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Introduction: Arterial hypertension is a global health burden that affects vas-
cular structure and function. Assessment of endothelial function can improve 
cardiovascular (CV) risk stratification. Exercise treatment reduces over all CV 
risk and improves vascular health. However, it is still not clear which part of the 
vascular bed is most sensitive to exercise treatment in patients with CV risk. This 
study aimed to investigate the effects of an 8-week walking based and supervised 
high-intensity interval training (HIIT) on macro- and microvascular endothelial 
function as add-on therapy in patients with arterial hypertension.
Methods: Forty patients (mean age 58 ± 7 years) treated for arterial hypertension 
were randomized in the HIIT (3×/week) or control group (CG) receiving standard 
physical activity recommendations. Arteriolar (aFID) and venular (vFID) flicker 
light-induced dilatation for retinal microvascular and flow-mediated dilatation 
(FMD) for macrovascular endothelial function were assessed. In addition, standard-
ized assessments of patients' characteristics were performed before and after 8 weeks.
Results: Both groups reduced weight and body mass index but only the HIIT 
group reduced body fat, visceral fat, and increased peak oxygen uptake after 
8 weeks. The control group reduced diastolic blood pressure. No blood pressure 
changes were found in the HIIT group. Arteriolar FID increased in the HIIT group 
independently of confounders (pre: 2.40 ± 0.98%, post: 3.19 ± 1.31%, p < 0.001) 
but not in the control group (pre: 3.06 ± 1.50%, post: 2.90 ± 1.46%, p = 0.280). No 
changes were found for FMD in either group.
Conclusion: Arteriolar FID was found to be a sensitive vascular biomarker to 
assess exercise-induced microvascular improvements even in a short time setting 
of an 8-week exercise therapy with HIIT. Short-term exercise training affects mi-
crovascular endothelial function but not large artery endothelial function. Thus, 
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1   |   INTRODUCTION

Arterial hypertension is an increasing healthcare burden. 
It is the leading preventable risk factor for cardiovascu-
lar (CV) death and all-cause mortality.1–3 Due to an aging 
population and a higher exposure to lifestyle risks such 
as unhealthy diet, lack of physical activity or obesity, the 
prevalence of hypertension is rising.4 In 2015, about 8.5 
million deaths were associated with arterial hyperten-
sion.5 Forty percent of all annual deaths in Europe are 
directly associated with arterial hypertension-induced CV 
diseases.6 By 2025, the prevalence of patients with hyper-
tension is expected to increase up to 60% of all adults.7 
Hypertension induces structural and functional changes 
in the macro- and microcirculation, which eventually lead 
to stiffer arteries.8 In a simplified model, the inability of 
adequate adaption of the vessel to higher blood flow or 
blood pressure is commonly called endothelial dysfunc-
tion.8 Impaired endothelial function is often seen in ad-
vanced age groups as age is an effectual CV risk factor. 
There is clear evidence for a greater and faster vascular 
aging process in patients with chronic kidney disease,9 di-
abetes,10 and hypertension regardless of age.11 The asymp-
tomatic and early onset of the disease pose a challenge in 
the optimal treatment of arterial hypertension.9 An early 
detection of changes in endothelial function would allow 
for an improved estimation of individualized CV risk and 
a timely initiation of primary and secondary CV preven-
tion.8 Several non-invasive measurements for macro- and 
microvascular structure and function are available. Flow-
mediated dilation (FMD) is referred to as the gold stan-
dard for measuring macrovascular endothelial function.10 
Per percent point increase in brachial FMD a 8–13% lower 
risk of CV events was found in both high- and low-risk 
populations11 although the risk reduction was greater for 
patients with CV diseases.12 FMD has been shown to pre-
dict CV events,12 all-cause mortality,11 and progression in 
target organ damage in hypertensive patients.13

To investigate endothelial function on a microvascular 
level, dynamic retinal vessel analysis (DVA) can be per-
formed. DVA has previously been shown as a valid and 
non-invasive technique to quantify systemic CV risk and 

vascular health.14–16 DVA quantifies retinal endothelial 
dysfunction by measuring the flicker light-induced dil-
atation (FID) of arteriolar and venular vessel segments 
separately over time. FID is an independent predictor for 
CV events in patients with CV risk factors15 and correlates 
negatively with hypertension-induced endothelial dys-
function and hypertension severity17 as well as with CV 
risk factors and diseases such as obesity,18,19 hypercholes-
terolemia,20 age,21 diabetes,22 and chronic heart failure.23 
Furthermore, patients with end stage renal disease and 
lower venular FID had significantly shorter 3 year survival 
rates (66.9%) compared to patients with higher venular 
FID (92.4%).14 We recently published the first normative 
data and standard operating procedures for DVA assess-
ments to improve CV risk stratification and standardize 
assessments.24

Regular physical activity (PA) has been shown to pre-
vent or delay the onset of hypertension and reduce blood 
pressure.25 Furthermore, PA has been shown to reduce 
CV mortality independently of blood pressure levels26 
and to decrease the risk of developing de novo hyperten-
sion.27 A low cardio respiratory fitness (CRF) is strongly 
correlated with all-cause mortality and CV risk28 while 
improvements in CRF seem to reduce the risk of CV 
events even in high-risk populations such as patients 
with coronary disease29 or heart failure.30 Aerobic en-
durance exercise has been defined as the first exercise 
priority to lower blood pressure in patients with arterial 
hypertension, indicating that further data are warranted 
on the blood pressure lowering effects of high-intensity 
interval training (HIIT).31 Strong evidence exists that 
endothelial dysfunction and the pathogenesis as well as 
the disease severity of hypertension are associated.32–34 
Several vascular biomarkers exist that quantify endothe-
lial dysfunction as described above. To date it remains 
unclear which vascular biomarker best quantifies ex-
ercise treatment effects on endothelial function as es-
sential underlying mechanism to reduce blood pressure 
as long-term approach. Therefore, the aim of this study 
was to investigate the short-term effects of an 8-week 
HIIT, as add-on therapy in patients with hypertension, 
on blood pressure as well as macro- and microvascular 

retinal aFID appears to be a sensitive biomarker to detect short-term exercise effi-
cacy on a vascular level. Dynamic retinal vessel analysis as a diagnostic approach 
may prove to be an ideal candidate vascular biomarker to monitor treatment ef-
fects of exercise in patients with hypertension on top of standard clinical care and 
may support clinical decision-making in the future.

K E Y W O R D S

exercise, exercise medicine, hypertension, retinal endothelial function, vascular health
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endothelial function compared to a control group (CG) 
receiving standard PA recommendations. In addition, we 
aimed to investigate the effects of HIIT and the control 
condition on CRF and further patients' characteristics.

2   |   METHODS AND ANALYSIS

We recently published the study protocol of the 
“Hypertension and retinal microvascular dysfunc-
tion” (HyperVasc) study with an extensive descrip-
tion of all study procedures.35 The present study is part 
of the Hypervasc trial and included 41 patients with 
hypertension.

2.1  |  Study design

Participants were randomized into a HIIT group (n = 21) 
or a control group with PA recommendations (n  =  20). 
Equal group sizes in the HIIT and the control group were 
achieved by blockwise randomization. Randomization 
was performed after baseline assessments by an independ-
ent and blinded research assistant. Enrolment decisions 
were communicated to the participants by LS.

The study took place at the Department of Sport, 
Exercise and Health in Basel Switzerland. This study was 
conducted according to the Helsinki Declaration,36 ap-
proved by the Ethics Committee of Northwest and Central 
Switzerland (EKNZ-2021-00086) and registered on Clini​
calTr​ials.gov in February 2021 (NCT04763005). All pa-
tients singed a written informed consent prior the first as-
sessment. Data collection started end of March 2021 and 
last patient out was Spring 2022.

2.2  |  Inclusion and exclusion criteria

Study participants were recruited via advertisements 
in local newspapers. Diagnosed hypertensive men 
and women between 40 and 70 years of age, receiving 
drug treatment with controlled BP, defined as values 
≤159/99 mmHg, were invited to participate. Any CV, pul-
monary or inflammatory disease, diabetes, chronic kid-
ney diseases, CV medication (except of antihypertensive 
medication), changes in antihypertensive medication dur-
ing the intervention period, smoking, a body mass index 
(BMI) ≥30 kg/m2, exercise-limiting musculoskeletal prob-
lems and known ophthalmic diseases such as macular de-
generation, glaucoma, or high intraocular pressure (IOP) 
(≥20 mmHg) were exclusion criteria. BP was measured on 
2 different days according to the 2018 ESC/ESH hyperten-
sion guidelines for blood pressure categorization.25

2.3  |  Macro- and microvascular 
assessments

The participants attended the vascular assessment in 
a fasted state in the morning. They were asked to avoid 
alcohol and exercising 24 h prior to the measurements 
and caffeine on the assessment day. Patients were asked 
to take their daily routine medication. In the vascular as-
sessment at baseline and for image analysis at the end of 
the study period, the investigators were blinded for group 
allocation and patients' characteristics. All vascular as-
sessments were performed by one experienced investiga-
tor. Extensive description of vascular assessments can be 
found in the study protocol.35

Briefly, FMD was assessed, measuring the brachial ar-
tery using a semiautomatic, ECG-guided high-resolution 
B-mode ultrasound system (UNEX EF 38G, UNEX Corp.) 
and a BP cuff, which was applied to the forearm of the 
patient. After a short period of rest, the blood pressure 
cuff was inflated and cuff pressure increased 50 mmHg 
above resting systolic blood pressure for 5  min. Before 
inflation and continuously during the last minute of the 
inflation period rest diameter of the right brachial artery 
was measured. Additionally, shear stress induced vascular 
response was analyzed after cuff-deflation (PC Analysis, 
UNEX Corp.).

Retinal endothelial function was examined by measur-
ing the arteriolar and venular diameters over time using 
the Dynamic Vessel Analyzer (DVA®; IMEDOS Systems 
GmbH) and a fundus camera (450 FF; Carl Zeiss). The 
gold standard procedure for DVA, as used in this study, 
was previously defined and described in detail.24 In 
brief, arteriolar and venular vessels of the right eye were 
assessed. Baseline measurements were done to deter-
mine mean baseline diameters and to observe inter- and 
intra-individual variations in vessel diameters.37 Flicker 
light was used to provoke the physiological response of 
increased retinal blood flow and dilation of vessel diam-
eters.38 Changes in diameter due to the applicated stim-
ulus were calculated automatically by the integrated 
RVA software (RVA 4.61, IMEDOS Systems GmbH, Jena, 
Germany) in percent relative to the individual baseline 
value.39 Arteriolar (aFID) and venular (vFID) flicker light-
induced dilation as well as arteriolar constriction after 
flicker light (aCON) were investigated to quantify micro-
vascular endothelial function.

2.4  |  Anthropometry and 
cardiorespiratory fitness

Anthropometric data were collected in the morning 
under fasted conditions. Standard procedures were used 
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to measure height. Body mass, BMI, and body fat were 
measured by using the Inbody 720R (JP Global Markets 
GmbH).40 Twenty-four hour blood pressure monitoring 
was performed using the Mobil-O-Graph® device (I.E.M 
GmbH). IOP was measured using the ICare PRO (Tiolat 
Oy) rebound tonometer. Venous blood samples were taken 
and stored at −80°C until further analyses after the data 
acquisition was completed. Physical fitness was analyzed 
by an individualized bicycle ramp protocol as described 
previously.35,41 Peak oxygen uptake (V̇O2peak) and maxi-
mal heart rate (HRmax) were analyzed using the Cortex 
Metalyzer R 3B metabolic test system (Cortex Biophysik 
GmbH). Exhaustion was achieved when the predefined 
respiratory exchange ratio (RER) for the respective age 
group was reached (40–59 years RER ≥ 1.10; 60–69 years 
RER ≥ 1.06).42 If individual exhaustion was not achieved, 
the ramp protocol was repeated on a separate day.

2.5  |  Exercise intervention and 
control condition

The exercise intervention consisted of an 8-week HIIT 
with 3 sessions of 45 min per week. The sessions included 
a 10-min warm-up (60–70% HRmax), a high-intensity 
interval of 4 × 4 min (80–95% HRmax) with 3 min active 
recovery (60–70% HRmax) in between followed by a 10-
min cool-down (60–70% HRmax). To familiarize the par-
ticipants to the intensity, the intervention started with 
a habituation week at 75% HRmax. To monitor heart 
rate during training, Polar®H7 heart rate sensors and 
Polar®M400 watches were used. The sessions were super-
vised by sport scientists, who motivated the participants 
and controlled the heart rates during and after every train-
ing session. The control group received PA recommenda-
tions according to the current guidelines of the European 
Society of Cardiology.43 Participants of the control group 
were advised to document their PA behavior in a PA diary. 
After 4 weeks, their well-being was evaluated by a phone 
call. According to the current PA guidelines, recommen-
dations were considered fulfilled if at least 450 metabolic 
equivalents per week were achieved by the participants.43

2.6  |  Statistical analysis and sample size 
calculations

The primary outcome of this study was the exercise-
induced effect on retinal arteriolar endothelial function 
measured as aFID. Secondary outcome was macrovascu-
lar endothelial function (FMD) and further microvascu-
lar parameters of endothelial function (vFID and aCON). 
Further outcomes were 24 h blood pressure, CRF and 

further patients' characteristics. Follow-up and baseline 
patients' characteristics were described through mean 
and standard deviation. To analyze differences in the 
HIIT group and the control group, paired sample t-tests 
and analysis of covariance (ANCOVA) were calculated. In 
addition, we calculated linear regression models adjusted 
for the corresponding values at baseline, antihypertensive 
medication at baseline, age, sex, change in blood pressure, 
change in V̇O2peak, and change in BMI to analyze poten-
tial intervention effects. One linear regression model with 
change of aFID as dependent and change in V̇O2peak as 
independent variable was calculated. For the generation of 
graphs and for statistical tests with a two-sided confidence 
interval of 95%, the statistical program R (R Foundation 
for Statistical Computing, version 3.5.0.) was used.

The sample size calculation is described in detail in our 
published study protocol.35 Briefly, we needed 32 partici-
pants to reach our target power of 95% with a two-sided 
significance level of 0.05 for our primary outcome of the 
Hypervasc study. We included 41 participants to account 
for potential drop-outs.

3   |   RESULTS

After screening for exclusion and inclusion criteria, 41 
participants were included in this study and randomized 
into HIIT or CG (Figure  1). Follow-up assessment was 
performed in 38 patients (HIIT n = 19, CG n = 19). HIIT 
participants included in the final analysis attended the 
previously described training sessions and met the in-
tensity requirements as described in Section 2.5, with an 
accuracy of at least 80% in 15 of 19 patients. With one ex-
ception, the current PA guidelines were followed in the 
control group. In both groups, a dropout occurred due to 
the participant experiencing too much effort. An addi-
tional dropout occurred in the intervention group due to a 
previously unknown eye disease, which was unrelated to 
exercise training (Figure 1).

3.1  |  Patients' characteristics

Antihypertensive medications were comparable between 
both groups. Patients allocated to HIIT took mainly 
Renin–Angiotensin–Aldosterone System (RAAS) inhibi-
tors (n = 15, 79%) or calcium channel blocker (n = 4, 21%). 
Patients allocated to the CG took mainly RAAS inhibitors 
(n = 13, 68%), calcium channel blocker (n = 3, 16%), or 
beta-blocker (n = 3, 16%). Detailed patients' characteris-
tics for both groups at baseline and after the intervention 
period are shown in Table 1. Both groups reduced weight 
and BMI but only HIIT reduced body fat (%) and visceral 
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fat. No changes were observed for 24 h blood pressure and 
muscle mass. CRF measured as V̇O2peak was improved in 
the HIIT group but not in the CG. Blood glucose in HIIT 
and low-density lipoprotein in CG were significantly re-
duced after the intervention period.

3.2  |  Vascular biomarkers

The HIIT group showed improved aFID after the inter-
vention compared to the CG and corrected for baseline 
(Table 2 and Figure 2). The improvement remained sta-
tistically significant even after adjustment for age, sex, 
Δsystolic and Δdiastolic blood pressure, ΔV̇O2peak, and 
ΔBMI (Table  3). The CG showed no statistically signifi-
cant changes in aFID. Individual trajectories for FMD 
and aFID of the HIIT and CG are displayed in Figure S1. 
There were no statistically significant changes in vFID 
and aCON for HIIT nor for CG (Tables 2 and 3). Moreover, 
HIIT and CG showed no statistically significant effects on 
FMD (Tables 2 and 3). The change in V̇O2peak explained 
only 3% of aFID adaptations (β [95% CI] 0.06 [−0.02, 0.15] 
p = 0.145).

4   |   DISCUSSION

This study, for the first time, showed an improvement of 
microvascular endothelial function but not large artery 
endothelial function after short-term HIIT in patients 
with arterial hypertension independent of changes in CV 
risk factors.

4.1  |  Effects of exercise on 
endothelial function

DVA has previously been shown to predict CV events.14–16 
Blunted aFID has previously been associated with higher 
CV risk and long-term mortality rates. The HIIT group in 
our study showed improved aFID (0.79 percentage points). 
These improvements are comparable to a previous pub-
lication of our group, also showing aFID improvements 
after 12 weeks HIIT in older patients with multiple CV 
risk factors aFID.44 Even if higher aFID values are associ-
ated with better CV outcome, long-term follow-up studies 
are essential to investigate whether exercise-induced aFID 
improvements are associated with reduced CV risk and 

F I G U R E  1   Flow chart.
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mortality rates. However, our data showed that DVA may 
be of value allowing for early distinction between vascular 
responders and non-responders in response to an add-on 
exercise treatment in patients with hypertension. Timely 
detection of non-responder on a vascular level may allow 
for better clinical decision-making, such as therapy modi-
fication, resulting in possibly better outcome in vascular 
diseases such as stroke or myocardial infarction. However, 
exercise intervention studies demonstrating that improv-
ing retinal microvascular function is related to better CV 
outcome are still lacking.

Evidence exists that exercise training can improve 
FMD in different patient cohorts.45–48 All of these stud-
ies trained for more than 8 weeks. A recent meta-analysis 
showed that especially intervention spans of more than 
10 weeks seemed beneficial for detecting improvements 
in FMD.49 In addition, Moriguchi et al showed that FMD 

improvements after 12 weeks exercise training were asso-
ciated with blood pressure reductions.50 The HIIT group 
in our study showed no blood pressure changes after the 
intervention phase. We would like to speculate that the 
short intervention period of 8 weeks in combination with 
the lack of blood pressure reduction might be responsible 
for the absence of improvements in macrovascular endo-
thelial function in our study.

A previous study found CRF to be an important me-
diator of improvements in endothelial function of the 
microcirculation.44 Interestingly, exercise-induced im-
provements of aFID were independent of age, sex and 
changes in CRF, blood pressure or BMI. Arteriolar FID 
seems to be an independent and sensitive vascular bio-
marker to detect beneficial exercise-induced effects on 
microvascular endothelial function. Especially, aFID has 
been shown to be predictive for CV outcome in patients 

T A B L E  1   Sample characteristics in patients with hypertension before and after exercise or control condition.

Intervention group (n = 19)
Mean ± SD

Control group (n = 19)
Mean ± SD

Pre Post pa Pre Post pb pc

Age (years) 56 ± 6 59 ± 7

Sex (f/m) 6/13 8/11

Weight (kg) 77.5 ± 17.9 76.0 ± 17.3 0.004 77.0 ± 14.0 75.8 ± 14.1 0.017 0.829

BMI (kg/m2) 25.7 ± 3.1 25.3 ± 3.0 0.003 25.2 ± 2.9 24.8 ± 3.0 0.014 0.940

Body fat (%) 27.0 ± 5.5 25.8 ± 6.1 0.023 28.6 ± 6.8 28.1 ± 7.5 0.266 0.254

Visceral fat area (cm2) 89.8 ± 26.0 82.6 ± 23.7 0.001 96.7 ± 31.2 93.8 ± 34.1 0.155 0.140

Muscle mass (kg) 31.9 ± 9.1 31.8 ± 9.1 0.616 30.5 ± 6.5 30.2 ± 6.1 0.107 0.203

V̇O2 peak (mL/min/kg) 33.3 ± 5.7 36.7 ± 5.1 <0.001 34.0 ± 9.2 34.2 ± 8.9 0.688 0.002

Max. Watt (W) 211 ± 62 231 ± 64 <0.001 215 ± 74 211 ± 72 0.176 <0.001

Rest. sys. BP (mmHg) 134 ± 9 138 ± 14 0.265 138 ± 19 134 ± 11 0.150 0.095

Rest. dia. BP (mmHg) 87 ± 8 87 ± 9 0.830 88 ± 8 85 ± 7 0.010 0.114

24 h sys BP (mmHg) 129 ± 10 127 ± 10 0.331 128 ± 7 126 ± 9 0.395 0.907

24 h dia BP (mmHg) 85 ± 7 83 ± 6 0.258 82 ± 7 81 ± 7 0.458 0.390

Stress sys. BP (mmHg) 164 ± 20 177 ± 26 0.006 177 ± 16 181 ± 23 0.315 0.164

Stress dia. BP (mmHg) 89 ± 12 86 ± 13 0.290 87 ± 8 85 ± 13 0.237 0.985

Hs-CRP (mg/L) 3.06 ± 6.74 1.36 ± 1.47 0.282 1.43 ± 1.18 1.73 ± 1.54 0.254 0.357

Fasting glucose 
(mmol/L)

5.29 ± 0.61 4.91 ± 0.51 <0.001 5.31 ± 0.77 5.19 ± 0.82 0.296 0.043

HDL (mmol/L) 1.27 ± 0.38 1.26 ± 0.33 0.619 1.37 ± 0.30 1.35 ± 0.34 0.584 0.940

LDL (mmol/L) 2.86 ± 0.87 2.61 ± 0.72 0.051 3.10 ± 0.86 2.80 ± 0.79 0.011 0.919

Triglyceride (mmol/L) 1.08 ± 0.41 1.10 ± 0.42 0.849 1.08 ± 0.41 1.06 ± 0.46 0.572 0.671
ap-value for paired sample t-test pre- to post- intervention.
bp-value for paired t-test pre- to post- control condition.
cANCOVA p-values for intervention effects controlled for baseline values.
Abbreviations: 24 h BP, averaged 24-h blood pressure measured every 20 min; BMI, body mass index; dia, diastolic; HDL, high density lipoprotein; Hs-CRP, 
high-sensitive C-reactive protein; LDL, low-density lipoprotein; Max. Watt, maximal power output; Rest. BP, blood pressure after 10 min. of rest in a lying 
position; SD, standard deviation; Stress BP, blood pressure measured directly after cardiopulmonary exercise stress test; sys, systolic; V̇O2 peak, peak oxygen 
uptake.
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with CV diseases.15 Exercise-induced increase in aFID 
can therefore be seen as a surrogate biomarker for CV risk 
reduction and improvement of CV outcome in patients 
with hypertension. It also appears plausible from a patho-
physiological point of view that endothelial microvascular 
function of resistance vessels, being the key determinants 
of peripheral blood pressure regulation, is most sensitively 
affected by hemodynamic stimuli such as shear stress as 
compared to large arteries in patients with hypertension. 
Venular retinal dilatation was not affected by exercise 

training. Wall shear stress has been shown to be greater 
in arterioles than in post-capillary venular vessels.51 
Exercise-induced shear stress is thought to be buffered by 
the arteriolar and capillary system. Additionally, venular 
vessel structure differs from arteriolar structure in the ex-
tent of their smooth muscle cell layer leaving venular ves-
sels as a more passive structure of the microcirculation.

It remains to be discussed that the current PA recom-
mendations did not improve CRF and vascular health. The 
current guidelines seem to be insufficient with respect to 

T A B L E  2   Vascular biomarkers in patients with hypertension before and after exercise or control condition.

Intervention group (n = 19)
Mean ± SD

Control group (n = 19)
Mean ± SD

Pre Post pa Pre Post pb pc

FMD (%) 4.90 ± 2.35 4.99 ± 2.01 0.840 4.35 ± 1.31 4.31 ± 1.15 0.881 0.384

FMD Baseline Dia. (mm) 4.14 ± 0.62 3.76 ± 1.55 0.253 3.80 ± 1.21 4.02 ± 0.85 0.231 0.187

FMD max. Dia. (mm) 4.32 ± 0.62 4.41 ± 0.84 0.381 4.15 ± 0.83 4.19 ± 0.86 0.582 0.757

FMD rest. Dia. (mm) 4.15 ± 0.62 4.18 ± 0.80 0.709 4.02 ± 0.80 4.05 ± 0.93 0.683 0.855

FMD max. range (mm) 0.17 ± 0.09 0.23 ± 0.20 0.120 0.13 ± 0.11 0.14 ± 0.20 0.943 0.153

aFID (%) 2.40 ± 0.98 3.19 ± 1.31 <0.001 3.06 ± 1.50 2.90 ± 1.46 0.280 <0.001

vFID (%) 3.65 ± 1.41 3.58 ± 1.14 0.793 3.71 ± 1.42 3.50 ± 1.25 0.237 0.660

aCON (%) −1.93 ± 1.53 −2.29 ± 1.7 0.226 −1.24 ± 1.41 −1.71 ± 1.35 0.080 0.821
ap-value for paired sample t-test pre- to post- intervention.
bp-value for paired t-test pre- to post- control condition.
cANCOVA p-values for intervention effects controlled for baseline values.
Abbreviations: aCON, arteriolar constriction after flicker light; aFID, arteriolar flicker light-induced dilation; FMD Baseline Dia., baseline diameter; FMD max. 
Dia., maximal diameter; FMD max. range., maximal range; FMD rest. Dia., resting diameter; FMD, flow-mediated dilation; SD, standard deviation; vFID, 
venular flicker light-induced dilation.

F I G U R E  2   Median flicker response curves. Median flicker light-induced response curves for arterioles (A) and venules (B) of the 
high-intensity interval training group and for arterioles (C) and venules (D) of the control group before (pre) and after (post) 8 weeks of 
intervention.
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their ability of improving those parameters in a short-term 
setting of 8 weeks. This study shows proof of concept for 
exercise and retinal endothelial function. Future stud-
ies will have to verify volume and intensity necessary to 
achieve clinically relevant effects on microvascular and 
macrovascular function. A diameter increase of less than 
1% relative to baseline in response to flicker light may ap-
pear small; however, it lies within the range that distin-
guishes healthy from disease older adults.20,23

Moreover, future studies have to investigate whether 
patients without vascular adaptation to short-term exer-
cise, termed non-responders, may benefit from increases 
in exercise duration and volume and respond to intensi-
fied exercise treatment. This may allow for retinal vessel 
analysis to be used as a treatment monitoring tool to sup-
port decision-making in clinical practice, both with re-
spect to exercise treatment and drug treatment.

4.2  |  Effects of exercise therapy on blood 
pressure and cardiovascular risk factors

Similar effects of HIIT on body composition and V̇O2peak 
as found in the present study were found previously in 
patients at CV risk44 but were now confirmed in patients 
with arterial hypertension in a shorter time frame of 
8 weeks. Low muscle strength was previously associated 
with elevated risk of all-cause mortality.52 In our study, 
maximal power output during the bicycle ramp proto-
col was significantly increased in the HIIT group, which 
may further imply that the risk of all-cause mortality was 
likely reduced in the intervention group. No changes in 
blood pressure were observed in the intervention group. 
However, evidence exists that regular physical activity and 
exercise interventions both have strong blood pressure 

lowering effects53 and are associated with reduced CV and 
all-cause mortality in hypertensive patients in general.54 
Cornelissen and Smart highlighted in their meta-analysis 
that especially male subjects seem to benefit from exer-
cise interventions to lower their blood pressure levels. In 
addition, interventions with high intensities seem to be 
more effective in blood pressure reduction compared to 
low training intensities.53 A recent published consensus 
document from the European Association of Preventive 
Cardiology and the ESC Council on Hypertension dis-
cussed the lack of exercise guidelines for HIIT in hyper-
tensive patients with high CV risk to avoid overtraining. 
This research gap has to be addressed in future studies. 
Participants in our study performed an exercise interven-
tion with high intensities (80–95% HRmax) but only for 
8 weeks. We would like to speculate that a longer training 
period might have blood pressure lowering effects in hy-
pertensive patients but has to be periodized adequately to 
avoid overtraining. Interestingly, changes in microvascu-
lar function were independent of changes in BP and occur 
before BP-lowering effects of exercise can be detected. 
For the investigated blood markers, a decrease in fasted 
blood glucose was observed. As a marker of systemic in-
flammation, hs-CRP was investigated to detect expected 
anti-inflammatory exercise effects.55 However, due to the 
low baseline levels of hs-CRP, no significant changes were 
observed after HIIT.

4.3  |  Limitations

This study examined the effects of an eight-week exer-
cise intervention on endothelial function, blood pressure, 
CRF, and body composition in patients with hyperten-
sion. We aimed at a short-term exercise exposure to as-
sess the sensitivity and validity of retinal microvascular 
and brachial large artery endothelial function in response 
to the treatment stimulus. Retinal aFID appears to be a 
more sensitive and valid biomarker to detect short-term 
exercise effects and may therefore be used as monitor-
ing tool to quantify treatment efficacy. It remains to be 
shown which exercise duration and volumes are neces-
sary to improve large artery function and wall properties. 
It is also likely that longer exercise duration and volume 
will have even stronger effects on retinal aFID than those 
observed in this study. Also, it must be noted that the 
present study was conducted with a specific subpopula-
tion and can subsequently not per se be generalized to 
younger, healthy or other disease populations. Moreover, 
a comparison between HIIT and other training methods 
regarding their ability to improve endothelial function 
would be of scientific and clinical interest. Long-term 
prospective follow-up studies are required to reveal the 

T A B L E  3   Linear regression models.

Model

aFID FMD

β (95% CI) p β (95% CI) p

HIIT vs. control

1 0.87 (0.39–1.34) <0.001 0.48 (−0.40–1.37) 0.274

2 0.83 (0.34–1.32) 0.002 0.34 (−0.61–1.28) 0.472

3 0.92 (0.36–1.48) 0.002 0.52 (−0.60–1.63) 0.351

4 0.92 (0.34–1.50) 0.003 0.50 (−0.66–1.65) 0.386

Abbreviations: aFID, arteriolar flicker light-induced dilation; FMD, flow-
mediated dilation; HIIT, high-intensity interval training; Model 1, adjusted 
for age, sex and antihypertensive medication at baseline; Model 2, adjusted 
for age, sex, antihypertensive medication at baseline, Δsys. and Δdia. blood 
pressure; Model 3, adjusted for age, sex, antihypertensive medication at 
baseline, Δsys. and Δdia. blood pressure and ΔV̇O2peak; Model 4, adjusted 
for age, sex, antihypertensive medication at baseline, Δsys. and Δdia. blood 
pressure, ΔV̇O2peak and Δbody mass index; p, level of significance of the 
regression models.
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full potential of vascular assessments in CV risk stratifi-
cation and CV outcome.

5   |   CONCLUSION AND 
PERSPECTIVE

Short-term HIIT is effective in improving retinal micro-
vascular but not brachial large artery endothelial function 
in patients with hypertension. Retinal aFID may prove to 
be a sensitive biomarker to quantify exercise treatment ef-
ficacy in patients with hypertension at the microvascular 
level and at short time intervals. Future studies need to 
investigate whether dynamic retinal vessel imaging may 
be applied as a treatment monitoring tool of exercise treat-
ment, and potentially drug treatment, in hypertension 
with perspective to support clinical decision-making in 
clinical practice.
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