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ABSTRACT

Aims: Detection of early-stage atherosclerosis in type 2 diabetes mellitus (T2DM) patients is
important for preventing cardiovascular disease. A phased tracking method for evaluating
arterial wall elasticity sensitively detects early-stage atherosclerosis. However, biochemical
markers for early-stage atherosclerosis have yet to be established.

Methods: This cross-sectional study enrolled 180 T2DM patients, who were classified as not
having atherosclerosis according to the carotid intima-media thickness (IMT) criteria. We
measured serum cystatin C, the estimated glomerular filtration rate (eGFR) and urinary
albumin-to-creatinine ratio (ACR), and analyzed the associations between these markers
and arterial wall elasticity (E0), IMT and the cardio-ankle velocity index.

Results: Multiple linear regression analyses revealed that cystatin C was significantly asso-
ciated with Ef, while neither eGFR nor ACR showed an association. Furthermore, among
the examined atherosclerotic markers, E§ was most reliably associated with cystatin C.
Additionally, the association between cystatin C and Ef disappeared in the low elasticity
subgroup, which included subjects in whom no atherosclerotic changes had yet been initi-
ated.

Conclusions: In T2DM patients without apparent arterial wall thickening, cystatin C is
strongly and independently associated with arterial wall elasticity, which reflects the
degree of subclinical atherosclerosis. Thus, cystatin C is a potentially useful marker of

early-stage atherosclerosis.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is associated with atheroscle-
rosis, which leads to cardiovascular disease and increased
mortality [1]. However, it is difficult to detect atherosclerosis
at its early stages. Arterial stenosis often develops without
symptoms in T2DM patients [2], subsequently leading to car-
diovascular events. Therefore, development of strategies for
easily detecting early-stage atherosclerosis, such as identify-
ing reliable biochemical markers, is particularly important
in those with T2DM.

Measurement of carotid intima-media thickness (IMT) is
widely used for atherosclerosis screening in clinical practice
but this examination detects morphological changes of
atherosclerosis. For detecting early-stage atherosclerosis
before the appearance of such morphological changes, we
developed a novel non-invasive ultrasonic phased tracking
method, which evaluates deformity at multiple sites in arte-
rial walls during one heartbeat [3-6]. Since the arterial wall
deforms less easily at harder sites during a single heartbeat,
this innovative phased tracking method has enabled us to
quantitatively analyze arterial wall elasticity. The results
obtained with this method correspond to pathological find-
ings in the extracted human iliac artery [5]. In addition, we
reported that phased tracking arterial wall elasticity, but not
IMT, pulse wave velocity (PWV) or the plaque score, is associ-
ated with an increasing number of coronary risk factors such
as diabetes, hypertension, hyperlipidemia and current smok-
ing, in T2DM patients with IMT <1.1 mm [7], who were classi-
fied as not having atherosclerosis according to the IMT
criteria [8]. The elasticity in the arterial wall is also associated
with visceral fat mass in subjects with obesity [9] and an
increasing number of coronary risk factors in T2DM patients
who have not developed apparent cardiovascular disease
[10]. Furthermore, arterial wall elasticity is reportedly
increased in smokers, as compared with non-smokers [11],
and in subjects with the metabolic syndrome, as compared
with those without metabolic syndrome [12], among subjects
with IMT <1.1 mm. Collectively, these findings indicate that
arterial wall elasticity is useful for detecting early-stage
atherosclerosis, i.e. that developing before IMT increases
detectably. Therefore, in order to search for biochemical
markers of early-stage atherosclerosis, we sought serum
markers which have a strong association with arterial wall
elasticity values.

In the present study, we focused on serum cystatin C. Cys-
tatin C, a 13-kD endogenous cysteine proteinase inhibitor, is
considered to be a more reliable marker for glomerular filtra-
tion rates than the estimated glomerular filtration rate (eGFR)
[13]. Moreover, cystatin C was reported to be associated with
plaque morphology using multi-detector computed tomogra-
phy [14] and coronary angiography [15], even in patients with-
out established chronic kidney disease. Furthermore, Wang
et al. demonstrated cystatin C, but not eGFR, to be associated
with the presence of cardiovascular disease in subjects with
mild renal impairment [16]. Similar findings, indicating that
cystatin C is superior to eGFR for predicting cardiovascular
events, were also reported in subjects with diabetes [17] as
well as those with [18] and without [19] cardiovascular dis-

ease. Thus, cystatin C is not simply regarded as a marker of
impaired kidney function but also as one which reflects car-
diovascular disease due to advanced atherosclerosis. How-
ever, the association of cystatin C and early-stage
atherosclerosis remains unclear.

Herein, to assess whether the serum cystatin C level is
linked to, and useful for detecting, early-stage atherosclero-
sis, we enrolled T2DM patients who had IMT of less than
1.1 mm, the cut-off value for a plaque lesion, and analyzed
the associations of cystatin C with examinations for assessing
atherosclerosis, such as Ef (an indicator of arterial wall elas-
ticity) as well as IMT and the cardio-ankle vascular index
(CAVI). We also compared the utility of cystatin C as an
early-stage atherosclerosis marker with those of other renal
markers, such as eGFR and urinary albumin excretion.

2. Materials and methods
2.1.  Study subjects

This was a cross-sectional study consisting of 180 subjects
with T2DM. The subjects were recruited from patients with
T2DM admitted to the Department of Metabolism and Dia-
betes, Tohoku University Hospital for glycemic control during
the period from January 2012 to December 2015. T2DM was
defined according to the World Health Organization (WHO)
criteria, or treatment for diabetes mellitus. The exclusion cri-
teria for the enrollment in this study were pregnancy, thyroid
disease, tumor and severe inflammation, because these con-
ditions are known to affect cystatin C levels. Subjects with
atrial fibrillation were also excluded because the intima
media complex (IMC) during one heart beat was used for cal-
culating E@. Since this study aimed to evaluate renal markers
in early-stage atherosclerosis, subjects with IMT >1.1 mm,
were also excluded. The study protocol was approved by the
Tohoku University Institutional Review Board, in accordance
with the World Medical Association Declaration of Helsinki.
Written informed consent was obtained from each patient.

We used the following criteria for cardiovascular risk fac-
tors. Hyperlipidemia was defined as total cholesterol >5.7
mmol/l (220 mg/dl) and/or triglycerides >1.7 mmol/l (150
mg/dl), based on the definition proposed by the Japan
Atherosclerosis Society, or taking anti-hyperlipidemic drugs.
The subjects whose systolic blood pressure >140 mmHg
and/or diastolic blood pressure >90 mmHg, based on the def-
inition proposed by the Japanese Society of Hypertension, or
taking anti-hypertensive drugs were defined as having hyper-
tension. The subjects who currently smoked were classified
as current smokers.

2.2. Measurement of E

EO in the carotid artery was evaluated using the phased
tracking method. The arteries were scanned with ultrasonic
diagnostic equipment (FUJIFILM FAZONE M) and a linear type
probe with a frequency range of 5-10 MHz (FUJIFILM FZT
L10-5 probe) in the supine position. By B-mode ultrasound,
the IMC was longitudinally scanned at two points on the
far wall of the common carotid artery, 1 cm and 3 cm prox-
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imal to the bifurcation. The portion of the IMC including pla-
ques was excluded. The plaque was defined as a focal raised
lesion, using an IMT cut-off value of 1.1 mm [8]. The quadra-
ture demodulated signals of the IMC during 8 heartbeats
were obtained with a high frame rate of 200 Hz. From these
8 heartbeats, we selected one heartbeat which yielded the
most precise image. The sampling interval of the quadrature
demodulated signal and the pitch of scan lines were 0.035
and 0.12 mm, respectively. The quadrature demodulated sig-
nals were saved as raw data to a personal computer. A single
well-trained sonographer (N.T.), who was unaware of the
clinical characteristics of the subjects, analyzed the raw data
to introduce Ef based on the principal described previously
[20] (Supplementary Fig. 1). Multiple points were preset from
the luminal surface to the adventitia along each beam.
Then, the displacement of each point during one heartbeat
was obtained by applying the phased tracking method [3-
6]. Er, which is the elastic modulus in the radial direction
of each of the sampled points, was calculated using the fol-
lowing equation: Er = AP/e, where &= Ah/h,, and Ah is the
maximum decrease in the thickness of the arterial wall dur-
ing one heartbeat. AP is the pulse pressure, defined as the
difference between systolic and diastolic brachial blood pres-
sure. The hy and ro variables are the initial thickness and
radius of the vessel at end-diastole, respectively. Ef, which
is the elastic modulus in the circumferential direction was
calculated using the following equation: E6 = (3/8) x (2ro/ho
+1) x Er. The intraobserver coefficient of variation for E6
was 7.0%.

Due to the absence of normative data for E0, we referred to
the EO values from the data of a healthy population from
another cohort. The Sendai knowledge cluster initiative orga-
nized by the Ministry of Education, Culture, Sports, Science
and Technology, Japan, performed population-based health
care examinations including the determination of Ef in the
carotid artery. After excluding hypertension, hyperlipidemia,
and diabetes mellitus, 156 cases were defined as healthy sub-
jects. Their mean age was 47.7 + 10.3 years and E0 was 228.3 +
72.0 kPa (unpublished data).

2.3.  Measurement of IMT

IMT of the common carotid artery was measured employing
the same scanning image, as that mentioned above for the
measurement of E0. IMT was measured at a point on the far
wall of the common carotid artery, in a 1 cm segment proxi-
mal to the bifurcation in a region free of plaque [21]. The
mean value of the bilateral measurements was used for the
analysis. The intraobserver coefficient of variation for IMT
was 8.3%.

2.4.  Measurement of CAVI

CAVI was measured using a pulse wave analytical instrument
(VaSera; Fukuda Denshi, Tokyo, Japan) as described previously
[22]. After a 10 min rest, cuffs were applied to the bilateral
upper arms and ankles to detect each of the pulse waves.
Electrocardiograph, phonocardiograph, and blood pressures
were measured. CAVI was calculated using a conventional
PWV measurement with the formula: CAVI = a{(2p/AP) x In(P

s/Pd)PWV?} + b, where Ps is systolic blood pressure, Pd is dias-
tolic blood pressure, PWV is pulse wave velocity, AP is Ps — Pd,
p is blood density, and a and b are both constant.

2.5.  Biochemical markers of renal function

The eGFR was calculated using the formula recommended by
the Japanese Society of Nephrology [23], derived from the
Modification of Diet in Renal Disease (MDRD) study group.
The urinary albumin excretion is presented as the albumin-
to-creatinine ratio (ACR; mg/g creatinine). Cystatin C was
assayed using colloidal gold immunoassay (Nescaute GC cys-
tatin C; Alfresa Pharma, Osaka, Japan).

2.6.  Statistical analysis

Continuous variables were expressed as means+S.D. or
medians (inter-quantile range (IQR)). The difference between
2 groups was determined using the unpaired t-test for contin-
uous variables and Fisher’s exact test for non-continuous
variables. Data were logarithmically transformed before sta-
tistical analysis, if they were not normally distributed. Pear-
son correlation was used for correlation analysis. Multiple
linear regression analysis was performed to evaluate the
independent parameters that were found to be significantly
related to the objective variable. The independent parameters
tested were age, male gender, systolic blood pressure, hyper-
lipidemia, HbA1lc, BMI, duration of diabetes, treatment with
RAS inhibitors, calcium channel blockers, other anti-
hypertension agents, statins, fibrates, other anti-
hyperlipidemic agents, insulin, GLP-1 receptor agonists and
other anti-diabetic agents, eGFR, cystatin C and log ACR.
Among these variables, no extreme collinearities were recog-
nized. Receiver-operating characteristic (ROC) curve for cys-
tatin C was generated to determine the optimal cut-off
value for high elasticity of the arterial wall. We computed
the sensitivity and specificity for high elasticity of the arterial
wall using this cut-off value for cystatin C. As for sample size
calculation, the correlation coefficient of cystatin C and E0
was estimated 0.25 from our preliminary study. We calculated
that 164 patients would be needed at a significance level a = 0.
05, with power of 90%. The number of required patients was
thus set at 180. A level of p < 0.05 was considered to indicate
a statistically significant association. Analyses were carried
out with JMP 11.2 Pro statistical analysis software (SAS Insti-
tute, Cavy, NC, USA).

3. Results

3.1.  Subject characteristics

All 180 diabetic subjects enrolled in this study had IMT of
less than 1.1 mm, the cut-off value for detecting atheroscle-
rosis with this examination. The clinical characteristics of
these subjects are shown in Table 1. Overall, 56.7% of the
subjects were male, mean age was 52.0 + 15.6 years, the dia-
betes duration was 8.0 (3.0-15.0) years, BMI was 27.3 + 6.2 kg/
m? 64.4% of the subjects had hypertension, 70.0% had
hyperlipidemia.
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Table 1 - Subject characteristics.

All subjects (n = 180) Low EB (n =90) High Ef (n = 90) o)
Male gender (%) 56.7 50.0 63.3 0.10
Age (years) 52.0+15.6 48.0 +15.1 55.4 £ 15.3 <0.01
Duration of diabetes (years) 8.0 (3.0-15.0) 6.0 (2.0-13.0) 10.0 (4.0-20.0) <0.01
Body mass index (kg/m?) 27.3+£6.2 27.9+6.0 26.7 +6.3 0.21
Systolic blood pressure (mmHg) 118.3 £ 15.7 114.8+13.4 121.8+17.0 <0.01
Diastolic blood pressure (mmHg) 73.5+11.5 74.0+9.8 72.9+13.0 0.53
Fasting plasma glucose (mg/dl) 151.8+54.1 157.0+58.5 146.3 +48.9 0.17
HbAlc (%) 10.0+ 2.0 103+ 2.1 9.7+1.9 <0.05
Total cholesterol (mg/dl) 182.8 +41.6 188.6 + 41.8 177.0 £ 40.8 0.06
Triglyceride (mg/dl) 131.5 (93.0-175.3) 132.5 (94.8-193.3) 131.5 (90.5-160.3) 0.91
HDL cholesterol (mg/dl) 43.6 +12.6 43.7 +13.4 43.4+11.8 0.89
LDL cholesterol (mg/dl) 108.5 + 35.6 115.0 + 34.7 102.3+35.5 <0.05
eGFR (ml/min/1.73 m?) 85.9+29.5 92.0 £ 26.8 79.9 £ 30.9 <0.01
Cystatin C (mg/l) 0.94 +0.30 0.89 +0.21 1.00 + 0.37 <0.05
ACR (mg/g creatinine) 15.6 (6.3-52.3) 15.7 (6.4-38.0) 12.3 (6.3-54.7) 0.97
Hypertension (%) 64.4 54.4 70.0 0.16
Hyperlipidemia (%) 70.0 68.9 71.1 0.87
Current smokers (%) 35.8 38.6 33.0 0.53
E6 (kPa) 259.1+82.1 197.0 +31.2 321.3 +69.2 <0.01
IMT (mm) 0.70+0.16 0.69 +£0.17 0.70 £ 0.15 0.81
CAVI 79+1.6 75+1.6 8.4+1.6 <0.01
RAS inhibitors (%) 55.6 52.2 58.9 0.45
Calcium channel blockers (%) 333 233 43.3 <0.01
Other agents for hypertension (%) 16.1 8.9 233 <0.05
Statins (%) 456 411 50.0 0.29
Fibrates (%) 3.9 2.2 5.6 0.44
Other agents for hyperlipidemia (%) 12.2 8.9 15.6 0.25
Insulin (%) 57.2 52.2 62.2 0.23
GLP-1 receptor agonists (%) 7.2 5.6 8.9 0.57
Other agents for diabetes (%) 80.0 80.0 80.0 1.00

Data are presented as means + SD and or medians (inter-quantile range (IQR)) for continuous variables and % for categorical variables. p value

for the comparison between low and high E6 group.

3.2.  Associations of E§ with cardiovascular risk factors

We first assessed the associations of Ef with cardiovascular
risk factors. E® was significantly associated with age (r=
0.35, p<0.01), BMI (r=-0.17, p = <0.05), systolic blood pres-
sure (r =0.35, p <0.01), HbAlc (r=—0.19, p <0.05), eGFR (r=
—0.36, p<0.01) and serum cystatin C (r=0.42, p<0.01)
(Table 2). We then focused on the associations of Ef with renal
markers such as eGFR, cystatin C and ACR levels. E0 was sig-
nificantly associated with eGFR (r = —0.36, p <0.01) and cys-
tatin C (r = 0.42, p < 0.01), but not with ACR (r = 0.05, p = 0.48)
(Supplementary Fig. 2A-C). Next, the subjects were divided

Table 2 — Correlations of E0 with cardiovascular risk factors
in all subjects.

r %
Age (years) 0.35 <0.01
Body mass index (kg/m?) -0.17 <0.05
Systolic blood pressure (mmHg) 0.35 <0.01
Diastolic blood pressure (mmHg) —0.02 0.79
Fasting blood glucose (mg/dl) —0.12 0.10
HbA1c (%) -0.19 <0.05
eGFR (ml/min/1.73 m?) —-0.36 <0.01
Cystatin C (mg/l) 0.42 <0.01
log ACR (mg/g creatinine) 0.05 0.48
Hyperlipidemia 0.02 0.80

into two groups by eGFR = 60 mL/min/1.73 m?, cystatin C = 0.
95mg/l and ACR=30mg/g creatinine. Subjects with eGFR
<60 had significantly higher E6 than those with eGFR >60,
and subjects with cystatin C >0.95 had significantly higher
EO than those with cystatin C <0.95. In contrast, subjects with
ACR >30 had E6 values similar to those with ACR <30 (Supple-
mentary Fig. 3A-C).

Next, to identify the independent variables affecting Ef, we
performed multiple regression analysis. Several clinical
parameters, including age, gender, systolic blood pressure,
hyperlipidemia, body mass index, HbAlc, duration of dia-
betes, use of medications, and each of the renal markers were
included in the regression models. Cystatin C, eGFR and ACR
were employed in models 1, 2 and 3, respectively. This analy-
sis revealed that cystatin C (B=0.29, p <0.01), but neither
eGFR (B=-0.15, p=0.09) nor ACR (B=-0.01, p=0.88), was
independently associated with E6 in T2DM patients with
IMT <1.1 mm (Table 3). Thus, in T2DM subjects with IMT of
less than 1.1 mm, serum cystatin C is strongly and indepen-
dently associated with arterial wall elasticity which reflects
the degree of atherosclerosis in its early stages.

3.3.  Associations of cystatin C with E, IMT, and CAVI
To determine which of the atherosclerosis examinations, EO,

IMT or CAVI, is most strongly associated with cystatin C, we
next analyzed the results employing a different approach.
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Table 3 — Multiple regression analysis of Ef associations with cardiovascular risk factors in all subjects.

Model 1* Model 2° Model 3¢

p p B p p p
Age (years) 0.21 <0.05 0.20 <0.05 0.27 <0.01
Male gender 0.10 0.15 0.12 0.10 0.14 0.05
Systolic blood pressure (mmHg) 0.33 <0.01 0.33 <0.01 0.34 <0.01
Hyperlipidemia 0.01 0.95 0.02 0.85 0.00 0.97
Body mass index (kg/m?) -0.24 <0.01 —-0.20 <0.05 —-0.19 <0.05
HbAlc (%) -0.12 0.09 —0.15 <0.05 —0.16 <0.05
Duration of diabetes (years) —0.02 0.82 0.02 0.84 0.03 0.71
RAS inhibitors —0.14 0.07 —0.14 0.09 —0.12 0.13
Calcium channel blockers 0.05 0.55 0.04 0.62 0.05 0.60
Other agents for hypertension 0.00 0.98 0.05 0.51 0.07 0.41
Statins —0.02 0.79 —0.02 0.85 0.01 0.90
Fibrates 0.06 0.39 0.08 0.25 0.10 0.15
Other agents for hyperlipidemia —0.05 0.48 —0.07 0.34 —0.06 0.40
Insulin 0.10 0.16 0.13 0.10 0.11 0.14
GLP-1 receptor agonists 0.22 <0.01 0.21 <0.01 0.21 <0.01
Other agents for diabetes 0.05 0.52 0.03 0.71 0.01 0.87
Cystatin C (mg/l) 0.29 <0.01 - - - -
eGFR (ml/min/1.73 m? - - -0.15 0.09 - -
log ACR (mg/g creatinine) - - - - —0.01 0.88

Multiple regression analysis was used to examine the relationships of Ef (objective variable) with age, male gender, systolic blood pressure,
hyperlipidemia, body mass index, HbAlc, duration of diabetes, RAS inhibitors, calcium channel blockers, other agents for hypertension,
statins, fibrates, other agents for hyperlipidemia, insulin, GLP-1 receptor agonists, other agents for diabetes, and each renal marker

(explanatory variables).
2 R*=0.43.
P R2-0.38.
€ R?=0.37.

First, simple correlation analysis revealed that E6 (r = 0.42, p <
0.01) and CAVI (r = 0.26, p < 0.01) were significantly associated
with cystatin C, while IMTwas not (Supplementary Fig. 4A-C).
In addition, multiple regression analysis showed E0 alone to
be associated with cystatin C (3 = 0.29, p < 0.01) independently
of age, gender, systolic blood pressure, hyperlipidemia, body
mass index, HbA1lc, duration of diabetes, use of medications,
while neither IMT (B = —0.04, p = 0.66) nor CAVI (B=0.05, p=
0.45) showed association (Table 4). These results indicate that
cystatin C is strongly associated with arterial wall elasticity,
i.e. EO, which is the most sensitive examination of the three
for early-stage atherosclerosis. Collectively, these observa-
tions suggest the serum cystatin C level to be a highly sensi-
tive marker for early-stage atherosclerosis.

3.4.  Subgroup analysis based on low and high E0

Finally, we investigated whether cystatin C is associated with
early-stage atherosclerosis, i.e., whether the cystatin C asso-
ciation with Ef values is less significant in subjects who have
not yet developed atherosclerosis. All 180 diabetic subjects
with IMT of less than 1.1 mm were divided into two groups
using the median E6 value (243 kPa) as the cut-off. In the
low Ef group, mean E6 was 197.0 + 31.2 kPa (Table 1). In com-
parison to the E6 values of the aforementioned healthy popu-
lation (228.3 +72.0kPa), we assumed that there would be
essentially no atherosclerosis, even in the early stage, in sub-
jects in the low E6 group. In contrast, subjects in the high E@
group (321.3 +£69.2 kPa) would be likely to have early-stage
atherosclerosis not yet detectable as IMT change but with
higher than average Ef. Consistent with this assumption,

age, duration of diabetes, systolic blood pressure, cystatin C
and CAVI values were significantly higher in the high E6 group
(Table 1). E® showed a weak correlation with eGFR in the low
E6 group (r = —0.21, p < 0.05), while E6 showed a modest corre-
lation with eGFR in the high E6 group (r = —0.39, p < 0.01) (Sup-
plementary Fig. 2D, G). Interestingly, E6 showed a strong
correlation with cystatin C in the high E6 group (r =0.56, p <
0.01), while no significant difference was detected in the low
E6 group (r=0.05, p=0.67). (Supplementary Fig. 2E, H). The
subjects with eGFR <60 had significantly higher Ef than those
with eGFR >60 in the high Ef group (Supplementary Fig. 3G).
Additionally, subjects with cystatin C >0.95 had significantly
higher E6 than those with cystatin C <0.95 in the high E6 group
(Supplementary Fig. 3H). However, there were no differences
in EO between any two groups according to the renal markers
in the low E6 group (Supplementary Fig. 3D-F). In addition,
multiple regression analysis demonstrated cystatin C to be
associated with E6 in the high E6 group independently of
age, gender, systolic blood pressure, hyperlipidemia, body
mass index and HbA1c, duration of diabetes and use of med-
ications (B=0.51, p<0.01), while no significant association
was observed in the low E@ group (Table 5). This subgroup
analysis showed the association between cystatin C and E6
to be even stronger in the high E6 group than in the low E§
group. Thus, cystatin C was not associated with arterial wall
elasticity in subjects in whom no atherosclerotic changes
had yet been initiated (IMT <1.1 mm and Ef <243 kPa). In con-
trast, cystatin C very sensitively reflects the degree of
atherosclerotic change in the early stage, as indicated by
increased arterial elasticity (IMT <1.1 mm and EO >243 kPa).
Finally, the ROC curve for cystatin C was generated to deter-
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Table 4 — Multiple regression analysis of E6, IMT and CAVI associations with cardiovascular risk factors.

E0® IMT® CAVI*

p p p p p p
Age (years) 0.21 <0.05 0.56 <0.01 0.54 <0.01
Male gender 0.10 0.15 0.15 <0.05 0.19 <0.01
Systolic blood pressure (mmHg) 0.33 <0.01 0.19 <0.05 0.02 0.76
Hyperlipidemia 0.01 0.95 0.11 0.27 0.02 0.83
Body mass index (kg/m?) —0.24 <0.01 0.05 0.59 -0.19 <0.01
HbAlc (%) —0.12 0.09 0.15 <0.05 —0.06 0.29
Duration of diabetes (years) —0.02 0.82 —0.07 0.40 0.18 <0.05
RAS inhibitors -0.14 0.07 0.07 0.39 0.10 0.15
Calcium channel blockers 0.05 0.55 —0.08 0.38 —0.08 0.27
Other agents for hypertension 0.00 0.98 —0.06 0.43 —0.14 <0.05
Statins —0.02 0.79 0.02 0.85 0.08 0.29
Fibrates 0.06 0.39 0.03 0.64 0.03 0.58
Other agents for hyperlipidemia —0.05 0.48 —0.03 0.70 0.03 0.62
Insulin 0.10 0.16 0.02 0.83 —0.15 <0.05
GLP-1 receptor agonists 0.22 <0.01 0.03 0.66 —0.04 0.54
Other agents for diabetes 0.05 0.52 0.05 0.54 —0.17 <0.01
Cystatin C (mg/l) 0.29 <0.01 —0.04 0.66 0.05 0.45

Multiple regression analysis was used to examine the relationships of E, IMT, and CAVI (objective variables) with age, male gender, systolic
blood pressure, hyperlipidemia, body mass index, HbAlc, duration of diabetes, RAS inhibitors, calcium channel blockers, other agents for
hypertension, statins, fibrates, other agents for hyperlipidemia, insulin, GLP-1 receptor agonists, other agents for diabetes, and cystatin C
(explanatory variables).

@ R?=0.43.

b R?=0.33.

€ R*=0.58.

Table 5 — Multiple regression analysis of Ef associations with cardiovascular risk factors, in low and high E6 subgroups.

Low EO (n = 90)* High E0 (n = 90)°

p P B p
Age (years) 0.29 <0.05 0.07 0.58
Male gender 0.10 0.36 —0.04 0.70
Systolic blood pressure (mmHg) 0.25 <0.05 0.37 <0.01
Hyperlipidemia 0.21 0.14 0.07 0.63
Body mass index (kg/m?) —-0.29 <0.05 —-0.29 <0.05
HbAlc (%) —0.03 0.79 —0.17 0.10
Duration of diabetes (years) —0.26 0.07 —0.03 0.76
RAS inhibitors 0.16 0.23 —0.05 0.66
Calcium channel blockers —0.09 0.50 —0.04 0.73
Other agents for hypertension —0.04 0.73 —0.02 0.86
Statins —0.21 0.15 —0.08 0.58
Fibrates 0.14 0.17 0.00 1.00
Other agents for hyperlipidemia —-0.33 <0.01 —-0.11 0.24
Insulin 0.18 0.15 0.08 0.45
GLP-1 receptor agonists 0.45 <0.01 0.15 0.10
Other agents for diabetes 0.07 0.57 —0.09 0.40
Cystatin C (mg/l) 0.03 0.84 0.51 <0.01

Multiple regression analysis was used to examine the relationships of E6 (objective variable) with age, male gender, systolic blood pressure,
hyperlipidemia, body mass index, HbAlc, duration of diabetes, RAS inhibitors, calcium channel blockers, other agents for hypertension,
statins, fibrates, other agents for hyperlipidemia, insulin, GLP-1 receptor agonists, other agents for diabetes, and cystatin C (explanatory
variables).

2 R?=0.39.
> R?=0.55.
mine the optimal cut-off for high elasticity of the arterial wall 4, Discussion
(Supplementary Fig. 5). The area under the curve was 0.59,
and the sensitivity and specificity were 0.66 and 0.49, respec- In the present study, to examine whether the serum cystatin

tively, at cystatin C = 0.86 mg/l. C level is linked to early-stage atherosclerosis, we analyzed
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the associations between renal markers and atherosclerosis
markers in T2DM patients with IMT of less than 1.1 mm,
who are classified as not having atherosclerosis according to
the IMT criteria [8]. In these subjects, multiple regression
analyses revealed cystatin C to be strongly and independently
associated with E6, while neither eGFR nor ACR showed a sig-
nificant association. In addition, E6 was the more strongly
associated with cystatin C than either IMT or CAVI. These
findings demonstrate that serum cystatin C levels reflect the
degrees of atherosclerosis before arterial wall thickening
becomes detectable.

Furthermore, the association between cystatin C and E0
was more evident in the high E6 subgroup. In contrast, the
significance of this association disappeared in the low E@ sub-
group. EO values in the low E@ subgroup were significantly
smaller than those in a healthy population. Considering that
all of the enrolled subjects had IMT of less than 1.1 mm, the
subjects in the low E6 subgroup presumably had normal arte-
rial structure and stiffness. Therefore, these findings indicate
that the association between cystatin C and E® manifests
after atherosclerotic changes have been initiated. Thus, the
serum cystatin C level is likely to be useful as a marker for
screening early-stage atherosclerosis, i.e. that after increased
elasticity has been initiated but before arterial wall thickening
becomes apparent. Moreover, in our study, the optimal cut-off
value of cystatin C for predicting high arterial wall elasticity
was 0.86 mg/l. Thus, in clinical practice, considerable atten-
tion should be paid to diabetic patients with cystatin C
>0.86 mg/] as potentially having early stage-atherosclerosis,
even if thickened carotid intima-media has not been
detected.

T2DM is well known to be associated with atherosclerosis,
which leads to cardiovascular disease and increasing mortal-
ity rates [1]. In patients with T2DM especially, arterial stenosis
often develops without symptoms [2]. According to a meta-
analysis of prospective studies, 26.1% of asymptomatic
T2DM patients have silent myocardial ischemia based on
screening by myocardial perfusion scintigraphy [24]. There-
fore, to reduce the risk of future cardiovascular disease in
patients with T2DM, detection of subclinical atherosclerosis
is particularly important. Conventional angiography, com-
puted tomography and magnetic resonance angiography are
often used to diagnose atherosclerosis in clinical practice.
However, these modalities are useful for detecting advanced,
rather than early-stage, atherosclerosis. Our phased tracking
method, which evaluates the deformities of multiple sites in
arterial walls during one heartbeat, is useful for detecting
early-stage atherosclerosis [3-6]. Employing the results
obtained with the phased tracking method, the elastic modu-
lus in the radial direction (Er) and that in the circumferential
direction (Ef) are quantitatively calculated. We and other
groups previously reported these elastic modulus values to
be more reliable and useful for detecting early-stage
atherosclerosis than examining carotid IMT, PWV and the pla-
que score of the carotid artery, all of which are widely used for
atherosclerosis screening in clinical practice [7,9-12]. When
considering Er and E6, the latter appears to be a more reliable
marker for arterial wall elasticity, since E6 is less influenced
by the thickness of the arterial wall [3]. Therefore, we mea-
sured the elastic modulus, E6f, in the present study. We

obtained results indicating the serum cystatin C level to be
strongly associated with E6 in T2DM patients with IMT <1.1
mm. This association was independent of age, gender, sys-
tolic blood pressure, hyperlipidemia, body mass index,
HbA1lc, duration of diabetes, and use of medications. Thus,
the phased tracking method enabled us to show that the
serum cystatin C level is associated with atherosclerosis
development at an early stage, i.e. before arterial wall thick-
ening becomes apparent.

Carotid arterial IMT is a well-established surrogate mar-
ker for cardiovascular disease. Measuring IMT with ultra-
sonography is non-invasive, reproducible and easy to
perform, and, therefore, is widely used in clinical practice.
A number of studies have shown that IMT predicts future
myocardial infarction [25,26] and cerebrovascular disease
[26,27]. However, employing this procedure, it is not possible
to make a diagnosis of atherosclerosis until the appearance
of arterial wall thickening. Therefore, IMT measurement is
not optimal for sensitively detecting early-stage atheroscle-
rosis. Indeed, the significance of carotid IMT in addition to
conventional coronary risk factors for predicting future car-
diovascular events remains a matter of debate [28,29]. In
the present study, we enrolled T2DM patients with IMT of
less than 1.1mm, who are classified as not having
atherosclerosis according to the IMT criteria [8]. Within this
IMT range, there was no significant association between cys-
tatin C and IMT.

Cystatin C may provide a more sensitive and accurate esti-
mation of renal function than eGFR, since cystatin C is less
influenced by age and muscle mass [13]. We obtained data
indicating the serum cystatin C level to be strongly associated
with E6, a sensitive marker of early-stage atherosclerosis,
while neither eGFR nor ACR was associated with E6, In addi-
tion, E6 was more strongly associated with cystatin C than
was either IMT or CAVI. Furthermore, multiple regression
analysis revealed a strong relationship between cystatin C
and EB, especially in the subgroup with relatively high arterial
wall elasticity. One possible explanation of these results is
that renal impairment is associated with atherosclerosis
development starting in the very early stages of both disor-
ders. On the other hand, it is also possible that cystatin C
might itself be directly involved in the development of
atherosclerosis [30]. Cystatin C is an endogenous inhibitor
of cysteine protease. Atherosclerosis is an inflammatory dis-
ease characterized by remodeling of the extracellular matrix
of the arterial walls and cysteine protease induces degrada-
tion of the extracellular matrix. The imbalance between cys-
teine protease and its inhibitor, cystatin C, may result in
increased degradation of extracellular matrix and migration
of monocytes/macrophages into the intima, thus leading to
the development of atherosclerosis. Tissue cystatin C levels
are reportedly reduced in atherosclerotic plaques [31]. In con-
trast, inflammatory cytokines stimulate cells outside of the
vascular walls to secrete cystatin C into the circulation. Thus,
serum cystatin C is considered to be compensatorily up-
regulated in subjects who have developed atherosclerosis
[32]. Although further studies are needed to examine whether
this mechanism also accounts for serum cystatin C levels ris-
ing in states of subclinical atherosclerosis, as found in this
study, the serum cystatin C level is likely to reflect the degree
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of the atherosclerotic states via mechanisms both dependent
on, and independent of, glomerular filtration rates.

This study has limitations. First, the possible causal rela-
tionship between cystatin C and E6 could not be clarified
due to the cross-sectional study design. Second, although
we adjusted for well-known confounders such as age, gender,
blood pressure, hyperlipidemia, body mass index, HbAlc,
duration of diabetes, and use of medications, residual con-
founding, due to factors such as postmenopausal and inflam-
matory status, may have occurred. Third, our patients were
recruited in a hospital setting after admission for poor glyce-
mic control, such that recruitment bias may exist. In fact, the
average HbAlc of our patients was 10.0%, which is extremely
high. Moreover, because blood was drawn one day after the
admission, fasting plasma glucose may have improved owing
to dietary treatment while hospitalized. Also, fasting plasma
glucose may not necessarily reflect the conditions of glycemic
control. Fourth, there is little evidence indicating that carotid
arterial wall elasticity determined by the phased tracking
method is a good surrogate marker of cardiovascular dis-
eases, because long-term outcomes have not been observed.
In addition, although we and another group reported the sig-
nificance of carotid arterial wall elasticity [3-7,9-12], further
accumulation of evidence is needed to establish that E6 is a
good surrogate marker of early stage-atherosclerosis. Fifth,
all of the subjects had T2DM and the lack of age- and
gender-matched healthy controls limits the generalizability
of our findings. Further studies, especially larger,
population-based prospective studies, are needed to over-
come these limitations.

In conclusion, our results indicate that the serum cystatin
C level is associated with arterial wall elasticity, a sensitive
examination for early-stage atherosclerosis, in subjects clas-
sified as not having atherosclerosis as defined by IMT criteria.
Thus, the serum cystatin C level may reflect the degrees of
atherosclerotic changes in the early stages of this disorder.
Measuring the serum cystatin C level appears to be useful
for detecting subclinical atherosclerosis in subjects with
T2DM.
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