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Abstract
Although central hemodynamics are known to be closely associated with microvascular damage, their association with
lesions in the small renal arteries has not yet been fully clarified. We focused on arterioles in renal biopsy specimens and
analyzed whether their structural changes were associated with noninvasive vascular function parameters, including central
blood pressure (BP) and brachial-ankle pulse wave velocity (baPWV). Forty-four nondiabetic patients (18–50 years of age)
with preserved renal function underwent renal biopsy. Wall thickening of arterioles was analyzed based on the media/
diameter ratio, and hyalinosis was analyzed by semiquantitative grading. Associations of these indexes (arteriolar wall
remodeling grade index (RG index) and arteriolar hyalinosis index (Hyl index)) with clinical variables were analyzed.
Multiple regression analyses demonstrated that the RG index was significantly associated with central systolic BP (β= 0.97,
p= 0.009), serum cystatin C-based estimated glomerular filtration rate (β=−0.36, p= 0.04), and high-density lipoprotein
cholesterol levels (β=−0.37, p= 0.02). The Hyl index was significantly associated with baPWV (β= 0.75, p= 0.01). Our
results indicate that aortic stiffness and abnormal central hemodynamics are closely associated with renal microvascular
damage in young to middle-aged, nondiabetic kidney disease patients with preserved renal function.
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Introduction

Small arteries in the kidney maintain a low level of impe-
dance to allow for continuous blood flow from the aorta,
whereas they act protectively toward the periphery by
resisting excessive blood flow and pressure from the central
blood vessels associated with their contraction [1]. However,

small arteries are at risk of being damaged due to their
exposure to high blood flow as well as their fragility. Fibrous
intimal thickening in the small arteries and medial thicken-
ing [2–4] and hyalinosis in the arterioles [5, 6] have been
reported to occur as a result of increased blood pressure
(BP). Intrarenal small artery lesions have been suggested to
be predictive of future renal function deterioration and
exacerbation of proteinuria [7–10]. Furthermore, associa-
tions of these lesions with coronary and aortic sclerosis,
major cerebrovascular disease, and disease prognosis have
been observed [6, 9, 11, 12], which suggests their close
association with systemic blood vessels.

Central arterial BP is the cardiac afterload itself and
reflects vascular resistance, but central arterial BP is also
indicative of the pressure applied to peripheral organs. Pulse
wave velocity (PWV) indicates aortic sclerosis and can
predict a decline in renal function as well as the progression
of cardiovascular disease [1, 13–20].

To date, most studies investigating the association
between these central vascular function parameters and
small artery lesions have included older patients or patients
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with decreased renal function, and there are few studies that
have included younger patients with preserved renal func-
tion. Therefore, in this study, we analyzed the association
between the characteristics of small artery lesions in renal
biopsy specimens, central vascular function parameters, and
metabolic risk factors in younger patients with preserved
renal function.

Methods

Study participants

A cross-sectional observational study was performed at our
hospital from November 2015 to November 2019. A total of
192 patients underwent renal biopsy due to a diagnosis of
renal disease or urine abnormality during this period. We
consecutively enrolled patients aged 19–50 years whose
serum creatinine-based estimated glomerular filtration rate
(eGFRcr) level was >60 ml/min/1.73 m2. Patients with
diabetes mellitus, collagen disease, chronic liver disease, or
acute renal injury were excluded. A total of 49 eligible
patients agreed to participate in this study.

Patients with hypertension were defined as those with a
brachial BP of 140/90 mmHg or higher or those taking
antihypertensive drugs, and smokers included both past and
present smokers. The duration of renal disease was calcu-
lated according to the day on which urinary abnormalities
were detected at a hospital or a routine health checkup for
the first time. Blood biochemical analyses, including the
analysis of serum cystatin C levels, were performed on the
day of admission. Fasting blood glucose and insulin levels
were measured the morning after the biopsy. Serum crea-
tinine was measured twice during hospitalization, and the
average of the two measurements was used as a variable.
The estimated glomerular filtration rate was calculated by
the formula established for Japanese subjects [21, 22] using
age, sex, and serum creatinine or cystatin C and is shown as
eGFRcr or cystatin C-based estimated glomerular filtration
rate (eGFRcysC), respectively.

Measurement of central BP, brachial BP, and brachial-
ankle pulse wave velocity (baPWV) was performed by a
trained technician on the day after the biopsy. PWV was
measured using a BP-203RPE from PWV/ABI (Fukuda
Colin Co., Ltd, Tokyo, Japan) with the patient in the supine
position, and central BP and brachial BP were measured
using an HEM-9000AI (Omron, Kyoto, Japan) with the
patient in the sitting position after at least 5 min of rest. For
PWV, the mean values of the bilateral arms and ankles were
used as a variable.

The research protocol of this cross-sectional study com-
plies with the Declaration of Helsinki and was approved by

the Ethics Committee of Tokyo Medical University Hospital
(study approval number: SH3092). Potential participants
were asked for their written informed consent at the time of
admission, and those who provided consent to participate
were enrolled in the study. Finally, five patients missing
either central BP or baPWV data were excluded, and 44
patients were analyzed.

Histological analyses

For arteriole lesions, arteriole wall thickening and arteriole
hyalinosis were evaluated semiquantitatively using periodic
acid-Schiff staining (PAS). Only arterioles that were con-
tinuous with glomeruli or were predicted to have continuity
with glomeruli, those with an outer diameter of <100 μm
and those with one to three layers of smooth muscle were
evaluated. Both afferent and efferent arterioles were eval-
uated to avoid confusing afferent arterioles and severely
remodeled efferent arterioles. Arteriolar wall thickening was
evaluated referring to the arteriolar media/lumen (M/L) ratio
[3]. To evaluate M/L ratios easily, the thickness of the
media relative to the outer diameter was evaluated visually
[7, 23], as follows. Arterial wall thickening was categorized
into four grades (from 0 to 3), i.e., grade 0 (G0): more than
0.6; grade 1 (G1): ≤0.6 and more than 0.5; grade 2 (G2):
≤0.5 and more than 0.2; and grade 3 (G3): ≤0.2 but not
occluded (Fig. 1). Next, the remodeling grade (RG) index
was calculated according to the average grade using the
following equation, which was established previously
[5, 24, 25]: arteriolar wall RG index= (n0 × 0+ n1 × 1+ n
2 × 2+ n3 × 3)/N. Here, n1–n3 represent the number of
arterioles categorized as G1–G3, respectively, and N
represents the total number of arterioles. For arteriolar
hyalinosis, the following grading system based on the
degree of hyalinosis of the arterial wall was used: G0: none;
G1: hyalinosis of 50% or less of the wall; G2: hyalinosis
occupying more than 50% of the wall but not the whole
layer; and G3: hyalinosis occupying the whole layer. The
average hyalinosis grade was calculated in the same way as
the RG index, as follows: arteriolar hyalinosis index (Hyl
index)= (n0 × 0+ n1 × 1+ n2 × 2+ n3 × 3)/N. The pro-
portion of arterioles assessed as having an RG index of G2
or G3 (defined as arteriolar wall thickening) and the pro-
portion of arterioles assessed as having a Hyl index of G1 or
more relative to the total number of observed arterioles were
also assessed in each patient. Global glomerulosclerosis was
evaluated as a proportion of the total glomeruli using PAS
(Supplementary Fig. 1a).

Intimal thickening of the arcuate artery and interlobar
artery was determined by the ratio of the intima/media
thickness using Masson’s trichrome (MT) staining or Elas-
tica van Gieson staining. Intimal thickening was evaluated as
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a grade between 0 and 2: G0: no intimal thickening; G1:
intimal/medial ratio < 1; and G2: intimal/medial ratio ≥ 1
(Supplementary Fig. 1b).

Interstitial fibrosis/tubular atrophy (IF/TA) was evaluated
by calculating the percentage of the relevant area to that of
the whole cortex. The blue area on MT staining was defined
as interstitial collagen, and IF/TA was scored on a scale of
0–3 as follows: G0: none; G1: <25%; G2: 25–50%; and G3:
50% or more (Supplementary Fig. 1c).

Interstitial cell infiltration (InF) was evaluated by calcu-
lating the percentage of the area within the cortex that
contains small round cells on hematoxylin and eosin-stained
sections and was scored on a four-point scale (from 0 to 3)
as follows: G0: none; G1: localized interstitial InF; G2:
multiple lesions of interstitial InF; and G3: diffuse inter-
stitial InF (Supplementary Fig. 1d).

Arterioles were assessed by one physician (YM) blinded
to the clinical information. This physician’s evaluation of
randomly selected patients was confirmed to be the same as
that of another physician (TO). The RG index and Hyl
index were also confirmed to be associated with the results
of a three-level semiquantitative evaluation by a pathologist
(TN) blinded to the clinical information, and a moderate or
higher correlation was confirmed by bivariate correlation
analysis (RG index: r= 0.46, p= 0.001; Hyl index: r=
0.47, p= 0.001).

Statistical analysis

Continuous variables are expressed as the mean ± standard
deviation or median (interquartile range), and proportions
are used to describe categorical variables. A two-sided test

was used, in which a p value of <0.05 was considered to
indicate a statistically significant difference between groups.
For bivariate correlation analysis, Pearson correlation ana-
lysis was used when the two values followed a normal
distribution, and Spearman analysis was used when the two
values were nonnormally distributed. Because the urine
albumin-to-creatinine ratio (UACR) and C-reactive protein
(CRP) level exhibited nonnormal distributions, the dis-
tributions were adjusted by log transformation and analyzed
as normally distributed variables. Multiple regression ana-
lysis was performed with the RG index or the Hyl index as
the dependent variable and clinical and vascular function
parameters as the independent variables. Multiple regres-
sion analysis of each clinical variable was adjusted for age,
sex, body mass index, and the presence or absence of
hypertension. Multiple regression analysis of each vascular
function parameter was adjusted for age, sex, mean arterial
pressure (MAP), and pulse rate, which were found to affect
the results of the vascular function test in model 1. In model
2, BMI and the use of antihypertensive agents, which
affects the results of the vascular function test, as well as
high-density lipoprotein (HDL) cholesterol level and
eGFRcysC, which were significant variables among the
clinical variables, were further adjusted (HDL cholesterol
level was excluded from the adjusting variables of the Hyl
index due to lack of evidence of its relationship).

To estimate the effect of central systolic BP (cSBP) and
PWV on histological lesions, patients were divided into two
groups using the median value as a cutoff. The
Kruskal–Wallis analysis of variance test was used as a
multiple comparison test to assess the categories of cSBP
and PWV, and the Steel–Dwass test was used for post hoc

Fig. 1 Representative
microscopic findings of
arteriolar wall remodeling
(grades 0–3), arteriolar
hyalinosis (grades 0–3), and
PAS staining (×400).
A Arteriolar remodeling was
assessed using the arteriolar
media-to-diameter ratio by
semiquantitative grading.
B Arteriolar hyalinosis grade
was similarly assessed by
semiquantitative grading
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analysis. Kendall’s tau-b was used for the intergroup ratio
test of IF/TA. All data were analyzed using SPSS version
26.0 software (SPSS Inc., Chicago, IL).

Results

Study population

Table 1 shows the characteristics of the patients. The
average age was 32.4 ± 9.9 years, and the mean eGFRcysC
and mean eGFRcr were 109.8 ± 32.1 and 85.9 ± 23.1 mL/
min/1.73 m2, respectively.

Nine patients (20.5%) had hypertension, with an average
hypertension duration of 2.5 ± 1.9 years. There were eight
smokers (18.2%) and one patient with hyperuricemia
(2.3%). None of the patients had cardiovascular disease.

Immunoglobulin A nephropathy was the most common
renal disease (75.0%), followed by minor glomerular
abnormalities (13.6%) and nephrosclerosis in one patient
(2.3%).

Brachial systolic BP (SBP) was 120.2 ± 13.5 mmHg,
diastolic BP (DBP) was 75.3 ± 10.3 mmHg, MAP was

Table 1 Patient characteristics (n= 44)

Men, n (%) 23 (52.3%)

Age (years), mean ± SD 32.4 ± 9.9

BMI (kg/m2), median (IQR) 21.9 (20.2–25.2)

Smoking, n (%) 8 (18.2)

Hypertension, n (%); duration of illness
(years), mean ± SD

9 (20.5); 2.5 ± 1.9

Diabetes, n (%) 0 (0.0)

Hyperuricemia, n (%) 1 (2.3)

Medication

RAAS inhibitors, n (%) 5 (11.3)

Calcium blockers, n (%) 2 (4.5)

Diuretics, n (%) 2 (4.5)

Total cholesterol (mg/dL), mean ± SD 187.8 ± 49.7

LDL cholesterol (mg/dL), mean ± SD 106.6 ± 42.3

HDL cholesterol (mg/dL), mean ± SD 58.7 ± 15.1

Triglyceride (mg/dL), median (Q1, Q3) 99 (71.0, 151.5)

Serum uric acid (mg/dL), mean ± SD 5.6 ± 1.3

Plasma glucose (mg/dL), mean ± SD 85.0 ± 1.8

HbA1c (%), mean ± SD 5.4 ± 0.3

HOMA-IR, median (IQR) 1.48 (1.2–2.4)

Serum albumin (g/dL), mean ± SD 4.0 ± 0.4

eGFRcr (mL/min/1.73 m2), mean ± SD 85.9 ± 23.1

eGFRcysC (mL/min/1.73 m2), mean ± SD 109.8 ± 32.1

C-reactive protein (mg/dL), median (IQR) 0.05 (0.01–0.14)

Urine PCR (g/gCr), median (IQR) 0.83 (0.2–1.5)

Urine ACR (mg/gCr), median (IQR) 536.7 (149.0–1071.7)

Brachial SBP (mmHg), mean ± SD 120.2 ± 13.5

Brachial DBP (mmHg), mean ± SD 75.3 ± 10.3

Brachial PP (mmHg), median (IQR) 45.5 (37–53)

MAP (mmHg), mean ± SD 90.2 ± 10.7

Central SBP (mmHg), mean ± SD 115.2 ± 17.9

Central PP (mmHg), mean ± SD 39.9 ± 9.7

Brachial-ankle PWV (m/s), mean ± SD 12.1 ± 2.2

Long axis of the kidney (mm), mean ± SD 106.9 ± 7.4

Biopsy-confirmed diagnosis

Immunoglobulin A nephropathy, n (%);
duration of illness (months),
median (IQR)

33 (75.0); 24 (6–108)

Nephrosclerosis, n (%); duration of illness
(months)

1 (2.3); 3

Minor glomerular abnormalities, n (%);
duration of illness (months),
median (IQR)

6 (13.6); 0.2 (0.1–9.3)

Membranous nephropathy, n (%);
duration of illness (months)

1 (2.3); 96

Tubulointerstitial nephritis, n (%);
duration of illness (months)

2 (4.6); 2 and 4

Unclassified, n (%); duration of illness
(months)

1 (2.3); 4

Table 1 (continued)

Histological features

Global glomerulosclerosis (%)
median (IQR)

9.1 (0.0–22.2)

Small artery intimal thickening grade
(0–3), median (IQR)

0 (0–2)

Lesions of arterioles

Total number of evaluated arterioles,
median (IQR)

11 (7–23)

Arteriolar wall thickening (%)a, mean ±
SD

39.2 ± 22.7

Arteriolar wall remodeling grade index
(RG index), mean ± SD

1.2 ± 0.46

Arteriolar hyalinosis (%)b, mean ± SD 37.4 ± 28.4

Arteriolar hyalinosis index (Hyl index),
mean ± SD

0.62 ± 0.57

Interstitial fibrosis (0–3), median (IQR) 1 (0–1)

Interstitial infiltration (0–3), median (IQR) 1 (0–1)

SD standard deviation, IQR interquartile range, BMI body mass index,
LDL low-density lipoprotein, HDL high-density lipoprotein, HOMA-
IR homeostasis model assessment of insulin resistance, RAAS
renin–angiotensin–aldosterone system, eGFRcr estimated glomerular
filtration rate using serum creatinine, eGFRcysC estimated glomerular
filtration rate using serum cystatin C, PCR protein creatinine ratio,
ACR albumin creatinine ratio, SBP systolic blood pressure, DBP
diastolic blood pressure, MAP mean arterial pressure, PP pulse
pressure, PWV pulse wave velocity
aPercentage of arterioles with an RG index of 2 or 3
bPercentage of arterioles with an Hyl index of 1 or greater
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90.2 ± 10.3 mmHg, cSBP was 115.2 ± 17.9 mmHg, and
cSBP was slightly lower than brachial SBP. baPWV was
12.1 ± 1.4 m/s. ABI was in the normal range at 1.2 ± 0.08.

Arteriolar wall thickening was found in 39.2 ± 22.7% of
patients, and arteriolar hyalinosis was found in 37.4 ± 22.7% of
the arterioles in all patients. The rate of global glomerulo-
sclerosis was 9.1% (0.0, 22.2), and fibrous intimal thickening
of the small arteries was mostly grade 0 (0, 2). Regarding other
histological findings, IF/TA grade and InF grade remained
within the range of G0–G2, and G3 was not observed.

We performed bivariate correlation analysis to identify
variables associated with the RG index and Hyl index
(Table 2). In addition to eGFRcr and eGFRcysC, the RG
index was significantly correlated with several clinical
variables, including HDL cholesterol levels, CRP, HbA1c,
UACR levels, and smoking. The RG index was also sig-
nificantly correlated with DBP, MAP, cSBP, central pulse
pressure (cPP), and baPWV. However, the correlation of the

RG index with SBP was of borderline significance. Histo-
logical findings, such as the global glomerulosclerosis rate,
IF/TA grade, and InF grade, were also significantly corre-
lated with the RG index. The Hyl index was significantly
correlated with HbA1c, baPWV, and intimal thickening of
the small arteries.

Multiple regression analysis including clinical variables
showed that eGFRcysC and HDL cholesterol levels were
significantly correlated with the RG index (Table 3). No
clinical variable was correlated with the Hyl index.

We next performed multivariate analysis on arteriole
lesions and vascular function test parameters (Table 4). The

Table 2 Correlation coefficients of the RG index and Hyl index (n= 44)

Arteriolar wall
remodeling
index
(RG index)

Arteriolar
hyalinosis
index
(Hyl index)

r p value r p value

Age 0.25 0.82 0.13 0.43

Sex (0: male/1: female) −0.30 0.85 0.08 0.67

BMI 0.016 0.92 0.27 0.09

eGFRcr −0.36 0.02 −0.03 0.87

eGFRcysC −0.43 0.004 −0.18 0.26

HDL cholesterol −0.35 0.02 −0.69 0.66

Uric acid 0.19 0.23 0.02 0.92

HbA1c 0.32 0.04 0.27 0.09

CRP 0.31 0.04 0.20 0.19

Urine PCR 0.14 0.38 0.07 0.68

Urine ACR 0.37 0.03 0.15 0.38

Smoking (0: no/1: yes) 0.29 0.04 −0.01 0.96

Brachial SBP 0.30 0.05 0.12 0.47

Brachial DBP 0.32 0.04 0.03 0.82

MAP 0.33 0.03 0.07 0.65

Central SBP 0.43 0.004 0.17 0.30

Central PP 0.45 0.003 0.25 0.12

Brachial-ankle PWV 0.44 0.003 0.46 0.02

Histological parameter

Global glomerulosclerosis 0.42 0.001 0.31 0.04

Small arterial intimal
thickening

0.33 0.07 0.43 0.02

Interstitial fibrosis/tubular
atrophy

0.37 0.02 0.24 0.59

Interstitial infiltration 0.43 0.01 0.17 0.29

Statistically significant values are in bold

Table 3 Associations between arteriolopathy and clinical variables
demonstrated by multiple regression analysis (n= 44)

RG index Hyl index

Model β ± SEM p value β ± SEM p value

eGFRcysC −0.36 ± 0.003 0.04 −0.069 ± 0.003 0.71

eGFRcr −0.28 ± 0.005 0.18 0.27 ± 0.005 0.20

Log UACR 0.34 ± 0.13 0.09 0.28 ± 0.13 0.18

Smoking 0.30 ± 0.21 0.08 −0.12 ± 0.26 0.49

HDL
cholesterol

−0.37 ± 0.004 0.02 0.02 ± 0.005 0.90

Log CRP 0.32 ± 0.12 0.05 0.26 ± 0.14 0.12

HbA1c 0.31 ± 0.27 0.05 0.27 ± 0.31 0.09

Each variable represents a separate multivariate model adjusted for
age, sex, BMI, and hypertension

β standardized partial regression coefficient, SEM standard error of
the mean

Statistically significant values are in bold

Table 4 Associations between arteriolopathy and vascular function test
parameters

Model 1 Model 2

β ± SEM p value β ± SEM p value

RG index

Central SBP 0.97 ± 0.01 0.009 0.98 ± 0.01 0.005

Central PP 0.50 ± 0.01 0.012 0.48 ± 0.01 0.012

baPWV 0.47 ± 0.001 0.10 0.48 ± 0.001 0.10

Hyl index

Central SBP 0.37 ± 0.01 0.37 0.36 ± 0.01 0.38

Central PP 0.27 ± 0.01 0.21 0.22 ± 0.01 0.32

baPWV 0.75 ± 0.001 0.01 0.92 ± 0.001 0.002

RG index: each variable represents a separate multivariate model;
model 1: age, sex, MAP, and PR; model 2: model 1+ BMI,
antihypertensive medications, HDL cholesterol, and eGFRcysC. Hyl
index: each variable represents a separate multivariate model; model 1:
age, sex, MAP, and PR; model 2: model 1+ BMI, antihypertensive
medications and eGFRcysC

Statistically significant values are in bold
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RG index was significantly associated with cSBP and cPP
in both models 1 and 2. The Hyl index was significantly
associated with baPWV in both models 1 and 2. Each of the
correlations is shown in Supplementary Fig. 3.

Further analysis was performed to clarify the associations
between cSBP, PWV, and histological findings (Fig. 2). The
characteristics of each subgroup of patients are shown in
Supplementary Table 1a, b. The proportion of arterioles
with arteriolar wall thickening was significantly higher in
the group with high cSBP and high PWV than in the group
with low cSBP and high PWV and the group with low
cSBP and low PWV. There were no significant differences
in the proportion of arteriolar hyalinosis among the groups.
The proportion of global glomerulosclerosis in patients in
each subgroup and the proportion of patients with each IF/
TA grade are shown in Supplementary Fig. 2. The pro-
portion of global glomerulosclerosis was significantly
higher in the group with high cSBP and high PWV than in
the group with low cSBP and low PWV. The proportion of
high IF/TA grade tended to be higher in the group with high
cSBP and high PWV.

Discussion

The present study demonstrated that arteriolar wall thicken-
ing correlates with cSBP and that arteriolar hyalinosis cor-
relates with baPWV. To our knowledge, the present study is
the first to demonstrate significant associations between
central hemodynamics and small renal artery lesions in
relatively young patients with preserved renal function.

Remodeling with medial thickening of the arterioles
caused by hypertension has been shown not only in renal
arterioles but also in small blood vessels of the sub-
cutaneous tissue and omentum [3, 4].

Arterioles might induce inward remodeling and an
increase in the M/L ratio in response to increased central
arterial pressure, as demonstrated in animal models [26].
Moreover, such changes in the arterioles induce an increase
in central arterial BP and peripheral organ damage. Our
results are consistent with some studies showing an asso-
ciation between cSBP and peripheral organ damage [13–15].

The small arteries of hypertensive patients show various
histological changes, such as intimal fibrous thickening,
arteriolar wall thickening [2, 3], and arteriolar hyalinosis.
These histological changes were associated with age [5],
obesity [27], diabetes, postprandial hyperglycemia, hyper-
insulinemia [28], uric acid [24], inflammation [29], and
renal function [23, 24]. In the present study, associations
were observed between arteriolar wall remodeling and renal
function.

Arteriolar hyalinosis is considered a lesion containing
protein and serum components exudating from the blood
due to endothelial cell damage [30]. Arteriolar hyalinosis is
associated with multiple factors, such as aging [5], hyper-
tension, diabetes [25], uric acid [24], and the use of calci-
neurin inhibitors [31]. Arterioles with hyalinosis and
luminal enlargement are associated with glomerular hyper-
trophy and focal segmental glomerulosclerosis-type lesions,
and these lesions may be associated with the loss of auto-
regulation in arterioles [32]. The presence of arterioles with
hyalinosis has been reported to predict future albuminuria

Fig. 2 Comparison of histopathological findings among the
subgroups according to cSBP and baPWV (n= 44). A Comparison
of arteriolar wall thickening among the subgroups. B Comparison of

arteriolar hyalinosis among the subgroups. cSBP(L)/PWV(L) category
(n= 14), cSBP(H)/PWV(L) category (n= 8), cSBP(L)/PWV(H)
category (n= 6), cSBP(H)/PWV(H) category (n= 16)
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and impaired renal function [33, 34] and may be associated
with impaired renal function [7–9, 24].

In the present study, baPWV was significantly associated
with the Hyl index in multivariate analysis. Central arterial
BP and PWV have been reported to be significantly asso-
ciated with urinary albumin excretion [35, 36]. Increased
vascular pulsation indicated by aortic PWV might increase
vascular stress and damage the vascular endothelium [1],
resulting in hyaline deposition in the arterioles.

In the present study, renal function was associated with
the RG index. Increased M/L in the arterioles might reduce
intraglomerular pressure, decrease glomerular blood flow,
and result in a decrease in GFR. In addition, an increased
cSBP might lead to increased albuminuria [36] and peri-
tubular capillary rarefaction [3]. eGFRcysC was sig-
nificantly associated with the RG index, whereas eGFRcr
did not show a significant association. Serum creatinine
levels are affected by muscle volume and metabolism,
whereas serum cystatin C levels are not. Therefore, these
results might be explained by the more accurate assessment
of renal function by eGFRcysC.

Although it is not clear why wall thickening of the renal
arteriole was associated with central BP rather than brachial
BP, central BP as a central hemodynamic parameter may
accurately reflect the pressure reflex from the periphery,
including the renal arterioles. On the other hand, the asso-
ciation between brachial BP and renal arteriolar remodeling
may have been weakened by the irregular pressure increase
in the brachial artery. Hashimoto and Ito [37] reported that
cPP had a significant inverse correlation with GFR, even
when corrected for mean BP.

In our study, the Hyl index was not associated with renal
function. We speculate that the characteristics of the study
population, which was composed of relatively young
patients with preserved renal function, might have affected
the results. However, baPWV was associated with arteriole
damage, which may induce the subsequent deterioration of
renal function. Our results are consistent with the results of
previous studies regarding the association of PWV with
peripheral organ damage and prognosis [19, 21, 22].

The effects of arterial stiffness caused by aging on
hemodynamic parameters are important for understanding
the interaction of hemodynamic parameters with renal
injury. Central arterial BP increases linearly with age in
healthy subjects [38], whereas PWV shows a relatively
steep increase after 50 years of age [39]. PWV may be
associated with more severe end-organ damage in the older
population. The slow increase in PWV in younger patients
may attenuate the association between baPWV and arter-
iolar wall thickening.

Few studies to date have aimed to clarify the association
between central hemodynamics and small renal artery
lesions. Namikoshi et al. reported that arteriolosclerosis in

renal biopsy specimens did not correlate with patients’
central BP or cardio-ankle vascular index. This previous
study included patients of older age and those with diabetes
mellitus, and no distinction between arteriolar hyalinosis
and arteriole thickening was made in the evaluation of
arteriolosclerosis [23]. Zamami et al. [40] showed an
association between ABI values in the normal range and
intimal thickening of the small arteries; however, the
arterioles were not analyzed. Although the authors observed
an association between baPWV and small artery lesions,
this association disappeared when the confounder of age
was adjusted. This previous study and our present results
indicate a poor association between baPWV and small
artery remodeling, but this point requires further confirma-
tion in the future.

Clinical implications

Lifestyle interventions reduce PWV and cSBP [41, 42].
Treatment with renin–angiotensin–aldosterone system
(RAAS) inhibitors suppresses remodeling of the smooth
muscle of small arteries and rarefaction of peritubular
capillaries [43]. Regression of left ventricular hypertrophy
during antihypertensive treatment is proportional to
decreases in central arterial pressure and the augmentation
index [44, 45]. A meta-analysis demonstrated that PWV
was decreased by long-term treatment with antihypertensive
drugs, even non-RAAS inhibitors [46]. These results sug-
gest that the improvement in central hemodynamics caused
by lifestyle interventions and pharmacotherapy might con-
tribute to the suppression of structural alterations in the
small renal arteries. Further studies are needed to determine
whether maintaining appropriate levels of vascular function
parameters will reduce histological damage in the kidney.

Limitations and strengths

Our study has several limitations. First, this study was a
cross-sectional study, and it is not possible to show accurate
causal relationships. The number of patients included in the
study was small, and therefore, it was difficult to control for
a large number of confounders. Second, cSBP was not
directly measured but was estimated by arterial waveform
analysis in the upper limb. Differences in the methods of
measurement of PWV among patients might have affected
the results; however, baPWV has been reported to correlate
strongly with cfPWV [47]. Third, it was not possible to
rule out the effects of sampling bias on the accuracy of
the assessment of structural changes in the arterioles. In the
arteriole assessment, there is a possibility that some small
interlobular arteries were also evaluated. However, to
minimize such contamination of the results, we evaluated
the smallest arterioles located near the glomeruli, which are
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presumed to be continuous with the glomeruli. In addition,
our histological methods used to evaluate arterioles were
unique; the method resembled those used in several pre-
vious studies analyzing renal arterioles but was not exactly
the same. Therefore, comparing our results with those of
previous studies requires some caution. However, our
results showing partial significance in the association
between hemodynamic parameters and structural changes in
arterioles indicate the validity of our histological evaluation
methods. Finally, the subjects in our study were mostly
Japanese and other Asian people, and hence, our results
require caution in regard to their generalization to other
populations. The strength of this study was the homogeneity
regarding patient background, as the age was limited to
younger than 50 years, and none of the patients had
diabetes.

Conclusion

The present study indicated that abnormal central hemo-
dynamics assessed by central arterial pressure and PWV are
closely associated with structural injury of the small renal
arteries in young to middle-aged patients with preserved
renal function.
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