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Digital microvascular reactivity does not
decline with impaired renal function in
chronic kidney disease
Lulu Wang1, Xiaoqin Huang1, Weichun He1, Wenjin Liu2* and Junwei Yang1*

Abstract

Background: The reactive hyperemia index (RHI), measured by peripheral arterial tonometry (PAT), is a novel
measurement of endothelial function and has been proven to be valuable in cardiovascular risk stratification in
several populations. The current study aims to explore its relation to renal function and its association with
traditional cardiovascular risk factors in patients with chronic kidney disease (CKD).

Methods: Subjects with non-dialysis dependent CKD were recruited and 252 of them had a successful PAT test.
In addition to general demographic and medical information, carotid-femoral pulse wave velocity (cfPWV), carotid-
radial pulse wave velocity (crPWV) and augmentation index (AIx) were recorded.

Results: The mean age of the study population was 57.7 (±14.7) years and 155 (61.5%) were males. The average
RHI was 1.92 (±14.7) with no difference noted between males and females. There was no statistically significant
correlation between RHI and eGFR (r = − 0.107, p = 0.089) or urine protein-to-creatinine ratio (r = 0.036, p = 0.570).
With adjustment for age and sex, RHI was associated with systolic blood pressure (BP) (β = 0.006, p = 0.001),
diastolic BP (β = 0.008, p = 0.010), heart rate (β = − 0.007, p = 0.015) crPWV (β = 0.037, p = 0.022) and AIx (β = 0.006,
p = 0.001), but not with cfPWV or any other conventional risk factors analyzed. Systolic BP remained the only
predictor for RHI in the stepwise regression analysis.

Conclusions: RHI did not decline with reduced renal function in CKD patients and had a modest association with
traditional cardiovascular risk factors. Further studies are warranted to determine if RHI could predict cardiovascular
outcome in CKD patients.
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Introduction
Endothelial dysfunction is a key early step in the develop-
ment and progression of atherosclerosis [1]. It precedes
the occurrence of various clinically overt cardiovascular
diseases (CVD). The assessment of endothelial dysfunc-
tion has been proven to be valuable for risk prediction in
the general population, as well as in subjects with a high
risk profile [2, 3]. Multiple methods for the detection of
endothelial dysfunction have been established since the
1980s [4]. Generally, noninvasive assessment is preferred
over invasive procedures. However, even flow-mediated

dilation (FMD), the most widely used noninvasive method,
has been criticized for its high dependency on experienced
technicians and lack of reproducibility [5, 6]. In recent de-
cades, the application of peripheral arterial tonometry
(PAT) in the measurement of endothelial function has
been widely adopted in clinical research. This technique is
barely operator-dependent and the result is analyzed auto-
matically. Multiple lines of evidence have validated its
value in cardiovascular risk stratification among high-risk
subjects [7, 8]. However, there remains a lack of insight
into the underlying pathophysiologic meaning of its car-
diovascular risk prediction ability, especially given its
noted difference from FMD [9].
Chronic kidney disease (CKD) is a potent and inde-

pendent risk factor for cardiovascular morbidity and
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mortality. Patients with CKD are more likely to die of car-
diovascular events than to progress into end-stage renal
disease [10]. This increased cardiovascular risk starts at the
early stage of CKD and deteriorates as renal function de-
clines. The cause of this higher risk in CKD patients is
multifaceted and involves the combined effects of various
traditional and nontraditional risk factors. Endothelial dys-
function has been considered an important nontraditional
factor that contributes to the increased cardiovascular risk
in the context of CKD. Therefore, it is expected that the
PAT test could serve as an important tool for cardiovascu-
lar risk stratification in these patients. However, relevant
studies are scarce. Important questions yet to be answered
include: 1. Does the microvascular function evaluated by
PAT decline with impaired renal dysfunction? and 2. What
are the relations of digital microvascular function to trad-
itional cardiovascular risk factors? In light of extensive evi-
dence linking reduced renal function to impaired vascular
health, we hypothesize that microvascular reactivity mea-
sured by PAT deteriorates as renal function declines and is
associated with other established cardiovascular risk factors
in CKD patients. We tested this hypothesis in the current
study in a group of non-dialysis-dependent CKD patients.

Methods
Study design and participants
This cross-sectional study was approved by the Institutional
Ethics Committee of the Second Affiliated Hospital of
Nanjing Medical University. All subjects provided writ-
ten informed consent before enrollment. Patients aged
≥18 years with a clinical diagnosis of CKD (non-dialysis
dependent) who were referring to our center were in-
vited to participate in the study. The diagnosis of CKD
conformed to the KDIGO (Kidney Disease: Improving
Global Outcomes) guidelines and was confirmed by the
research staff before enrollment [11]. We excluded
those 1) with a previous history of renal transplant-
ation, 2) with acute infection or any other unstable con-
ditions when the physicians considered the patient
unsuitable for immediate participation.

Peripheral arterial tonometry
Digital microvascular function was evaluated by a PAT de-
vice (EndoPAT 2000; Itamar Medical, Caesarea, Israel) as
reported previously [12]. The tests were performed in the
morning (usually between 8:00 am and 9:00 am) in a quiet
test room with the patients in the fasting state. Antihyper-
tensive medications and short-acting nitrates were not
allowed within 2 h, and long-acting nitrates were re-
strained for 12 h before measurement. The test room
temperature was set at 22–25 °C. Two finger probes were
placed on the index finger of each hand. After 6min of
baseline measurement, pulsatile arterial flow was occluded
through inflation of a blood pressure cuff on the test arm

for 5min. The cuff was inflated starting at a pressure of
250mmHg and increasing until a complete occlusion was
achieved as judged by the PAT signal or to a maximum of
300mmHg. The signal was recorded for another 5min
after occlusion. The reactive hyperemia index (RHI) was
calculated according to the algorithm in the system auto-
matically, which is the ratio of amplitude of the signal
after cuff deflation divided by those before cuff inflation,
indexed to the contralateral arm. Higher RHI indicates
better microvascular reactivity.

Pulse wave velocity (PWV)
Carotid-femoral PWV (cfPWV) and carotid-radial PWV
(crPWV) were determined in the same morning as PAT
using the Complior Analyzer device (Artech Medical,
France). PWV is considered the gold standard for evaluat-
ing arterial elasticity, and cfPWV and crPWV are widely
used measurements of central and peripheral arterial stiff-
ness, respectively [13]. With the patients in the supine
position, three probes were applied to a place that had a
palpable pulse of the carotid, femoral and radial artery, re-
spectively. The transit time was averaged over ten con-
secutive recordings using the intersecting tangent
algorithm as recommended. Carotid–femoral and ca-
rotid–radial distances were measured and multiplied by
0.8 for calculation of PWV. With the carotid probe, the
device also recorded the central pressure waveform dir-
ectly. The augmentation index (AIx) was calculated as the
ratio of the augmented pressure (amplitude difference of
the first and second wave) to the central pulse pressure.

General data collection
Patients were interviewed by research staff to obtain their
general demographic and medical information. When ne-
cessary, medical records were also used for data acquisi-
tion or validation. Height and weight were measured to
the nearest 0.5 cm and 0.1 kg, respectively. Blood pressure
(BP) was measured using an automated oscillometric de-
vice (Omron HEM-7130; Omron Healthcare Co. Ltd.,
Kyoto, Japan) after the subject had rested in a seated pos-
ition for at least 10min. Three measurements were taken
consecutively at 1-min intervals. The last two measure-
ments were averaged for final analysis. Previous history of
cardiovascular disease referred to any history of acute
myocardial infarction, ischemic or hemorrhagic stroke,
coronary heart disease other than myocardial infarction,
chronic heart failure, atrial fibrillation and other types
confirmed by the research staff. Estimated glomerular fil-
tration rate (eGFR) was calculated according to the
CKD-EPI formula [14]. CKD stage 1–2 was defined as
eGFR ≥60ml/min/1.73m2, stage 3 was defined as eGFR <
ml/min/1.73m2 and ≥ 30ml/min/1.73m2, and stage 4–5
was defined as eGFR < 30ml/min/1.73m2.
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Statistical analysis
Numerical variables are presented as mean ± sd or median
(IQR) based on their distribution. Dichotomous variables
are presented as frequency (percentage). RHI was not
logarithmized for the analysis as it was in some previous
publications because it was normally distributed in our
study. Comparisons among different CKD stages were
conducted using one-way ANOVA (analysis of variance),
and Bonferroni’s method was used for post hoc between-
group comparisons. The association between RHI and
renal function / proteinuria was analyzed using Pearson’s
correlation analysis. For the analysis of the relationships,
our sample had 80% power to detect a weak correlation
with r as low as 0.175, and 90% power to detect a correl-
ation with r = 0.202. The association of RHI with each in-
dividual cardiovascular risk factor was evaluated using a
generalized linear model with adjustment for age and sex.
To determine the independent predictors for RHI, those

significantly associated with RHI in univariate analysis
were included in a multivariate stepwise regression model.
All analyses were performed using SPSS 19.0 (IBM SPSS,
Chicago, IL). A two-tailed p value < 0.05 was considered
statistically significant.

Results
From December 2016 to December 2018, a total of 262
patients were enrolled in the study. PAT was performed
in all patients and was successful in 252 subjects. There
were 10 cases of failed PAT tests due to poor PAT sig-
nals. The current analysis includes only those with a val-
idated PAT results (N = 252).
The general characteristics of the study subjects are

presented in Table 1. There were 155 (61.5%) males and 97
(38.5%) females. The average age was 57.7 (±14.7) years and
the mean body mass index (BMI) was 25.9 (±4.1) kg/m2.
The leading causes of renal failure were glomerulonephritis

Table 1 General Characteristics of the Study Subjects

All (N = 252) CKD Stage
1–2
N = 90

CKD Stage
3
N = 80

CKD Stage
4–5
N = 82

Age, yrs 57.7 ± 14.7 50.7 ± 13.8 61.8 ± 13.4 61.5 ± 14.0

Male 155 (61.5%) 61 (67.8%) 46 (57.5%) 48 (58.5%)

BMI, kg/m2 25.9 ± 4.1 26.9 ± 4.3 25.4 ± 3.9 25.2 ± 4.0

Current smoker 72 (28.6%) 35 (38.9%) 23 (28.8%) 14 (17.1%)

Etiology

Diabetic nephropathy 79 (31.3%) 23 (25.6%) 26 (32.5%) 30 (36.6%)

Hypertensive nephropathy 23 (9.1%) 6 (6.7%) 9 (11.3%) 8 (9.8%)

Glomerulonephritis 85 (33.7%) 45 (50.0%) 28 (35.0%) 12 (14.6%)

Others 25 (9.9%) 7 (7.8%) 6 (7.5%) 12 (14.6%)

Unknown 40 (15.9%) 9 (10.0%) 11 (13.8%) 20 (24.4%)

CVD 60 (23.8%) 12 (13.3%) 25 (31.3%) 23 (28.0%)

Diabetes 116 (46.0%) 37 (41.1%) 36 (45.0%) 43 (52.4%)

Statins 105 (41.7%) 38 (42.2%) 36 (45.0%) 31 (37.8%)

eGFR, ml/min/1.73m2 51.7 ± 33.5 88.9 ± 22.1 45.5 ± 8.9 16.8 ± 7.4

Urine PCR, mg/mmol 172.1 (47.9–413.1) 134.4 (37.4–273.0) 122.7 (33.1–391.1) 284.9 (127.8–606.3)

Hemoglobin, g/L 118.1 ± 24.7 132.9 ± 19.1 121.7 ± 21.6 98.4 ± 19.5

Albumin, g/L 36.5 ± 7.3 36.1 ± 8.5 36.4 ± 6.9 37.1 ± 6.2

Total cholesterol, mmol/L 4.91 ± 1.73 5.13 ± 1.66 4.85 ± 1.94 4.71 ± 1.57

Triglycerides, mmol/L 2.12 ± 1.67 2.53 ± 2.15 1.77 ± 1.26 2.02 ± 1.29

HDL-C, mmol/L 1.16 ± 0.43 1.15 ± 0.41 1.24 ± 0.44 1.09 ± 0.44

LDL-C, mmol/L 3.05 ± 1.35 3.24 ± 1.49 2.98 ± 1.36 2.91 ± 1.13

Systolic BP, mm Hg 136.5 ± 19.9 129.7 ± 17.5 137.6 ± 18.0 143.0 ± 21.8

Diastolic BP, mm Hg 84.2 ± 11.0 85.3 ± 9.9 83.4 ± 10.9 83.7 ± 12.3

Heart Rate, bpm 74.0 ± 12.3 76.5 ± 12.6 72.1 ± 11.7 72.9 ± 12.0

RHI 1.92 ± 0.55 1.82 ± 0.53 2.03 ± 0.58 1.92 ± 0.53

Abbreviations: BMI body mass index, BP blood pressure, CVD cardiovascular disease, eGFR estimated glomerular filtration rate, PCR protein-to-creatinine ratio,
HDL-C high density lipoprotein cholesterol, LDL-C low density lipoprotein cholesterol, RHI reactive hyperemia index
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(33.7%) and diabetic nephropathy (31.3%). Cardiovascular
diseases were present in 23.8% of the patients. The mean
eGFR of the study population was 51.7 (±33.5) ml/min/
1.73m2. The average RHI was 1.92 (±14.7), and those with
CKD stage 1–2 had a lower RHI (i.e., worse vascular re-
activity) compared to those with CKD stage 3 (1.82 ± 0.53
vs 2.03 ± 0.58; p = 0.03). No difference was noted for stage
1–2 vs 4–5 or stage 3 vs 4–5 (stage 1–2 vs 4–5: 1.82 ± 0.53
vs 1.92 ± 0.53, p = 0.700; stage 3 vs 4–5: 2.03 ± 0.58 vs
1.92 ± 0.53, p = 0.533).
We first analyzed the correlation of RHI to renal func-

tion and urine protein-to-creatinine ratio (uPCR) using
Pearson’s correlation analysis (Table 2). Unexpectedly,
there was no statistically significant correlation between
RHI and eGFR (r = − 0.107, p = 0.089) or RHI and uPCR
(r = 0.036, p = 0.570). RHI seemed to be inversely corre-
lated to eGFR (worse renal function with better RHI)
with a marginal p value. Considering that patients with
glomerulonephritis may undergo very different clinical
management involving immunomodulators compared to
those with other etiologies, we performed a separate
analysis including only those with hypertensive or dia-
betic nephropathy. There was still no association be-
tween RHI and eGFR or uPCR in this subgroup.
We further explored the association of RHI and cardio-

vascular risk factors in CKD patients (Table 3). With ad-
justment for age and sex, RHI did not show significant
associations with most of the risk factors analyzed. It was
positively associated with systolic BP (β = 0.006, p = 0.001)
and diastolic BP (β = 0.008, p = 0.010), and was negatively
associated with heart rate (β = − 0.007, p = 0.015). Analyz-
ing artery stiffness markers, higher RHI was associated
with increased crPWV (β = 0.037, p = 0.022) but not with
cfPWV (β = 0.011, p = 0.308). It also showed a positive as-
sociation with AIx (β = 0.006, p = 0.001). When all the
above factors associated with RHI were included in a
stepwise regression analysis, only systolic BP (β = 0.006,
p < 0.001) remained an independent predictor for RHI in
the final model.

Discussions
In the current study, we explored the relationship between
microvascular reactivity, as measured by PAT, and renal
function, as well as the association of microvascular reactiv-
ity with general cardiovascular risk factors in a group of

CKD patients. Our major findings include the following:
First, RHI, the measurement of digital microvascular re-
activity, did not decline with impaired renal function; sec-
ond, RHI was not related to most traditional cardiovascular
risk factors in the patients, though a positive significant as-
sociation was found with systolic BP (i.e., higher systolic BP
was associated with better microvascular reactivity).
The lack of a significant association of lower RHI with

impaired renal function is an unexpected but interesting
result. CKD has been a well-known independent risk fac-
tor for cardiovascular diseases [15]. Abnormalities of vas-
cular function, including endothelial dysfunction, have
been reported to be prevalent in CKD patients and are as-
sociated with adverse cardiovascular outcomes [16–19]. A
variety of CKD-associated factors contribute to impaired
endothelial function in these patients, including elevated
BP, insulin resistance, systemic inflammation, oxidative
stress, high serum phosphate, HDL dysfunction, uremic
toxin and hemodialysis procedure [20–26]. In light of the
enrichment of risk factors associated with declined renal
function, a graded association between endothelial dys-
function and reduced GFR is expected and has been vali-
dated in several previous studies. Yilmaz et al. studied 406
patients with nondiabetic CKD and found a significant
positive correlation between FMD and eGFR [18]. Similar
results have also been noted by others [27–29]. Although
these studies used FMD to evaluate endothelial function,

Table 2 Univariate Correlation of RHI to Renal Function and
Proteinuria

r p

eGFR −0.107 0.089

Urine PCRa 0.036 0.570
alog-transformed
Abbreviations: eGFR estimated glomerular filtration rate, PCR protein-to-creatinine
ratio, RHI reactive hyperemia index

Table 3 Association between RHI and Cardiovascular Risk Factors
Adjusted for Age and Sex

β p

Agea 0.002 0.330

BMI 0.007 0.448

Current Smoker 0.068 0.446

Diabetes −0.023 0.749

CVD −0.061 0.495

Statins −0.085 0.235

Total Cholesterol 0.007 0.723

Triglycerides −0.020 0.365

HDL-C 0.017 0.840

LDL-C 0.017 0.520

Systolic BP 0.006 0.001

Diastolic BP 0.008 0.010

Heart Rate −0.007 0.015

cfPWV 0.011 0.308

crPWV 0.037 0.022

AIx 0.005 0.010

Bold entries indicate significance
Abbreviations: AIx augmentation index, BMI body mass index, BP blood pressure,
cfPWV carotid-femoral pulse wave velocity, crPWV carotid-radial pulse wave
velocity, CVD cardiovascular disease, HDL-C high density lipoprotein cholesterol,
LDL-C low density lipoprotein cholesterol, RHI reactive hyperemia index
aAdjusted only for sex
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very few studies have explored the relationship between
PAT-derived RHI and renal function in the CKD popula-
tion. Hirata et al. measured RHI in a group of patients
who underwent coronary angiography, including 383 sub-
jects with non-dialysis-dependent CKD. In contrast to our
result, they found that RHI significantly decreased with in-
creased CKD severity (defined as a combination of eGFR
and proteinuria) [30]. However, it should be noted that
the CKD population they studied was patients with sus-
pected coronary artery disease and with at least one cor-
onary risk factor, which essentially represents a
subpopulation of patients with cardiovascular disease.
Meanwhile, their study population was much older than
ours, with an average age of 72.0 (±9.0) years. In such a
diseased population, more severe coronary artery injury,
which results from more impaired endothelial function,
might result in increased CKD severity. Hence, the graded
association they found between RHI and CKD severity
could possibly be a reflection of the link between RHI and
coronary endothelial dysfunction [8]. Interestingly, in a
subsequent report from the same group, renal function
did not differ between subjects with low RHI and those
with high RHI among 150 patients who underwent PCI
with reduced eGFR [31].
The lack of an association between RHI and eGFR

could be related to the complex underlying mechanisms
of the digital hyperemia response, which is not yet fully
understood. Given the existence of arteriovenous anasto-
moses, nitric oxide plays a limited role in the regulation
of vascular tone in the digital circulation [32]. PAT-de-
rived RHI is, therefore, not fully dependent on endothe-
lial function. Prior investigations have demonstrated that
inhibition of nitric oxide synthesis only abolishes less
than 50% of the digital hyperemia response in vivo,
whereas it completely eliminates FMD [33, 34]. The
endothelial-independent mechanism underlying RHI
may not be affected by impaired renal function. In line
with our data, Moerland et al. compared RHI between 6
CKD patients and 12 healthy subjects and found no stat-
istical difference between the two groups, with RHI in
the patients even tending to be higher than in the
healthy controls (2.9 ± 1.4 vs 1.8 ± 0.5, p = 0.15), [35]. In
fact, we also noted that patients with CKD stage 3 had a
better RHI compared to those with CKD stage 1–2, and
there was also a nonsignificant trend toward increased
RHI with declined renal function in our study, which is
possibly due to the increased BP in more advanced CKD
patients, as our subsequent analysis revealed that RHI
was independently and positively associated with systolic
BP. Besides the unclear contribution of PAT-related bio-
logical pathways, other factors may also have con-
founded the effect. For example, fluid retention and
increased atherosclerosis of digital vessel walls could
have impacted the measurement of RHI and might be

potential explanations for the lack of relation between
RHI and eGFR.
We also analyzed the correlation of RHI to cardiovas-

cular risk factors in the current study and found that
RHI was not correlated to most of them in the CKD pa-
tients. In the age- and sex-adjusted analysis, lower RHI
was associated with higher systolic and diastolic BP,
higher heart rate, higher crPWV and higher Aix. Higher
systolic BP remained the sole independent predictor for
lower RHI in the stepwise regression analysis. The direc-
tion of this association is counterintuitive since hyper-
tension has been a traditional atherosclerosis risk factor.
A possible explanation for this finding could be that ele-
vated BP is associated with larger baseline pulse ampli-
tude, which is the denominator for the calculation of
RHI and hence resulted in lower RHI. Notably, the asso-
ciation between systolic BP and RHI was modest, with a
small β of 0.006 (every 10mmHg increase in BP was as-
sociated with an increase in RHI of only 0.06). This indi-
cates that the variance of RHI in these patients can be
explained by the traditional risk factors to a very limited
extent and it should be determined mainly by noncon-
ventional factors that were not studied in our study.
The lack of association of RHI with general cardiovascu-

lar risk factors in the CKD population seems to differ from
the findings in the general population. To date, PAT-de-
rived RHI has been studied in two large population-based
cohorts. In the Third Generation Cohort of the Framing-
ham Heart Study (N = 1957, average age of 40 years), RHI
was found to be lower in males and in those with higher
BMI, higher total/HDL cholesterol, diabetes and smoking
habitus [36]. Unexpectedly, reduced RHI was associated
with younger age and the use of lipid-lowering drugs. No
independent association was noted between RHI and ei-
ther BP. In the Brazilian Longitudinal Study of Adult
Health (ELSA-Brasil) cohort study, an independent and
positive association between RHI and systolic BP was
found in 1535 community-based participants (mean age
of 52 years) [37], similar to our findings. Unlike in the Fra-
mingham study, a negative association was found between
age and RHI. Other factors associated with lower RHI in
the cohort included male sex, higher BMI, higher total/
HDL cholesterol, use of antihypertensive medication and
prevalence of cardiovascular diseases. The study also mea-
sured cfPWV and found that it was not related to RHI. It
should be noted that the stepwise regression models for
predicting RHI in the two studies both had a small
R2(0.159 and 0.14), which validates our speculation that
RHI is more affected by factors yet to be identified than
these traditional cardiovascular risk factors. Unfortunately,
neither of the two studies reported renal function or its
association with RHI.
Given the lack of association of RHI with general car-

diovascular risk factors in CKD patients, an important
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question beyond the current study would be whether
RHI is capable of predicting cardiovascular outcome in
these patients as it does in other disease populations [7,
38, 39]. In the aforementioned study by Hirata et al.,
RHI predicted cardiovascular event risk in those with
CKD [30]. However, these patients were chosen from a
group of patients with suspected coronary artery disease,
among whom the prognosis predicting value of RHI has
been validated. Exploring the association of RHI with
cardiovascular outcome in a more general CKD popula-
tion is warranted. It should be acknowledged that the
lack of association of RHI with conventional cardiovas-
cular risk factors does not necessarily mean that RHI is
not associated with cardiovascular outcome since im-
paired RHI could represent a novel pathophysiologic
pathway to cardiovascular events.
Our study has several limitations that should be

pointed out for appropriate interpretation of the results.
First, the cross-sectional observational design cannot es-
tablish any temporal relationship and precludes causal
inrference. RHI and eGFR were both measured at a sin-
gle time point in the study so we were not able to cap-
ture the temporal changes. Given the progressive nature
of CKD, further study with a prospective design would
be preferred to test if RHI declines with renal function
over time. Second, the current study only included those
with established CKD and we were, therefore, unable to
compare RHI between subjects with and without CKD.
As discussed previously, such a comparison has been
conducted in a small study and the results revealed no
difference [35]. Third, our study was restricted to the
Chinese CKD population, and the results might not be
generalized to other ethnic groups. Lastly, patients will-
ing to participate in such a study are usually healthier
than those who are not. This is a potential bias toward
better microvascular reactivity in the current study.

Conclusions
In conclusion, digital microvascular function, as measured
by PAT-derived RHI, did not decline with reduced renal
function in a group of non-dialysis dependent CKD pa-
tients. RHI was not independently associated with most of
the conventional cardiovascular risk factors in the patients
while it was positively and modestly associated with sys-
tolic BP. Further studies are warranted to determine if RHI
could predict cardiovascular outcome in CKD patients.
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