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Abstract

Background: Microvascular rarefaction influences peripheral vascular resistance, perfusion and metabolism by
affecting blood pressure and flow pattern. In hypertension microvascular rarefaction has been described in
experimental animal studies as well as in capillaroscopy of skin and biopsies of muscle tissue in patients. Retinal
circulation mirrors cerebral microcirculation and allows non-invasive investigations. We compared capillary
rarefaction of retinal vessels in hypertensive versus normotensive subjects.

Methods: In this study retinal capillary rarefaction in 70 patients with long time (more than 67 month of disease
duration) and 64 patients with short time hypertension stage 1 or 2 has been compared to 55 healthy control
subjects, who participated in clinical trials in our Clinical Research Center (www.clinicaltrials.gov: NCT01318395,
NCT00627952, NCT00152698, NCT01319344). Retinal vascular parameters have been measured non-invasively and
in vivo in perfusion image by scanning laser Doppler flowmetry (Heidelberg Engineering, Germany). Capillary
rarefaction was assessed by capillary area (CapA) (in pixel-number) and intercapillary distance (ICD) (in pm).

Additionally retinal capillary flow (RCF) was measured.

Results: ICD was greater in the long time hypertensive group compared to healthy individuals (24.2 £6.3 um vs 20.
1442 um, p=0.001) and compared to short time hypertensive patients (22.2 + 5.2 um, p = 0.020). Long time
hypertensive patients showed less CapA compared to healthy people (1462 + 690 vs 1821 + 652, p =0.005).
Accordingly, RCF was significantly lower in the long time hypertensive group compared to the healthy control
group (282 +70 AU vs 314+ 60 AU, p=0.032). Our data indicate a lower level of retinal capillary density in
hypertensive patients, especially in those with long time hypertension.

Conclusion: Patients with hypertension stage 1 or 2 showed retinal capillary rarefaction in comparison to healthy
normotensive subjects. Retinal capillary rarefaction was intensified with duration of disease.

Keywords: Capillary rarefaction, Hypertension, Retina, Microcirculation, Capillary density

Background

In patients with primary hypertension the microcircula-
tion is characterized by substantial structural and
functional changes [1]. These changes identified as signs
of end-organ damage and caused by hypertension are
known to predict cardiovascular events [2]. A decreased
number of arterioles and capillaries is called microvascu-
lar rarefaction and has been already described in various
experimental animal studies [3, 4] as well as in
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capillaroscopy of skin [5-7] and biopsies of muscle
tissue [8] in patients with primary hypertension. An
inverse correlation between skin capillary density and
blood pressure (BP) has been identified in hypertensive
patients [9, 10]. Decreased capillary density caused e.g.
by hypertension influences the flow pattern in the
microvascular bed. This results in a non-uniform blood
flow distribution among exchange vessels [6]. Thus,
capillary and arterial rarefaction, by affecting both
pressure and flow pattern, may have consequences for
perfusion and metabolism besides the known influence
on peripheral vascular resistance [6, 11].
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Structural capillary rarefaction originates from ana-
tomical absence of capillaries [1]. Retinal vessels are lo-
cated in the inner layers of the retina and pericytes
surround endothelial cells at the perivascular interface.
Pericytes stabilize blood vessels and maintain constant
communication with endothelial cells [12]. A loss of
pericytes results in capillary instability, pathological
angiogenesis and rarefaction [13]. On the other hand,
enhanced contractile activity of pericytes causes capillary
contraction (no-reflow phenomenon) and entrapment of
erythrocytes [12]. This phenomenon, called functional
non-perfusion, is defined as reduction of the number of
spontaneously perfused capillaries and also contributes
to capillary rarefaction in addition to structural compo-
nents [10]. In skin capillaries functional rarefaction mea-
surements have been shown to correlate inversely with
endothelial function [14]. Endothelial injury causes de-
creased bioavailability of nitric oxide and reduced arteri-
olar vasodilatory capacity. As a result blood flow to the
capillaries is ultimately reduced [15]. Functional rarefac-
tion was found in cerebral capillaries in hypertensive
animal models [16, 17]. Hypertension is known to be
associated with an over activity of the renin angiotensin
system. This over activity has been shown to cause vaso-
constriction also in the cerebral blood supply, which was
associated with an increased susceptibility to stroke and
dementia [16]. Measurement of cerebral arterioles and
capillaries in humans is difficult and invasive. There is
rising evidence that retinal vessels may mirror the cere-
bral and systemic microcirculation [18].

Changes in small artery structure and function can
also be assessed in vivo, reliably and non-invasively in
retinal vessels using scanning laser Doppler flowmetry
(SLDF) [19]. Retinal arteriolar wall-to-lumen ratio
(WLR) has been shown to be a feature of microvascular
target organ damage in hypertension. Whereas hyperten-
sion has been found to be associated with increased ret-
inal WLR [20], there is a lack of data investigating
retinal capillary density in hypertensive patients. SLDF
of retinal vessels allows the investigation of capillary area
(CapA), intercapillary distance (ICD) and retinal capil-
lary flow (RCF) based on analysis of perfusion images.
One of our previously analyses showed retinal capillary
rarefaction in patients with diabetes mellitus type two
compared to healthy individuals [21]. Patients with
hypertension have been shown to present similar values
of CapA und ICD when compared to patients with
diabetes mellitus type two [21]. Increasing duration of
hypertension has been previously shown to be associated
with a deterioration of postocclusive hyperemia [22]. As
retinal arteriolar changes, such as WLR, have been
shown to be associated with disease duration in different
study populations [23], we now investigated capillary
rarefaction in patients with short time and long time
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hypertension stage 1 or 2 and compared our results to
normotensive control subjects.

Methods

Study design

This is a retrospective comparative study comprising
data of patients and controls who participated in
previous randomized, double blind, parallel, mono-
center clinical trials in our Clinical Research Unit of the
Department of Nephrology and Hypertension, University
of Erlangen-Niirnberg, Germany (www.clinicaltrials.gov:
NCTO01318395, NCT00627952, NCT00152698, NC
T01319344). We consecutively enrolled eligible subjects
in the area of Erlangen-Nurnberg, Germany, who had
been recruited by advertisements in newspapers. Before
study inclusion written informed consent was obtained
in each patient. The studies were conducted in accord-
ance with the Declaration of Helsinki and the principles
of good clinical practice guidelines. The study protocol
of each trial was approved by the Local Ethics
Committee (University of Erlangen-Niirnberg).

Study population

Female and male, non-smoking, Caucasian patients with
primary hypertension stage 1 or 2 (systolic BP 140-
179 mmHg and diastolic BP 90-109 mmHg) with a
trough mean sitting systolic BP >140 mmHg and/or
diastolic BP >90 mmHg and healthy male and female,
non-smoking, Caucasian subjects were included. Hyper-
tensive patients were categorized according to median
disease duration (67 month) and separated in two groups
(short time and long time hypertensives). Patients had to
present with excellent SLDF images fulfilling the pixel
criteria for inclusion. The “pixel criteria” requires an
excellent SLDF image [24] with less than three saccades to
clearly distinguish every pixel from the next one, which is
necessary to identify ICD and CapA. All healthy individ-
uals and hundred thirty-four out of 158 hypertensive
patients fulfilled pixel criteria for inclusion. Thus, baseline
data of 55 healthy individuals and 70 short time as well as
64 long time hypertensive patients were included. The
healthy reference study population has been previously
described by our study group [21].

Office blood pressure (BP) was taken unattended with
an automated device at screening visit and additionally
at the same time as SLDF measurement was performed.
BP measurements have been performed according to
guidelines recommendations and in a standardized fash-
ion. Office BP was measured three times in a quite sit-
ting position. The mean value of these three
measurements was calculated and defined as the trough
mean sitting BP. 24 h ambulatory BP was measured with
the Mobil-O-Graph LE.M. System, for which good valid-
ity and reliability has been demonstrated [25, 26].
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Homogeneity of the hypertensive study population was
ensured by in- and excluding patients using the same cri-
teria.  (www.clinicaltrials.gov NCT01318395, NCTO00
627952) Main inclusion criteria for both clinical trials were
male or female persons aged 18 years or older with mild to
moderate uncomplicated essential hypertension with a
trough mean sitting DBP>90 mmHg and/or SBP>
140 mmHg or pretreated arterial hypertension. Main
exclusion criteria for both clinical trials were secondary
hypertension and severe essential hypertension (systolic
BP>180 mmHg and/or diastolic BP 2110 mmHg). Pa-
tients of the hypertensive group were previously treated for
hypertension and received a wash-out period of 4 weeks
antihypertensive medication prior to SLDF measurement.

Homogeneity of the healthy non-smoking control
group was ensured by including healthy Caucasian indi-
viduals older than 18 years without any cardiovascular
disease and without any other significant disease.
Healthy individuals from the control group of the fol-
lowing clinical trial were included: www.clinicaltrials.gov
NCT00152698. We also included healthy individuals
who have been screened for the following clinical trial
www.clinicaltrials.gov NCT01319344, but did not meet
obesity, triglyceride, HDL and fasting blood glucose cri-
teria for metabolic syndrome.

Retinal arteriolar structure and retinal capillary flow

SLDF at 670 nm (Heidelberg Retina Flowmeter, Heidel-
berg Engineering, Germany) was used to determine the
vascular wall lumen diameters [19, 27]. For perfusion
analysis, capillary vessels with diameter <20 um were se-
lected and blood flow calculation was performed using
the automatic full field perfusion image analyser (AFF-
PIA) [24]. The method of SLDF and AFFPIA have been
extensively described in previous studies [28]. In brief,
outer arteriolar diameter (OD) was measured in reflec-
tion images, and inner (lumen) diameter (ID) was
assessed in perfusion images (software version SLDF
4.0). WLR was determined using the formula (OD-ID)/
ID, wall thickness (WT) was calculated using the
formula OD — ID/2 and cross-sectional area (CA) was
determined using the formula 3.14 x (OD [2] — ID [2])/4
[27, 29]. Measurements of perfusion, distance and area
were used to determine capillary density. Reliability of
SLDF measurement has been previously shown to be fair
(coefficient of variation <10%) [27, 30].

Retinal intercapillary distance and area

Measurement of ICD and CapA is based on perfusion
image of pixels and has been previously described in detail
[28]. In brief, ICD was defined as distance between any
pixel (smallest dot of optic solution, where flow can be de-
tected) outside and the next pixel inside the vessel and is
given in um. CapA was defined as area with predominance
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of vessels with <20 pm diameter and is given in number
of pixels. Reliability of measurements have been previously
shown to be fair (coefficient of variation <10%) [28].

Statistical methods

Normal distribution of data was analyzed using
Kolmogorov-Smirnov test. In addition, Levene-test has
been performed to check homogeneity of variance. For
each variable showing Levene p values < 0.05 data were
considered as unbalanced and therefore not normal
distributed. Normally distributed data were compared by
unpaired student t-tests and ANOVA, respectively. Data
are given as mean* SD in tables. For not normally
distributed parameters Mann-Whitney-U-Test was used
for further analysis. Two-tailed values of p <0.05 were
considered statistically significant. Multiple regression
analysis was used to identify confounding variables and
subsequently adjustment was made for variables with
significant differences between both groups such as:
Gender, BM], systolic office BP, Serum-creatinine, HDL-
cholesterol (model 1) as well as additionally for age,
LDL-cholesterol and ex-smoking habit (model 2). Multi-
variate regression analysis was also made using model 3,
which includes adjustment for systolic 24 h ambulatory
blood pressure instead of office blood pressure and the
other factors included in model 1. Bivariant correlation
analyses were performed using Pearson’s test. Partial
correlation analyses were performed with adjustment for
model 1, 2 and 3. Reliability was evaluated using coeffi-
cient of variation (CV =SD*100/mean) and Cronbach’s
alpha. All analyses were performed using IBM SPSS
Statistics 22 (SPSS Inc., Chicago, IL).

Results

Study population

70 male and female patients aged 52 +9.3 years with
short time hypertension (less than 67 month disease
duration (median of total hypertensive group)) and 64
long time male and female hypertensive patients (more
than 67 month disease duration) aged 51 + 13 years were
included. All hypertensive patients were non-smoking,
had diagnosed uncomplicated primary hypertension
stage 1 or 2, without evidence of severe end-organ-
damage. The hypertensive study population was com-
pared to 55 non-smoking, healthy normotensive control
subjects aged 53 + 13 years. All patients of the hyperten-
sive group received 4 weeks washout of their respective
antihypertensive medication prior to SLDF measure-
ments [23]. There were more female persons in the
healthy control group (p <0.001) and body mass index
(BMI) was lower in the healthy group (p =0.011) com-
pared to the hypertensive population. There were also
significant differences in HDL-, and total cholesterol, as
well as serum-creatinine (Table 1). OD (p =0.038) and
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ID (p=0.004) were significantly smaller in hyperten-
sive patients and long time hypertensive patients (OD
p=0.052, ID p=0.010) compared to the healthy
control group. There was no difference in WT, WLR
and CA between the total hypertensive and healthy
group as well as between the long time hypertensive
and healthy group (Table 1).

Retinal capillary density and retinal capillary flow
To eliminate potentially confounding differences in CV-
risk factors between the groups compared, adjustment
was made for gender, BMI, systolic office BP, serum-
creatinine and HDL-cholesterol (model 1) and in addition
for age, LDL-cholesterol and ex-smoking habit. Since 24 h
ambulatory BP is considered the gold standard of BP
measurement, a third multivariate regression model has
been established adjusting for systolic 24 h ambulatory BP
instead of office blood pressure. The results of all
multivariate regression models are shown in Table 2.
Measurements of ICD and CapA were used to
determine capillary density. When comparing the total
hypertensive to the healthy control group ICD was greater
(p=0.001) and CapA smaller (p =0.013) in the hyperten-
sive group (Table 1). Both parameters remained significant
between the two groups after multivariate adjustment
(Table 2). Thus, our data indicate a lower level of capillary
density in hypertensive patients. RCF was significantly
smaller in the total hypertensive group compared to the
healthy control (p =0.032) and there was a trend toward
significance after adjustment for model 3 (see Table 2).
When comparing the long time hypertensive group to
healthy individuals ICD remained greater (p < 0.001) and
CapA smaller (p =0.005) indicating capillary rarefaction.
Also RCF was significantly smaller in the long time
hypertensive group compared to healthy individuals (p =
0.010) (Table 1). Patients with short time hypertension
showed still greater ICD (p = 0.020), but no difference in
CapA (p =0.122) and RCF (p = 0.241) when compared to
healthy individuals. When compared to patients with
long time hypertension short time hypertensive individ-
uals showed smaller ICD values (p=0.047), but no
difference in CapA (p =0.112) and RCF (p = 0.161).
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Separation of the hypertensive study population
according to median of 24 h ambulatory systolic or
diastolic blood pressure did not reveal a clear differing
signal in WLR and capillary rarefaction between the
groups (data not shown).

Retinal capillary density and wall-to-lumen ratio
In the total study population there was a correlation
between CapA and WLR

(r=-0.173, p=0.021) and a correlation between ICD
and WLR (r=0,138, p=0.063), which persisted after
multivariate adjustment (Table 3).

Capillary rarefaction correlated with WLR in the
hypertensive study population (ICD: r=0.185, p=
0.033, CapA: r=-0.185, p=0.035) (Fig. 1). Capillary
rarefaction also significantly correlated with WLR in
the hypertensive study population after adjustment for
model 1-3 (Table 3).

There was no correlation between capillary rarefaction
and WLR in the healthy population (ICD: r=0.043, p =
0.770, CapA: r=-0.158, p = 0.287).

Retinal capillary density and blood pressure

In the total study population, there was a correlation be-
tween ICD and systolic 24 h BP (r=0.238, p =0.010)
and diastolic 24 h BP (ICD: r=0.219, p =0.018) (Fig. 2)
(for adjustment except BP see Table 3). There was a
trend towards a correlation between ICD and systolic
office BP (r=10.134, p = 0.067) (for adjustment except BP
see Table 3). No correlation was found between ICD and
diastolic office BP. Furthermore no correlation was
present between CapA and systolic as well as diastolic
office BP. Separate analysis of the hypertensive and
the healthy study population revealed no correlation
of retinal capillary density with office or ambulatory
BP, respectively.

In the hypertensive group, there was a correlation
between ICD and hypertension duration (r=0.263, p =
0.002), which persisted after full adjustment (model 2)
(r=0.213, p=0.045) and an inverse correlation between
Cap A and hypertension duration (r=-0.243, p = 0.006),
which remained as a trend after full adjustment (r=

Table 2 Retinal parameters after multivariate adjustment for model 1-3

Retinal parameters

Short time Hypertensive  Long time Hypertensive

ICD (um)  222£52 242+6.3 20.1+£42
CapA () 1643 £602 1462 £ 690 1821 £ 651
RCF (AU) 299+ 72 282+70 314+60

Healthy control subjects

p-value model 1 p-value model 2 p-value model 3

p=0011 p=0008 p=0035
p=0001 p=0001 p=0010
p=0010 p=0009 p=0071

Data are given as mean + SD, ICD intercapillary distance, CapA capillary area, RCF retinal capillary flow, adjusted p-value: total hypertensive group versus healthy subjects
The data for the healthy control subjects have been previously described by our study group [21]

Model 1 includes: gender, BMI, systolic office BP, serum-creatinine and HDL-cholesterol

Model 2 includes: gender, BMI, systolic office BP, serum-creatinine and HDL-cholesterol, age, LDL- cholesterol and ex-smoking habit

Model 3 includes: gender, BMI, serum creatinine, HDL-cholesterol, systolic 24 h ambulatory BP
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Table 3 Partial correlation after adjustment for model 1-3
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Adjustment for model 1

ICD (um) and WLR (-)

CapA (-) and WLR (=)

ICD (um) and HDL (mmol/L)

CapA (=) and HDL (mmol/L)

Adjustment for model 2

ICD (um) and WLR (=)

Total study population
r=0.146

p = 0060

r=-0.195

p=0011

r=-0.187

p=0014

r=0.156

p = 0040

Total study population
r=0.192

p=0014
CapA (=) and WLR () r=-0229
p=0003
ICD (um) and HDL (mmol/L) r=-0.172
p=0025
CapA (=) and HDL (mmol/L) r=0.148
p=0.050
ICD (um) and systolic 24ABP r=0253
p=0.009
ICD (um) and diastolic 24ABP r=0.190
p=0050
ICD (um) and systolic OBP r=0.143
p=0.060
Adjustment for model 3
ICD (um) and WLR (=) r=0227
p=0018
CapA (=) and WLR (-) r=-0.256
p=0.007
ICD (um) and HDL (mmol/L) r=-0243
p=0011
CapA (=) and HDL (mmol/L) r=0224
p=0.020

Hypertensive patients

Healthy control subjects

r=0.192 r=-0.150
p=0035 p=0343
r=-0.189 r=-0.128
p=0038 p=0419
r=-0112 r=0010
p=0278 p=0964
r=0.069 r=0027
p=0502 p=0902

Hypertensive patients

Healthy control subjects

r=0.254 r=0.027
p = 0.006 p=0873
r=-0.276 r=-0.175
p=0.003 p=0293
r=-0.083 r=-0.032
p=0428 p=0.889
r=0.026 r=0.098
p=0803 p=0672
r=0.231 r=0.133
p=0.032 p=0611
r=-0212 r=-0431
p=0048 p=0084
r=-0210 r=-0252
p=0051 p=0329
r=0.148 r=0.387
p=0.172 p=0.125

ICD intercapillary distance, CapA capillary area, WLR wall to lumen ratio, HDL high density lipids, ABP ambulatory blood pressure, OBP office blood pressure.
The data for the healthy control subjects have been previously described by our study group [21]

Model 1 includes: gender, BMI, systolic office BP, serum-creatinine and HDL-cholesterol

Model 2 includes: gender, BMI, systolic office BP, serum-creatinine and HDL-cholesterol, age, LDL- cholesterol and ex-smoking habit

Model 3 includes: gender, BMI, serum creatinine, HDL-cholesterol, systolic 24 h ambulatory BP

-0.194, p=0.068) (Fig. 3). Hence, our data indicate a
possible association between duration of hypertension
and retinal capillary rarefaction.

Capillary density and lipid metabolism
ICD correlated with HDL-cholesterol level inversely in
the total study population.

(r=-0.174, p=0.018) (Fig. 4). There was also a trend
towards a correlation between CapA (r=0.136, p=
0.070) and HDL-cholesterol. After adjustment for model
1-3 except HDL, the correlation of CapA with HDL-
cholesterol remained significant (see Table 3). Hence,
our data indicate an association between capillary rar-
efaction and serum HDL-cholesterol. There were no



Bosch et al. BMC Cardiovascular Disorders (2017) 17:300

Page 7 of 11

Intercapillary distance (um)

‘Wall- to- lumen Ratio (-)

“b

Capillary area (-)

‘Wall-to-lumen Ratio (-)

Fig. 1 Correlation of retinal capillary density and wall-to-lumen ratio in
hypertensive patients. 1a: Intercapillary distance and wall-to-lumen
ratio (r=0.185, p = 0.033). 1b: Capillary area and wall-to-lumen ratio
(r=-0.185,p=0.035)

\

significant correlations of parameters of capillary density
with LDL-cholesterol levels.

Discussion

As to our knowledge this is the first in-vivo description
of retinal capillary rarefaction in patients with short time
and long time hypertension - a non-invasive approach to
get an inside of the systemic and cerebral microcircula-
tion. Our measurements of retinal capillary rarefaction
(ICD and CapA) and RCF indicate a lower level of ret-
inal capillary density in hypertensive patients compared
to normotensive individuals, which is intensified in
patients with long time hypertension. This is in accord-
ance with the result of previous studies, which analyzed
capillary density in the skin [5-7] and muscle tissue [8]
of hypertensive patients.

In routine, studies under standardized biological con-
ditions SLDF measurements previously showed high re-
liability (CV <10% for all parameters, except of CA with
12.5%). [27, 31, 32], We also demonstrated good

Intercapillary distance (um)
’

100 I.;O |~:0 |é0 180
Systolic 24h ambulatory blood pressure (mmHg)

354

Intercapillary distance (um)

ki 80 90 100 10 120
Diastolic 24h ambulatory blood pressure (mmHg)

2

Fig. 2 Correlation of retinal Intercapillary distance and 24 h
ambulatory BP. 2a: Intercapillary distance and systolic 24 h
ambulatory BP (r=0.238, p=0.010). 2b: Intercapillary distance and

diastolic 24 h ambulatory BP (r=0.219, p=0.018)

reliability of ICD and CapA in one of our preexperi-
ments (CV <10% for ICD and CapA) [28].

Structural vessel measurements of retinal arterioles
have been previously shown to provide information
similar to that obtained in subcutaneous small arteries
[18], even though retinal vessels belong to the cerebro-
vascular perfusion area and therefore may mirror
cerebral vessel pathophysiology in addition to microcir-
culation in general [33]. WLR of retinal arteries and
media-to-lumen ratio of subcutaneous small arteries in
normotensive and hypertensive patients have been previ-
ously shown to correlate [18]. Visualization of skin capil-
laries was performed with either intravenous fluorescent
dyes or intravital video-microscopy. The former has the
disadvantage of being invasive [10]. Retinal vessels have
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the advantage to be easy accessible to direct noninvasive
visualization. Measurement of capillary density depends
on perfusion of capillaries and therefore mirrors struc-
tural and functional retinal rarefaction. It can be consid-
ered as an advantage of SLDF compared to other optic
systems such as Adaptive optics imaging, that SLDF also
allows perfusion dependent assessment of vessels and
therefore analysis of capillaries. Retinal vessel changes,
especially changes in retinal arteriolar WLR, have been
shown to be related to other signs of end-organ damage
such as urinary albumin-to-creatinine ratio [34].

Measurement of retinal arteries and capillaries using
SLDF takes approximately fifteen minutes in each
patient and does not require the use of mydriatic
agents. We therefore consider the method as poten-
tially applicable in routine clinical practice in patients
with hypertension at risk to develop end-organ
damage. Unfortunately the needed devices are not yet
routinely available.

It is well known that the spatial pattern of flow in the
microvascular bed is affected by decreased -capillary
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area and HDL-cholesterol (r=0.136, p=0.070)

J

density [6]. This has been further stressed in our study
showing a lower RCF in hypertensive patients with
capillary rarefaction in comparison with normotensive
patients. In hypertensive patients RCF has been shown to
be negatively related to WLR, a distinctive parameter of
vascular end-organ damage, independently of cardiovascu-
lar risk factors [35]. There are two clinical studies indicat-
ing no difference in basal RCF in normotensive and
hypertensive patients stage 1 or 2, which can possibly be
explained by huge differences in age (patients in our clin-
ical trial were 16 years older), smoking habit (we included
patients who never smoked) and choice of different spots
for SLDF measurement [36, 37]. WLR has been shown to
correlate with age in normotensive subjects [19]. Further-
more retinal areas with higher vessel density have been in-
cluded in one of our previous studies [37], not allowing
direct comparison to the current data.
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Skin capillary density previously has been shown to
inversely correlate with BP levels in hypertensive pa-
tients [9, 10, 38]. This has been predominantly attributed
to functional capillary rarefaction [10] due to impaired
endothelial function [14]. In cerebral capillaries BP-
dependent rarefaction has so far been shown in animal
models [16]. Our study group previously described ret-
inal capillary rarefaction in patients with diabetes melli-
tus type two compared to healthy individuals [21].
Hypertensive patients have been previously shown to
present with capillary density similar to diabetic patients
[21]. Now we demonstrated for the first time duration of
hypertension dependent retinal capillary rarefaction in-
vivo in patients with long term and short term hyperten-
sion. In our study population systolic and diastolic 24 h
ambulatory BP was inversely associated with retinal
capillary density indicating a functional BP dependent
effect on capillary vessels. But besides the BP-dependent
vessel modulation ICD and CapA have been shown to
differ between hypertensive and healthy people after
adjustment for BP, indicating disease associated changes
in functional vessel morphology.

In this analysis we demonstrated an association of ICD
and CapA with WLR in our hypertensive study popula-
tion indicating a correlation of the perfusion dependent
functional retinal vessel parameters with the well-
established structural vessel parameter WLR. Functional
vessel changes are known to frequently precede struc-
tural changes. Our hypertensive study population pre-
sented with median disease duration of 5 years and no
evidence of end-organ damage. We hypothesise that the
early stage in hypertension was responsible for not de-
tecting a significant difference in WLR between our
hypertensive and healthy study population. Capillary
density, a functional and therefore probably earlier
parameter was different between both groups and might
represent an additional promising early parameter of
end-organ damage in hypertensive patients.

Plasma HDL levels show an inverse correlation with
incidence of ischemic heart disease and other
atherosclerosis-related ischemic conditions [39]. Besides
the atheroprotective functions of HDL, attributed to the
ability of HDL to uptake cellular cholesterol from
peripheral organs and to mediate the transport of excess
cholesterol to the liver, HDL has been shown to have
various favourable effects on endothelial cells in large
vessels, such as coronary arteries [40]. Influence of HDL
on capillary density has to our knowledge so far just
been investigated in one animal model. In the murine
ischemic limb model, HDL promoted angiogenesis and
increased the number of histologically detectable capil-
laries in muscle tissue [39]. We showed in human retinal
capillaries an association between HDL and CapA as
well as ICD indicating a link of HDL with capillary
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density. Debbabi and colleagues demonstrated that capil-
lary density in hypertensive patients was influenced by
overweight [10]. For this reason adjustment for BMI was
made in our study population. After adjustment in
partial correlation analysis the association between capil-
lary rarefaction and HDL was even more pronounced.

Limitations

Our hypertensive study population was selected from a
larger group according to quality of SLDF measure-
ments. Nevertheless, since all hypertensive patients
showed similar values of age, BMI, gender, duration of
disease, blood pressure, heart rate, serum creatinine and
serum cholesterol to those of the group with valid evalu-
ation of capillary density (see Additional file 1: Table S1)
we are convinced that the selection did not affect the
observed associations.

Our control group is of smaller size compared to the
hypertensive group, which is a clear limitation of the
study. This is a pilot study intended to show first differ-
ences in capillary rarefaction between hypertensive and
healthy individuals. We plan to increase our control and
hypertensive group size in future studies.

Usually 24 h ambulatory BP measurements show lower
values compared to office BP values. In our study popu-
lation systolic 24 h ambulatory BP was similar to systolic
office BP in the hypertensive group. A possible reason
might be that office BP was taken unsupervised in the
present study. Previous studies in treated hypertensive
people have shown that systolic office BP measured by
automated office BP technique is comparable to, or even
lower than daytime ambulatory systolic BP [41].

Antihypertensive treatment is known to have an im-
pact on capillary rarefaction. Skin capillary density was
lower in untreated hypertensive subjects compared to
normotensive control subjects [1] and antihypertensive
treatment has been shown to reverse capillary rarefac-
tion in animals [16, 42] and in humans [10, 43—-46] with
hypertension. Especially drugs targeting the renin-
angiotensin-aldosterone system induce angiogenesis
in vivo, probably mediated by activation of bradykinin
pathways, resulting in the generation of vascular endo-
thelial growth factor, nitric oxide and, consequently,
angiogenesis [47]. In our study population 81% of pa-
tients in the hypertensive group received medication tar-
geting the renin-angiotensin-aldosterone system prior to
study enrolment. There are data indicating that retinal
artery structure already changes after 4 weeks treatment
with antihypertensive medication [48]. The included pa-
tients of our clinical trials stopped taking antihyperten-
sive medication 4 weeks prior to SLDF measurements.
Our results of capillary rarefaction are also in accord-
ance with previous findings obtained in skin capillaries
in untreated essential hypertensives [5-7, 49] thereby
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indicating that there was no bias due to previous antihy-
pertensive treatment.

Our measurements did not allow differentiating
between functional and structural capillary rarefaction,
since the SLDF measurements used to determine ICD,
CapA and RCF are based on perfusion images and
reflect the actually perfused capillary bed.

Conclusions

Retinal capillary rarefaction can be assessed by CapA and
ICD in perfusion images using Scanning laser Doppler
flowmetry (SLDF). Our measurements of retinal capillary
rarefaction and RCF indicate a lower level of retinal capil-
lary density in patients with hypertension stage 1 or 2
compared to normotensive individuals. Additionally, capil-
lary rarefaction was intensified in patients with long time
hypertension. Capillary density might represent a promis-
ing early parameter of end-organ damage in hypertensive
patients. It could be an interesting aim of further investi-
gations to measure capillary rarefaction by using the new
technology of adaptive optics [50] imaging.

Additional file

Additional file 1: Table S1. Patient characteristics of hypertensive study
population compared to total hypertensive population. Table including
patients characteristics of hypertensive study population compared to
total hypertensive population. Hypertensive patients showed no
difference in age, BMI, gender, duration of disease, blood pressure, heart
rate, serum creatinine and serum cholesterol to those of the group with
valid evaluation. (DOCX 28 kb)
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