
Microvascular Research 111 (2017) 32–36

Contents lists available at ScienceDirect

Microvascular Research

j ourna l homepage: www.e lsev ie r .com/ locate /ymvre
Reduced perfusion in systemic sclerosis digital ulcers (both fingertip and
extensor) can be increased by topical application of glyceryl trinitrate☆
M. Hughes a,⁎, T. Moore a,b, J. Manning b, J. Wilkinson c, G. Dinsdale a, C. Roberts d, A. Murray a,e, A.L. Herrick a,f

a Centre for Musculoskeletal Research, The University of Manchester, Salford Royal NHS Foundation Trust, Manchester Academic Health Science Centre, Manchester, United Kingdom
b Department of Rheumatology, Salford Royal NHS Foundation Trust, Salford, United Kingdom
c Research and Development, Salford Royal NHS Foundation Trust, Salford, United Kingdom
d Centre for Biostatistics, Institute of Population Health, School of Medicine, The University of Manchester, Manchester, United Kingdom
e Photon Science Institute, The University of Manchester, United Kingdom
f NIHR Manchester Musculoskeletal Biomedical Research Unit, Central Manchester NHS Foundation Trust, Manchester Academic Health Science Centre, United Kingdom
☆ The authors have no financial disclosures that might r
the manuscript.
⁎ Corresponding author at: Manchester Academic He

Foundation Trust, Stott Lane, Salford, Manchester M6 8HD
E-mail address: Michael.Hughes-6@postgrad.manches

http://dx.doi.org/10.1016/j.mvr.2016.12.008
0026-2862/© 2017 The Authors. Published by Elsevier Inc
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 12 November 2016
Revised 20 December 2016
Accepted 20 December 2016
Available online 24 December 2016
Objectives: In patients with systemic sclerosis (SSc), fingertip digital ulcers (DUs) are believed to be ischaemic,
and extensor surface DUs a result ofmechanical factors/microtrauma. Our aimwas to assess blood flow response
to topical glyceryl trinitrate (GTN) compared to placebo in SSc DUs, looking for differences in pathophysiology
between fingertip and extensor lesions.
Method:Thiswas a double-blind, randomised, crossover, placebo-controlled study. Sixteen (6fingertip, 10 exten-
sor) DUs were each studied twice (one day apart): once with GTN and once with placebo ointment. Perfusion at
the DU centre (‘DUCore’) and periphery (‘DUPeriphery’), as measured by laser Doppler imaging was performed
before and immediately after ointment application, then every 10min, up to 90min post-application.We calcu-
lated the area under the response curve (AUC) and the ratio of peak perfusion to baseline, then compared these
between GTN and placebo.
Results: Perfusion was lower in the DUCore compared to the DUPeriphery (ratio of 0.52). Themicrovessels of the
DUCorewere responsive to GTN,with an increase in perfusion,with a similar effect in bothfingertip and extensor
DUs. The AUC and peak/baseline perfusion difference inmeans (ratio, 95% confidence interval) betweenGTN and
placebo at the DUCore were 1.2 (1.0–1.6) and 1.2 (1.0–1.5) respectively, and at the DUPeriphery were 1.1 (0.8–
1.6) and 1.0 (0.9–1.2) respectively.
Conclusion: DUs (both fingertip and extensor) were responsive to topical GTN, with an increase in perfusion to
the ischaemic DU centre. If both fingertip and extensor DUs have a (potentially reversible) ischaemic aetiology,
this has important treatment implications.
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1. Introduction

Digital ulcers (DUs) are a major cause of pain and disability in pa-
tients with systemic sclerosis (SSc) (Bérezné et al., 2011; Mouthon et
al., 2014), and are a biomarker of disease progression, including death
(Mihai et al., 2016). However, relatively little is known about SSc-relat-
ed DUpathophysiology. It is currently believed that fingertip DUs are is-
chaemia-driven,while thosewhich occur over the extensor surfaces are
related to mechanical abnormalities and microtrauma (Hachulla et al.,
2007). Previous studies using laser-based techniques are supportive of
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an ischaemic component to DUs, with reduced perfusion to the centre
of the DU compared to the periphery (Ruaro et al., 2015), including in
extensor surface DUs (Murray et al., 2016). In addition, the tissue adja-
cent to DUs has been reported to be relatively hyperaemic compared to
normal skin (Murray et al., 2016).

Whether DUs are ischaemic is a key clinical question because drug
therapies, in general, rely upon vasodilation, to increase perfusion to
the DU. A number of recent randomised controlled trials have excluded
extensor DUs (Matucci-Cerinic et al., 2011; Hachulla et al., 2016;
Khanna et al., 2016), presumably on the basis that if these ulcers
are not ischaemic, then they are unlikely to benefit from vasoactive
therapies.

Supplementation of the nitric oxide (NO) pathway is an important
therapeutic strategy in the management of digital vascular disease in
SSc (e.g. with phosphodiesterase type 5 inhibitors). In addition, we
have previously reported that topical glyceryl trinitrate (GTN) (a NO
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mvr.2016.12.008&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.mvr.2016.12.008
mailto:Michael.Hughes-6@postgrad.manchester.ac.uk
http://dx.doi.org/10.1016/j.mvr.2016.12.008
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/00262862
www.elsevier.com/locate/ymvre


33M. Hughes et al. / Microvascular Research 111 (2017) 32–36
donor) increases blood flow in intact SSc skin (Anderson et al., 2002) as
measured by laser Doppler imaging (LDI).

Against this background, our aimwas to assess the responsiveness of
the microvessels in the centre (‘DU Core’) and adjacent tissue (‘DU Pe-
riphery’) of SSc-relatedDUs to topical NOdonation fromGTN, compared
to placebo ointment, andwhether this differs between fingertip and ex-
tensor DUs, to better inform our understanding of the pathogenesis
(with therapeutic implications) of DUs in SSc. Our rationale was that if
DU blood flow increases with GTN, then this would imply that the
microvessels within DUs are capable of endothelial-independent vaso-
dilation and that topical NO donation might be an effective therapy.

2. Patients and methods

2.1. Patients

Sixteen patients (13 female and 3 male) with SSc (7 lcSSc and 9
dcSSc) (LeRoy et al., 1988), with 6 fingertip and 10 extensor ulcers
were studied. The mean (SD) age of patients was 55.7 (17.3) years.
Raynaud's phenomenon (RP) duration (mean, SD) was 16.7 (8.8)
years and disease duration (from first non-RP clinical manifestation)
was 14.5 (8.6) years. All the patients had a history of previous DUs,
often requiring previous prostanoid infusions (n= 11) and not uncom-
monly surgical debridement (n= 8) for severe digital vascular disease.
SSc-associated autoantibodies were present in most patients, namely
anticentromere (n = 3), anti-Scl-70 (n = 7) and anti-RNA polymerase
III (n= 2). Themajority of patients were receiving current vasodilatory
treatment/s (n = 14), most commonly with calcium-channel blockers
(n = 10), and with several patients receiving treatment with an endo-
thelial receptor antagonist (n = 3) or PDE5-inhibitior (n = 1). The
study was approved by the National Research Ethics Committee – Pres-
ton and all patients provided signed informed consent.

We did not use a particular DU definition in the study. Previous clin-
ical trials have used different DU definitions: we adopted a pragmatic,
‘real-world’ approach. Two clinicians (MH and AH) with an interest in
SSc-related DUs assessed the lesions prior to recruitment into the
study. Salford Royal NHS Foundation Trust is a tertiary referral centre
for SSc (including participation in previous DU clinical trials), and
many of the patients included in the study had a history of severe digital
vascular disease. Therefore, taken together, it is likely that the patients
in our study were representative of those who would be included in
SSc-related clinical trials. Patientswith eschar overlying theDUwere in-
cluded, if the clinician felt the thickness was only minimal, and unlikely
to have any detrimental effect on the potential impact of the ointments.

2.2. Study protocol

Patients were randomised (with a balanced allocation within DU
subgroup - fingertip versus extensor) to receive either GTN or placebo
ointment on day one, and the alternative the following day. Sealed
Fig. 1. LDI regions of interest. Illustration of how the regions of interest (ROI) were extracted to
middle image illustrate the ROI of theDUCore andDUPeriphery. Right: The corresponding LDI pe
higher perfusion. The perfusion to the DUCore is lower (i.e. ischaemic) compared to the DUPer
envelopes contained the patients' allocation schedule, allowing the
medication to be dispensed. Patients, and the two operators, one of
whom applied the study medication and the second of whom per-
formed the LDI (and later extracted LDI data), were all blinded to the
randomisation. This approach with two operators minimised any bias
from any potential information gained from applying the ointment
(e.g. patient opinion, including any side effects). One patient received
intravenous iloprost on day one after the first study visit; however,
the second visit was over 12 h after completion of the infusion.

Patients were advised to refrain from caffeine containing beverages
and smoking for a period of at least 4 h before each study visit. No
changes were made to patients' existing vasodilatory therapy. After a
20 minute period of acclimatisation at 23 °C, baseline LDI of the DU
was performed, using a modified MoorLDI-vr (Moor Instruments, Ax-
minster, United Kingdom) LDI (red, 633 nm). Immediately after the ini-
tial image (or ‘fluxmap’) was acquired, either 200mgGTN (2% Percutol
®) or placebo ointment (of similar appearance and consistency to GTN
preparation) was applied to the DU, using a sterile applicator, and
with a circular motion, for 1 min. Any visible excess ointment was
promptly removed using gauze. LDI was performed immediately
(time 0) after application of the ointment, and then every 10 min, up
to 90 min, at each study visit. Imaging was terminated if the patient in-
dicated a desire to stop. Patients were asked to report any side effects
experienced during the study visits.

2.3. Image analysis

Perfusion data were extracted from the captured images. Using the
LDI grey-scale image of the DU (to avoid bias from seeing the perfusion
image), regions of interest (Fig. 1) of the same size were created to ex-
tract perfusion data from the DUCore and the DUPeriphery for each
treatment visit. We chose to examine the DU adjacent skin because of
the relative hyperaemia (as previously described), which could be im-
portant in DU healing.

2.4. Statistical analysis

Summary measures of each patient's response to GTN and placebo:
area under the curve (AUC) and ratio of peak perfusion compared to
baseline were calculated. We calculated the difference in means and a
95% confidence interval (95% CI) for each of these summary measures,
accounting for the correlation between paired measurements. For
both measures we calculated the difference in means and 95% CI
on a logarithmic scale due to distributional skewness, before back-
transforming to the original scale. This yielded values representing the
ratio of GTN response compared to placebo. For two patients who did
not complete the full observation period, we calculated AUC and peak/
baseline perfusion restricted to the same amount of time in the compar-
ator period, to ensure a like-for-like comparison. All statistical analyses
were performed using STATA version 13.
measure DU perfusion. Left and middle: identical grey scale images of a fingertip DU, the
rfusion (fluxmap) image of theDU. Blue indicates lowperfusion,whereas, red is relatively
iphery.



Fig. 2.DU LDI. Example of LDI perfusion data for an extensor DUwith placebo (top panel) and glyceryl trinitrate (GTN) (bottompanel). Grey scale images of the DU on the respective days
are provided on the left hand section of the panels. LDI perfusion data is presented prior (baseline), immediately after (0min) application of the study ointment, and then every 10min for
30 min. GTN compared to placebo was associated with a marked increase in perfusion to the DUCore and DUPeriphery.
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3. Results

Fourteen (6 fingertip and 8 extensor) DUswere included in the final
analysis. LDI perfusion data could not be extracted for two extensor DUs,
or from the GTN day for a third extensor DU, because the DU could not
be confidently identified on the grey-scale images. An example of
the LDI perfusion data (flux maps) for an extensor DU at baseline
and up to 30 min post application of GTN and placebo is provided
in Fig. 2. In most (n = 8) DUs all the planned LDI measurements
were completed on both days. In three patients a single LDI mea-
surement (i.e. at one time point only e.g. 60 min) was unavailable
for analysis on either one or both of the days. Three patients had in-
complete LDI data (i.e. fewer measurements than intended in the
study design) and/or LDI was performed at different (but known
and recorded) time points; however, these data were still included
in the final analysis. The reasons for these deviations in study proto-
col were either due to technical issues (e.g. LDI equipment failure)
and/or patient preference.

Two patients reported local side effects (e.g. pain and dysesthesia)
after application of GTN ointment: these were mild, and did not require
any action. One patient experienced marked local and systemic
vasodilatory side effects (including a sensation of light headedness),
with an objective (by LDI) increase in perfusion of the other digits, al-
though this did not necessitate discontinuation of the study.
Table 1
Summary statistics for the DUCore and DUPeriphery. Data are presented as mean (standard de
presented for all,fingertip andextensorDUs. Comparisons are the ratio ofmeans (95% CIs) for th
indicate an increased response from glyceryl trinitrate (GTN) compared to placebo (PBO).

All digital ulcers F

GTN PBO Comparison G

DUCore
AUC (arbitrary perfusion units) 26,245.42

(19,829.5)
23,973.97
(18,607.44)

1.2 (1.0 to 1.6) 1
(

Peak perfusion/baseline perfusion (ratio) 2.5 (1.4) 1.9 (0.9) 1.2 (1.0 to 1.5) 2

DUPeriphery
AUC (arbitrary perfusion units) 62,025.2

(41,910.7)
52,185.4
(33,734.3)

1.1 (0.8 to 1.6) 5
(

Peak perfusion/baseline perfusion (ratio) 2.2 (1.5) 2.1 (1.4) 1.0 (0.9 to 1.2) 2
3.1. DU response to GTN and placebo

At baseline, all 14 DUs had reduced perfusion in the core relative to
the periphery, with a mean (standard deviation) ratio of DUCore/
DUPeriphery = 0.52 (0.27), including both fingertip (0.44 [0.29]) and
extensor (0.59 [0.26]) DUs. Table 1 presents the summary measures
brokendown byDU type and treatment. Fig. 3 depicts box plots describ-
ing the peak/baseline perfusion ratios for the DUCore. Median (IQR)
time to maximum perfusion for GTN and placebo at the DUCore was
50 (30 to 60) min and 30 (10 to 50 min) respectively, and at the
DUPeriphery 50 (10 to 70) min and 40 (20 to 70) min respectively. An
example of characteristic perfusion curves is provided in Fig. 4.

4. Discussion

The key finding of this study is that we have demonstrated the re-
sponsiveness of the DU microvessels to GTN compared to placebo at
the centre of the DU, and that this response occurs in both fingertip
and extensor DUs. In addition, all the analysed DUs had relatively low
perfusion at their centres when compared to the periphery, further
confirming that DUs are likely to be ‘ischaemic’ in aetiology. These find-
ings have important clinical implications, namely: if extensor (similarly
to fingertip) DUs have a potentially reversible ischaemic aetiology, they
might benefit from treatment with vasoactive therapies (including
viation). The area under curve (AUC) and ratio of peak perfusion compared to baseline are
eAUCs and peak perfusion/baseline ratios (GTN:placebo). Ratioswith values greater than 1

ingertip digital ulcers Extensor digital ulcers

TN PBO Comparison GTN PBO Comparison

8,453.6
10,721.8)

16,506.8
(12,498.3)

1.3 (0.7 to 2.2) 32,924.1
(24,038.9)

29,574.3
(21,161.2)

1.2 (1.0 to 1.6)

.7 (1.7) 2.1 (0.8) 1.2 (0.8 to 1.9) 2.3 (1.2) 1.8 (1.0) 1.2 (1.0 to 1.6)

1,939.1
42,923.2)

49,019.0
(32,584.1)

0.9 (0.4 to 2.0) 70,670.4
(42,293.6)

54,560.3
(36,606.2)

1.4 (1.1 to 1.7)

.4 (2.2) 2.5 (2.1) 0.9 (0.7 to 1.2) 2.0 (0.7) 1.8 (0.8) 1.1 (1.0 to 1.4)



Fig. 3. Peak to baseline perfusion: GTN vs placebo. Box plots are provided for the peak/baseline perfusion (log transformed) for the DUCore. The responses of all (A), fingertip (B) and
extensor (C) DUs to GTN (blue) and placebo (pink) are presented. Median and interquartile ranges are displayed (boxes) together with the range (whiskers).
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local NO donors) to increase blood flow and likely improve DU healing,
in the same way as fingertip ulcers. This could warrant the inclusion of
extensor DUs into future clinical trials.

Our data further support that the tissue adjacent to the DU is rela-
tively hyperaemic, the pathophysiology and significance of which re-
mains unclear. There was heterogeneity in the response by DUs (as
evidenced by relatively large standard deviations relative to the
mean), which could suggest that a spectrum of relative DU ischaemia
might exist. In SSc, although impaired endothelial-dependent vasodila-
tion has been fairly consistently reported, some studies have found that
endothelial-independent vasodilation is also compromised (Anderson
et al., 2004; Gunawardena et al., 2007). Therefore, in some patients,
DUs might be unable respond to NO supplementation, due to failure of
endothelial-independent vasodilation,which has important therapeutic
implications.

Topical GTN has previously been investigated as a ‘local’ treatment
for RP (including SSc-related RP) and is currently being revisited
(Hummers et al., 2013). In a small crossover study of topical GTN for
secondary RP (mainly SSc), Franks (1982) observed therewas amarked
improvement in DUs with GTN, but not with placebo. In our study we
did not expect to observe any potential ‘therapeutic’ (i.e. healing) effect
with a single dose of GTN. However, the increased DU perfusion from
GTN is encouraging, and suggests that supplementation of the NO path-
way could be a promising target to be re-explored in future research.
However, of note, GTN is commonly associated with systemic effects,
as observed in onepatient in this study, and so the dosemust be careful-
ly selected: sufficient to cause local vasodilation, but not large enough to
result in systemic absorption and the risk of vasodilatory side effects.
Another important point is that current preparations of topical GTN
are fairly unpleasant (e.g. greasy) for patients to apply, and so new,
‘user-friendly’ formulations are required.
Fig. 4. DU perfusion curve. An example of characteristic perfusion curves for both the DUCore a
placebo (red). Perfusion (left hand axis) measured in arbitrary perfusion units.
An increase in perfusion at both the DU centre and periphery was
observed with placebo ointment. In our previous study (Anderson et
al., 2002), application of placebo ointment was associated with an in-
crease in skin perfusion compared to an untreated finger, although
this was less marked than with GTN and also shorter lived. This is
most likely caused by the direct action of massaging the placebo oint-
ment onto the skin. Furthermore, the peak to perfusion was reached
earlier with placebo compared to GTN (median time 30 and 50 min, re-
spectively). In future proof of concept studies of topical treatments for
SSc-related DUs, it will be important to consider the impact of the in-
creased perfusion from application of placebo alone, to enable any ‘ac-
tive’ treatment effect to be established.

Our study has a number of important considerations. Although this
was a small study, it benefited from a robust experimental design (dou-
ble-blind, randomised, crossover, placebo-controlled), with objective
physiological measurements. We used a single dose of 2% GTN to
study DU pathophysiology, as in our previous study (Anderson et al.,
2002) in which a similar dose of GTN increased perfusion in intact SSc
skin. However, in future studies, different dose/s of GTN could be con-
sidered. In addition, it will be important to examine the degree ofwithin
patient variation toGTNas our data suggests that DU response is hetero-
geneous, and to determine whether a ‘ceiling’ effect exists, where the
microvessels display no additional response to GTN. Furthermore, as
previously described, future studies will need to be of long enough du-
ration to capture the peak in perfusion from GTN compared to placebo
(the placebo peak occurred earlier in our study).

In conclusion, the microvessels of both fingertip and extensor DUs
were responsive to GTN compared to placebo, particularly in the rela-
tively ischaemic DU centre. Further research iswarranted to understand
the ischaemic drive to the formation of all DUs, including extensor as-
pect DUs, and whether this is potentially reversible (including through
nd DUPeriphery, demonstrating a marked increase in perfusion with both GTN (blue) and
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topical NO donation). This has important treatment implications, in-
cluding on the design of future clinical trials.
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