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ABSTRACT

Background. Endothelial dysfunction is associated with cardiovascular events and mortality in various disease states,
including end-stage renal disease (ESRD). Novel technological approaches have emerged for real-time assessment of
endothelial reactivity. This study examined skin microcirculation using laser speckle contrast imaging (LSCI) before and
after arterial occlusion in ESRD patients undergoing haemodialysis (HD) or peritoneal dialysis (PD).

Methods. The 38 HD patients were matched in a 1:1 ratio with 38 PD patients (for age, sex and dialysis vintage) and 38
controls (for age and sex). Skin microvascular reactivity parameters assessed with LSCI included baseline perfusion,
occlusion perfusion and peak perfusion during post-occlusive reactive hyperaemia (PORH); time to peak perfusion;
proportional change from baseline to peak perfusion; baseline and peak cutaneous vascular conductance (CVC);
proportional change from baseline to peak CVC and amplitude of the PORH response (i.e. the difference between peak and
baseline CVC).

Results. Baseline perfusion [HD: 46.97 6 14.6; PD: 49.32 6 18.07; controls: 42.02 6 11.94 laser specle perfusion units (LSPU),
P¼0.097] and peak post-occlusion perfusion (104.77 6 28.68 versus 109.04 6 40.77 versus 116.96 6 30.96 LSPU, P¼0.238) did
not differ significantly between groups. However, the post-occlusive vascular response was completely different since the
proportional increase from baseline to peak perfusion (HD: 133 6 66; PD: 149 6 125; controls: 187 6 61%, P¼0.001) was
significantly lower in ESRD patients and time to peak response was lower in HD but similar in PD patients compared with
controls (HD: 7.24 6 6.99; PD: 10.68 6 9.45; controls: 11.11 6 5.1 s, Kruskal–Wallis P ¼0.003; pairwise comparisons: HD versus
controls, P¼0.002; HD versus PD, P¼0.154; PD versus controls, P¼0.406). ESRD patients also had lower levels of peak CVC,
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indicating the maximum capillary recruitment (HD: 1.05 6 0.3; PD: 1.07 6 0.44; controls: 1.57 6 0.52 LSPU/mmHg, P<0.001),
lower proportional increase of CVC at peak (P<0.001) and lower amplitude of the PORH response, a measure of the
difference between baseline and maximum capillary recruitment (P¼0.001).

Conclusions. Using this novel non-invasive technology, endothelial post-occlusive forearm skin vasodilatory response was
found to be similar between HD and PD patients and significantly impaired compared with controls. Future studies are
needed to assess the prognostic implications of this microcirculatory functional defect.

Keywords: endothelial dysfunction, end-stage renal disease, haemodialysis, laser speckle contrast imaging (LSCI), peritoneal
dialysis

INTRODUCTION

Atherosclerosis is a natural process following increasing age; it
can begin even in childhood and after a long period of silent
progression becomes clinically evident usually at middle age [1].
Atherosclerotic changes begin with various types of injury to
the vascular endothelium [2]. The term endothelial dysfunction
refers to alterations in the functional endothelial phenotype
from a quiescent to an active state with expression of inflam-
matory molecules (cytokines, chemokines and adhesion
molecules), deregulation of redox balance and vascular tone
control [1, 3]. Over the years, several methods for clinical assess-
ment of endothelial function have emerged and the central role
of endothelial dysfunction in the pathogenesis of cardiovascu-
lar disease has been established. Invasive and non-invasive
measures of endothelial function have an additional prognostic
value in the assessment of cardiovascular risk in various popu-
lations [4, 5]. Markers of endothelial dysfunction have been as-
sociated with greater albuminuria and renal function decline in
patients with chronic kidney disease (CKD) as well as left
and right ventricular dysfunction, cardiovascular events and
all-cause mortality in patients with end-stage renal disease
(ERSD) [6–8].

Among the different methodological approaches to assess
endothelial function, starting from the most invasive intracoro-
nary infusion of acetylcholine in the mid-1980s, less invasive
and non-invasive techniques, including venous occlusion pleth-
ysmography (measuring changes in forearm blood flow before
and after infusion of vasoactive substances, i.e. acetylcholine)
or Doppler ultrasound assessment of flow-mediated dilation
(FMD) in the forearm arteries (measuring changes in brachial ar-
tery diameter before and after a 5-min ischaemia period), both
reflecting endothelium-dependent vasodilation as a result of ni-
tric oxide (NO) release, gained popularity because of their con-
firmed validity and reproducibility [9]. Although much simpler,
these techniques require relevant infrastructure, careful assess-
ments and experienced operators [1, 9]. Laser speckle contrast
imaging (LSCI) is a novel technique that when coupled with re-
activity tests such as post-occlusive reactive hyperaemia
(PORH) and local thermal hyperaemia (LTH) showed improved
spatial and temporal reproducibility compared with laser
Doppler flowmetry (LDF) [10, 11]. It has been used for evaluation
of different circulatory beds, from measurement of retinal
blood flow and intraoperative monitoring of cerebral, gastric
and hepatic microcirculation to evaluation of perfusion of
ulcers in patients with systemic sclerosis and diabetes mellitus
(DM) [12–16]. Recently LSCI was used for assessment of
endothelium-dependent vasodilator responses in patients with
type 1 DM, coronary artery disease (CAD) and Raynaud’s phe-
nomenon [17–19].

Although the LSCI technique gradually evolved in its present
form several years ago [20] and has been previously applied in
the fields of ophthalmology, dermatology, rheumatology, neu-
rology and even gastro-intestinal tract surgery [21], as of this
writing, no studies have been conducted using this method in
patients with CKD. Therefore this study aimed to assess skin
microvascular endothelial function with LSCI coupled with a
PORH protocol in patients with end-stage renal disease (ESRD)
undergoing haemodialysis (HD) or peritoneal dialysis (PD) com-
pared with controls.

MATERIALS AND METHODS
Study participants

Patients undergoing HD or PD followed up in two tertiary ne-
phrology departments of northern Greece were recruited from
March 2017 until October 2019. We included as cases adult
patients (>18 years) with ESRD who had been treated with HD
on a standard thrice-weekly schedule for at least 3 months. A
blinded member of our team matched HD patients with poten-
tial controls that were under PD treatment for at least 3 months
in our departments, as well as a group of controls comprised of
healthy individuals or subjects with mild newly diagnosed hy-
pertension or hypercholesterolaemia. Patients with non-
functioning old arteriovenous fistulae on both arms or on the
opposite arm from the one used as a vascular access for dialysis
that could interfere with the protocol measurements were ex-
cluded. HD and PD patients were matched for age (65 years),
gender and dialysis vintage (62 years) and with controls for age
and sex. The protocol was approved by the ethical committee of
the School of Medicine, Aristotle University of Thessaloniki and
all participants provided informed written consent to partici-
pate in the study.

Study protocol

Demographics, anthropometric characteristics, comorbidities,
concomitant medications and dialysis-related parameters were
recorded for every participant. ESRD patients and controls were
asked to visit the Hypertension Unit after having refrained from
consuming food, coffee, alcohol and tobacco for ~12 h. Patients
on HD were evaluated 1 h before the second or third dialysis
session of the week, while patients on PD arrived 1 h before
their programmed follow-up visit. All participants had received
their morning drugs.

All subjects underwent a physical examination and venous
blood sampling for routine laboratory tests. Office blood pres-
sure (BP) measurements were recorded by a doctor on the basis
of the average of three office measurements (obtained after the
participant had stayed in a sitting position for at least 5 min),
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according to current guidelines [22], and mean blood pressure
(MBP) was subsequently calculated as diastolic BP (DBP) þ 1/
3[systolic BP (SBP) � DBP]. Thereafter, skin microvascular reac-
tivity was evaluated with LSCI, as described below.

LSCI assessment

The PeriCam PSI system (Perimed, Järfälla, Sweden) was used to
assess LSCI, in combination with a PORH protocol, in a quiet
room, framed by dark curtains, the temperature set at 23 6 1�C
and after at least 20 min of bed rest. The penetration depth of
the laser beam with a wavelength of 785 nm was estimated at
~300 lm, providing a visual representation of more superficial
skin microvascular structures (i.e. capillary loops and the upper
microcirculatory plexus). The laser head was fixed at a distance
of 15 6 1 cm from the ventral surface of the forearm opposite
the arm with the vascular access after it had been immobilized
by a vacuum cushion and a sphygmomanometer cuff had been
placed above the elbow (Figure 1). The selected distance was in
accordance with the manufacturer’s recommendations and in-
side the 10–30 cm range, which reportedly has no influence on
skin blood flow values [23]. Two circular sites >10 mm2 were se-
lected for evaluation [i.e. regions of interest (ROIs)], avoiding vis-
ible veins, hair and areas of increased pigmentation or broken
skin. Images were recorded at a frame rate of 21 images/s and a
resolution of 0.41–0.46 mm.

Baseline perfusion was recorded for 2 min, followed by a 5-
min occlusion period after inflation of the cuff at least 50 mmHg
above the SBP. Abrupt deflation of the cuff at the end of the oc-
clusion period was followed by a maximum response of blood
flow and a 5-min recording period of post-occlusion reactive
hyperaemia, including return to basal status. Analysis was per-
formed using the manufacturer’s software (PIMSoft, Perimed).
Estimated variables of interest included the following: (i) base-
line perfusion, (ii) occlusion perfusion and (iii) post-occlusive
hyperaemic peak perfusion, expressed in LSPU and calculated
from values obtained from each study period and averaged over
appropriate time frames (times of interest). These time frames
were 60 s for baseline and occlusion and 3 s for peak hyperae-
mia, in accordance with existing evidence for reduction of the
variability of cutaneous blood flow measurements [24]; (iv) time
to peak (s) was measured from the moment of the sphygmoma-
nometer cuff deflation to the moment of maximal post-
occlusion perfusion; (v) proportional (%) change of LSPU calcu-
lated as (peak LSPU – baseline LSPU) � 100; (vi) baseline cutane-
ous vascular conductance (CVC) and (vii) peak CVC were
calculated during baseline and maximum post-occlusive hyper-
aemic response (peak CVC) by dividing respective perfusion
units with MBP (LSPU/mmHg); (viii) amplitude of the PORH re-
sponse calculated as the difference between peak CVC and
baseline CVC (in LSPU/mmHg); and (iv) proportional (%) change
of CVC calculated as (peak CVC – baseline CVC) � 100.

Figure 2 depicts the speckle pattern obtained after analysis
of the scattered laser light during a full LSCI examination cou-
pled with a PORH challenge.

Statistical analysis

Statistical analysis was performed using the Statistical Package
for Social Sciences version 22.0 (IBM, Armonk, NY, USA).
Continuous variables are presented as mean 6 standard devia-
tion (SD) or as median [interquartile range (IQR)] according to
the normality of the distribution, examined with the
Kolmogorov–Smirnov test for samples �50 and Shapiro–Wilk

test for samples <50. Categorical variables are presented as ab-
solute frequencies and percentages [n (%)]. For continuous vari-
ables, one-way analysis of variance (ANOVA) or Kruskal–Wallis
test was used for between-group comparisons of more than
three groups and Bonferroni or the respective non-parametric
post hoc test, where applicable, was used for pairwise compari-
sons according to the normality of the distribution. Student’s t-
test and Mann–Whitney test, where applicable, were used for
comparisons between two groups. Chi-square tests were used
for comparisons of categorical variables. P-values<0.05 (two-
tailed) were considered statistically significant for all
comparisons.

RESULTS

Table 1 presents demographic characteristics, dialysis vintage,
comorbidities, antihypertensive medication and laboratory data
for all study participants. As expected, no differences were ob-
served between the 38 HD and 38 PD patients for age, sex and
dialysis vintage or between the 38 HD patients and 38 controls
for age and sex. Body mass index was not different between PD
patients, HD patients and controls (P¼ 0.603). As expected from
the design of the study, since we included as controls either
healthy individuals or subjects with mild hypertension or
hypercholesterolaemia, their renal function was preserved (esti-
mated glomerular filtration rate 93.37 6 12.32 mL/min/1.73 m2),
whereas the prevalence of hypertension, diabetes and cardio-
vascular disease was much lower in controls. Of the 76 patients
undergoing HD, 90.8% were on high-flux HD and 9.2% were on
online haemodiafiltration. Of the 38 patients undergoing PD,
31.6% were on continuous ambulatory PD and 68.4% were on
automated PD.

Office SBP levels were found to be significantly higher in HD
and PD patients compared with controls (HD: 141.63 6 17.73; PD:
141.37 6 20.29; controls: 124.89 6 13.15 mmHg, P< 0.001),
whereas DBP was similar between groups. As expected, differ-
ences between groups were also noted in the total number of
prescribed antihypertensive drugs [HD: 1 (IQR 1–2); PD: 2 (1–3);

FIGURE 1: Evaluation of skin endothelial function with LSCI (PeriCam PSI sys-

tem) depicting the position of the forearm under the laser light beam and the

two skin sites used for measurement of microvascular responses.
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FIGURE 2: (A) ROIs for LSCI measurements in the patient’s forearm marked with white circles. Images (speckle pattern) obtained during different phases of the exam:

(B) baseline, (C) occlusion, (D) release of occlusion, (E) peak post-occlusive hyperaemic response and (F) return to baseline perfusion after peak response.

Table 1. Baseline characteristics of the study participants

Parameters
HD patients PD patients Controls

P-value(n¼ 38) (n¼ 38) (n¼ 38)

Female, n (%) 15 (39.5) 15 (39.5) 15 (39.5) 1.00
Age (years) 62.99 6 12.58 62.74 6 14.45 59.03 6 7.47 0.269
Dialysis vintage (months) 24.47 (14.29–40.81) 18.53 (10.94–35.59) 0.391
BMI (kg/m2) 27.49 6 4.41 28.52 6 5.68 28.33 6 4.06 0.603
Hypertension , n (%) 29 (76.3) 33 (86.8) 8 (21.1) <0.001
Diabetes, n (%) 11 (28.9) 9 (23.7) 0 (0) <0.001
Hypercholesterolaemia, n (%) 23 (60.5) 22 (57.9) 16 (42.1) 0.25
Cardiovascular disease, n (%) 18 (47.4) 17 (44.8) 0 (0) <0.001
Smoking, n (%) 8 (21.1) 7 (18.4) 14 (38.9) 0.094
eGFR (CKD-EPI) (mL/min/1.73 m2) 93.37 6 12.32
Total cholesterol (mg/dL) 158 6 43.76 167.05 6 38.9 203.24 6 37.48 <0.001
LDL cholesterol (mg/dL) 86.9 6 32.68 90.09 6 38.42 132.07 6 32.22 <0.001
Hb (g/dL) 11.43 6 1.55 11.47 6 1.43 14.43 6 1.49 <0.001
Number of antihypertensive drugs, n (range) 1 (1–2) 2 (1–3) 0 (0–0) <0.001
Office SBP (mmHg) 141.63 6 17.73 141.37 6 20.29 124.89 6 13.15 <0.001
Office DBP (mmHg) 79.18 6 10.18 83.34 6 13.88 79.01 6 7.52 0.151
ACEi/ARB, n (%) 5 (13.2) 20 (52.6) 4 (10.5) <0.001
CCBs, n (%) 7 (18.4) 15 (39.5) 4 (10.5) 0.008
b-blockers, n (%) 24 (63.2) 27 (71.1) 1 (2.6) <0.001
Centrally acting agents, n (%) 1 (2.6) 5 (13.2) 0 (0) 0.046
Diuretics, n (%) 6 (15.8) 22 (57.9) 0 (0) <0.001
Nitroderivatives, n (%) 4 (10.5) 2 (5.3) 0 (0) 0.163
Statins, n (%) 21 (55.3) 26 (68.4) 1 (2.6) <0.001

Values are presneted as mean 6 SD unless stated otherwise.

For continuous variables the P-value is generated from ANOVA or Kruskal–Wallis test depending on the normality of the distribution for each variable with the excep-

tion of dialysis vintage, where the P-value is generated by Mann–Whitney test. For categorical variables, the P-value is generated by chi-square test.

BMI: body mass index; eGFR: estimated glomerular filtration rate; CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration equation; CCB: calcium channel block-

ers; Hb: haemoglobin.
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controls: 0 (0–0), P< 0.001] and the use of angiotensin-
converting enzyme inhibitors (ACEis) or angiotensin receptor
blockers (ARBs) (13.2% versus 52.6% versus 10.5%, P< 0.001) and
statins (55.3% versus 68.4% versus 2.6%, P< 0.001).

Table 2 presents levels of skin microvascular parameters in
patients undergoing HD and PD and their controls assessed
with LSCI coupled with PORH. Figure 3 depicts characteristic
examples of different skin microcirculation flow diagrams

Table 2. Skin microvascular reactivity parameters assessed with LSCI coupled with PORH

Parameters
HD patients

(n¼ 38)
PD patients

(n¼ 38)
Controls
(n¼38)

P-value
Kruskal–
Wallis

P-value for pairwise comparisons

HD
versus PD

HD versus
controls

PD versus
controls

Baseline perfusion (LSPU) 46.97 6 14.6 49.32 6 18.07 42.02 6 11.94 0.097
Occlusion perfusion (LSPU) 12.5 6 6.1 15.25 6 8.95 6.53 6 4.16 <0.001 0.898 <0.001 <0.001
Peak perfusion (LSPU) 104.77 6 28.68 109.04 6 40.77 116.96 6 30.96 0.238
Increase of

perfusion from baseline
to peak response (%)

133 6 66 149 6 125 187 6 61 0.001 1.000 0.002 0.004

Time to peak (s) 7.24 6 6.99 10.68 6 9.45 11.11 6 5.10 0.003 0.154 0.002 0.406
Baseline CVC (LSPU/mmHg) 0.48 6 0.16 0.48 6 0.2 0.59 6 0.26 0.139
Peak CVC (LSPU/mmHg) 1.05 6 0.30 1.07 6 0.44 1.57 6 0.52 <0.001 1.000 <0.001 <0.001
Increase of CVC

from baseline to peak response (%)
133 6 66 146 6 126 186 6 63 <0.001 1.000 0.003 0.005

Amplitude of the PORH response
(LSPU/mmHg)

0.58 6 0.24 0.58 6 0.41 0.98 6 0.32 0.001 1.000 <0.001 <0.001

Values presneted as mean 6 SD unless stated otherwise.

A  HD

B  PD

C  Controls

Baseline

Baseline

Baseline

Peak

Peak

Peak

FIGURE 3: Depiction of changes in perfusion units across time during a typical exam performed using LSCI coupled with a PORH challenge in (A) an HD patient, (B) a PD

patient and (C) a control. The blue and red lines represent the two circular sites (ROIs) that were evaluated in each patient. Characteristic findings are the lower time to

peak and decreased post-occlusion peak perfusion in ESRD patients.
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obtained in subjects from the groups undergoing HD or PD and
controls using LSCI. As shown in the Table 2, baseline perfusion
(HD: 46.97 6 14.6; PD: 49.32 6 18.07; controls: 42.02 6 11.94 LSPU,
P¼ 0.097) did not differ between the three groups. During occlu-
sion, significantly lower perfusion was found in controls com-
pared with patients under HD and PD (HD: 12.5 6 6.1 ; PD:
15.25 6 8.95 ; controls: 6.53 6 4.16 LSPU, P< 0.001; pairwise com-
parisons: HD versus controls: P< 0.001; PD versus controls:
P< 0.001; HD versus PD: 0.898).

After release of occlusion, peak perfusion was also not differ-
ent between groups (HD: 104.77 6 28.68 ; PD: 109.04 6 40.77 ; con-
trols: 116.96 6 30.96 LSPU, P¼ 0.238). However, the post-
occlusive vascular response differed significantly between the
three groups. In particular, time to peak hyperaemic response
was numerically lower in patients under HD than patients un-
der PD and controls (HD: 7.24 6 6.99 ; PD: 10.68 6 9.45 ; controls:
11.11 6 5.1 s, P¼ 0.003) (Figure 4). In pairwise comparisons, the
difference between HD and PD patients did not reach statistical
significance but that between HD and controls did (P¼ 0.154 and
P¼ 0.002, respectively) (Figure 4B). In addition, significant differ-
ences were observed in the proportional increase of perfusion
from baseline to peak post-occlusive response (HD: 133 6 66;
PD: 149 6 125; controls: 187 6 61%, P¼ 0.001). Pairwise compari-
sons revealed a significantly lower maximum proportional in-
crease of post-occlusive perfusion in HD patients versus
controls and in PD patients versus controls (P¼ 0.002 and
P¼ 0.004, respectively) (Figure 4A).

Of note, significant differences between the three groups
were noted in peak CVC, indicating the maximum capillary
recruitment (HD: 1.05 6 0.3 ; PD: 1.07 6 0.44 ; controls:
1.57 6 0.52 LSPU/mmHg, P< 0.001). Pairwise comparisons
confirmed significantly lower peak CVC in patients on HD or
PD than controls (P< 0.001 for both) (Figure 4C). Analysis of
the proportional increase of CVC at peak response from
baseline showed similar results (HD: 133 6 66; PD: 146 6 126;
controls: 186 6 63%, P< 0.001; pairwise comparisons: HD ver-
sus controls, P¼ 0.003; PD versus controls, P¼ 0.005).
Similarly, patients under both dialysis modalities showed
lower amplitude of the PORH response (a measure of the dif-
ference between baseline and maximum capillary recruit-
ment) compared with controls (HD: 0.58 6 0.24 ; PD:
0.58 6 0.41 ; controls: 0.98 6 0.32 LSPU/mmHg, P¼ 0.001; pair-
wise comparisons to controls, P< 0.001 for both). As depicted
in Table 2, there were no significant differences in any of
these parameters between PD and HD patients.

DISCUSSION

This is the first study to examine endothelial function with LSCI
at the forearm skin microcirculation in patients undergoing HD
and PD versus matched controls. We observed that patients un-
der HD and PD exhibit similar perfusion and CVC during all peri-
ods studied as well as similar proportional changes of perfusion
and CVC from baseline to peak; we only noted a numerically but
not significantly shorter time to peak in HD patients compared
with their PD counterparts. Most importantly, we found that
ESRD patients under both dialysis modalities show an impaired
post-occlusive vascular response, as time to peak, peak CVC,
proportional changes of perfusion and CVC and the amplitude
of PORH response (a measure of the difference between baseline
and maximum capillary recruitment) were much lower than
that of controls. These data suggest severely disturbed skin cap-
illary recruitment and endothelial function in response to occlu-
sion in ESRD patients.

Endothelium dysfunction represents a disturbed balance be-
tween vasoactive molecules that constrict or relax the vessel,
inappropriately favouring the former under conditions of in-
creased blood flow [25]. Increased intracellular oxidative stress,
subclinical inflammation, insulin resistance and other factors
interfere with the vasodilation process, normally mediated by a
number of agents such as NO, prostaglandins (PGI2 and PGE2)
and a family of endothelial-derived hyperpolarizing factors
(EDHFs), which in turn promote the development of hyperten-
sion and atherosclerosis [26, 27]. Markers of endothelial dys-
function, such as asymmetric dimethylarginine (ADMA), the
endogenous inhibitor of NO synthase, oxidant stress and in-
flammation have been shown to increase with renal function
decline [28], whereas increased ADMA and C-reactive protein
levels are associated with incident cardiovascular disease (CVD)
and mortality in ESRD patients [29, 30].

Although important, the above studies on endothelial dys-
function in ESRD use surrogate markers, and works with direct
assessment of microcirculation and endothelium-dependent
vasodilation in this population, including comparative data be-
tween different dialysis modalities, are scarce. A previous study
of living donor transplant recipients on PD (n¼ 12), HD (n¼ 14)
or before dialysis (n¼ 15) showed a trend towards worse in vitro
acetylcholine-induced vasorelaxation of harvested inferior epi-
gastric arteries in HD compared with PD patients (P¼ 0.11) [31].
FMD is the gold-standard technique for in vivo evaluation of
conduit artery endothelial function, as it is non-invasive and
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there is sufficient evidence supporting its firm link to biology
and association with cardiovascular outcomes [1]. However, its
use is limited by high cost, the need for expert operators and
results are influenced by conditions such as temperature, exer-
cise and food consumption [32]. Verbeke et al. [33] studied varia-
tions of vasomotor tone in response to hand-warming by
comparing shear stress (SS)-mediated changes in brachial ar-
tery diameter obtained by FMD between ESRD patients with and
without known CVD [33]. Patients with ESRD and CVD exhibited
no response to low and mild SS increases and a ‘paradoxical’ va-
soconstriction during high SS; a negative association between
changes in brachial artery diameters and the presence of ESRD
or CVD was noted [33]. Measurement of skin blood flow offers
the advantage of easy accessibility to a representative vascular
bed. A previous study of 63 patients under dialysis with LDF
showed that abnormal flow parameters during post-occlusive
and thermal interrogation of the microvasculature are clustered
in patients with CVD or diabetes, but also in 50% of those with-
out clinically evident CVD or diabetes [34]. A subsequent study
showed that LDF thermal hyperaemic challenge variables offer
an additive to the Framingham score predictive value for future
cardiovascular events and death in ESRD [35].

LSCI represents a novel non-invasive technique for real-time
assessment of microcirculation, which is based on analysis of
laser light backscattered from the skin forearm to the detector
and is provided in the form of a random interference (speckle)
pattern [36]. This speckle pattern is generated from fluctuations
in the movement of small-scale particles (i.e. red blood cells) in-
side the tissue, and thus blurring of the speckle image can be re-
lated to blood flow [36]. In contrast to LDF, LSCI provides the
clinical advantage of simplicity and faster acquisition time,
along with higher resolution and reproducibility [10, 11, 21], and
has been used in the study of several vascular beds [14–16].
Endothelium-dependent vasodilation with LSCI coupled with a
PORH challenge was studied by de Matheus et al. [17] in 50 type
1 diabetic patients; the study showed an impaired response,
with lower peak perfusion, peak CVC and amplitude of the
PORH response in diabetic patients compared with 30 healthy
controls. Similarly, Borges et al. [18] showed impaired reactive
hyperaemic forearm vasodilation in males with CAD with LSCI,
while impaired dorsum vasodilation in patients with Raynaud
syndrome secondary to systemic sclerosis [19] was also
reported.

In this study, all PORH parameters were lower in patients
under HD and PD compared with controls, reflecting an im-
paired endothelial response. In agreement with findings in dia-
betic [17] and CAD patients [18] discussed above, we noted a
similar pattern in the two most commonly studied LSCI in-
dexes, which is lower CVC at maximum response and smaller
amplitude of PORH response in ESRD patients compared with
controls. However, in our study, perfusion at maximum re-
sponse did not differ between the two ESRD groups and con-
trols, in contrast to the findings of de Matheus et al. [17] in
diabetic individuals. Moreover, as we evaluated per protocol a
larger set of LSCI parameters, we also noted differences be-
tween ESRD patients and controls regarding perfusion at occlu-
sion and time to peak response indexes. Whether these
observations are relevant to a more detailed protocol than that
used in previous studies [17, 18] or reflect true underlying differ-
ences between ESRD and other patient populations remains to
be clarified by future research.

Of note, as of this writing, the effects of antihypertensive
agents that are commonly used in CKD on microvascular reac-
tivity parameters assessed with LSCI have not been evaluated

in human studies. In a recent animal study, angiotensin II–
treated rats exhibited significantly lower PORH response com-
pared with controls [37]. Initiation of antihypertensive treat-
ment in newly diagnosed hypertensive patients was associated
with an increase of the post-occlusive hyperaemic response
evaluated with LDF [38], which is another technique assessing
microvascular responses with laser methodology, however,
with lower reproducibility than LSCI, as discussed above. In
general, renin–angiotensin–system blockers, calcium antago-
nists and vasodilating b-blockers have been shown to improve
endothelial function assessed with a variety of methods [39];
the effects of these agents on LSCI parameters warrant investi-
gation in future studies.

Mechanisms leading to endothelial dysfunction in ESRD are
multifactorial and associated with a high prevalence of both tra-
ditional risk factors (i.e hypertension, diabetes, hypercholester-
olaemia) and non-traditional ones, such as increased oxidative
stress, hyperhomocysteinaemia, insulin resistance and inflam-
mation [40]. An increase of oxidative stress, with enhanced gen-
eration of reactive oxygen species, and homocysteine can lead
to accumulation of ADMA, reduced bioavailability of NO and en-
dothelial dysfunction in animal models and human studies in
CKD [40]. On the other hand, the vasoconstrictor endothelin-1
(ET-1) was found to be elevated in dialysis patients, while evi-
dence supports ET-1 can be a mediator of the effects of insulin
resistance in the vasculature [27]. Finally, chronic inflamma-
tion, a prominent feature in pre-dialysis and dialysis patients,
has long been associated with release of cell-surface
adhesion molecules and impaired endothelial-dependent vaso-
relaxation [41].

Notably, patients on HD in our study exhibited a numerically
shorter time to post-occlusive hyperaemic peak perfusion than
PD patients and a significantly shorter time than controls. This
may suggest a slightly worse endothelial response in HD com-
pared with PD patients, exactly as noted in the aforementioned
study comparing ex vivo arterial endothelial function (P¼ 0.11)
[31]. This is a hypothesis to be tested in future studies.

Another interesting finding was that of lower perfusion ob-
served during occlusion in controls compared with ESRD
patients. One plausible explanation for this could be the effect
of normal sympathetic neurogenic control of vasomotor tone
characterized by rapid adaptations to different physiological
conditions in healthy subjects [42]. In contrast, sympathetic
overdrive is present in CKD even from the early stages [43]. A re-
ciprocal relationship between endothelial function and sympa-
thetic activity under physiological states has been previously
reported [44], while sympathetic nerve traffic values were posi-
tively associated with ADMA levels in patients with CKD Stages
2–4 [45]. Thus sympathetic overdrive of ESRD could be involved
in decreased suppression of perfusion during occlusion, as well
as decreased endothelial response during post-reactive
hyperaemia.

To our knowledge this is the first study using LSCI in ESRD
and the first examining the comparison with the functional in-
tegrity of forearm cutaneous microcirculation in HD and PD
patients using a non-invasive method. Among the strengths of
this study is the careful design, including blinded matching of
HD and PD patients for a set of crucial parameters, resulting in
the absence of differences for several characteristics. We also
included a carefully matched group of controls that were
healthy or had new-onset hypertension or dyslipidaemia. Our
strict protocol tried to minimize the influence of external fac-
tors (noise, temperature, light) on the results. One unavoidable
limitation of our study is the different prevalence of comorbid
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conditions and intake of medications that could interfere with
an endothelial response (ACEis/ARBs, statins) between ESRD
patients and controls.

In conclusion, using a novel non-invasive technology, this
study observed that endothelial post-occlusive forearm cutane-
ous vasodilatory response was significantly impaired in ESRD
patients compared with controls. Overall, the hyperaemic pro-
portional change in peak perfusion and the amplitude of PORH
response did not differ between HD and PD patients, whereas a
trend towards even more impaired time to peak in HD patients
was observed. These findings support that HD and PD patients
exhibit similarly impaired endothelial response; any subtle po-
tential differences should be examined by larger studies. LSCI is
a non-invasive, non-contact, real-time technique that provides
reproducible and high-resolution images without physically de-
manding or time-consuming procedures, something that is im-
portant for patients on dialysis. The cost of the equipment is
within the range of a credible ultrasound device, while the oper-
ator’s learning curve and the short demand of operator time
(<15 min per test) may add to its cost-effectiveness for assess-
ing endothelial function. Thus it could be used in future longitu-
dinal studies aiming to evaluate the associations of
microcirculation dysfunction with future cardiovascular events
in this high-risk population.
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