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Abstract

Purpose To investigate the efects of a 12-week supervised exercise programme on lower-limb cutaneous microvascular 

reactivity in adults with venous leg ulceration.

Methods Thirty-eight adults with unilateral venous ulceration who were being treated with lower-limb compression therapy 

(58% male; mean age 65 years; median ulcer size 5 cm2) were randomly allocated to exercise or control groups. Exercise 

participants (n = 18) were invited to attend thrice weekly sessions of lower-limb aerobic and resistance exercise for 12 weeks. 

Cutaneous microvascular reactivity was assessed in the gaiter region of ulcerated and non-ulcerated legs at baseline and 

3 months using laser Doppler luxmetry coupled with iontophoresis of acetylcholine (ACh) and sodium nitroprusside (SNP). 

Cutaneous vascular conductance (CVC) was calculated as laser Doppler lux (AU)/mean arterial pressure (mmHg).

Results Thirty-seven participants completed follow-up assessments. Median session attendance was 36 (range 2–36). 

Analyses of covariance revealed greater peak CVC responses to ACh in the exercise group at 3 months in both the ulcer-

ated (adjusted diference = 0.944 AU/mmHg; 95% CI 0.504–1.384) and non-ulcerated (adjusted diference = 0.596 AU/

mmHg; 95% CI 0.028–1.164) legs. Peak CVC responses to SNP were also greater in the exercise group at 3 months in the 

ulcerated leg (adjusted diference = 0.882 AU/mmHg; 95% CI 0.274–1.491), but not the non-ulcerated leg (adjusted difer-

ence = 0.392 AU/mmHg; 95% CI − 0.377 to 1.161).

Conclusion Supervised exercise training improves lower-limb cutaneous microvascular reactivity in adults with venous leg 

ulceration.

Keywords Randomized controlled trial · Exercise · Ulceration · Vascular function · Laser Doppler luxmetry · 

Iontophoresis

Abbreviations

ACh  Acetylcholine

ANCOVA  Analysis of covariance

AU  Arbitrary units

CI  Conidence interval

CVC  Cutaneous vascular conductance

SkBF  Skin blood low

SD  Standard deviation

SNP  Sodium nitroprusside

Introduction

Venous ulcers are the most common type of leg ulcers, 

accounting for approximately 70% of cases (Agale 2013). 

The prevalence of venous ulceration increases with age, 

with 1–3% of the population aged over 60 years being 
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afected (Graham et al. 2003). Venous valve incompetence 

and calf muscle pump dysfunction can result in retrograde 

blood low and venous hypertension (Meissner et al. 2007). 

The pathogenic steps leading from venous hypertension to 

ulceration have not been fully elucidated; however, the 

close relationship between capillary rarefrction, cutane-

ous hypoxia, a lack of cutaneous vascular reserve, and 

the clinical progression of trophic skin changes (Jünger 

et al. 2000) suggest that cutaneous microangiopathy may 

be implicated.

Compression therapy, delivered using compression 

hosiery or multi-layer bandaging, is the mainstay of treat-

ments for venous leg ulcers (Scottish Intercollegiate Guide-

lines Network 2010). The objective is to provide graded 

external compression to the leg and oppose the hydrostatic 

forces of venous hypertension (Eberhardt and Raffetto 

2014). Lifestyle factors, including exercise, nutrition, and 

smoking, are also mentioned in guidelines on the manage-

ment of venous ulceration and chronic venous insuiciency 

(Scottish Intercollegiate Guidelines Network 2010); how-

ever, these factors receive relatively little emphasis. Exercise 

training that targets improvements in calf muscle pump func-

tion, ankle range of motion and cutaneous microvascular 

function might be a potentially useful adjunct therapy for 

enhancing ulcer healing, given that abnormalities in these 

factors are associated with prolonged healing (Jünger et al. 

2000; Barwell et al. 2001; Simka 2007). Previous work has 

shown that lower-limb resistance training can improve calf 

muscle pump function, ankle range of motion and lower-

limb haemodynamics in people with venous ulceration (Kan 

and Delis 2001; Jull et al. 2009; O’Brien et al. 2013). Our 

group has also demonstrated that lower-limb endurance 

training (Klonizakis et al. 2009), but not upper-limb endur-

ance training (Klonizakis et al. 2010), can improve lower-

limb cutaneous microvascular reactivity in people who had 

recently had surgery for varicose veins. However, a recent 

systematic review concluded that further research is required 

to determine whether exercise training has a beneicial efect 

on ulcer healing and health-related quality of life (Yim et al. 

2015).

In light of this background evidence, we hypothesised 

that a specially designed supervised exercise programme 

delivered in conjunction with compression therapy would 

be a more efective means of promoting venous ulcer healing 

than compression therapy alone. Before embarking on an 

appropriately powered randomised trial to test this hypoth-

esis, we have undertaken a smaller-scale feasibility trial 

to address areas of uncertainty (e.g., the ability to recruit 

and retain participants) and to investigate the efects of our 

exercise programme on lower-limb cutaneous microvascu-

lar reactivity. Herein, we report the microvascular data; the 

feasibility and acceptability aspects have been published 

elsewhere (Klonizakis et al. 2017).

Methods

A full description of the protocol for this randomised 

controlled trial is available elsewhere (Tew et al. 2015). 

Thirty-eight adults who were receiving lower-limb com-

pression for a new venous leg ulcer of greater than 1 cm 

diameter were recruited from tissue viability clinics and 

newspaper advertisement in Sheield, United Kingdom. 

Patients were excluded if they: had an ankle-brachial pres-

sure index below 0.80; were unsuitable to exercise; were 

pregnant, awaiting major surgery, or had insulin-dependent 

diabetes mellitus, or if they had experienced an ulcer at the 

same site within the previous 3 months. Ethics approval 

was granted by the NHS National Research Ethics Service, 

Yorkshire and the Humber (Sheield) Committee (14/

YH/0091), and all participants provided written informed 

consent prior to enrolment. The trial was prospectively 

registered (Current Controlled Trials ISRCTN09433624).

Randomisation and interventions

Following baseline assessments, participants were ran-

domly assigned to receive usual care (n = 20) or usual care 

plus a 12-week supervised exercise programme (n = 18). 

The randomisation was stratiied by ulcer size (maximum 

ulcer diameter of either between 1 and 3 cm or greater than 

3 cm in any direction) with permuted blocks of variable 

size, because this variable is a known predictor of ulcer 

healing (Margolis et al. 1999).

Usual care comprised of individualised lower-limb 

compression therapy (provision of multi-layer bandages 

or two-layer stockings), standard advice to elevate the 

afected leg, and tissue viability clinic appointments as 

often as was deemed clinically necessary. Participants 

allocated to the exercise group were invited to attend three 

60-min sessions of supervised aerobic and resistance train-

ing each week for 12 weeks (total of 36 sessions) at Shef-

ield Hallam University. Each session began with 5 min of 

low-intensity treadmill walking or cycling for a warm-up. 

The subsequent aerobic component involved a mixture of 

incline treadmill walking and upright cycle ergometry for 

30 min at a perceived exertion of 12–14 (i.e., somewhat 

hard) on Borg’s 6–20 scale (Borg 1982). The use of rela-

tive intensities helped ensure that the exercise programme 

had inherent progression as the participants became it-

ter. Participants then completed two to three sets of four 

lower-body resistance exercises (e.g., body-weight squats, 

calf raises, and bench step-ups). For each set, a resistance 

(e.g., hand-held dumbbell) was selected so the partici-

pant experienced moderate muscle fatigue within 10–15 

repetitions. Each session ended with a 5-min cooldown 
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of low-intensity walking or cycling, followed by static 

stretches for all of the major muscle groups of the legs 

(3 × 20-s stretch per muscle group held at the point of mild 

discomfort).

Assessment of lower‑limb cutaneous microvascular 
reactivity

Cutaneous microvascular reactivity was assessed in the 

gaiter region of both legs at baseline and 3 months using 

laser Doppler luxmetry coupled with incremental-dose 

iontophoretic administration of acetylcholine (ACh) and 

sodium nitroprusside (SNP). All microvascular assessments 

were performed in a temperature-controlled room (range 

22–24 °C) following an acclimatisation period of at least 

15 min. During assessments, participants lay supine with the 

legs elevated at 30°. Participants were asked to refrain from 

exercise and consuming cafeine or alcohol for 24 h before 

study assessment visits.

The gaiter area of the leg to be studied (ulcerated leg irst, 

non-ulcerated leg second; 10 min passive break between 

legs) was cleaned with an alcohol wipe and allowed to dry 

before two drug delivery electrodes (PF383; Perimed AB, 

Jarfalla, Sweden) were applied to the skin surface. These 

electrodes were positioned approximately 4 cm apart over 

healthy-looking skin, typically 4–8 cm proximal to the 

medial malleolus and at least 3 cm from the edge of the ulcer 

(for the ulcerated limb). One of the electrodes contained 

80 μl of the endothelium-dependent vasodilator, ACh (Mio-

chol-E, Novartis, Stein, Switzerland), and the other 80 μl of 

the endothelium-independent vasodilator, SNP (Nitroprus-

siat; Rottapharm, Monza, Italy). Drug concentrations of 1% 

were used with deionised water as the solvent.

A battery-powered iontophoresis controller (PeriIont 

PF382b; Perimed AB) was used to provide the charge 

needed for delivering ACh and SNP across the skin bar-

rier. The anodal (positive) current was used to transfer ACh, 

with the cathodal (negative) current used to transfer SNP. A 

4-min recording of baseline lux was followed by administra-

tion of the two agents according to the following protocol: 

0.2 mA for 10 s (2 mC), 0.2 mA for 15 s (3 mC), 0.2 mA 

for 20 s (4 mC), and 0.3 mA for 20 s (6 mC), with a 4-min 

recording period between each dose (Klonizakis et al. 2009). 

This protocol was chosen as it is suicient to provide efec-

tive ACh and SNP delivery, while largely avoiding the non-

speciic vasodilation observed with higher electrical charges 

(Droog et al. 2004).

To obtain an index of skin blood low, cutaneous red cell 

lux was measured by placing an iontophoresis laser Doppler 

probe (PF481-1; Perimed AB), connected to a laser Doppler 

luxmeter (PF5001; Perimed AB), in the centre of each drug 

delivery electrode. The laser Doppler probe signals were 

continuously monitored via an online software chart recorder 

(PSW; Perimed AB). Heart rate (Sports Tester; Polar, Kem-

pele, Finland) and blood pressure (left arm; Dinamap Dash 

2500; GE Healthcare, Wauwatosa, WI, USA) was monitored 

at 5-min intervals throughout the protocol.

Measurements of red cell lux (recorded in arbitrary units, 

AU) were divided by adjusted mean arterial pressure values 

(in mmHg) to give cutaneous vascular conductance (CVC) 

in AU/mmHg. Adjustment of mean arterial pressure was 

done to account for the efects of the legs being elevated at 

30°, was based on the data of Nielsen (1983), and simply 

involved subtracting 24.259 from each mean arterial pres-

sure value before calculating CVC. The peak CVC responses 

to ACh and SNP (typically observed after the 6-mC charge) 

were used as indicators of microvascular endothelial-

dependent and -independent vasodilation, respectively. The 

technical error of measurement for drug-induced peak lux 

responses in our laboratory is 15%.

Statistical analysis

The efect of the exercise programme on cutaneous micro-

vascular reactivity was evaluated using analysis of covari-

ance (ANCOVA) models. The 3-month outcome was the 

dependent variable and trial arm (exercise and control) 

was the independent variable. The baseline value of the 

outcome was included as a covariate (Vickers and Altman 

2001). Mann–Whitney tests of the 3-month outcome were 

used when data were non-normally distributed and could not 

be transformed to conform to normality. The analyses were 

done on an intention-to-treat basis, including only those 

participants with both baseline and follow-up data available 

(i.e., complete case analysis). The treatment efect (exercise 

minus control) is presented with its 95% conidence interval 

(CI) and P value. Statistical signiicance was set at P ≤ 0.05. 

The term “adjusted” is used to indicate when a value has 

been adjusted for the covariate (i.e., the baseline value). 

Analyses were conducted using IBM SPSS Statistics Ver-

sion 22 (IBM United Kingdom Limited, Hampshire, United 

Kingdom).

Results

Thirty-eight participants were randomised: 18 to exercise 

and 20 to control. Twenty-two (58%) of the participants 

were male and the mean age was 65 years (range 37–81). 

The median ulcer size and duration of ulcer at baseline 

was 5.1 cm2 (range 1.3–136.4 cm2) and 5 months (range 

0.5–72 months), respectively. The most common comorbidi-

ties were hypertension (n = 11) and non-insulin dependent 

type 2 diabetes (n = 8). The participants in the two groups 

had similar baseline characteristics (Table 1), although there 



324 European Journal of Applied Physiology (2018) 118:321–329

1 3

was a greater percentage of males in the control group (70 

versus 44%).

Participant retention and intervention attendance

One person withdrew from the study before completing the 

3-month assessments. This person, who was in the exer-

cise group, withdrew after having completed four exercise 

sessions due to having an infected ulcer. The infection was 

deemed unrelated to the study. A further four participants did 

not complete the exercise programme due to unrelated health 

reasons, but did complete the follow-up assessments. These 

participants had completed 2, 6, 15 and 17 exercise sessions, 

respectively, before leaving the exercise programme. The 

remaining 13 participants all had 100% attendance records 

(36/36 sessions). Overall, 512 out of a possible 648 sessions 

were attended (79%), with median session attendance being 

36 (range 2–36).

Table 1  Participant 

characteristics

Values are mean and SD unless otherwise stated

ACE angiotensin converting enzyme, CVD cardiovascular disease
a Ulcerated leg

Variable Exercise group (n = 18) Control group (n = 20)

Age (years) 66.9 (13.9) 62.3 (10.8)

Sex, number male/female 8/10 14/6

Stature (cm) 171.1 (11.9) 171.1 (10.7)

Body mass (kg) 102.1 (29.4) 106.0 (24.4)

Ulcer size  (cm2), median (range) 4.9 (1.9–136.4) 5.4 (1.3–56.6)

Duration of ulcer, months, median (range) 5 (1–72) 5 (0.5–36)

Ankle-brachial  indexa 1.05 (0.14) 1.09 (0.18)

Ankle  circumferencea (cm) 27.1 (5.5) 26.7 (4.8)

Calf  circumferencea (cm) 37.3 (7.6) 41.8 (7.3)

Comorbidities, n (%)

 Hypertension 7 (39) 4 (20)

 History of other CVD 1 (6) 7 (35)

 Non-insulin dependent diabetes 4 (22) 4 (20)

 History of cancer 2 (11) 1 (5)

 Hypercholesterolemia 1 (6) 2 (10)

Medications, n (%)

 Anti-platelet/anti-coagulant 7 (39) 5 (25)

 Statin 3 (17) 5 (25)

 ACE-inhibitor 1 (6) 1 (5)

 Beta-blocker 3 (17) 5 (25)

 Calcium channel blocker 1 (6) 2 (10)

 Diuretic 4 (22) 3 (15)

Table 2  Peak cutaneous 

vascular conductance (CVC; 

measured in AU/mmHg) 

responses to acetylcholine 

(ACh) and sodium nitroprusside 

(SNP)

Values are unadjusted mean and SD

Variable Exercise (n = 17) Control (n = 20)

Baseline 3 months Baseline 3 months

Ulcerated leg

ACh—peak CVC 0.684 (0.310) 1.674 (0.874) 0.774 (0.266) 0.728 (0.344)

SNP—peak CVC 0.709 (0.384) 1.796 (1.234) 0.686 (0.353) 0.917 (0.442)

Non-ulcerated leg

ACh—peak CVC 1.328 (1.257) 1.875 (1.047) 1.174 (0.556) 1.248 (0.648)

SNP—peak CVC 1.229 (0.977) 1.858 (1.399) 1.198 (0.666) 1.462 (0.854)



325European Journal of Applied Physiology (2018) 118:321–329 

1 3

Diferences in cutaneous microvascular reactivity 
between ulcerated and non‑ulcerated legs 
at baseline

Table 2 shows the unadjusted peak CVC responses to ACh 

and SNP at baseline and 3 months, for both the ulcerated and 

non-ulcerated legs. At baseline, peak CVC responses to both 

ACh and SNP were greater in the non-ulcerated leg com-

pared with the ulcerated leg: mean diferences = 0.508 AU/

mmHg (95% CI 0.218–0.797; P = 0.001) and 0.507 AU/

mmHg (0.314–0.700; P < 0.001), respectively (analysis 

based on pooled data from both groups).

Efects of 12‑week exercise training on cutaneous 
microvascular reactivity in ulcerated 
and non‑ulcerated legs

For the ulcerated leg, the adjusted peak CVC responses 

to both ACh and SNP were greater in the exercise 

group at 3 months: mean diferences = 0.944 AU/mmHg 

(95% CI 0.504–1.384; P < 0.001) and 0.882 AU/mmHg 

(0.274–1.491; P = 0.006), respectively. Unadjusted data 

for the ulcerated leg are shown in Fig. 1. The adjusted 

peak CVC response to ACh was also greater in the exer-

cise group for the non-ulcerated leg at 3 months: mean 

difference = 0.596  AU/mmHg (95% CI 0.028–1.164; 

P = 0.04). The adjusted peak CVC response to SNP was 

on average 0.392 AU/mmHg greater in the exercise group 

at 3 months (95% CI − 0.377 to 1.161); however, this was 

not statistically signiicant (P = 0.307). Unadjusted data for 

the non-ulcerated leg are shown in Fig. 2. The ANCOVA 

assumption of homogeneity of variances was violated in 

both the ACh and SNP analyses for the non-ulcerated leg. 

As this violation could not be resolved using log-transfor-

mation, we conducted Mann–Whitney U tests to compare 

the 3-month follow-up data between groups. The P values 

were consistent with the results of the ANCOVA analyses: 

peak ACh, P = 0.042; peak SNP, P = 0.537.

Fig. 1  Cutaneous vascular conductance (CVC) responses at each stage of acetylcholine (ACh; left panel) and sodium nitroprusside (SNP; right 

panel) administration on the ulcerated leg. Values are unadjusted mean and SD

Fig. 2  Cutaneous vascular conductance (CVC) responses at each stage of acetylcholine (ACh; left panel) and sodium nitroprusside (SNP; right 

panel) administration on the non-ulcerated leg. Values are unadjusted mean and SD
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Diferences in cutaneous microvascular reactivity 
between ulcerated and non‑ulcerated legs 
at 3 months

At 3 months, the peak CVC responses to ACh and SNP con-

tinued to be greater in the non-ulcerated leg compared with 

the ulcerated leg in the control group [n = 20; ACh—peak 

CVC: 1.248 (SD 0.648) vs. 0.728 (SD 0.344) AU/mmHg, 

P = 0.001; SNP—peak CVC: 1.462 (SD 0.854) vs. 0.917 

(SD 0.442) AU/mmHg, P = 0.001], but not the exercise 

group [n = 17; ACh—peak CVC: 1.875 (SD 1.047) vs. 1.674 

(SD 0.874) AU/mmHg, P = 0.347; SNP—peak CVC: 1.858 

(SD 1.339) vs. 1.796 (SD 1.234) AU/mmHg, P = 0.875] 

(‘ulcerated leg’ = leg that had the ulcer at baseline, regard-

less of whether or not the ulcer had healed at 3 months).

Median ulcer size at 3 months across both groups was 

1.5 cm2 (range 0–78.5 cm2). At this time point, complete 

ulcer healing was apparent in nine of the 17 (53%) exercise 

participants and three of the 20 (15%) control participants. 

Peak CVC responses were greater in healed legs (n = 12) 

compared with non-healed legs (n = 25) for both ACh [1.668 

(SD 1.000) vs. 0.920 (SD 0.547) AU/mmHg, P = 0.006] and 

SNP [1.995 (SD 1.332) vs. 0.997 (SD 0.563) AU/mmHg, 

P = 0.003].

Discussion

The present study investigated the efects of a 12-week 

programme of lower-limb aerobic and resistance exercise 

on lower-limb cutaneous microvascular reactivity in adults 

with unilateral venous ulceration. The principal indings are 

as follows: (1) at baseline, the peak CVC responses to the 

endothelium-dependent vasodilator ACh and the endothe-

lium-independent vasodilator SNP were depressed in ulcer-

ated legs compared with non-ulcerated legs; (2) 12 weeks 

of exercise training improved the peak CVC responses to 

both ACh and SNP in the ulcerated leg, and to ACh (but 

not SNP) in the non-ulcerated leg; (3) the between-limb 

diferences in cutaneous microvascular reactivity that were 

observed at baseline were no longer apparent in the exercise 

group at 3 months, and; (4) peak CVC responses to both 

ACh and SNP were greater in healed versus non-healed legs 

at 3 months.

The microvascular reactivity data were obtained using 

the reproducible and validated method of iontophoresis 

to deliver ACh and SNP to the skin microvasculature 

in a controlled manner without trauma, and laser Dop-

pler luxmetry to assess microvascular erythrocyte lux 

(Morris and Shore 1996; Berghof et al. 2002; Tew et al. 

2010). Although the galvanic efect of current and volt-

age application with iontophoresis can cause non-speciic 

vasodilation (Berghof et al. 2002), the use of 1% drug 

concentrations and currents ≤ 0.3 mA should have mini-

mised such efects (Droog et al. 2004). In addition, as the 

protocol was consistent between groups before and after 

the intervention period, it is unlikely that any observed 

between-limb diferences or changes in microvascular 

responses are due to non-speciic, protocol-related vaso-

dilatory efects.

The CVC response to ACh was used to assess micro-

vascular endothelial function in vivo, whereas the CVC 

response to SNP was used to assess microvascular smooth 

muscle function (Morris and Shore 1996). ACh interacts 

with the  M3 muscarinic receptor on the endothelial cell sur-

face, which initiates a sequence of intracellular events—G 

protein activation, phospholipase A and/or C activation and 

stimulation of endothelial nitric oxide (NO) synthase activ-

ity—leading to NO synthesis, although prostacyclin and 

hyperpolarising factor release may also be induced (Berghof 

et al. 2002; Holowatz et al. 2005; Kellogg et al. 2005; Fujii 

et al. 2013; Brunt et al. 2015). The NO difuses across the 

endothelial cell membrane and basement membrane, binds 

to guanylate cyclase within the vascular smooth muscle 

cell, leading to an increase in intracellular cyclic guanosine 

monophosphate and, ultimately, smooth muscle relaxation 

and vasodilation. By contrast, SNP decomposes to release 

NO in vivo, which interacts with the vascular smooth muscle 

guanylate cyclase to produce vasodilation in an endothe-

lium-independent manner (Turner et al. 2008).

The depressed vascular responses to ACh and SNP in 

ulcerated versus non-ulcerated legs (at baseline), therefore, 

indicate that aspects of cutaneous microvascular endothelial 

function and smooth muscle responsiveness to NO are dis-

turbed in limbs with venous ulceration. Although the ACh 

and SNP data are consistent with that of previous work in 

earlier stage venous disease (Klonizakis et al. 2003), they 

contradict the indings of Ardron et al. (1991) who reported 

no signiicant diferences in blood lux responses to ACh 

and SNP on the dorsum of the foot between 15 people with 

venous leg ulcers and 15 age and sex-matched healthy con-

trols. The reasons underpinning these discrepant indings 

are unclear, but might be due to diferences in study design; 

speciically in relation to the measurement site (gaiter region 

versus foot dorsum) and comparator (within-participant 

comparison of ulcerated and non-ulcerated legs versus 

between-participant comparison of patient and control feet). 

Other work by Jünger et al. (2000) has shown that cutaneous 

vascular reserve, as determined by the increase skin blood 

low after a 3-min arterial occlusion (i.e., post-occlusive 

reactive hyperaemia), is exhausted at the site of a venous 

ulcer (healthy control group: + 721 ± 490%; in the ulcer: 

+ 20 ± 41%, P < 0.01). Together, the available data suggest 

that lower-limb cutaneous microvascular reactivity is mark-

edly impaired in people with advanced venous disease, at 

least in the gaiter region where most venous ulcers occur.
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The mechanisms of cutaneous microvascular dysfunc-

tion in limbs with venous disease/ulceration remain unclear, 

although several possibilities exist. In venous disease, 

venous stasis in the microcirculation results in low shear 

stress on the endothelium, which leads to endothelial gly-

cocalyx disruption and activation of endothelial cells and 

leucocytes by a variety of adhesion molecules and leucocyte 

chemoattractants (Rafetto 2016). This causes a decrease in 

endothelial NO synthase mRNA and protein expression 

that limits the bioavailability of NO (Qiu et al. 2013) and, 

potentially because of this, the vascular responsiveness to 

ACh. Alternatively, the impaired microvascular reactiv-

ity might be due to the localised persistent inlammatory 

state that is characteristic of venous ulcers (Rafetto 2016). 

Indeed, studies in rheumatoid arthritis have demonstrated 

that C-reactive protein (a blood marker of inlammation) 

correlates negatively with both endothelial-dependent and 

endothelial-independent microvascular function (Galarraga 

et al. 2008; Foster et al. 2010). Venous hypertension also 

causes microvascular structural abnormalities including a 

decrease in the number of capillaries and glomerulus-like 

changes in capillary morphology (Jünger et al. 2000), which 

might impact upon microvascular responsiveness to ACh 

and SNP. It should be noted that blood low responses in 

the microcirculation assessed by laser Doppler are to a cer-

tain degree dependent on microvascular structure (Gard-

ner-Medwin et al. 1997), so we cannot safely say that the 

between-limb diferences in ACh and SNP responses are not 

inluenced by vascular structural alterations. However, base-

line (i.e., pre-stimulation) lux, which is a crude indicator of 

microvascular structure (Gardner-Medwin et al. 1997), was 

similar between ulcerated and non-ulcerated legs (Figs. 1, 

2). It could also be argued that skin thickening due to lipo-

dermatosclerosis seen in limbs with venous hypertension 

inhibited the iontophoretic delivery of ACh and SNP into the 

cutaneous circulation, thus reducing the amount of chemical 

available to initiate vasodilation. To minimise this possibil-

ity, we performed measurements away from the ulcer site, 

avoiding thickened skin or areas of oedema.

The principal novel finding of this study was that a 

12-week supervised exercise programme improved meas-

ures of cutaneous microvascular reactivity in people being 

treated with compression therapy for venous ulceration. The 

data are broadly consistent with the results of a recent meta-

analysis of seven controlled trials (n = 245), which showed 

that aerobic exercise training had a moderate and statisti-

cally signiicant beneicial efect (standardised mean dif-

ference = 0.43, 95% CI 0.08–0.78, P = 0.013) on cutaneous 

microvascular reactivity in a mixed population of adults who 

were primarily inactive at baseline (Lanting et al. 2017). Of 

the three trials that had used iontophoresis or microdialy-

sis with ACh to assess cutaneous microvascular endothelial 

function (Klonizakis et al. 2009; Middlebrooke et al. 2006; 

Black et al. 2008), two reported a beneicial efect of training 

(Klonizakis et al. 2009; Black et al. 2008). Interestingly, our 

indings also demonstrated that a training efect was appar-

ent for both ulcerated and non-ulcerated limbs, which may 

indicate both a therapeutic and preventative role of exercise 

training. The greater improvements observed in ulcerated 

legs might be due to a relatively depressed endothelial func-

tion at baseline (i.e., greater room for improvement).

The endothelial-dependent pathways and signalling 

events responsible for the improvement in ACh-induced 

vasodilation are largely unknown; however, an increase in 

NO bioavailability is a particularly plausible contributory 

factor given that aerobic exercise training (thrice weekly, 

30 min at 30% heart rate reserve) has been shown to increase 

the NO-component of ACh-induced vasodilation in previ-

ously sedentary, healthy older adults (Black et al. 2008). 

Previous work indicates that improvements in NO-mediated 

vasodilator function might occur via the episodic increases 

in endothelial shear stress that occur with repeated bouts 

of exercise (Green et al. 2010). Shear stress upregulates 

endothelial NO synthase production in conduit arteries 

(Hambrecht et al. 2003), and Green et al. (2010) demon-

strated that restricting increases in shear stress during an 

8-week programme of repeated skin heating (bilateral fore-

arm immersion in 42 °C water for 30 min, thrice weekly; 

an experimental model used to simulate exercise-induced 

thermoregulatory vasodilation) prevented improvements in 

conduit artery and cutaneous microvascular function from 

occurring. It is likely that the increases in cutaneous blood 

low that occur acutely during exercise are due to a com-

bination of thermoregulatory vasodilation and the direct 

action of the calf muscle pump (Eze et al. 1996; Simmons 

et al. 2011). Increasing core temperature and activating the 

calf muscle pump were therefore, important considerations 

during the design of the exercise programme. The focus on 

lower-limb exercise training was also informed by our pre-

vious studies showing that lower-limb endurance training 

(Klonizakis et al. 2009), but not upper-limb endurance train-

ing (Klonizakis et al. 2010), improved lower-limb cutane-

ous microvascular reactivity in post-surgical varicose vein 

patients.

That exercise training also improved the vascular respon-

siveness to SNP in ulcerated legs was a somewhat surprising 

inding given that several studies have shown no signiicant 

efect (Klonizakis et al. 2009; Tew et al. 2010; Wang 2005), 

including our aforementioned lower-limb exercise training 

study in post-surgical varicose vein patients (Klonizakis 

et al. 2009). However, Hodges et al. (2010) demonstrated 

that SNP-responsiveness was increased after 36 weeks of 

exercise training in post-menopausal women. Therefore, it 

may be that exercise training improves cutaneous vascular 

smooth muscle responsiveness to NO after longer periods of 

training (e.g., > 36 weeks), or that adaptations only occur in 
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individuals with sub-optimal function at baseline. The latter 

might be more relevant to the present study given the shorter 

(12 week) programme duration, the fact that SNP responses 

were lower in ulcerated versus non-ulcerated legs at base-

line, and that exercise training did not cause a signiicant 

improvement in SNP-responsiveness in non-ulcerated legs.

The role of impaired cutaneous microvascular reactivity 

in the pathogenesis of venous ulceration and the clinical 

signiicance of the exercise-induced improvements in cuta-

neous microvascular reactivity requires further research. 

For logistical reasons we were unable to perform additional 

interim microvascular assessments to explore if changes in 

cutaneous microvascular reactivity preceded ulcer healing. 

Although several factors are thought to inluence susceptibil-

ity to ulceration and ulcer healing (Rafetto 2016), the func-

tional integrity of the microcirculation to maintain blood 

low, tissue oxygenation, and nutrient delivery is likely to 

be particularly important (Iabichella et al. 2006). This is 

supported by the work of Jünger et al. (2000), which indi-

cated that various microvascular adaptations precede and 

determine ulcer healing. The generally large efect sizes and 

the fact that microvascular reactivity was superior in healed 

versus non-healed limbs at the 3-month assessment also sup-

port the notion that the observed changes may at least play 

some role in facilitating ulcer healing.

Strengths of this study include the randomised controlled 

study design, the low rates of attrition and missing data, 

the objective assessment of cutaneous microvascular reac-

tivity, and the close adherence to the exercise and usual 

care interventions. Limitations include the relatively small 

sample size (which precluded detailed investigation of the 

relationship between exercise-induced improvements in 

cutaneous microvascular reactivity and ulcer healing), the 

short-term follow-up (which precluded investigation of cuta-

neous microvascular adaptations occurring after the exer-

cise programme), and a lack of data exploring the mecha-

nisms underpinning the observed diferences and changes 

in microvascular responsiveness to ACh and SNP. Regard-

ing the latter, further research is warranted to determine the 

extent to which vascular structural changes in venous disease 

inluence the non-invasive estimates of microvascular func-

tion and their clinical signiicance. An additional limitation 

was that a lower-extremity venous duplex evaluation was 

not conducted at baseline to characterise each participant’s 

venous insuiciency. Nevertheless, the results are repre-

sentative of what might be expected in a mixed outpatient 

population.

In summary, we observed an impairment of cutane-

ous microvascular reactivity in the gaiter area of legs with 

venous ulcers that was abolished following a 12-week pro-

gramme of aerobic and resistance exercise. Although the pre-

cise mechanisms of these vascular adaptations are unclear, it 

is possible that exercise training-induced improvements in 

lower-limb cutaneous microvascular reactivity may facilitate 

the healing of venous leg ulcers. An appropriately powered 

trial is needed to clarify the efects of adjunctive exercise 

training on the healing rates of venous ulcers and the role of 

diferent microvascular adaptations in the healing process.
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