study demonstrates differential strengths of associa-
tions of hypertension and increasing BP with dysfunction in the renal,
neural, and retinal microcirculation in T2D. The positive associations
of hypertension with neuropathy and nephropathy persisted after
adjustment for a wide range of conventional risk factors. Increasing
systolic and diastolic BP were independently associated with an
increased likelihood of nephropathy but not neuropathy or retinopa-
thy. Based on our findings, individuals with T2D may benefit from
interventions aimed at hypertension prevention, to prevent the like-
lihood of developing neuropathy or nephropathy. In the setting of
T2D, BP control aimed at reducing the likelihood of microvascular
dysfunction may most benefit the kidneys. Our findings provide use-
ful insights into the possible role of BP control in systemic microvas-
cular dysfunction and provide opportunities for future research
aimed at determining the mechanisms linking differential impacts of
hypertension and/or BP control to microvascular dysfunction in dif-
ferent microcirculatory beds, as well as studies targeting strategies
for microvascular dysfunction prevention and/or treatment.
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