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Relationships between retinal arteriole anatomy and
aortic geometry and function and peripheral resistance
in hypertensives

David Rosenbaum1,2,3, Nadjia Kachenoura2, Edouard Koch4, Michel Paques4, Philippe Cluzel2,3,5,
Alban Redheuil2,3,5 and Xavier Girerd1

Microvascular remodeling and large artery stiffness are key determinants of cardiovascular hemodynamics and can now be

studied with new non-invasive methods. Our objective was to study the relationships between retinal arteriole anatomy and aortic

geometry and function and peripheral resistance (total peripheral resistance (TPR)) in hypertensives. In 80 subjects (age 52±13

years; 53% males; including 23 normotensives and 57 hypertensives, among which 29 were uncontrolled hypertensives), we

used: (1) the new non-invasive RTX1 adaptive optics (AO) camera (Imagine Eyes, Orsay, France) to measure the wall-to-lumen

ratio (WLR) on retinal microvasculature; (2) cardiovascular magnetic resonance (CMR) imaging to assess aortic stiffness,

geometry and cardiac output; and (3) the validated SphymoCor Xcel device to measure central blood pressure (BP) and

carotido-femoral pulse wave velocity (Cf-PWV). TPR was calculated as the central mean BP/cardiac output ratio. WLR and TPR

were significantly higher and aortic distensibility was significantly lower in hypertensives. Aortic dilation and arch elongation

were found in uncontrolled hypertensives. In the univariate analysis, WLR was positively correlated with central BP (Po0.001),

TPR (Po0.001) and Cf-PWV (Po0.05), and it was negatively correlated with aortic distensibility (P=0.003); however, it was

not correlated with age or cardiovascular risk factors. The multivariate analysis indicated that WLR was associated with TPR

(P=0.002) independent of age, BMI, gender, antihypertensive treatments, aortic diameter and central SBP. As expected,

age was the major correlate of ascending aorta distensibility and Cf-PWV. New non-invasive vascular imaging methods are

complementary for the detection of the deleterious effects of aging or high BP on large and small arteries. AO examination

could represent a useful tool for the study and follow-up of microvasculature anatomical changes.

Hypertension Research (2016) 39, 536–542; doi:10.1038/hr.2016.26; published online 24 March 2016

Keywords: cardiovascular magnetic resonance; hypertension; microcirculation; optical imaging; remodeling

INTRODUCTION

Hypertension affects the structure and the function of both large and
small arteries. The major hemodynamic determinants of blood
pressure (BP) are cardiac output and total peripheral resistance
(TPR), which reflect the vascular tone of small arteries. The vast
majority of prescribed antihypertensive treatments (such as renin–
angiotensin system inhibitors or calcium channel blockers) decrease
TPR via their vasorelaxant properties, and some studies have shown
the value of using thoracic impedance-based methods that indirectly
evaluate TPR to adapt antihypertensive treatments in uncontrolled
hypertensive patients.1

In hypertensive subjects, an increase of the media-to-lumen-ratio
(MLR) of the small arteries has been observed in s.c. arteries dissected

from gluteal biopsies.2 More recently, a non-invasive approach for
small artery imaging in vivo has been designed and validated. Using
scanning laser Doppler flowmetry,3,4 the wall-to-lumen ratio (WLR)
of retinal arterioles has been assessed, and associations between WLR
and BP have been confirmed. More recently, adaptive optics (AO),
which is a novel, accurate and reproducible opto-electronic method,
has been used to non-invasively determine the qualitative and
quantitative microvascular morphometry of small vessels at a
near-histological scale in the human retina.5,6

Parallel to microvascular changes, large artery alterations in
hypertension have been studied in depth using a wide panel of
methods, including invasive catheterization, ultrasound,7 applanation
tonometry8 and, more recently, cardiovascular magnetic resonance
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(CMR) imaging. Thanks to such modalities, stiffening, hemodynamics
and geometrical changes of large arteries including the carotid arteries9

and proximal aorta10 have been demonstrated. Recent studies
indicated that a combination of central pressure measurements with
CMR enables a comprehensive evaluation of the proximal aorta
through reliable indices of geometry,10 distensibility,11,12 pulse wave
velocity and TPR.13 Strong associations of these CMR indices with
aging and cardiovascular events have been demonstrated.14

Our aim was to investigate the relationships between WLR, large
artery characteristics and total peripheral resistance in the setting of
arterial hypertension. To achieve this aim, we evaluated the character-
istics of large and small arteries in normotensive and hypertensive
patients using non-invasive imaging modalities such as CMR for large
arteries and AO for small arteries.

METHODS
Between January 2013 and February 2014, hypertensive patients and controls

were prospectively recruited in a dedicated outpatient clinic (cardiovascular

prevention unit). This clinical study was carried out according to the principles

outlined in the Declaration of Helsinki. Approval of the local ethics committee

was obtained, and informed consent was provided by all participants.
The inclusion criteria for normotensives were no personal history of

cardiovascular disease, no antihypertensive treatments and normal home blood

pressure (systolic blood pressure (SBP) o135 mm Hg and diastolic blood

pressure (DBP) o85 mm Hg). The inclusion criteria for hypertensives were:

the absence of secondary causes of hypertension; the absence of personal

history of cardiovascular disease; and a stable regimen of antihypertensive

treatment for at least 6 months with a therapy containing one or two of the

following classes: ARBs or calcium blockers. If a third antihypertensive

medication was present, it had to be a thiazide.
The exclusion criteria were diabetes, antihypertensive treatment with

beta blockers, more than four cumulated antihypertensive treatments,

contraindication to CMR exam and refusal to give consent.
Controlled hypertension was defined as having normal home blood pressure

(SBP o135 mm Hg and DBP o85 mm Hg).

Study protocol
During the outpatient visit: (1) basic characteristics were recorded, including

age, weight, height and familial and personal history of cardiovascular disease;

(2) venous blood samples were taken in the supine position to measure urea,

creatinine and potassium; (3) peripheral and central BP measurements were

taken; and (4) AO and CMR imaging were performed.

Blood pressure assessment
For each subject, two different measurements of BP were performed:
(1) Central BP measurements were performed in a temperature-controlled

semi-dark room to reproduce the CMR exam conditions. Measurements were

performed in standard conditions after 5 min of rest and 20 min before the

CMR exam using the validated SphymoCor Xcel device (AtCor).15

(2) Subjects were asked to record their home BPs according to a standardized
protocol using the validated OMRON M3 brachial cuff device16 during the
3 days preceding the outpatient visit.
Overall, the following BP measurements were recorded and considered for

analysis:

� Home SBP, home DBP, home pulse pressure (PP) and home mean
BP (MBP).

� Central systolic BP (cSBP), central diastolic BP (cDBP), central pulse
pressure (cPP) and central mean BP (cMBP).

Small arteries: WLR estimation by AO
Retinal imaging was performed by an operator blinded to the clinical and CMR
data at the Clinical Investigation Center of the Quinze-Vingts Hospital (Paris,
France) within 2 weeks before or after CMR and central pressure measure-
ments. En face AO fundus images were obtained using a commercially available
flood-illumination AO retinal camera (rtx1; Imagine Eyes, Orsay, France).
Briefly, the rtx1 camera measures and corrects wave front aberrations with a

750 nm super luminescent diode source and an AO system operating in a
closed loop. A 4°x4° fundus area (i.e., approximately 1.2 mm×1.2 mm in
emmetropic eyes) is illuminated at 840 nm by a temporally low-coherent light-
emitting diode flashed flood source, and a stack of 40 fundus images is acquired
in 4 s by a charge coupled device camera.
Among the 80 patients, 74 examinations were performed without pupil

dilation. In six patients, pupil dilation was necessary and was obtained with
topical tropicamide monodose (2 mg 0.4 ml−1, Novartis, France). These six
examinations were excluded from the analysis that integrated retinal AO
parameters. After 10 min of rest, the patient was situated on the chin rest. The
live video image of the pupil allowed for alignment with the incident light. The
live display of the AO-corrected fundus image allowed for adjustment of
brightness, contrast and focus.
Gaze was oriented using a dedicated target to capture the region of interest,

which included a segment of the superotemporal artery of the right eye, devoid
of bifurcations, at least 250 μm long and with an inner diameter of at least
50 μm (see example in Figure 1). The site of interest was chosen to be free of
the presence of focal arterial nicking (FAN) and arterio-venous crossings.
To identify the systolic pulse and delete the corresponding images, real-time

videos were generated from each stack using customized imaging software.
Then, the diastolic images were averaged to increase the signal-to-noise ratio.
Such averaged diastolic AO images were semi-automatically processed using
reproducible6 and previously described custom software.17 Image processing
included image enhancement by applying a median filter followed by a
nonlinear diffusion filter18 to smooth the blood vessels, while preserving the
contrast along their edges, and a previously described image segmentation
described in detail in Lermé et al.17,19 and based on mathematical morphology,
k-means clustering and active contours models relying on parallelism
information20 to extract the internal diameter (ID) and outer diameter (OD)
of the vessel.
Finally, the ratio of total parietal thickness over the lumen diameter averaged

along a 250 μm length defined the WLR. Wall thickness (WT) was defined as
WT= (OD− ID)/2, and total wall cross-sectional area (WCSA) was defined as

Figure 1 AO imaging and segmentation of a retinal arteriole. Left: averaged image after acquisition. Middle: image segmentation. Note that parietal
structures (between arrowheads) can be seen. C, morphogram of the segmented vessel (D: diameter; L: length).
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WCSA= π * ((OD/2)2− (ID/2)2). More details on the precision of the AO
device and axial correction are presented in the Supplementary File.

Characterization of large arteries
Carotid-femoral pulse wave velocity. Carotid-femoral pulse wave velocity
(Cf-PWV) was measured between the carotid and femoral locations using
the validated SphygmoCor Xcel device and using the distance between the two
locations and the transit time between the corresponding pressure waveforms.
Cf-PWV was calculated as PWV= 0.8 (D/t).21 All calculations, including the
measurement of parameters 412 cardiac cycles, were automated. The average
of two high-quality recordings was used for Cf-PWV.

Proximal aortic stiffness and geometry indices by CMR. All patients underwent
CMR on a clinical 1.5 T Aera Siemens magnet (Siemens Healthcare, Erlangen,
Germany) with a 16-channel cardiac-phased array surface coil and ECG gating.
Cine SSFP acquisitions and through-plane velocity encoded data were acquired
in the ascending aorta (AA) at the level of the pulmonary bifurcation
perpendicular to the aortic wall. Acquisition parameters for both aortic SSFP
and velocity encoding data are provided in the Supplementary File.

Images were analyzed offline by an operator blinded to the clinical data. As
previously described,22 contours of the AA were automatically detected on SSFP
images for all phases of the cardiac cycle using the validated ArtFun software
(UPMC-Inserm),12,22,23 providing AA area and diameter variations during the
cardiac cycle. This method was also used for the automated detection of both
AA and descending aorta contours from modulus images of PC sequences,
which were superimposed on velocity images for AA flow analysis.

The automated aortic segmentation of SSFP and PC images, combined with
the Sphygmocor Xcel central BP measurements, enabled the estimation of the
following parameters:

(1) AA distensibility (AAD)= (As−Ad)/(Ad cPP) as previously described,11

where As and Ad correspond to SSFP systolic and diastolic AA areas (mm2)
and cPP is the central pulse pressure. AA diastolic diameter was calculated
from Ad.

(2) Aortic arch width defined as the distance between the center of the
ascending and descending aorta cross-sections.10

(3) Aortic arch height defined as the length of the orthogonal projection of the
inflection point of the aortic arch centerline, positioned at the top of the
arch, on the width of the aortic arch.10

(4) Aortic arch length was estimated from SSFP acquisitions as the distance
between the ascending and proximal descending aorta locations, as
previously described.10

(5) Aortic arch pulse wave velocity (AAPWV) was estimated as the ratio
between the previously mentioned arch length and the transit time between
ascending and descending aorta flow waveforms as previously reported.11

Transit time was calculated automatically using a method based on the
least-squares minimization approach between the systolic up-slope of the
ascending and descending aorta flow curves (ArtFun software, UPMC,
Laboratoire d’Imagerie Biomédicale, Paris, France).

(6) Cardiac output was calculated using heart rate during the CMR velocity
acquisition multiplied by the stroke volume measured as the area under the
ascending aorta flow curve.

Table 1 Description of subjects including basic characteristics, blood pressure measurements and anatomical and functional micro- and

macro-vascular indices

Normotensives Controlled hypertensives Uncontrolled hypertensives Across groups P-value

Subjects number 23 28 29

Age, years (s.d.) 45.1 (12.2) 52.9 (12.1)* 53.1(12.2)* 0.04

Antihypertensive treatment number, n 0 (0) 1.64 (0.18)* 1.17 (0.17)* o0.0001

Central blood pressure (mmHg)
SBP 112.9 (2.8) 123.1 (2.4)* 135.3 (2.3)*† o0.0001

DBP 77.2 (2.1) 84.3 (1.8)* 92.6 (1.7)*† o0.0001

MBP 89.3 (2.1) 97.0 (1.8)* 107.1 (1.7)*† o0.0001

PP 36.1 (1.9) 39.5 (1.8) 43.4 (1.7)* 0.02

Hemodynamics
Total peripheral resistance (dynes s−1 cm −5) 1567 (124) 1801 (108) 2047 (102)* 0.01

Cardiac output (ml s−1) 78.7 (9.7) 76.3 (8.8) 84.4 (8.8) 0.8

Microvasculature
Retinal WLR 0.276 (0.012) 0.304 (0.011) 0.343 (0.010)*† 0.0002

Retinal arteriolar internal diameter (μm) 83.7 (14.4 78.8 (9.8) 77.2 (12.6) 0.19

Retinal arteriolar wall thickness (μm) 22.0 (2.32) 22.1 (3.9) 25.1 (4.3)*† 0.04

Retinal arteriolar wall cross-sectional area (μm2) 3447 (292.8) 3278 (213.8) 3477 (176.8) 0.7

Aorta structure (cm)
Ascending aorta diastolic diameter 2,57 (0.06) 2,93 (0.07)* 3.09 (0.06)* o0.0001

Aortic arch length 118.4 (4.9 131.0 (4.5) 136.3 (4.5)* o0.0001

Aortic arch width 64.1 (1.9) 69.3 (1.7) 77.0 (1.7) *† o0.0001

Aortic arch height 39.7 (2.0) 41.8 (1.8) 44.6 (1.8)* o0.0001

Aorta function
Ascending aorta distensibility (kPa−1×10−3) 43.4 (3.7) 24.3 (3.3)* 18.0 (3.2)* o0.0001

Ascending aorta PWV (m s−1) 5.37 (0.61) 7.25 (0.54)* 8.55 (0.53)* 0.001

Carotid-femoral PWV (s−1) 7.89 (0.31) 8.87 (0.27)* 9.33 (0.25)* 0.002

Abbreviations: BMI, body mass index; PWV, pulse wave velocity; SBP, DBP and PP, systolic diastolic and pulse blood pressures; WLR, wall-to-lumen ratio.
*P-value o0.05 at least vs. normotensives.
†P-value o0.05 at least vs. controlled hypertensive.

Retinal wall-to-lumen ratio and the aorta
D Rosenbaum et al

538

Hypertension Research



Finally, total peripheral resistance (TPR) was calculated as the ratio between
central mean BP and cardiac output.24

Statistical analysis
All continuous variables are expressed as the mean (s.d.), unless otherwise
stated.
Differences between groups were evaluated by ANOVA and the non-

parametric Kruskal–Wallis test. Distribution of categorical variables between
groups was evaluated using the χ2 test. Correlations between two variables were
assessed using a linear regression model, and Pearson’s correlation coefficient
(r) was provided. The normality of the distribution of continuous variables was
tested using Shapiro–Wilk’s test. WLR and stiffness parameters (Cf-PWV and
AAD) were further studied for their associations with age, body mass index,
central SBP, TPR and antihypertensive treatments (any treatment= 1,
no treatment= 0) using multivariate regression models, and partial correlations
for independent determinants of WLR, AAD and Cf-PWV are provided. Prior
to the multivariate analyses, variance inflation due to covariates was verified by
estimating a variance inflation factor o2.
All statistical tests were two-tailed and a P-value o0.05 indicated statistical

significance. All analyses were performed using SAS software, JMP10 (SAS
Institute Inc., Cary, NC, USA).

RESULTS

Characteristics of normotensive subjects, controlled hypertensive
patients and uncontrolled hypertensive patients enrolled in the study
are shown in detail in Table 1 and in the Supplementary File. While
normotensive subjects were younger than hypertensive patients, BMI,
sex ratio, LDL-C, HbA1c, smoking status and creatinine were similar
among the three groups (additional Table 1).

While central PP differed significantly only in uncontrolled
hypertensive patients, a significant increase in all peripheral and
central BP measurements was observed throughout the three groups,
with the highest BP observed in uncontrolled hypertensive patients
compared with controlled hypertensives or normotensive subjects.
The characteristics of the large and small arteries in the three groups

are also summarized in Table 1. Regarding small arteries, retinal WLR
as well as retinal arteriolar wall thickness were significantly higher in
uncontrolled hypertensive patients than in controlled hypertensives
and normotensive subjects, whereas retinal wall cross-sectional area
(WCSA) did not significantly vary among the three groups. Moreover,
a non-significant trend toward a diminution in the internal diameter
was noted.
Regarding large arteries, aortic geometry indices, such as diameter

and arch length, width and height, indicated a dilatation of the
ascending aorta cross-section as well as a lengthening and an
enlargement of the aortic arch in uncontrolled hypertensive patients.
Finally, indices of arterial stiffness such as CMR ascending aorta
distensibility and AAPWV as well as Cf-PWV were substantially and
significantly different between the three groups.
Univariate associations of WLR with age, BMI, central BPs, large

artery indices and TPR are summarized in Table 2. WLR was
significantly associated with SBP, DBP and MBP (Po0.0001) as well
as with all aortic diameters and stiffness indices and TPR (r= 0.56,
Po0.0001). Of note, among retinal arteriolar indices, WLR resulted in
the highest correlation coefficients for such associations.
The multivariate analysis (Table 3) indicated that WLR was

associated with TPR (P= 0.002) independent of age, BMI, gender,
antihypertensive treatments, AA diameter and central SBP. For these
analyses, partial correlation coefficients R2 for independent variables
summarized in Figure 2 indicate that TPR was the strongest predictor
of WLR. TPR explained 42% of the full multivariate model variance
and AA diameter 23%. For AA distensibility and Cf-PWV, age
explained 64 and 59% of the full multivariate model variance,
respectively (see additional figure in the Supplementary File). Of note,
although stiffness indices were associated with WLR in the univariate
analysis, such associations were no longer significant after adjustment
for age and SBP.

DISCUSSION

In this study, we were able to show that the WLR of small arteries of
the retina was correlated with BP regimen and total peripheral
resistance in hypertension. We also showed that, if age and BP were
the strongest correlates of morphological and functional changes in
large arteries, total peripheral resistance was the strongest correlate of
WLR, beyond central SBP and age. Finally, among large artery
parameters, we showed that local CMR evaluation of proximal aortic
geometry and stiffness is relevant in hypertensive subjects. Our results
are in line with previous results showing the interdependence of
hypertension and arterial stiffness.21 Here, in a population of patients
with controlled and uncontrolled BP, we report a strong effect of age
on stiffness but also on aortic anatomy. We extend the results of
Redheuil et al.10,11 to hypertensive subjects, showing that AAD is an
efficient integrator of age and BP consequences on stiffness. In our
population, Cf-PWV was strongly associated with age but not with
WLR or TPR. Accordingly, our findings on the aorta emphasize the
prominent and confounding role of age on the properties of large
arteries in hypertension.
Many studies in the literature report relationships between BP and

microvasculature in humans.1

Table 2 Correlation coefficients resulting from univariate associations

between retinal and wall-to-lumen ratio (WLR) as well as wall

cross-sectional area (WCSA) and age, BMI, central blood pressures,

large artery indices and total peripheral resistance

WLR

Demographic characteristics
Age (years) 0.14

BMI (kg m−2) 0.22

Blood pressure (mmHg)

Central SBP 0.48†

Central DBP 0.50‡

Central. MBP 0.51‡

Central PP 0.22

Aorta structure (cm)
Aortic arch length 0.17

Aortic arch width 0.22

Aortic arch height 0.06

Ascending aorta diastolic diameter 0.39†

Aorta function
Ascending aorta distensibility (kPa−1 ×10−3) −0.39†

Ascending aorta PWV (m s−1) 0.33†

Carotid-femoral PWV (m s−1) 0.30*

Peripheral resistance
Total peripheral resistance (dynes s−1 cm−5 0.56‡

Abbreviations: SBP, DBP, MBP and PP, systolic, diastolic, mean and pulse blood pressures;
WLR, wall-to-lumen ratio.
*P-value o0.05 at least.
†P-value o0.01 at least.
‡P-value o0.001 at least.
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In vitro studies by Schiffrin et al.2,25 have consistently shown strong
relationships between elevated BP and increases in the media-to-
lumen-ratio (MLR) in s.c. arterioles. The non-invasive approach of
microvasculature imaging in the retina using scanning laser Doppler
flowmetry has provided further evidence of relationships between
increased WLR and elevated BP and evidence of correlations between
MLR and WLR has been shown.3 Recently, Salvetti et al.26 also
reported relationships between 24 h BP, central BP and retinal WLR
measured with scanning laser Doppler flowmetry. The strongest
associations were found between daytime SBP, 24-h SBP and WLR.
Here, we report that MBP, SBP and DBP are related to WLR, whereas
PP is linked to AAD by definition. PP is an indicator of the pulsatile
component of the BP periodic phenomenon. It is related to several
hemodynamic mechanisms, of which notably compliance of large
arteries is in compliance. In contrast, MBP is considered to represent
the steady component of BP that is determined by cardiac output and
vascular resistance.27 Another explanation for the lack of correlation
between WLR and PP could be the relative youthfulness and the
relative low PP in our population in comparison with other studies
where associations with PP were reported.28

Little data have specifically reported the coupling between small and
large arteries in hypertensives. In general populations, retinal arteriolar
narrowing evaluated by the arteriole-to-venule ratio as measured in

standard fundus photography has been linked to AAD, independently
of SBP,29 and aortic stiffness has been associated with the central
retinal arteriolar and retinal vascular fractal dimension.30 Salvetti
et al.26 found that PWV was an independent determinant of WLR
in a heterogeneous population of hypertensive/diabetic patients
(treated and never treated). Here, in a homogeneous population of
hypertensives where small and large arteries were characterized at the
same moment, we demonstrated a correlation between the morpho-
logical indices of small and large arteries (WLR and ascending aorta
diameter) that was independent of age, BP and antihypertensive
treatment. This observation of a morphological continuum in different
arterial beds extends the concept of interrelated changes in macro- and
microvasculature. Additionally, while stiffness indices were associated
with retinal eutrophic remodeling in the univariate analysis, such
associations were no longer significant after adjustment for age and
SBP. Nevertheless, TPR was shown to be the only independent
determinant of WLR, explaining 42% of the variance of the multi-
variate model relating WLR with age, gender, BMI, antihypertensive
treatments, central SBP, AA diameter and TPR.
Conversely to all large artery parameters and consistent with

previous findings26,29–31 but not with our previous results, WLR was
not related to age in this population. The first explanation would be
the lack of power and the small effective size of our study. A second
explanation could be that WLR is not a marker of aging but of
remodeling, a dynamic phenomenon driven by pressure regimen.
In essential hypertension, histological investigations of s.c. arteries
have shown eutrophic remodeling characterized by reduced lumen
diameter and increased MLR with no net increase in muscle mass.32

Here, we were able to reproduce those results using an entirely
non-invasive method. Arteriolar lumen reduction can result from
rearrangement of smooth muscle cells layers but it can also be
secondary to vasoconstriction. Such hypotheses are in line with the
study by Rizzoni et al. that reported an association between s.c. MLR
and the vasodilatory capacity of coronary arteries,33 a result that can
also be interpreted as being due to remodeling.34 In the retina, an
association between capillary blood flow and the inner diameter of
retinal arteries has been reported using scanning laser Doppler
flowmetry. In this latter study, an inverse correlation between retinal
arterial vasodilatory capacity and WLR in hypertensive patients was
observed.35 Furthermore, in our previous report on retinal small
arteries in hypertensive patients, as a result of the high-resolution of
AO, we showed that the inner and outer limits of the arteriolar wall
maintained their parallelism at sites of FAN, suggesting that FANs
were caused by focal vasoconstriction rather than by parietal growth.6

Moreover, a turnover of retinal FAN36 and rapid modifications of
WLR after one month of lercanidipine treatment37 has been demon-
strated. Such findings may illustrate a potential interplay between
structural remodeling and vascular tone in small arteries.
Although several non-invasive methods have been proposed to

assess cardiac output, the direct thermodilution method remains the
gold standard to assess cardiac output although it requires invasive
catheterization.38 Recently, an impedance-based device has been
validated on intensive care unit patients,39 but the accuracy of
impedance cardiography has been challenged.40 Here, we used an
entirely non-invasive method13 to calculate resistance by combining
central pressure measurements with the Sphygmocor Xcel device and
direct measurement of aortic flow by CMR. WLR is a static parameter
whose components are lumen diameter and wall thickness. From our
experience with a large population, lumen diameter varies after a few
days and wall thickness varies after a few weeks in the case of
treatment inducing a drop in BP. Our results suggest that arterioles

Table 3 Correlates of wall-to-lumen ratio

Wall-to-lumen ratio

R2 β (s.d.) P

Overall model 0.43 0.0001

Age (years) −0.0005 (0.0006) 0.36

Gender (male=1) −0.0112 (0.0128) 0.38

BMI (kg m−2) 0.0013 (0.0013) 0.34

cSBP (mmHg) 0.0005 (0.0005) 0.33

Antihypertensive treatment (for yes=1) −0.0033 (0.0158) 0.83

Total peripheral resistance

(dynes s−1 cm−5)

5.4.10−5 (1.6.10−5) 0.002

AA diameter (cm) 0.05 (0.22) 0.02

Abbreviations: AA, ascending aorta; BMI, body mass index; cSBP, central systolic blood
pressure.

Figure 2 Determinants of WLR. Partial correlation coefficients R2 are
provided for each variable along with its statistical significance, which is
indicated by *P-value o0.05, †P-value o0.01 or ‡P-value o0.001. AA,
ascending aorta; BMI, body mass index; TPR, total peripheral resistance;
cSBP, central systolic blood pressure.
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o80 μm assessed with the AO camera are resistive vascular territories
that potentially determine TPR. However, when considering the
physiological link between TPR and vascular anatomy, lumen
diameter should be the main determinant of TPR. Here, TPR was
found to be correlated with WLR but not with lumen diameter. This
result may be explained by the fact that: (1) the diameter of arterioles
assessed with AO would not be directly responsible for TPR and
(2) it has been admitted from previous studies on s.c. biopsies and
confirmed by our personal data that WLR is constant along the
vascular tree in a microcirculatory territory.
Increased WLR in the retina, carotid IMT and aortic stiffness

predict target organ damage and cardiovascular events in patients with
hypertension;41 however, so far, none has been evaluated as a
therapeutic tool in antihypertensive treatment management. However,
impedance measurements have already been successfully used for
personalized management of resistant hypertension.42 Furthermore,
while a total normalization of alterations in small arteries was found in
hypertensive patients treated with angiotensin–converting enzyme
inhibitors or calcium blockers, normalization was incomplete or
absent in patients treated with beta blockers or diuretics.43 In this
context, AO WLR, due to its reproducibility and its non-invasive
nature as well as its strong association with resistance, could be of
great use in the follow-up of arteriolar tree tonus and morphological
modifications under antihypertensive treatments.
Considering cardiovascular risk assessment, current markers and

risk equations are poor predictors of cerebrovascular events, whereas
Ota et al. showed that hypertensive retinopathy features predicted
cerebrovascular events.44 Evidence is also increasing regarding
structural retinal microvasculature changes being associated with
cardiovascular risk even early in life45 as well as with emerging
subclinical MRI brain infarcts and white matter lesions.46 In line
with such findings, WLR could represent a potential predictor of
cardiovascular events in hypertensives.
Our study has several limitations. First of all, because of the

cross-sectional design of our study, we can only describe associations,
and no conclusions of causality can be drawn.
Second, we included a relatively small number of patients. This is

certainly the main explanation for the lack of an association between
WLR and age. However, this enabled the construction of homo-
geneous and comparable groups that were well characterized, while
avoiding potential biases such as diabetes, smoking status or gender
imbalance. Only age was slightly different between the groups but this
was accounted for in the multivariate analysis by age adjustment. The
third limitation is on BP level assessment and timing. Central BP was
recorded at the CMR time and not during the AO examination but
both were very close in time and performed under the same
conditions. Neither night-time BP nor 24 h central BP were recorded;
however, home daytime-BP, which was used in our study, has
previously been shown to be the strongest predictor of WLR.26

Another limitation is the exclusion of regions with FAN in the AO
images analysis. We previously demonstrated that WLR in FAN
regions was significantly increased.6 Still, despite the analysis in
FAN-free areas, we were able to show a significant increase in WLR
in uncontrolled hypertensive subjects.
Although it is well known that endothelial dysfunction is an initial

step of the process of athero- and arteriosclerosis in hypertensives, the
evaluation of endothelial function was unfortunately not performed in
our study. Blood samples for Hs-CRP were taken and, while Hs-CRP
was slightly higher in the hypertensive group, no independent
associations with WLR were found in our study group (data not
shown).

Additionally, we studied patients under antihypertensive treatment.
All patients were treated with a stable regimen of similar vasodilators.
This may have blurred some correlations, especially correlations with
resistance, and it may have hampered the identification of medication
effects on WLR. Moreover, due to the small size of our sample
population, we were not able to address potential effects of specific
antihypertensive drug classes. Retinal microvasculature WLR is known
to be elevated in diabetes because of hypertrophic remodeling.
Accordingly, it would have been interesting to compare such a
population with hypertensives. However, type 2 diabetic patients often
display other risk factors, which may have hampered comparisons in a
small population.
Our results highlight the differential meaning between macro- and

microvascular indices. While cf-PWV and AAD are markers of arterial
aging in proximal large arteries, WLR of the retinal arterioles is a
marker of BP regimen, total resistance and remodeling of the distal
arterial tree. Consequently, these different markers may be useful to
address different therapeutic targets. Quantitative, qualitative, in vivo
and non-invasive characterization by AO and CMR imaging con-
tribute to a better understanding of the consequences of hypertension
on large and small arteries. AO examination is a quick, reproducible
and non-invasive technique that could represent a useful tool to follow
short- and long-term changes in microvasculature associated with
antihypertensive treatments. Beyond WLR measurements, AO will
allow for the examination of several arteriolar characteristics such as
FAN, arterio-venous nicking, wall thickness regularity and bifurcation
conformation. Future studies should be performed to determine the
relative usefulness of micro- and macro-arterial markers with respect
to patient outcome and management strategies.
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