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Abstract

Background: Pulse wave velocity (PWV), central pulse pressure and augmentation index are arterial stiffness-
related hemodynamic parameters but their associations with renal outcome are still controversial. We hereby aim to
study, 1) which hemodynamic parameter is independently associated with progressive chronic kidney disease
(CKD), 2) the association of 3-year change in PWV with CKD progression and, 3) the additive predictive value of
PWV for progressive CKD.

Methods: Carotid- femoral PWV, central pulse pressure and augmentation index were measured in 1444 participants
with type 2 diabetes at baseline and 3 years apart. Progressive CKD was defined as confirmed eGFR decline 40% or
greater.

Results: In the follow-up, 102 participants experienced progressive CKD. All 3 hemodynamic parameters were
significantly associated with progressive CKD In univariable analysis. However, only PWV remained statistically
significant after adjustment for known clinical risk factors and the other 2 hemodynamic parameters (OR 1.14 [95% Cl
1.01-1.29] per m/s increment). One m/s regression (decrement) in PWV in the 3-year follow-up was associated with
26% lower adjusted- risk of progressive CKD (OR 0.74, 95% Cl 0.56-0.97). Adding PWV onto traditional risk factor- based
model significantly improved classification (net reclassification improvement 0.25, 95% Cl 0.05-045, P =001) and
positive prediction rate (24.5 to 32.3%).

Conclusions: Of 3 arterial stiffness- related hemodynamic parameters, only PWV is independently associated with
progressive CKD. PWV may be a potential intervention target to mitigate risk of CKD progression and also a biomarker
to improve risk-stratification of adverse renal outcome in individuals with type 2 diabetes.
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Background

Diabetic kidney disease affects more than 30% of pa-
tients with type 2 diabetes. It is not only the leading
cause of end stage renal disease in developed countries
but also an independent risk factor for cardiovascular
disease and mortality [1, 2]. Both metabolic risk factors
and hemodynamic dysregulations are involved in the de-
velopment and progression of chronic kidney disease
(CKD) in patients with diabetes [3]. Accumulating data
suggest that arterial stiffness, an established cardiovascu-
lar risk factor, plays a causal role in pathogenesis of
CKD [4]. The underpinning mechanisms are thought to
involve an increased penetration of energy within the
pulse wave into the high flow but low resistance kidney,
leading to injury on glomerular capillaries [5, 6].

Aorta is the recommended site and pulse wave velocity
(PWV) is the most widely used technique to assess arterial
stiffness and its relationship with disease outcomes [7, 8].
A vast number of early studies have associated an in-
creased PWYV with declining kidney function in both dia-
betic and non-diabetic populations [9-11]. Neverthelss,
several studies did not observe an independent association
between PWV and adverse renal outcomes [12-16], sug-
gesting that more studies are warranted. To our know-
ledge, literature on the relationship between PWV and
renal outcome in Asian population are still scarce. On the
other hand, an increased PWYV also amplifies aortic pres-
sures during systole, reduces pressure during diastole and
consequently elevates central pulse pressure [17, 18]. Intri-
guingly, an early study found that central pulse pressure,
but not PWV, was associated with progression to end
stage renal disease in patients with CKD [12]. Whether
this finding can be observed in diabetic population with a
broad spectrum of kidney function remains unknown. In
addition to PWV and central pulse pressure, the imped-
ance mismatch due to aortic geometry changes and local
arterial branching causes partial reflection of forward pres-
sure waves traveling back to the central aorta. The magni-
tude of wave reflection quantified by augmentation index
is determined by several factors related to, but not limited
to arterial stiffness [7, 19]. To our knowledge, the inter-
relationship of aortic PWYV, central pulse pressure and
augmentation index have not been characterized and the
strength of their associations with renal outcomes as com-
pared to one another has not been studied.

The other knowledge gap regarding the role of arterial
stiffness in kidney disease is that most early studies fo-
cused on baseline PWYV level and subsequent kidney dis-
ease outcome in the follow-up. Data on dynamic change
in arterial stiffness, which requires repeated measure-
ments, and renal outcome is still lacking, especially in dia-
betic population. Additionally, the value of PWV as a
biomarker for prediction of renal outcome above and be-
yond traditional risk factors has not been systematically
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assessed although its association with declining kidney
function has been demonstrated in several early studies
[11, 20].

In current work, we aim to study, 1) which of the 3
hemodynamic parameters, i.e. PWYV, central pulse pres-
sure and augmentation index, has the strongest associ-
ation with progressive CKD; 2) whether the 3- year
change in PWYV is associated with risk of CKD progres-
sion; 3) the additive value of PWV as a biomarker for
prediction of progressive CKD above traditional clinical
risk factors in individuals with type 2 diabetes.

Participants and methods

Details of SMART2D (Singapore Study of Macro-
angiopathy and Micro-Vascular Reactivity in Type 2
Diabetes) cohort have been described elsewhere [21, 22].
In brief, 2057 outpatients with type 2 diabetes were re-
cruited from a secondary hospital and a nearly primary
care medical facility in the northern region of Singapore
between August 2011 and March 2014. Exclusion cri-
teria included pregnancy, point-of-care fasting glucose >
150mM or<4.5mM, HbAlc>12% (108 mmol/mol),
autoimmune disease and cancer on active treatments.
Participants taking steroid equivalent to 5 mg prednisol-
one on the day of data and sample collection were also
excluded.

Three years after enrolment date, all participants were
invited consecutively by written mail and phone call for
the planned 3-year follow-up visit in the hospital. By
Aug 2018, 1510 participants have completed the follow-
up visit. We excluded 23 participants with baseline eGFR
<15 ml/min/1.73m? (including 11 on dialysis), 23 with
no arterial stiffness measurement at baseline and 20 par-
ticipants with no arterial stiffness assessment at follow-
up visit. A total of 1444 participants were included in
the final analysis.

Definition of progressive chronic kidney disease
Progressive CKD was defined as eGFR decline 40% or
greater from baseline to the time of 3- year follow-up
visit. This endpoint was recommended as a valid surro-
gate for hard renal outcomes, i.e. doubling of serum cre-
atinine and end stage renal disease, by Food and Drug
Agency and US National Kidney Foundation [23, 24]. To
exclude rapid renal function decline attributable to acute
kidney disease, the 40% eGEFR decline was confirmed by
a separate eGFR reading in the electronic medical record
3 months apart the follow-up visit date.

Additionally, we defined progressive CKD as doubling
of serum creatinine from baseline to the 3-year follow-
up visit as a sensitivity analysis.
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Carotid- femoral pulse wave velocity measurement and
waveform analysis

Hemodynamic parameter measurement was performed
in a quiet room with controlled temperature. Participant
rested in supine position for 10 min before the assay
procedure. Carotid-femoral PWV was measured by the
foot- to- foot method (SphygmoCor, AtCor Medical,
Sydney, Australia). Briefly, the transit time of the waves
between carotid and femoral sites was measured by se-
quential tonometry gated by electrocardiogram. PWV
was expressed as carotid- femoral distance (meter) di-
vided by transit time (second) [25]. Given that the direct
carotid femoral distance is about 20% longer than the
actual distance travelled by pulse wave, we adjusted
PWV by a scaling factor of 0.8 as recommended by
European Society of Hypertension and European Society
of Cardiology [8, 26]. Both baseline and follow-up PWV
were measured by the same 3 trained operators. The op-
erators were blinded to results of baseline measurement
during the follow-up examination. Given that measure-
ment of wave travel distance was the major source of in-
accuracy, the carotid-femoral distance measured at
baseline was used to calculate PWV in the second exam-
ination at the follow-up visit [27]. The change in PWV
(m/s) was calculated as absolute change, i.e. the second
measurement minus the first one [27]. The same group
of 3 research nurses performed the haemodynamic mea-
surements for both baseline and follow-up studies. Based
on assessment of performances on 4 randomly selected
participants, the intra- and inter- operator coefficient of
variations for repeated PWV measurements were 5.8
and 7.2%, respectively [28].

Central blood pressure and augmentation index were
derived from pressure waveform analysis. Measurements
were performed by placing the tonometer over the radial
artery and recording 11 s of waveforms by the Sphygmo-
Cor system.

Clinical and biochemical variables

Peripheral blood pressure and resting heart rate were
measured 3 times in a sitting position with 5- min inter-
val by a semi-automatic sphygmomanometer and the
average of 3 readings was used. Mean arterial pressure
(MAP) was calculated as (systolic blood pressure + 2 X
diastolic blood pressure)/3. Hypertension was defined as
receiving any of 4 classes of anti-hypertension medica-
tions (calcium blocker, renin angiotensin system blocker,
diuretics and beta-blocker) or blood pressure above 140/
90 mmHg at cohort enrolment. Atrial fibrillation was
identified by 20 beats electrocardiogram at PWV meas-
urement by SphygmoCor. Medication usage was re-
trieved from electronic medical record and medication
dispensary database. Ethnicity, smoking status and dur-
ation of diabetes were self-reported. Fasting plasma
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glucose, serum triacylglycerol, HDL and LDL cholesterol
were measured by enzymatic methods (Roche Cobas
Integra 700, Roche Diagnostics, Swiss). HbAlc was
quantified by a point-of-care immunoassay analyzer
(DCA Vantage Analyzer, Siemens, Germany). Urinary al-
bumin was measured by a solid phase competitive
chemiluminescent immunoassay (Immulite, DPC, Gwyn-
edd, UK). Creatinine was measured by an enzymatic
method which was traceable to isotope dilution mass
spectrometry reference. The eGFR was calculated by the
CKD- Epidemiology Collaboration formula. Both base-
line and follow-up biochemical assays were performed in
the same central lab.

Data analysis

Data were presented as mean + standard deviation (SD),
median (interquartile range, IQR) or proportion as ap-
propriate. Differences in clinical and biochemical vari-
ables across PWV tertiles were compared by one way
ANOVA, Kruskal- Wallis test or x2 test. Comparison of
two- group differences was performed by student t test,
Mann- Whitney U test or X2 test.

We employed multivariable logistic regression to study
the association of PWYV, central pulse pressure and aug-
mentation index with progressive CKD. Progressive
CKD (yes or no) was dependent variable. Covariates
were selected a priori based on biological plausibility.
Age was one of the main determinants of arterial stiff-
ness [29]. The most significant physiological variable af-
fecting arterial stiffness is vessel distending pressure, i.e.
MAP [7]. Hence, both age and MAP were included as
covariates as recommended [7]. There is a strong rela-
tionship between heart rate and PWYV [28, 30]. There-
fore, we included resting heart rate as one of the main
confounders. For this reason, we did not correct aug-
mentation index to 75 heart beat per minute in multi-
variable analysis. Additionally, we included the following
covariates in the model: sex, ethnicity (Chinese as refer-
ence), smoking status (active smoker versus others), dur-
ation of diabetes, body mass index, HbAlc, HDL, LDL
cholesterol, triacylglycerol (log-transformed), usage of
insulin, renin-angiotensin system blocker, baseline eGFR
and urinary albumin-to-creatinine ratio (ACR, log-
transformed), two of the most important determinants
of progressive CKD. Usage of statin, calcium blocker, di-
uretics and beta blocker might be confounding by indi-
cation. We did not include these medications in the
model because we adjusted lipids profile and blood pres-
sure. Of 1444 participants in the current study, only 7
were identified to have atrial fibrillation at baseline and
4 had incident atrial fibrillation in follow-up visit. Hence,
we did not include this risk factor in data analysis due to
the small numbers.
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We used C-statistics and continuous net reclassifica-
tion improvement (cNRI) to assess the additive value of
PWYV for prediction of progressive CKD above and be-
yond traditional risk factors. Because of the low fre-
quency of renal outcome, the negative prediction rate
was high but positive predictive rate was low in clinical
trials and cohort studies [24, 31]. Hence, we studied
whether adding PWYV onto traditional risk factors may
improve positive predictive rate. To improve potential
clinical application, we first used forward logistic regres-
sion to select a parsimonious panel of clinical variables
which independently predicted progressive CKD,
followed by identification of cut-points using the classifi-
cation and regression tree approach in rpart package in
R software. This method involves hierarchical partition-
ing of the study group on the basis of optimal cut-points
in the distribution of each prediction variable [32].

Statistical analysis was performed by SPSS (version 22)
and R software (version 3.4.2). A 2- sided P <0.05 was
considered as significant for all analyses.

Results

Participant baseline characteristics

Participants with loss to follow-up were older, had a
higher blood pressure and aortic stiffness, and more
likely on anti-hypertension medications. In addition,
they had poorer kidney function at baseline and more
likely to be Malay ethnicity (Additional file 1, supple-
mentary Table 1).

The average age of participants in the current analysis
was 57.7 (SD 10.3) years old, diabetes duration was 10.9
(SD 8.6) years and 51.7% were male. Baseline character-
istics were visualized after stratifying participants ac-
cording to tertiles of PWV (Table 1). Not unexpected,
participants with PWYV in high tertile were older, had a
longer duration of diabetes, higher HbAlc and blood
pressure. They also had a lower eGFR, higher level of al-
buminuria, and more likely on statin, insulin and anti-
hypertension medication treatments.

Participants with a higher PWV also had higher cen-
tral pulse pressure and augmentation index. PWYV, aug-
mentation index and central pulse pressure were only
modestly or moderately correlated (Pearson r =0.15 for
PWV and augmentation index; r =0.37 for PWV and
central pulse pressure; r = 0.41 for central pulse pressure
and augmentation index) with one another at baseline.

Associations of PWV, central pulse pressure and
augmentation index with progressive CKD

At the 3- year follow-up, 102 participants experienced
progressive CKD and all were confirmed by a separate
eGFR measurement 3 months apart from the follow-up
visit. Participants with progressive CKD had a longer
diabetes duration, higher HbAlc, blood pressure,

Page 4 of 9

triacylglycerol, albuminuria and a lower eGFR. They
were less likely to be Asian Indian ethnicity, more likely
to be active smoker and more likely on anti-hypertensive
medication treatment. Noteworthy, those with progres-
sive CKD had significantly higher PWYV, central pulse
pressure and augmentation at baseline (Additional file 1,
supplementary Table 2).

In univariable analysis, all 3 hemodynamic parameters
were significantly associated with progressive CKD. Ad-
justment for multiple demographic confounders and
cardio-renal risk factors including baseline eGFR and
urinary ACR attenuated the strength of association be-
tween PWV and progressive CKD (OR 1.32 [95% CI
1.22-1.43] to 1.13 [95% CI 1.01-1.27] per one m/s in-
crement) and also weakened the association between
central pulse pressure and progressive CKD (OR 1.39
[95% CI 1.23-1.56] to 1.23 [95% CI 0.99-1.52] per 10
mmHg increment). The point estimate of association be-
tween augmentation index and progressive CKD did not
change materially in multivariable model but the confi-
dence interval became broader (OR 1.33 [95% 1.11-—
1.60] to 1.31 [95% CI 1.00-1.72], Table 2).

In the multivariable model with all 3 hemodynamic
parameters included, only PWV remained significantly
associated with progressive CKD (OR 1.14 [95% CI
1.01-1.29] per one m/s increment). Neither central pulse
pressure nor augmentation index were significantly asso-
ciated with CKD progression after adjustment for known
clinical risk factors and the other 2 hemodynamic pa-
rameters (Table 2).

In sensitivity analysis, we identified 55 participants
with serum creatinine level doubling at the 3- year
follow-up. Similar to the primary analysis, only PWV
was significantly associated with risk of doubling of
serum creatinine in multivariable analysis (Table 2).

Regression of PWV in the 3-year follow-up was associated
with a lower risk of progressive CKD

Participants with PWYV regression ([follow-up PWV —
baseline PWV] < 0 m/s) were older, had a higher baseline
PWV, were more likely on renin-angiotensin system
blocker treatment but less likely to be active smoker.
There were no significant differences in other demo-
graphic and cardio-renal risk factors between those with
PWYV regression and progression (Additional file 1, sup-
plementary Table 3).

In 729 participants with PWV regression, 55 (7.5%) ex-
perienced CKD progression whilst in 715 participants
with PWV progression, 47 (6.6%) experienced CKD pro-
gression (P =0.47). As compared to those with PWV
progression, participants with PWV regression was asso-
ciated with a statistically non-significant but numerically
lower risk of progressive CKD after accounting for base-
line PWYV level (OR 0.69 [95% CI 0.44-1.07], P = 0.10).
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Table 1 Baseline clinical and biochemical characteristics stratified by PWV tertiles
All participants Tertile 1 Tertile 2 Tertile 3 P value *
N = 1444 N =482 N =481 N =481

Pulse wave velocity (m/s) 77+2.1 56+07 73+05 100+ 1.7 -
Index age (years) 577103 52.1+£107 570+£96 60.8 £ 86 <0.001
Male sex (%) 51.7 51.7 50.3 532 0.66
Ethnicity (%) 0.30

Chinese 53.7 535 520 555

Malay 20.1 17.8 220 20.6

Asian Indian 26.2 286 26.0 239
Diabetes duration (years) 109+86 79+69 109+86 13.8+9.1 <0.001
CVD history (%) 6.8 52 8.1 7.1 0.19
Current smoker (%) 85 108 73 75 0.09
Body mass index (kg/m2) 277 +5.1 274+50 278+5.1 278+5.1 0.28
Fasting glucose (mM) 81+26 78+25 81+25 82+26 0.06
HbATc (%) 78£13 7513 79+13 79£13 <0.001
Resting Heart rate (bpm) 71+11 70+10 71+11 71+11 0.04
Blood pressure (mmHg)

Systolic pressure 139+£18 130£15 13917 146£18 <0.001

Diastolic pressure 79+9 78+9 79+10 79+9 0.05

Mean Arterial Pressure 99+ 10 96+9 99+ 11 10110 <0.001
Lipids profile (mM)

HDL Cholesterol 1.30+0.36 1.30£0.35 129037 129+036 0.93

LDL Cholesterol 2.75+081 2.83+£0.83 2.73+083 267 £0.78 0.01

Triacylglycerol (IQR) 1.38 (1.02-1.92) 1.34 (0.96-1.90) 140 (1.06-1.93) 142 (1.05-1.92) 0.09
Central PP (mmHg) 49+16 42+14 48 +15 55+16 <0.001
Central PP > 50 mmHg (%) 416 253 4.7 585 < 0.001
Augmentation index (%) 2611 2411 2611 28+ 10 <0.001
Baseline renal function

eGFR (ml/min/1.73m?) 89+ 24 97£19 89+23 80+ 25 < 0.001

ACR (Hg/mg) 21 (6.0-85) 11 (4.0-36) 22 (7.0-81) 38 (11.0-237) <0.001
Medications usage (%)

Statin 81.0 784 79.1 854 0.01

Insulin 266 182 25.1 36.5 <0.001

RAS blocker 594 434 63.3 712 < 0.001

Calcium channel blocker 19.8 106 206 285 <0.001

Beta blocker 14.2 75 16.2 19.1 <0.001

Diuretics 12.8 48 123 214 <0.001

Hypertension on- treatment 84.4 81.1 83.7 87.3 0.07

* one way ANOVA, Kruskal- Wallis test or x2 test where appropriate. PP pulse pressure, RAS renin- angiotensin system, ACR albumin-to-creatinine ratio

Further exploratory analysis after stratifying participants
according to PWV regression versus progression sug-
gested that 1 m/s PWYV decrement in the 3-year follow-up
was associated with 26% lower risk of progressive CKD
(OR 0.74, 95% CI 0.56-0.97, P = 0.03) after adjustment for

baseline PWV and known clinical risk factors (all

covariates in model 2, Table 2). On the other hand, in par-
ticipants with PWV progression, the change in PWV in
the 3-year follow-up duration was not significantly associ-
ated with risk of progressive CKD (adjusted OR 1.01, 95%
CI 0.77-1.33 per 1 m/s increment, P = 0.94).
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Table 2 Association of PWV, central pulse pressure and augmentation index with progressive CKD

Progression Defined as 40% eGFR Decline

Progression Defined as Doubling of Serum Creatinine

Univariable Multivariable  Multivariable + other 2 Univariable Multivariable Multivariable + other 2
(Model 1) (Model 2) hemodynamic parameters (Model 1) (Model 2) hemodynamic parameters
(Model 3) (Model 3)
PWV (m/s) 132 (1.22- 1.13 (1.01- 1.14 (1.01-1.29) 1.35(1.23- 1.18(1.02- 1.19 (1.02-1.39)
1.430) 1.27) P =0.04 1.49) 1.36) P =003
P <0.001 P=0.04 P <0001 P=002
Central Pulse 139 (1.23- 1.23 (0.99- 1.14 (091-143) 1.28 (1.09- 1.13 (0.86— 1.05 (0.78-1.41)
Pressure (10 mmHg)  1.56) 1.52) P=027 1.49) 1.49) P =074
P <0001 P =006 P=0002 P=038
Augmentation Index 133 (1.11- 1.31 (1.00- 122 (0.92-1.63) 131 (1.03- 1.25 (0.90- 1.19 (0.83-1.67)
(10%) 1.60) 1.72) P=0.16 1.66) 1.73) P =035
P =0.001 P =0.049 P =003 P=0.19

Binary logistic regression model- Progressive CKD (yes or no) as outcome. Multivariable model adjusted age, sex, ethnicity (Chinese as reference), smoking (active
smoker versus others), duration of diabetes, body mass index, HbA1c, mean arterial pressure, resting heart rate, HDL and LDL cholesterol, triacylglycerol (log-
transformed), baseline eGFR, urinary albumin-to-creatinine ratio (log-transformed), usage of insulin (yes or no), and renin-angiotensin system blocker (yes or no)

Additive value of PWV as a biomarker for prediction of
progressive CKD above traditional risk factors

Forward logistic regression suggested that ethnicity,
HbAlc, MAP, eGFR and ACR were independent predic-
tors of progressive CKD. Given that age was one of the
main determinants of PWYV, we also included this vari-
able in the model. Adding PWV onto the traditional risk
factor- based model significantly increased cNRI (0.25,
95% CI 0.05-0.45, P =0.01) but did not improve C sta-
tistics (AUC 0.887 versus 0.892, P = 0.84, Table 3).

Rpart package suggested urinary ACR >470mg/g,
eGFR < 33 ml/min/1.73m? MAP > 110 mmHg, HbAlc >
8.5% and PWV >8.6m/s as the optimal cut- points to
produce the widest separation of CKD progressors ver-
sus non-progressors in the study cohort. Adding PWV
onto the traditional risk factor- based model increased
positive prediction rate from 24.5 to 32.3% without
markedly compromising negative prediction rate (99.2 to
98.3%, Table 3).

Discussions

In this prospective cohort study, the main findings in-
clude, 1) of the 3 arterial stiffness- related hemodynamic
parameters, only PWYV, but not augmentation index and
central pulse pressure, was independently associated
with progressive CKD after accounting for known clin-

hemodynamic parameters; 2) regression of PWV in the
3-year follow-up was associated with a reduced risk of
CKD progression; 3) adding PWV onto traditional risk
factor- based model improved net reclassification and
positive prediction rate of progressive CKD. These find-
ings suggest that PWV may be explored as not only a
biomarker for better risk-stratification of adverse renal
outcome but also a potential intervention target to miti-
gate the risk of progressive CKD in individuals with type
2 diabetes.

The independent association of PWV with risk of pro-
gressive CKD observed in our diabetic population in
South East Asia is agreeable with several previous stud-
ies. Nevertheless, we extended the early literature by
showing that PWYV has the strongest association with
progressive CKD among the 3 distinct but overlapping
hemodynamic parameters. This notion is supported by
the finding that the associations of central pulse pressure
and augmentation index with risk of progressive CKD
were markedly attenuated after adjustment for PWV
whereas the association of PWV with progressive CKD
did not materially change after adjustment for the other
2 hemodynamic parameters in the multivariable model
(Table 2). These data prompted us to explore whether
the 3-year change in PWV was associated with risk of
adverse renal outcome and whether PWV has additive

ical risk factors and adjustment for the other 2 value for prediction of CKD progression above
Table 3 Additive value for prediction of progressive CKD by PWV

Clinical model ® Clinical model + PWV P value
AUC 0.887 0.892 0.84
cNRI (95% CI) reference 0.25 (0.05-0.45) 0.01
Positive prediction rate (%) b 245 323 -
Negative prediction rate (%) b 99.2 98.3 -

2 Clinical model included age, ethnicity (Chinese as reference), HbA1c, MAP, eGFR and ACR; ® PWV was dichotomized as > 8.6 m/s versus <8.6 m/s when being

added into clinical model for estimation of positive and negative prediction rates
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traditional risk factors. To our knowledge, these two
questions have not been systematically addressed before.

The mechanism by which a high PWV leads to CKD
progression is likely attributable to an increment in
propagation of energy in pulsatile flow wave into the low
resistance kidney, especially in patients with diabetes [5,
6]. This is because diabetic kidney is susceptible to loss
of the protective autoregulation on blood flow which re-
sults in exacerbation of the pulsatile energy transmis-
sion, damage of glomerular vasculature and progressive
loss of kidney function [17, 33]. PWV has been proposed
as potential intervention target to improve prognosis of
cardiovascular disease but data regarding whether target-
ing PWV may also confer beneficial effect on the prog-
nosis of renal outcome are scarce [34]. In line with the
discussion above, our current study showed that regres-
sion of PWV within the 3-year follow-up was associated
with a reduced risk of progressive CKD. This finding
suggests the need to quest after strategies to specifically
target arterial stiffness in future studies. On the other
hand, medication treatments in diabetic patients should
also consider the beneficial effect on arterial stiffness.
For example, pharmacological inhibition of angiotensin
IT signalling may translate into a reduced arterial stiff-
ness [35, 36]. Interestingly, our data showed that partici-
pants with PWV regression were more likely on renin-
angiotensin system inhibitor treatment despite having
no significant difference in albuminuria at baseline
(Additional file 1, supplementary Table 3). Other medi-
cations with renal protective effects including SGLT?2 in-
hibitors and non- medication modalities such as physical
exercise also demonstrated beneficial effects on arterial
stiffening [37, 38]. It is therefore reasonable to postulate
that renal protective effect of SGLT2 inhibitors and
physical exercise may be partly attributable to their ac-
tions on arterial stiffness. Intriguingly, we did not ob-
serve a significant association between PWV progression
in the follow-up and an increased risk of progressive
CKD in the 3-year interval. The reasons remain to be
elucidated but we speculate that an increased PWV may
take a longer time to exert its deleterious effect on kid-
ney ultrastructure and filtration function whereas regres-
sion in PWV will lead to a rapid intrarenal
hemodynamic change with manifestation of a reduced
risk of progressive CKD in a short period. Nevertheless,
we would like to highlight that these findings are ex-
ploratory in nature and future external validations and
mechanistic studies are warranted.

Clinically accessible biomarkers predictive of adverse
renal outcomes may aid stratification of patients for
early intervention to prevent or mitigate risk of progres-
sive kidney disease [39]. To our knowledge, the current
work is probably the first to assess the additive value of
PWYV for prediction of renal outcome above and beyond
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traditional risk factors. Given that only a small propor-
tion of patients will experience progressive CKD and
reach the hard renal outcomes, i.e. doubling of serum
creatinine and/or end stage renal disease [24], the chal-
lenge in risk prediction of renal outcome lies in the low
positive prediction rate among at- risk patients [31]. Our
analysis showed that PWV as a biomarker may improve
classification despite modest increment in C- statistics.
More importantly, adding PWV onto traditional risk fac-
tor- based model may enhance positive prediction rate.
These findings support that, besides its established appli-
cation as a valid biomarker for cardiovascular risk [26],
PWV may be potentially be a biomarker to aid risk-
stratification for individualized management of diabetic
patients and enrich participants with high renal risk for
enrolment in clinical trials.

The current work has several strengths. Participant
baseline phenotype was carefully characterized and
the planned 3-year follow-up study was performed by
the same group of researchers. Confirmed 40% eGFR
decline is a valid surrogate renal outcome recom-
mended by leading organizations which has been
assessed in large studies [23, 24]. The methodology
for assessment of arterial stiffness by measurement of
carotid- femoral PWYV is a well- established technique
to study the relationship between arterial stiffness and
disease outcomes [7, 8, 26]. In addition, we have con-
sidered multiple known demographic and cardio-renal
risk factors in our analysis. Nevertheless, some im-
portant weaknesses should be mentioned. First, as for
all observational studies, residual confounding is inev-
itable even though we have adjusted the known clin-
ical risk factors. We cannot infer causality based on
our findings either. The study on the relationship be-
tween dynamic change in PWV and risk of progres-
sive CKD can only be taken as an exploratory
analysis for hypothesis generation. Second, the
phenomenon of “regression to the mean” is a poten-
tial confounder for all studies with repeated measure-
ments. However, the correlation coefficient between
the first and second measurements of PWV was rela-
tively high (r =0.55) which may partly decrease the
regression to the mean [40]. Also, we have adjusted
baseline value of PWYV in all our analyses which is an
acceptable approach to reduce regression to the mean
phenomenon [27, 40]. Third, our participants were
South East Asians. External validation in other ethnic
groups is warranted to assess the generalizability of
our findings. In addition, it is unknown whether our
findings can be extrapolated to non-diabetic popula-
tions either. Finally, the study involved two aortic
haemodynamic measurements 3 years apart. Partici-
pants with worsening conditions and progressive dis-
ease may be more likely lost to follow-up at the
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second visit (Additional file 1, supplementary Table 1).
This inherent weakness of the study may limit
generalizability of our findings.

Conclusion

Both baseline PWV and its 3-year change were inde-
pendently associated with risk of progressive CKD, lend-
ing evidence to support that the effect on arterial
stiffness should be considered in management of dia-
betes and its complications in individuals with type 2
diabetes. Moreover, PWV improved reclassification and
positive prediction rate for risk of progressive CKD
above and beyond traditional risk factors. Future studies
are warranted to examine whether PWV may be taken
as a novel biomarker for risk-stratification of diabetic pa-
tients in terms of adverse renal outcome or aid the en-
richment of high risk patients to improve the efficiency
of clinical trials with renal outcomes.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512882-020-02024-z.

[ Additional file 1. Supplementary Table 1, 2 and 3. ]

Abbreviations

ACR: Albumin-to-creatinine ratio; CKD: Chronic kidney disease;

cNRI: Continuous net reclassification improvement; eGFR: Estimated
glomerular filtration rate; MAP: Mean arterial pressure; PWV: Pulse wave
velocity

Acknowledgements

We warmly thank participants in SMART2D cohort and all staff in clinical
research unit at Khoo Teck Puat hospital Singapore for their contributions to
the study.

Authors’ contributions

JJL designed the study, researched and interpreted the data; SL, JL and
RWMC researched the data; SL, JL, RLG, YM, KA, YMS, WET, ST, CFS and SCL
collected data and contributed important intellectual knowledge. JIL drafted
the manuscript and all other co-authors revised the manuscript critically for
important intellectual contents and approved publication of the manuscript.
SCL is the guarantor of this work and, as such, had full access to all data in
the study and takes responsibility for the integrity of the data and the accur-
acy of the data analysis.

Funding

The work was funded by Singapore National Medical Research Council Grant
CSA-INV/0020/2017, CS-IRG (MOH-000066) and KTPH STAR Grant 17202 and
18203. The funder has no role in study design, data analysis, manuscript writ-
ing and decision to submit for publication.

Availability of data and materials

The datasets generated and analysed during the current study are not
publicly available due to ethical restrictions. However, anonymized or
aggregated data are available from the corresponding author on reasonable
request and upon approval from Singapore National Healthcare Group
Review Board.

Ethics approval and consent to participate

The study complies with principles laid by Helsinki Declaration and has been
approved by Singapore National Healthcare Group Domain Specific Review
Board (DSRB 2017/00341). Written consent was obtained from each
participant.

Page 8 of 9

Consent for publication
Not applicable.

Competing interests
The authors declared that they have no competing interests to disclose.

Author details

'Clinical Research Unit, Khoo Teck Puat hospital, Singapore 768828, Republic
of Singapore. “Geriatric Education and Research Institute, Singapore 768024,
Republic of Singapore. *Diabetes Centre, Admiralty Medical Center,
Singapore 730676, Republic of Singapore. “National Healthcare Group
Polyclinic, Singapore 138543, Republic of Singapore. *Saw Swee Hock School
of Public Heath, National University of Singapore, Singapore 117549,
Republic of Singapore. ®Diabetes Center, Khoo Teck Puat Hospital, 90 Yishun
Central, Singapore 768828, Republic of Singapore.

Received: 7 May 2020 Accepted: 16 August 2020
Published online: 20 August 2020

References

1. United States Renal Data System USRD: 2018 USRDS annual data report:
epidemiology of kidney disease in the United States.

2. Tuttle KR, Bakris GL, Bilous RW, Chiang JL, de Boer IH, Goldstein-Fuchs J,
Hirsch IB, Kalantar-Zadeh K, Narva AS, Navaneethan SD, et al. Diabetic
kidney disease: a report from an ADA consensus conference. Diabetes Care.
2014;37(10):2864-83.

3. Lytvyn Y, Bjornstad P, van Raalte DH, Heerspink HL, Cherney DZI. The New
Biology of Diabetic Kidney Disease-Mechanisms and Therapeutic
Implications. Endocr Rev. 2020;41(2):202-31.

4. Townsend RR. Arterial stiffness in CKD: a review. Am J Kidney Dis. 2019;
73(2):240-7.

5. O'Rourke MF, Safar ME. Relationship between aortic stiffening and
microvascular disease in brain and kidney: cause and logic of therapy.
Hypertension. 2005;46(1):200-4.

6. Cavalcante JL, Lima JA, Redheuil A, Al-Mallah MH. Aortic stiffness: current
understanding and future directions. J Am Coll Cardiol. 2011;57(14):1511-22.

7. Townsend RR, Wilkinson 1B, Schiffrin EL, Avolio AP, Chirinos JA, Cockcroft JR,
Heffernan KS, Lakatta EG, McEniery CM, Mitchell GF, et al. Recommendations
for improving and standardizing vascular research on arterial stiffness: a
scientific statement from the American Heart Association. Hypertension.
2015,66(3):698-722.

8. Van Bortel LM, Laurent S, Boutouyrie P, Chowienczyk P, Cruickshank JK, De
Backer T, Filipovsky J, Huybrechts S, Mattace-Raso FU, Protogerou AD, et al.
Expert consensus document on the measurement of aortic stiffness in daily
practice using carotid-femoral pulse wave velocity. J Hypertens. 2012;30(3):
445-8.

9. Townsend RR, Wimmer NJ, Chirinos JA, Parsa A, Weir M, Perumal K, Lash JP,
Chen J, Steigerwalt SP, Flack J, et al. Aortic PWV in chronic kidney disease: a
CRIC ancillary study. Am J Hypertens. 2010;23(3):282-9.

10. Townsend RR, Anderson AH, Chirinos JA, Feldman HI, Grunwald JE, Nessel L,
Roy J, Weir MR, Wright JT Jr, Bansal N, et al. Association of Pulse Wave
Velocity with Chronic Kidney Disease Progression and Mortality: findings
from the CRIC study (chronic renal insufficiency cohort). Hypertension. 2018;
71(6):1101-7.

11. Weber T, Ammer M, Gunduz D, Bruckenberger P, Eber B, Wallner M.
Association of increased arterial wave reflections with decline in renal
function in chronic kidney disease stages 3 and 4. Am J Hypertens. 2011;
24(7):762-9.

12. Briet M, Collin C, Karras A, Laurent S, Bozec E, Jacquot C, Stengel B, Houillier
P, Froissart M, Boutouyrie P, et al. Arterial remodeling associates with CKD
progression. J Am Soc Nephrol. 2011,22(5):967-74.

13, Chandra P, Sands RL, Gillespie BW, Levin NW, Kotanko P, Kiser M, Finkelstein
F, Hinderliter A, Rajagopalan S, Sengstock D, et al. Relationship between
heart rate variability and pulse wave velocity and their association with
patient outcomes in chronic kidney disease. Clin Nephrol. 2014;81(1):9-19.

14. Temmar M, Liabeuf S, Renard C, Czernichow S, Esper NE, Shahapuni |,
Presne C, Makdassi R, Andrejak M, Tribouilloy C, et al. Pulse wave velocity
and vascular calcification at different stages of chronic kidney disease. J
Hypertens. 2010,28(1):163-9.


https://doi.org/10.1186/s12882-020-02024-z
https://doi.org/10.1186/s12882-020-02024-z

Liu et al. BMC Nephrology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

(2020) 21:359

Upadhyay A, Hwang SJ, Mitchell GF, Vasan RS, Vita JA, Stantchev PI, Meigs
JB, Larson MG, Levy D, Benjamin EJ, et al. Arterial stiffness in mild-to-
moderate CKD. J Am Soc Nephrol. 2009;20(9):2044-53.

Chue CD, Edwards NC, Davis LJ, Steeds RP, Townend JN, Ferro CJ. Serum
phosphate but not pulse wave velocity predicts decline in renal function in
patients with early chronic kidney disease. Nephrol Dial Transplant. 2011;
26(8):2576-82.

Briet M, Boutouyrie P, Laurent S, London GM. Arterial stiffness and pulse
pressure in CKD and ESRD. Kidney Int. 2012,82(4):388-400.

Schellinger IN, Mattern K, Raaz U. The hardest part. Arterioscler Thromb Vasc
Biol. 2019;39(7):1301-6.

Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Levy D, Benjamin EJ,
Vasan RS, Mitchell GF. Aortic stiffness, blood pressure progression, and
incident hypertension. JAMA. 2012,308(9):875-81.

Ford ML, Tomlinson LA, Chapman TP, Rajkumar C, Holt SG. Aortic stiffness is
independently associated with rate of renal function decline in chronic
kidney disease stages 3 and 4. Hypertension. 2010;55(5):1110-5.

Liu JJ, Sum CF, Tavintharan S, Yeoh LY, Ng XW, Moh AM, Lee S, Tang WE,
Lim SC. Obesity is a determinant of arterial stiffness independent of
traditional risk factors in Asians with young-onset type 2 diabetes.
Atherosclerosis. 2014:236(2):286-91.

Pek SL, Tavintharan S, Wang X, Lim SC, Woon K, Yeoh LY, Ng X, Liu J, Sum
CF. Elevation of a novel angiogenic factor, leucine-rich-alpha2-glycoprotein
(LRG1), is associated with arterial stiffness, endothelial dysfunction, and
peripheral arterial disease in patients with type 2 diabetes. J Clin Endocrinol
Metab. 2015;100(4):1586-93.

Coresh J, Turin TC, Matsushita K, Sang Y, Ballew SH, Appel LJ, Arima H,
Chadban SJ, Cirillo M, Djurdjev O, et al. Decline in estimated glomerular
filtration rate and subsequent risk of end-stage renal disease and mortality.
JAMA. 2014;311(24):2518-31.

Levey AS, Gansevoort RT, Coresh J, Inker LA, Heerspink HL, Grams ME,
Greene T, Tighiouart H, Matsushita K, Ballew SH, et al. Change in
albuminuria and GFR as end points for clinical trials in early stages of CKD: a
scientific workshop sponsored by the National Kidney Foundation in
collaboration with the US Food and Drug Administration and European
medicines agency. Am J Kidney Dis. 2020,75(1):84-104.

Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
Pannier B, Vlachopoulos C, Wilkinson |, Struijker-Boudier H. Expert consensus
document on arterial stiffness: methodological issues and clinical
applications. Eur Heart J. 2006,27(21):2588-605.

Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bohm M,
Christiaens T, Cifkova R, De Backer G, Dominiczak A, et al. 2013 ESH/ESC
guidelines for the management of arterial hypertension: the task force for
the management of arterial hypertension of the European Society of
Hypertension (ESH) and of the European Society of Cardiology (ESC). J
Hypertens. 2013;31(7):1281-357.

Ferreira MT, Leite NC, Cardoso CR, Salles GF. Correlates of aortic stiffness
progression in patients with type 2 diabetes: importance of glycemic
control: the Rio de Janeiro type 2 diabetes cohort study. Diabetes Care.
2015;38(5):897-904.

Liu JJ, Liu S, Gurung RL, Ang K, Ee Tang W, Sum CF, Tavintharan S, Hadjadj
S, Lim SC. Arterial stiffness modulates the Association of Resting Heart Rate
with Rapid Renal Function Decline in individuals with type 2 diabetes
mellitus. Arterioscler Thromb Vasc Biol. 2019;39(11):2437-44.

Cecelja M, Chowienczyk P. Dissociation of aortic pulse wave velocity with
risk factors for cardiovascular disease other than hypertension: a systematic
review. Hypertension. 2009;54(6):1328-36.

Cecelja M, Jiang B, Keehn L, Hussain T, Silva Vieira M, Phinikaridou A, Greil G,
Spector TD, Chowienczyk P. Arterial stiffening is a heritable trait associated
with arterial dilation but not wall thickening: a longitudinal study in the
twins UK cohort. Eur Heart J. 2018;39(24):2282-8.

Yamanouchi M, Skupien J, Niewczas MA, Smiles AM, Doria A, Stanton RC,
Galecki AT, Duffin KL, Pullen N, Breyer MD, et al. Improved clinical trial
enrollment criterion to identify patients with diabetes at risk of end-stage
renal disease. Kidney Int. 2017,92(1):258-66.

Breiman L, Friedman J, Stone C, Olshen R. Classification and regression trees.

Belmont: Wadsworth; 1984.

Bidani AK, Griffin KA, Williamson G, Wang X, Loutzenhiser R. Protective
importance of the myogenic response in the renal circulation.
Hypertension. 2009;54(2):393-8.

34.

35.

36.

37.

38.

39.

40.

Page 9 of 9

Guerin AP, Blacher J, Pannier B, Marchais SJ, Safar ME, London GM. Impact
of aortic stiffness attenuation on survival of patients in end-stage renal
failure. Circulation. 2001;103(7):987-92.

Benetos A, Cambien F, Gautier S, Ricard S, Safar M, Laurent S, Lacolley P,
Poirier O, Topouchian J, Asmar R. Influence of the angiotensin Il type 1
receptor gene polymorphism on the effects of perindopril and nitrendipine
on arterial stiffness in hypertensive individuals. Hypertension. 1996,28(6):
1081-4.

Heesen WF, Beltman FW, Smit AJ, May JF, de Graeff PA, Muntinga JH,
Havinga TK, Schuurman FH, van der Veur E, Meyboom-de Jong B, et al.
Reversal of pathophysiologic changes with long-term lisinopril treatment in
isolated systolic hypertension. J Cardiovasc Pharmacol. 2001;37(5):512-21.
Endes S, Schaffner E, Caviezel S, Dratva J, Autenrieth CS, Wanner M, Martin
B, Stolz D, Pons M, Turk A, et al. Physical activity is associated with lower
arterial stiffness in older adults: results of the SAPALDIA 3 cohort study. Eur
J Epidemiol. 2016;31(3):275-85.

Madden KM, Lockhart C, Cuff D, Potter TF, Meneilly GS. Short-term aerobic
exercise reduces arterial stiffness in older adults with type 2 diabetes,
hypertension, and hypercholesterolemia. Diabetes Care. 2009;32(8):1531-5.
Gaede P, Vedel P, Larsen N, Jensen GV, Parving HH, Pedersen O.
Multifactorial intervention and cardiovascular disease in patients with type 2
diabetes. N Engl J Med. 2003;348(5):383-93.

Barnett AG, van der Pols JC, Dobson AJ. Regression to the mean: what it is
and how to deal with it. Int J Epidemiol. 2005;34(1):215-20.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Participants and methods
	Definition of progressive chronic kidney disease
	Carotid- femoral pulse wave velocity measurement and waveform analysis
	Clinical and biochemical variables
	Data analysis

	Results
	Participant baseline characteristics
	Associations of PWV, central pulse pressure and augmentation index with progressive CKD
	Regression of PWV in the 3-year follow-up was associated with a lower risk of progressive CKD
	Additive value of PWV as a biomarker for prediction of progressive CKD above traditional risk factors

	Discussions
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

