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Summary

New onset diabetes (NODM) is a common and serious complication of kidney
transplantation, and is associated with increased cardiovascular morbidity and
mortality. Cardiovascular morbidity and mortality, in turn, are closely associated
with arterial stiffening. We hypothesize that NODM may be associated with an
increase in arterial stiffness in renal transplantation. We compared pulse wave
velocity (PWV) and augmentation index in 318 renal transplant patients with
(n = 57) and without NODM (n = 261). PWV was determined from pressure
tracing over carotid and femoral arteries. Augmentation-index was derived by
pulse-wave-analysis using radial applanation tonometry. PWV was significantly
higher in transplant recipients with NODM (10.5 m/s) compared with trans-
plant patients without NODM (8.7 m/s, P = 0.0002). There was no difference in
augmentation index between patients with (27.7%) and without NODM (28.1%,
P = 0.87). When analyzed by multiple regression analysis, PWV was only signifi-
cantly correlated to age (P < 0.0001), NODM (P = 0.0325), and systolic blood
pressure (P = 0.0081). NODM in renal transplant patients may accelerate arte-

rial stiffening, thereby contributing to cardiovascular morbidity and mortality.

Introduction

Measuring arterial stiffness has become a major tool for
assessing arterial function and cardiovascular mortality
[1]. In particular, pulse wave velocity (PWV) and aug-
mentation index have been proposed to be clinically use-
ful stiffness markers on account of their noninvasiveness
and ease of use [2]. Pulse wave velocity reflects the speed
by which the primary pressure wave generated by ventric-
ular ejection travels along the arterial tree. The augmenta-
tion index is determined from the pulse wave and reflects
the degree to which central arterial pressure is increased
by the reflected pulse wave [3]. Whereas PWV is the clas-
sic marker of arterial stiffness, augmentation index is a
more complex parameter of arterial function depending
on stiffness, endothelial function, and wave reflection [1].
Both parameters not only reflect the overall atheroscle-
rotic load of the arterial tree but have also been shown to
predict cardiovascular mortality in hypertension [4,5],
chronic renal failure [6,7], and diabetes mellitus [7,8].

New onset diabetes (NODM) is a common and serious
complication of kidney transplantation associated with
increased cardiovascular morbidity and mortality [9].
Cardiovascular mortality, in turn, has been closely associ-
ated with arterial stiffening [1,2]). To date, it is not
known whether NODM in renal transplantation contrib-
utes to arterial stiffening. In the present study, we evalu-
ate the effect of NODM on arterial stiffness markers in
renal transplant patients. We hypothesize that NODM
contributes to arterial stiffening in renal transplantation,
and that stiffness markers such as PWV and augmenta-
tion index may be increased in subjects with NODM.

Methods

Study population

In this cross-sectional study, 318 subjects with stable renal
transplantation were recruited from our renal transplant
outpatient clinic. In addition, data from 51 healthy
controls and 35 nontransplant type II diabetics were
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analyzed. Height and weight were measured, and body
mass index (BMI) was calculated as weight to height
squared. Laboratory measurements were measured with
commercially available kits in our central laboratory. The
study was performed in accordance with the principles
laid down in the Declaration of Helsinki.

The diagnostic criteria for diabetes mellitus as recom-
mended by the 2003 international consensus guidelines
for new-onset diabetes after transplantation were used
[10]. These criteria were symptoms of diabetes plus casual
plasma glucose concentrations >200 mg/dl or fasting
plasma glucose >126 mg/dl or 2-h plasma glucose
>200 mg/dl during an oral glucose tolerance test.

Hemodynamic measurements

Measurements were performed in a quiet, temperature-
controlled room after 10 min, in a supine position
according to the recommendations for user procedures of
clinical applications of arterial stiffness, task force III
[11], using the SphygmoCor device (AtCor Medical, Syd-
ney, Australia). Blood pressure and heart rate (mean of
three readings) were measured with an automatic upper-
arm oscillometric device (Omron 705IT, Omron Medizin-
technik, Mannheim, Germany). Pulse pressure (PP) was
calculated by subtracting diastolic (DBP) from systolic
blood pressure (SBP).

Aortic PWV was calculated from sequentially recorded
pressure waveforms of the carotid and femoral artery as
reported previously by our group [12,13]. With a simul-
taneous ECG recording of the R-wave as reference, the
integral software calculated the pulse wave transit time.
Anatomical measurements of the distance between the
carotid and femoral artery were made on the surface of
the body. The distance between carotid artery recording
site and the suprasternal notch was subtracted from the
distance from the suprasternal notch over the umbilicus
to the femoral artery recording site. PWV [m X s was
calculated as ratio between the distance traveled by the
pulse wave and pulse transmission time.

Augmentation index was calculated from pulse waves
of the radial artery that were recorded by applanation to-
nometry, as previously described [12,14]. Data were col-
lected directly into a portable computer; integral software
was used to generate an averaged composite waveform
(SphygmoCor) from which specially designed software
derived an aortic blood pressure waveform using a vali-
dated transfer function algorithm [3]. The systolic part of
the central arterial waveform is characterized by two pres-
sure peaks. The first peak is caused by left ventricular
ejection whereas the second peak is a result of wave
reflection. Augmentation terms the difference between
both pressure peaks, and augmentation index (%), which
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was calculated from augmentation divided by pulse pres-
sure (expressed as a percentage), reflects the degree to
which central arterial pressure is augmented by wave
reflection.

Statistical analysis

Nonpaired, two-sided Student’s t-test was used to analyze
differences in anthropometric, hemodynamic or biochem-
ical parameters between renal transplant patients with
and without NODM. aNova was used to analyze the
effect of potential confounders on the difference between
stiffness markers between subjects with and without
NODM.

Simple linear regression analysis (Pearson) was applied
to further detect and describe strength and direction of
correlations of stiffness markers to anthropometric,
hemodynamic, clinical, and biochemical parameters.
Those parameters that were significantly correlated to
stiffness markers in simple regression analysis were
further subjected to multiple regression analysis.

P < 0.05 was considered statistically significant. All val-
ues are shown as mean + SEM. Statistical analysis was
performed using GraphPad Prism 4.0 for MS Windows
(GraphPad Software, Inc., San Diego, CA, USA).

Results

Characteristics of the study population are displayed in
Table 1 (left column). Two hundred and eighty-eight sub-
jects of the study population had a history of hyperten-
sion, 74 subjects had known coronary heart disease, and
24 subjects had a history of arterial occlusive disease. 53
patients had undergone parathyroidectomy, five patients
had had a stroke in the past. The large majority was trea-
ted with antihypertensive drugs (234 subjects received
beta-blockers, 167 subjects received calcium-antagonists,
201 subjects received ACE-inhibitor/angiotensin receptor-
blockers, 211 subjects received diuretics, and 68 were trea-
ted with sympatholytic agents, respectively. The large
majority received immunosuppressive therapy containing
corticosteroids (n = 283) and calcineurin-inhibitors
(n = 284; 120 with cyclosporine, 164 with tacrolimus).
152 subjects received mycophenolic acid; and 21 subjects
received mTOR inhibitors.

From the 318 renal transplant patients, 57 subjects had
NODM, whereas 261 transplant patients without diabetes
served as controls (Table 1). Compared to nondiabetic
transplant controls, transplant patients with NODM
showed a significantly higher PWV (P = 0.0002).There
was no difference in augmentation index between these
two groups. As expected, parameters of glucose metabo-
lism including glucose and HbA1 were also significantly
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Table 1. Characteristics (mean + SEM)

Total NODM Controls of the transplant study population.

Parameter (n =318) (n =57) (n=261) P-value

Age (years) 51.6 £0.76 57.4 + 1.58 50.3 £ 0.85 0.0003
Gender (male/female) 156/162 26/31 136/125 0.3759
Height (cm) 169.9 = 0.57 167.2 £ 1.29 170.4 + 0.63 0.0311
Weight (kg) 73.4 £ 0.85 73.9 £ 1.81 73.4 £ 0.96 0.8036
Body mass index (kg/mz) 254 £ 0.24 26.4 + 0.26 25.1 £ 0.27 0.0403
History of hypertension N =288 N =52 N =236 0.9137
History of CHD N=74 N=19 N =55 0.0511
History of AOD N =24 N=6 N=18 0.3577
Cholesterol (mg/dl) 2134+ 2.8 2183 £ 6.9 212.7 £ 3.0 0.4422
Glucose (mg/dl) 108.2 + 1.83 1334 +£5.83 102.8 + 1.67 <0.0001
HbA1c (mg/dl) 5.83 + 0.064 6.46 = 0.136 5.62 + 0.059 <0.0001
Systolic blood pressure (mmHg) 1493 + 1.13 154.2 + 2.82 148.2 + 1.23 0.0419
Diastolic blood pressure (mmHg) 83.0 £ 0.63 80.4 + 1.49 83.5 + 0.69 0.0530
Pulse pressure (mmHg) 66.3 + 0.98 73.8+2.74 64.6 + 1.02 0.0003
Heart rate (b.p.m.) 67.5+0.70 70.7 £ 1.78 66.5 + 0.80 0.0329
Pulse wave velocity (m/s) 9.04 £ 0.19 10.54 + 0.56 8.67 £+ 0.19 0.0002
Augmentation index (%) 27.9+0.73 27.7 £1.71 28.1+£0.82 0.8728

CHD, coronary heart disease; AOD, arterial occlusive disease.

P-values for unpaired Student's t-test between subjects with NODM and controls without NODM.

higher in patients with NODM. Systolic blood pressure
was higher in diabetics (P = 0.0419), whereas diastolic
blood pressure tended to be lower the NODM group
(P =0.0530). Together, this resulted in a significantly
greater pulse pressure in NODM subjects (P = 0.0003).
Furthermore, NODM transplant patients were signifi-
cantly older than transplant controls (P = 0.003).

Because age is a well-known determinant of PWV, we
used ANOvA to analyze the confounding effect of age on
the difference in PWV between NODM subjects and con-
trol transplants. Following aNova using age as co-vari-
able, PWV remained significantly higher in NODM
(P = 0.0115).

To further confirm that age does not significantly influ-
ence the observed difference in PWV between NODM
subjects and controls, this analysis was repeated in sub-
jects older than 45 years (Table 2). Even in these selected

transplant cohorts of similar age, PWV remained signifi-
cantly higher in subjects with NODM (P = 0.0073).

We further included a control group of healthy subjects
and one control group of nontransplant diabetics to ana-
lyze the extent of the PWV increase in transplant subjects
(Table 2). When compared with healthy subjects of simi-
lar age, PWV was significantly higher in NODM trans-
plant patients (P < 0.0001) as well as in transplant
controls (P = 0.045). PWV tended to be higher in non-
transplant  diabetics compared to healthy controls
(P = 0.0705), but there was no significant difference in
PWV between nontransplant diabetics and transplant
patients without diabetes.

We additionally analyzed the impact of other potential
determinants of PWV in this cohort of renal transplant
patients. Table 3 shows the results of regression analysis
between PWV and anthropometric, hemodynamic, clinical,

Table 2. Characteristics (mean + SEM)

Transplant Transplant of renal transplant subjects >45 years
patients with patients Healthy N.ontra.nsplant and control groups of healthy subjects
NODM Controls controls diabetics and nontransplant diabetics.

Parameter (n = 48) (n=170) (n=51) (n = 35)

Age (years) 61.0+1.29 584 +0.65 61.2 + 0.61 64.4 + 0.61*

Gender (male/female) 21/27 88/82 38/41 19/16

Body mass index (kg/mz) 26.5+0.60 25.8 +0.31 27.0 £ 0.49 28.3 £ 0.53

Systolic blood pressure (mmHg) 152.5 £2.83 151.6 + 1.48 136.0 £ 2.31*** 142.1 £ 3.54*

Diastolic blood pressure (nmHg) 77.7 + 1.23  82.5+0.81** 815+ 1.26* 787 + 19

Pulse pressure (mmHg) 749 £3.00 69.1 +1.26* 545 + 1.39%**  63.4 +2.6%*

Pulse wave velocity (m/s) 11.13+£0.62 9.61 £0.25** 853 +0.24*** 921 +0.28*

Augmentation index (%) 284 +1.73 30.4+0.88 27.5 £ 1.01 24.1 + 1.66

*Indicates P < 0.05, **indicates P < 0.01, ***indicates P < 0.001 for comparison with NODM

transplant subjects (Unpaired student’s t-test).
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Table 3. Results of simple and multiple regression analyses for
anthropometric, hemodynamic, clinical, and biochemical parameters
using pulse wave velocity as dependent variable. Correlation coeffi-
cients of simple () and multiple regression analysis (B) and P-values
(p) are displayed.

Simple regression Multiple regression

Pulse wave velocity r p B p

Age 0.602 <0.0001 0.516 <0.0001
Height 0.003 0.9649

Weight 0.048 0.4157

BMI 0.068 0.2494

NODM 0.220 0.0002 0.401 0.0325
Hypertension 0.126 0.0343

CHD 0.233 <0.0001 0.010 0.8563
AOD 0.141 0.0176 0.037 0.4678
Parathyroidectomy 0.024 0.7425

Stroke 0.096 0.1843

CNI 0.063 0.3840

Corticosteroids 0.055 0.4475

Mycophenolic acid 0.128 0.0749

mTOR inhibitor 0.084 0.2462

Beta-blocker 0.046 0.4443

Ca-antagonist 0.125 0.0362 0.055 0.2641
ACE/ARB 0.179 0.0026 0.087 0.0679
Diuretics 0.037 0.5402

Sympatholytics 0.016 0.7890

Statins 0.114 0.0560

Hemoglobin 0.018 0.7645

Urea 0.044 0.4630

Creatinine 0.065 0.2760

Uric acid 0.027 0.6522

Cholesterol 0.092 0.1949

Glucose 0.251 <0.0001

HbA1 0.212 0.0145

Proteinuria 0.034 0.5698

SBP 0.315 <0.0001 0.134 0.0081
DBP 0.001 0.9911

PP 0.131 <0.0001

Heart rate 0.075 0.2061

Augmentation index 0.002 0.9716

BMI, body mass index; CHD, coronary heart disease; AOD, arterial
occlusive disease; CNI, calcineurin inhibitor; SBP, systolic blood pres-
sure; DBP, diastolic blood pressure; PP, pulse pressure.

or biochemical parameters. Using simple regression analy-
sis, PWV was significantly correlated to age, NODM,
presence of coronary heart and arterial occlusive disease,
treatment with Ca-antagonists and ACE-inhibitors/angio-
tensin receptor-blockers, glucose, HbA1, systolic blood
pressure, and pulse pressure. Parameters that were signifi-
cantly correlated to PWV (except for HbAl, glucose, and
pulse pressure as they depend on diabetes and systolic
blood pressure) were further submitted to multiple
regression analysis, using PWV as dependent variable.
After multiple regression analysis, PWV remained signifi-
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cantly correlated only to age (P < 0.0001), NODM
(P = 0.0325), and systolic blood pressure (P = 0.0081).

Augmentation index was not analyzed by multiple
regression analysis as it was not significantly correlated to
NODM.

Discussion

In the present study, we evaluated the impact of new-
onset diabetes mellitus on the arterial stiffness markers
PWV and augmentation index. We found that PWV was
significantly higher in subjects with NODM compared to
controls. In contrast, augmentation index was not signifi-
cantly different in the NODM group.

It has been shown that age is a strong predictor of
NODM in renal transplantation [15]. Consistent with that
report, patients with NODM in our study were signifi-
cantly older than the control group without NODM.
Because age is a major determinant of PWV, we addition-
ally performed aANova to assess the potential effect of age
on the observed difference in PWV between both the
groups and found that PWV remained significantly higher
in NODM. Furthermore, when only patients older than
45 years were analyzed to compare groups of similar age,
PWV remained significantly higher in NODM patients.
Consistent with these results, multiple regression analysis
additionally showed that besides age and blood pressure,
NODM remained significantly correlated to PWV.
Together, our data provide new evidence that NODM is a
strong determinant of PWV in renal transplant patients.

Patients with NODM were on transplant for 5 years
(mean 5.4 years £ 5.7 SD). We believe that changes in the
arterial wall may occur during such a time period. In fact,
functional changes of the arterial wall such as an increase
in PWV have been reported to occur over a short period of
time [16]. Thus, we propose that NODM is an important
contributor to arterial stiffening in subjects with renal
transplantation. Optimizing glucose metabolism in renal
transplant patients may improve cardiovascular morbidity
and mortality in this patient group as arterial stiffening is
not merely reflecting the overall atherosclerotic load but
negatively affects hemodynamic function [2]. Further stud-
ies are required to investigate whether the use of such
drugs can also slow down progression of arterial stiffening.

We compared the increase in PWV in our transplant
groups with a control group of healthy subjects, and simi-
lar age. PWV in this control group was in the range pre-
viously reported for that age cohort [17]. Both transplant
groups had a significantly higher PWV compared to the
healthy controls, indicating that despite the reported ben-
eficial effect of transplantation on arterial stiffness mark-
ers [18], arterial stiffening may be accelerated in these
patients.
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We also compared our PWV results in transplants with
those of nontransplanted diabetic patients and found that
transplant diabetics exhibited a significantly higher PWV
compared to nontransplant diabetics. These results sug-
gest that there may be an additive effect of renal failure
and diabetes on the increase in PWV.

In addition to a higher PWV, subjects with NODM
also exhibited a higher systolic blood pressure. Whereas
diastolic blood pressure is a major determinant of PWV
in younger individuals [13], systolic blood pressure (SBP)
is more closely related to PWV in older individuals [1]. It
is possible that SBP may contribute to the higher PWV
observed in NODM subjects. However, when analyzed by
multiple regression analysis, both NODM and SBP
remained significantly correlated to PWV. Furthermore,
aortic stiffening leads to characteristic changes of the
blood pressure pattern with a rise of systolic and a fall of
diastolic blood pressure resulting in a widening of the
pulse pressure [2]. In our study, NODM patients indeed
not only had higher PWYV, but also exhibited higher sys-
tolic and lower diastolic blood pressure compared to the
control group. As a result, NODM subjects exhibited a
pulse pressure that was nearly 10 mmHg higher com-
pared to controls. These findings are consistent with the
idea that more pronounced aortic stiffening is responsible
for the different blood pressure pattern observed in
NODM transplant patients compared to control trans-
plant subjects.

Interestingly, augmentation index was not associated
with NODM. Augmentation index is a complex parame-
ter of arterial function depending not only on stiffness
and wave reflection but also on endothelial and cardiac
function [3], and is not interchangeable with PWV [19].
We speculate that the lack of an association between
NODM and augmentation index may result from such
additional confounding factors. PWV and augmentation
index may provide differential information on arterial
function in renal transplant recipients.

It has been suggested that improving glucose metabo-
lism may represent a significant target to lower cardiovas-
cular mortality in renal patients with NODM [9,20]. In
addition, pharmacological and nonpharmacological
approaches to reduce arterial stiffness may be of particu-
lar importance for renal transplant patients who have
NODM [2]. Further studies are required to evaluate the
predictive value of PWV and augmentation index for car-
diovascular mortality in renal transplant recipients.
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