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Blood Pressure Partially Mediated  
the Association of Insulin Resistance  
and Cerebral Small Vessel Disease:  
A Community-Based Study
Mengyuan Zhou , MD, PhD*; Lerong Mei, MD*; Jing Jing , MD, PhD; Yingying Yang , MD, PhD; 
Xueli Cai, MD; Xia Meng, MD, PhD; Aoming Jin , PhD; Jinxi Lin , MD, PhD; Shan Li , MD; Hao Li, PhD; 
Tiemin Wei , MD; Yongjun Wang , MD; Yilong Wang , MD, PhD; Yuesong Pan , PhD

BACKGROUND: Insulin resistance as a significant vascular risk factor has been studied in relation to cerebral small vessel disease 
(SVD). Evidence suggests that insulin resistance might trigger high blood pressure (BP). Therefore, we aimed to investigate 
whether insulin resistance impacts SVD with a mediating effect of BP in nondiabetic subjects.

METHODS AND RESULTS: PRECISE (Polyvascular Evaluation for Cognitive Impairment and Vascular Events) study participants 
underwent brain and vascular imaging techniques and metabolomic risk factors measurements. Insulin resistance was 
evaluated by the insulin sensitivity index and the Homeostatic Model Assessment for Insulin Resistance based on the 
standard oral glucose tolerance test. On average, 2752 nondiabetic subjects (47.1% men) aged 60.9 years were included. 
The multivariable logistic regression model and linear regression model tested the association of insulin resistance with BP 
components (including systolic BP [SBP], diastolic BP (DBP), and pulse pressure [PP]) and SVD, and of BP components with 
SVD. In the mediation analysis, SBP, DBP, and PP were found to partially mediate the detrimental effect of insulin resistance 
(assessed by the insulin sensitivity index) on lacunes (mediation percentage: SBP, 31.15%; DBP, 34.21%; PP, 10.43%), white 
matter hyperintensity (mediation percentage: SBP, 37.34%; DBP, 44.15%; PP, 9.80%), and SVD total burden (mediation 
percentage: SBP, 42.07%; DBP, 49.29%; PP, 11.71%) (all P<0.05). The mediation analysis results were not significant when 
using the Homeostatic Model Assessment for Insulin Resistance to assess insulin resistance.

CONCLUSIONS: Higher insulin resistance was associated with SVD in this community-dwelling population. The association of 
insulin resistance with lacunes, white matter hyperintensity, and SVD total burden was explained in part by BP.

REGISTRATION: URL: https://​www.​clini​caltr​ials.​gov; Unique identifier: NCT03178448.

Key Words: blood pressure ■ insulin resistance ■ mediation ■ small vessel disease

Cerebral small vessel disease (SVD), character-
ized by white matter hyperintensity (WMH), la-
cunes, perivascular space (PVS), and cerebral 

microbleeds, is associated with cognitive impairment, 
increased risk of stroke, and functional decline in the 

aged, imposing an increased socioeconomic burden 
on the health care system.1,2 Emerging data from neu-
roimaging and genetic studies suggest that patho-
logical processes such as microvascular endothelial 
dysfunction are likely to be inherited and subsequent 
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to environmental and metabolic exposures.3 Recently, 
a positive association between insulin resistance and 
SVD was indicated by cross-sectional studies and 
Mendelian randomization studies.4–7 However, the 
mechanism by which insulin resistance affects SVD is 
still unclear.

Previous studies demonstrated that insulin sensi-
tivity was independently associated with blood pres-
sure (BP) levels, and elevated insulin values were 
predictive of the subsequent incidence of hyperten-
sion in the normotensive population.8,9 Meanwhile, a 
large amount of evidence suggests that hypertension 

is independently associated with WMH, lacunes, and 
PVS.10–13 Therefore, we hypothesized that elevated BP 
may mediate the relationship between insulin resis-
tance and SVD in subjects without diabetes.

In this community-based population in China,14 we 
investigated the mediation effect of elevated BP on 
the relationship between insulin resistance and SVD in 
nondiabetic subjects.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Data were derived from the PRECISE (Polyvascular 
Evaluation for Cognitive Impairment and Vascular 
Events) study (NCT03178448).14 The PRECISE study 
is a population-based prospective cohort study in 
Lishui City, Zhejiang Province, designed to investigate 
the prevalence and progression of clinical or sub-
clinical polyvascular lesions in community-dwelling 
residents aged 50 to 75 years, as well as the associ-
ation between polyvascular lesions and future risk of 
cognitive impairment, cardiovascular/cerebrovascular 
events, and death.14 Subjects in the PRECISE study 
were recruited by subgroup sampling in 6 villages and 
4 communities in Lishui City. Exclusion criteria were 
subjects with artificial teeth, implantable automatic de-
fibrillator, or any implanted metal device that prevented 
them from undergoing magnetic resonance imaging 
(MRI). At the baseline survey, information on sociode-
mographic factors, medical history, medication history, 
diet, and vascular risk factors (eg, smoking, alcohol 
consumption, physical activity, hypertension, hyperlip-
idemia) was collected in person by trained interviewers. 
Fasting blood sample collection and structural brain 
MRI were also performed at baseline. The rational and 
detailed description of the PRECISE study has been 
previously presented.14 The study was approved by the 
ethics committee at Beijing Tiantan Hospital (approval 
number: KY2017-010-01) and the ethics committee at 
Lishui Hospital (approval number: 2016-42). Informed 
consent was obtained from all participants or their le-
gally authorized representatives.

The present analysis was based on data from the 
baseline survey. Subjects with available imaging data 
and plasma glucose and insulin concentration data 
based on the standard oral glucose tolerance test 
were included, whereas those with a history of diabe-
tes were excluded.

Blood pressure was measured using an auto-
mated sphygmomanometer (Omron model HEM-7071; 
Omron) with the subject resting for 5 minutes in a 
seated position at the baseline survey. Three consec-
utive measurements were taken on the nondominant 

CLINICAL PERSPECTIVE

What Is New?
•	 This cohort study, with 2752 nondiabetic 

community-dwelling participants, demonstrates 
an association between insulin resistance and 
cerebral small vessel disease.

•	 We used mediation analysis to find that the 
association between insulin resistance with la-
cunes, white matter hyperintensity, and total 
burden of small vessel disease was partially ex-
plained by blood pressure.

What Are the Clinical Implications?
•	 Early detection of insulin resistance and blood 

pressure monitoring in healthy individuals could 
help identify people at high risk of small vessel 
disease, and improving insulin sensitivity may 
help in the prevention and treatment of small 
vessel disease.

Nonstandard Abbreviations and Acronyms

ACCORD	 Action to Control Cardiovascular 
Risk in Diabetes

DBP	 diastolic blood pressure
HOMA-IR	 Homeostatic Model Assessment for 

Insulin Resistance
ISI	 insulin sensitivity index
PP	 pulse pressure
PRECISE	 Polyvascular Evaluation for Cognitive 

Impairment and Vascular Events
PVS	 perivascular space
SBP	 systolic blood pressure
SPRINT	 Systolic Blood Pressure Intervention 

Trial
SVD	 small vessel disease
WMH	 white matter hyperintensity
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arm with a 1-minute interval between measurements 
for each participant. The average of the second and 
third BP readings, including systolic BP (SBP) and di-
astolic BP (DBP), was recorded. Pulse pressure (PP) 
was calculated by subtracting DBP from SBP.

Measurement of Insulin Resistance
The oral glucose tolerance test was performed at 
baseline in subjects without previously diagnosed 
diabetes. A first venous blood sample was collected 
after an overnight fast, then participants were asked 
to take a calibrated dose (75 g) of glucose, and a sec-
ond venipuncture was performed 2 hours later. The 
fasting and 2-hour postload glucose, insulin, and 
C-peptide levels were analyzed. Fasting and 2-hour 
postload glucose levels were analyzed with an en-
zymatic method. Fasting and 2-hour postload insulin 
levels were analyzed with a competitive radioimmu-
noassay (Diagnostic Products).15 History of diabetes 
was defined according to self-reported medical his-
tory, previous diagnosis by a physician, or current use 
of antidiabetic medication.

Insulin resistance was measured by the Homeostatic 
Model Assessment for Insulin Resistance (HOMA-IR) 
and Gutt insulin sensitivity index (ISI0,120). The 
HOMA-IR was calculated as HOMA-IR=fasting insulin 
(microunits per milliliter)×fasting glucose (millimoles per 
liter)/22.5.16 The ISI0,120 was calculated as ISI0,120=m/
[G×log10(I)], where m=[75 000 mg+(fasting glucose-2-
hour glucose)×0.19×body weight kg]/120 minutes, G 
represents the average of fasting and 2-hour glucose 
concentrations from the oral glucose tolerance test, 
and I represents the average of fasting and 2-hour in-
sulin concentrations. Units for the ISI0,120 are mg×L2/
mmol×mU×min.17 Insulin resistance was defined by the 
highest HOMA-IR quartile (quartile 4) and the lowest 
quartile (quartile 1) of ISI0,120.

Brain MRI Acquisition and Analysis
Subjects underwent brain MRI at baseline on a research-
dedicated 3.0T magnetic resonance scanner (Ingenia 
3.0T; Philips, Best, the Netherlands). Sequences in-
cluded 3-dimensional T1-weighted magnetization-pre
pared rapid-acquisition gradient-echo, 2-dimensional 
T2-weighted, 2-dimensional fluid-attenuated inversion-
recovery, diffusion-weighted imaging, susceptibility-
weighted imaging, and 3-dimensional time-of-flight 
magnetic resonance angiography sequences. Subjects 
with artificial teeth, implantable automatic defibrillator, 
or any implanted metal device were excluded from the 
MRI scan. Imaging data were collected in digital imaging 
and communications in medicine format on discs and 
centrally interpreted by well-trained and experienced 
personnel (Y.Y., M.Z.) at the research center of Beijing 
Tiantan Hospital, who were blinded to clinical details.

Definitions of neuroimaging markers of SVD were 
based on the standards for reporting vascular changes 
on neuroimaging.2 Lacunes were defined as rounded 
or ovoid lesions in the subcortical, basal ganglia, or 
brainstem, ranging from 3 to 20 mm in diameter, pre-
senting with cerebral spinal fluid signal intensity on T2 
and fluid-attenuated inversion recovery, generally fea-
turing a hyperintense rim on fluid-attenuated inversion 
recovery and no increased signal on diffusion-weighted 
imaging.2 White matter hyperintensities were defined 
as focal or confluent hyperintensities in the deep and 
periventricular white matter on fluid-attenuated inver-
sion recovery images and coded according to the 
Fazekas scale.18 Cerebral microbleedings were de-
fined as rounded, hypodense foci within brain paren-
chyma on susceptibility-weighted imaging sequences, 
up to 10 mm in diameter, and were differentiated from 
microbleed mimics based on current guidelines.19 PVS 
was defined as small punctate or linear hyperintensi-
ties on T2 images in the basal ganglia or centrum se-
miovale and were rated on a validated semiquantitative 
scale from 0 to 4.20 Interrater agreement was tested 
and showed a good reliability with a Cohen κ of 0.80 
for lacunes, 0.82 for WMHs, 0.90 for PVS, and 0.80 for 
cerebral microbleeds.

We calculated the total SVD score (0–4 points), by 
assigning 1 point to each feature for the presence of 
lacunae and microbleeds, moderate to severe PVS in 
basal ganglia (≥2), or severe periventricular (periven-
tricular WMH Fazekas 3) or moderate to severe deep 
WMH (deep WMH Fazekas 2–3).21 Additionally, we 
calculated the modified total SVD score (0–6 points), 
assigning 1 point for the presence of lacunes, 1 to 4 
points for microbleeds, moderate to severe PVS in 
basal ganglia (≥2), moderate WMH (total periventricu-
lar+subcortical WMH grade 3–4), and 2 points for ≥5 
microbleeds and severe WMH (total periventricular+-
subcortical WMH grade 5–6).22

Statistical Analysis
Categorical variables were presented as frequencies 
and proportions. Continuous variables were tested 
for normality using the Shapiro-Wilk test and reported 
as mean (SD) for normally distributed data and me-
dian (interquartile range) for skewed distributed data. 
Logarithmic transformation of HOMA-IR, ISI0,120, SBP, 
DBP, and PP was performed due to the skewed dis-
tribution. Linear regression models were applied to 
evaluate the associations of insulin resistance with BP, 
WMH burden, and total SVD burden, and of BP with 
WMH burden and total SVD burden, yielding β values 
and 95% CIs. For the dependent variable of lacunes, 
multivariable logistic regression models were applied 
to assess the associations between insulin resistance, 
BP, and lacunes, yielding odds ratios (ORs) and 95% 
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CIs. Age, sex, smoking, ideal physical activity, healthy 
diet, estimated creatinine-based glomerular filtration 
rate, alcohol intake, medical history, and medications 
were adjusted for in all models.

We conducted a mediation model, assuming that 
the independent variable influences the mediator vari-
able and in turn influences the dependent variable, to 
test the present research hypothesis that BP (mediator) 
mediated the association between insulin resistance 
(independent variable) and SVD (dependent variable) 
(Figure 1). To demonstrate a reliable mediation relation-
ship, there are 3 pathways necessary to test: step 1, 
the association of insulin resistance with SVD (pathway 
c); step 2, the association of insulin resistance with BP 
(pathway a); step 3, the association of BP with SVD, 
controlling for insulin resistance (pathway b). If all 3 as-
sociations are confirmed, mediation (indirect effect) can 
be established in a fourth step through the estimation 
of the direct causal relationship (pathway c’). The me-
diation of the relationship is full when c’ is 0 and partial 
when c’ is not equal to 0.23 The associations of insulin 
resistance and BP with lacunes were tested using lo-
gistic regression models with adjustment for age and 
sex due to low prevalence (5.1%), and adjusted ORs 
with 95% CIs were reported. All other pathways were 
tested using a linear regression model with adjustment 
for age, sex, smoking, ideal physical activity, healthy 

diet, estimated creatinine-based glomerular filtration 
rate, alcohol intake, medical history, and medications, 
and reported as adjusted β with 95% CI. The propor-
tion of the mediated effect of BP in the relationship be-
tween insulin resistance and lacunes was estimated by 
dividing the log ORs of the indirect effect (pathway ab) 
by the log ORs of the total effect (pathway c), whereas 
the proportions of the mediated effect of BP in the re-
lationship of insulin resistance and other neuroimaging 
features were estimated as the product of the β values 
of pathway a and pathway b (Figure 1).24,25

A 2-sided P value <0.05 was considered statisti-
cally significant in all analyses conducted 2-sided. All 
analyses were performed using SAS version 9.4 (SAS 
Institute, Cary, NC).

RESULTS
There were 3067 subjects in the PRECISE cohort. After 
excluding 307 subjects with diabetes, 4 subjects with 
missing data on glucose or insulin, and 4 subjects with 
uninterpretable MRI images for SVD, a total of 2752 
subjects were finally included in this study. Subjects 
included were aged 60.9±6.6 years on average, of 
which 52.9% were women. Among all the included 
subjects, 1116 (40.6%) subjects had hypertension, 
515 (18.7%) had dyslipidemia, 10 (0.4%) had coronary 

Figure 1.  Mediation model of the hypothetical causal pathway.
Arrows indicate the causal direction or possible association. DBP indicates diastolic blood pressure; 
HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; ISI, insulin sensitivity index; PP, pulse 
pressure; SBP, systolic blood pressure; SVD, small vessel disease; and WMH, white matter hyperintensity.
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artery disease, 526 (19.1%) were current drinkers, and 
571 (20.7%) were current smokers. The average SBP 
and DBP were 128.5±16.1 mm Hg and 75.0±9.1 mm Hg, 
respectively. There were 428 (15.6%) subjects with 
WMH burden, and 140 (5.1%) reported the presence of 

lacunes. Details of clinical and demographic features 
of all subjects are presented in Table 1.

Associations Among Insulin Resistance, 
Blood Pressure Components, and 
Neuroimaging Features of SVD
Table  S1 displays the associations of insulin resist-
ance with SBP/DBP/PP and neuroimaging features 
of SVD, and associations of SBP/DBP/PP with neu-
roimaging features of SVD, which were consistent 
with the results of steps 1 to 3 in mediation analysis. 
Specifically, in step 1, log-transformed ISI0,120 was in-
dependently associated with WMH burden (β=−0.13 
[95% CI, −0.21 to −0.06]; P<0.001), lacunes (OR, 0.69 
[95% CI, 0.48–0.99]; P=0.04), and modified total SVD 
score (β=−0.09 [95% CI, −0.16 to −0.03]; P=0.003), 
although marginally associated with total SVD score 
(β=−0.05 [95% CI, −0.11 to 0.00]; P=0.051). However, 
log-transformed HOMA-IR was only marginally associ-
ated with total SVD score (β=0.05 [95% CI, −0.001 to 
0.09]; P=0.054). There was no significant association 
between HOMA-IR and WMH burden or lacunes. In 
step 2, insulin resistance, assessed by log-transformed 
HOMA-IR and log-transformed ISI0,120, was positively 
associated with log-transformed SBP, log-transformed 
DBP, and log-transformed PP (all P<0.001) (Table S1). 
Log-transformed SBP, log-transformed DBP, and log-
transformed PP were all strongly associated with WMH 
burden, lacunes, and SVD total burden (all P<0.05) 
(Table S1). In step 3, the associations between BP com-
ponents and SVD remained significant after being addi-
tionally adjusted for insulin resistance (Figures 2 and 3).

Mediation Effect for Association of Insulin 
Resistance With Neuroimaging Features 
of SVD
Mediation analyses were performed to explore the 
mediating effect of BP (Table 2). Figure 2 shows the 
partial mediating role of BP components in the as-
sociation between insulin resistance (assessed by 
ISI0,120) and the total burden of SVD calculated by the 
modified total SVD score. The mediators SBP, DBP, 
and PP explained 42.07%, 49.29%, and 11.71% of the 
association of ISI0,120 with modified total SVD score, 
respectively. However, the mediating effect of BP com-
ponents was not significant with the application of the 
total SVD score to calculate the SVD total burden nor 
with the application of the HOMA-IR to evaluate insu-
lin resistance (Figures S1 and S2). We also performed 
mediation analyses to explore the mediating role of 
BP components in the association between insulin re-
sistance with lacunes and WMH, 2 core neuroimag-
ing features of SVD. Figures 3A through 3C show that 
SBP, DBP, and PP partially explain 31.15%, 34.21%, 

Table 1.  Baseline Characteristics of the Subjects Included 
(N=2752)

Characteristic Value

Age, y 60.9±6.6

Men, n (%) 1295 (47.1)

Blood pressure, mm Hg

Systolic 128.5±16.1

Diastolic 75.0±9.1

Pulse pressure 53.5±11.8

BMI, kg/m2 23.7±3.0

Ideal physical activity,* n (%) 2140 (77.8)

Healthy diet,† n (%) 678 (24.6)

Medical history, n (%)

Hypertension 1116 (40.6)

Coronary artery disease 10 (0.4)

Atrial fibrillation 23 (0.8)

Dyslipidemia 515 (18.7)

Stroke/TIA 66 (2.4)

Current drinker, n (%) 526 (19.1)

Current smoker, n (%) 571 (20.7)

Fasting glucose, mmol/L 5.5 (5.2–5.9)

Total cholesterol, mmol/L 5.3 (4.6–5.9)

LDL-C, mmol/L 2.8 (2.3–3.3)

HDL-C, mmol/L 1.3 (1.1–1.6)

Estimated GFRcr, mL/min per 1.73 m2 104.5 (96.5–110.3)

Medications, n (%)

Antihypertensive 680 (24.7)

Lipid lowering 92 (3.3)

Antiplatelet 57 (2.1)

Anticoagulants 2 (0.1)

With WMH burden,‡ n (%) 428 (15.6)

With lacunes, n (%) 140 (5.1)

Total SVD burden score ≥1, n (%) 806 (29.3)

Modified total SVD burden score ≥1, 
n (%)

1101 (40.0)

Data are presented as mean±SD, median (interquartile range), or 
number (percent). BMI indicates body mass index; GFRcr, creatinine-based 
glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; LDL-C, 
low-density lipoprotein cholesterol; MET, metabolic equivalent; SVD, small 
vessel disease; TIA, transient ischemic attack; and WMH, white matter 
hyperintensity.

*Ideal physical activity was defined as ≥1500 MET-min/wk and ≥3 d/wk 
vigorous intensity or ≥3000 MET-min/wk and ≥7 d/wk moderate + vigorous 
intensity according to the International Physical Activity Questionnaire.

†Healthy diet score was based on 3 healthy diet components, each worth 
1 point: (1) fruits and vegetables: >4.5 cups (1020 g) per d; (2) fish: ≥2 (3.5 oz) 
servings (200 g) per wk; and (3) sodium: <6 g per d. Those who scored 2 to 
3 were defined as having a healthy diet.

‡WMH burden was defined as a severe periventricular (periventricular 
WMH Fazekas 3) or a moderate to severe deep WMH (deep WMH Fazekas 
2–3).
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and 10.43%, respectively, of the association between 
insulin resistance (assessed by ISI0,120) and lacunes. 
Figure  3D through 3F show that SBP, DBP, and PP 
partially explain 37.34%, 44.15%, and 9.80%, respec-
tively, of the association between insulin resistance (as-
sessed by ISI0,120) and WMH burden. The results were 
negative when using HOMA-IR in the mediation analy-
ses of insulin resistance and WMH burden or lacunes 
(Figure S2).

DISCUSSION
In the present analyses, we investigated the media-
tion effect of 3 BP components on the association 
between insulin resistance, measured by HOMA-IR 
and ISI0,120, and SVD. The results indicated that SBP, 
DBP, and PP partially mediated the association of in-
sulin resistance and SVD, especially lacunes, WMH 
burden, and SVD total burden. In addition, compared 

Figure 2.  Mediation analysis of blood pressure components on the association between ISI0,120 
and SVD total burden calculated by modified total SVD score.
A, SBP. B, DBP. C, PP. DBP indicates diastolic blood pressure; ISI, insulin sensitivity index; NIE, natural 
indirect effect; PM, percentage of mediation; PP, pulse pressure; SBP, systolic blood pressure; and SVD, 
small vessel disease.
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with HOMA-IR, the mediating effect of SBP, DBP, and 
PP was more marked with the use of ISI0,120 to assess 
insulin resistance.

Although the issue of the origin of hypertension 
and insulin resistance is controversial and complex, 
previous studies have also provided more evidence 
from epidemiological and experimental studies on the 
causality of insulin resistance on the development of 
hypertension,8,9,26 supporting that the finding of path-
way a in our study is reliable. Hypertension plays an 
important role in SVD, both in terms of elevated BP 
levels12,13,27 and BP variability,28 as well as compo-
nents of BP such as SBP, DBP, mean arterial pres-
sure, and PP,29 all of which are closely related to SVD 
and support the reliability of pathway b. However, 
there is little evidence on the relationship among in-
sulin resistance, BP, and SVD. The ACCORD (Action 
to Control Cardiovascular Risk in Diabetes) BP study 
and the subanalyses of the SPRINT (Systolic Blood 
Pressure Intervention Trial) study both evaluated the 
effect of intensive blood pressure control in slowing 
the progression of white matter lesions with the same 
SBP targets in patients with and without diabetes, 

the former showing significantly less increase in white 
matter lesion volume in the intensive treatment group 
(−0.16 versus −0.13),30,31 which might support the par-
tial mediating role of SBP suggested by the present 
study. Our study demonstrated the partial mediating 
role of BP in the association of insulin resistance and 
SVD, implicating the importance of assessment for 
insulin resistance and BP to distinguish high-risk sub-
jects for SVD. This may also indicate that preventing 
or alleviating hypertension may be a target for the pre-
vention of SVD caused by insulin resistance; neverthe-
less, this requires further investigations.

Research has suggested several pathological 
processes arising from insulin resistance that lead 
to SVD.4,32,33 Our study confirms the association 
between insulin resistance and SVD and suggests 
a possible role for mediation through hyperten-
sion. A recent Mendelian randomization analysis 
also demonstrated a mediating role of SBP on the 
effect of obesity on ischemic stroke.34 These might 
indicate an intimate association of both insulin resis-
tance and hypertension with brain vascular health. 
Previous literature has discussed the contribution 

Figure 3.  Mediation analysis of blood pressure components on the association between ISI0,120 and neuroimaging features 
of SVD.
A through C, Mediating role of SBP, DBP, and PP in the association between ISI0,120 and lacunes. D through F, mediating role of SBP, 
DBP, and PP in the association between ISI0,120 and WMH burden. DBP indicates diastolic blood pressure; ISI, insulin sensitivity index; 
NIE, natural indirect effect; PM, percentage of mediation; PP, pulse pressure; SBP, systolic blood pressure; SVD, small vessel disease; 
and WMH, white matter hyperintensity.
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Table 2.  Causal Mediation Analysis Predicting the Mediating Effect of Blood Pressure on Small Vessel Disease via Insulin 
Resistance

Effector Mediator Outcome

Total effect Natural direct effect Natural indirect effect Percentage mediated

β/OR§ (95% CI) P value β/OR (95% CI) P value β/OR (95% CI) P value
β/OR  
(95% CI)

HOMA-IR* SBP* Lacunes 1.34 (1.00 to 1.79) 0.051 1.22 (0.86 to 1.58) 0.24 1.15 (1.06–1.23) <0.001‖ 45.18

WMH burden 0.06 (−0.006 to 0.12) 0.08 0.01 (−0.06 to 0.08) 0.78 0.05 (0.03 to 0.07) <0.001‖ 83.85

Total SVD 
score†

0.05 (−0.001 to 0.09) 0.054 0.01 (−0.03 to 0.06) 0.58 0.03 (0.02 to 0.04) <0.001‖ 71.10

Modified total 
SVD score‡

0.04 (−0.01 to 0.09) 0.14 0.002 (−0.05 to 0.06) 0.95 0.04 (0.02 to 0.05) <0.001‖ 95.63

DBP* Lacunes 1.34 (1.00 to 1.79) 0.051 1.20 (0.84 to 1.56) 0.27 1.17 (1.08 to 1.25) <0.001‖ 49.97

WMH burden 0.06 (−0.005 to 0.12) 0.08 0.001 (−0.06 to 0.07) 0.98 0.06 (0.04 to 0.08) <0.001‖ 98.29

Total SVD 
score

0.05 (−0.001 to 0.09) 0.054 0.01 (−0.04 to 0.06) 0.73 0.04 (0.02 to 0.05) <0.001‖ 81.71

Modified total 
SVD score

0.04 (−0.01 to 0.09) 0.14 −0.005 (−0.06 to 0.05) 0.84 0.05 (0.03 to 0.06) <0.001‖ -

PP* Lacunes 1.34 (1.00 to 1.79) 0.051 1.30 (0.92 to 1.68) 0.13 1.04 (1.00 to 1.09) 0.057 16.02

WMH burden 0.06 (−0.01 to 0.12) 0.08 0.05 (−0.02 to 0.11) 0.17 0.01 (0.003 to 0.02) 0.01‖ 21.96

Total SVD 
score

0.05 (−0.001 to 0.09) 0.054 0.04 (−0.01 to 0.08) 0.13 0.009 (0.002 to 0.02) 0.009‖ 20.50

Modified total 
SVD score

0.04 (−0.01 to 0.09) 0.14 0.03 (−0.02 to 0.08) 0.28 0.01 (0.003 to 0.02) 0.009‖ 26.46

ISI0,120* SBP Lacunes 0.69 (0.49 to 0.98) 0.04‖ 0.77 (0.50 to 1.03) 0.09 0.86 (0.79 to 0.93) <0.001‖ 31.15

WMH burden −0.13 (−0.21 to 
−0.06)

<0.001‖ −0.08 (−0.16 to −0.01) 0.03‖ −0.05 (−0.07 to −0.03) <0.001‖ 37.34

Total SVD 
score

−0.05 (−0.11 to 0.00) 0.050 −0.02 (−0.07 to 0.04) 0.49 −0.03 (−0.05 to −0.02) <0.001‖ 64.03

Modified total 
SVD score

−0.09 (−0.16 to 
−0.03)

0.003‖ −0.05 (−0.12 to 0.01) 0.09 −0.04 (−0.05 to −0.02) <0.001‖ 42.07

DBP Lacunes 0.69 (0.49 to 0.98) 0.04‖ 0.77 (0.50 to 1.05) 0.10 0.85 (0.78 to 0.92) <0.001‖ 34.21

WMH burden −0.13 (−0.21 to 
−0.06)

<0.001‖ −0.07 (−0.15 to 0.002) 0.056 −0.06 (−0.08 to −0.04) <0.001‖ 44.15

Total SVD 
score

−0.05 (−0.11 to 0.00) 0.050 −0.02 (−0.07 to 0.04) 0.59 −0.04 (−0.05 to −0.03) <0.001‖ 72.20

Modified total 
SVD score

−0.09 (−0.16 to 
−0.03)

0.003‖ −0.05 (−0.11 to 0.02) 0.14 −0.05 (−0.06 to −0.03) <0.001‖ 49.29

PP Lacunes 0.69 (0.49 to 0.98) 0.04‖ 0.71 (0.46 to 0.97) 0.03‖ 0.95 (0.91 to 1.00) 0.047‖ 10.43

WMH burden −0.13 (−0.21 to 
−0.06)

<0.001‖ −0.12 (−0.20 to −0.04) 0.002‖ −0.01 (−0.02 to −0.002) 0.02‖ 9.80

Total SVD 
score

−0.05 (−0.11 to 0.00) 0.050 −0.04 (−0.10 to 0.01) 0.11 −0.01 (−0.02 to −0.002) 0.01‖ 18.74

Modified total 
SVD score

−0.09 (−0.16 to 
−0.03)

0.003‖ −0.08 (−0.14 to −0.02) 0.01‖ −0.01 (−0.02 to −0.002) 0.02‖ 11.71

DBP indicates diastolic blood pressure; GFRcr, creatinine-based glomerular filtration rate; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; 
ISI, insulin sensitivity index; OR, odds ratio; PP, pulse pressure; PVS, perivascular spaces; SBP, systolic blood pressure; and WMH, white matter hyperintensity.

*Logarithmic transformation was performed for HOMA-IR, ISI0,120, SBP, DBP, and PP.
†One point was allocated to each of the following: (1) presence of lacunes, (2) presence of microbleeds, (3) moderate-to-severe basal ganglia PVS, and (4) 

severe periventricular or moderate-to-severe deep WMH.
‡One point was allocated to presence of lacunes, 1 to 4 microbleeds, frequent to severe (>20) PVS in basal ganglia, moderate WMH (total periventricular 1 

subcortical WMH grade 3–4), and 2 points were allocated for ≥5 microbleeds and severe WMH (total periventricular + subcortical WMH grade 5–6).
§Logistic regression model was applied for lacunes (binary) and reported as OR with 95% CI after adjustment for age and sex due to the low prevalence 

(5.1%), and a linear regression model was performed for others and reported as β with 95% CI after adjustment for age, sex, smoking, ideal physical activity, 
healthy diet, estimated GFRcr, alcohol intake, medical history, and medications.

‖P<0.05.



J Am Heart Assoc. 2024;13:e031723. DOI: 10.1161/JAHA.123.031723� 9

Zhou et al� BP Mediates Insulin Resistance Effects on SVD

of insulin resistance to elevated BP35–37 and the un-
derlying mechanisms by which abnormal BP may 
affect SVD.38,39 Further investigations are needed to 
clarify the underlying mechanisms and to try to de-
velop strategies to target insulin resistance to defend 
against SVD.

In addition, our study indicated a slightly higher 
proportion mediated by DBP than SBP. To date, the 
contribution of SBP and DBP to SVD has reported con-
troversial results,12,40–42 which is probably due to the di-
versity of the age group and ethnic group of the study 
population, also to the different physiological roles of 
SBP and DBP. It was suggested that elevated DBP is 
mainly an indicator of peripheral resistance reflecting 
small vascular dysfunction, whereas elevated SBP as 
well as PP is mainly an indicator of large artery athero-
sclerosis and stiffness.29 However, elevated SBP could 
also increase peripheral vascular resistance subsequent 
to arteriolar changes. It still needs further investigation.

We observed that ISI0,120 showed a more sig-
nificant association with SVD, as compared with 
HOMA-IR. A possible explanation is that ISI0,120 
incorporates both peripheral and hepatic insulin 
sensitivity and takes the effect of body weight on 
the glucose uptake rates in peripheral tissues into 
account, achieving a better agreement with the 
hyperinsulinemic-glycated clamp (the gold standard 
for measuring insulin resistance), whereas HOMA-IR 
reflects only hepatic insulin sensitivity based on fast-
ing glucose and insulin levels.17,43 Studies indicated 
that the use of HOMA-IR may lead to misclassifica-
tion of a proportion of patients.44,45 Thus, ISI0,120 may 
be a preferable indicator for the detection and evalu-
ation of early insulin resistance.

Several limitations need to be acknowledged when 
interpreting the results. First, BP was measured during 
study visits that might not reflect ambulatory values. 
However, a previous study showed that in a random 
subsample of 10% of those who came to the in-person 
evaluation annually, blood pressure was stable over 
time.41 Moreover, the office blood pressure is assessed 
in most large prospective cohorts  and randomized 
clinical trials.46,47 Second, the interpretation of WMH 
severity in the present study was based on visual scal-
ing, which is less precise than the measurements of 
white matter volume or white matter integrity. Third, 
because our findings are based on a cross-sectional 
study, caution is needed in drawing definitive conclu-
sions about causal effect. Therefore, further validation 
of the causality in a large-scale longitudinal study and 
experimental study is still needed.

In conclusion, we added evidence for the associa-
tion between insulin resistance and SVD in nondiabetic 
subjects and suggested a proportion of this effect ex-
tended beyond BP, especially lacunes, WMH burden, 
and total burden of SVD. In addition, the results were 

more marked when using the index of ISI0,120 to as-
sess insulin resistance compared with HOMA-IR. Our 
results suggest the importance of insulin resistance 
and BP as critical contributors to SVD and support the 
pursuit of potential therapeutics targeting insulin resis-
tance for SVD.
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