Noninvasive Measurement of Skin Autofluorescence
Is Increased in Patients with Systemic Sclerosis:

An Indicator of Increased Advanced Glycation
Endproducts?
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ABSTRACT. Objective. Skin autofluorescence noninvasively assesses expression of advanced glycation endproducts
and therefore potentially the presence of oxidative stress that is implicated in the pathogenesis of sys-
temic sclerosis (SSc). We investigated whether autofluorescence was increased in patients with SSc,
primary Raynaud’s phenomenon (RP), and morphea as compared to healthy controls.

Methods. Measurements of autofluorescence were made at 5 upper limb sites in 16 healthy controls, 16
patients with diffuse cutaneous SSc (dcSSc), 15 with limited cutaneous SSc (IcSSc), 15 with primary
RP, and 13 with morphea. For patients with morphea, additional measurements were made at the affect-
ed and an adjacent unaffected site.

Results. Autofluorescence was significantly increased in patients with dcSSc but not IcSSc as compared
to controls at the proximal phalanx [dcSSc median 0.15, interquartile range (IQR) 0.10-0.24, vs con-
trol 0.10, IQR 0.07-0.13; p = 0.014], dorsum of the hand (dcSSc 0.17, IQR 0.11-0.36, vs control 0.12,
IQR 0.09-0.17; p = 0.031), the wrist (dcSSc 0.22, IQR 0.13-0.33, vs control 0.13,IQR 0.09-0.18; p =
0.005), and forearm (deSSc 0.19,IQR 0.12-0.47, vs control 0.14,IQR 0.10-0.16; p = 0.022). There was
a trend for autofluorescence to be increased in patients with 1cSSc and at morphea sites, compared to
noninvolved skin.

Conclusion. Autofluorescence is increased in patients with dcSSc compared to primary RP and to
healthy controls. This suggests increased oxidative stress and the potential for autofluorescence as a
biomarker. (First Release July 1 2012; J Rheumatol 2012;39:1654-8; doi:10.3899/jrheum.111359)
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RAYNAUD’S PHENOMENON

MORPHEA
OXIDATIVE STRESS

Systemic sclerosis (SSc) is a multisystem connective tissue
disease, characterized by fibrosis and vascular abnormalities,
for which at present there is no effective treatment!. SSc is
subtyped into diffuse cutaneous (dcSSc) or limited cutaneous
(1cSSc) disease on the basis of the extent of skin
involvement?.

Although it is likely that oxidative stress, mediated by free
radicals, contributes to SSc pathogenesis>*-® with expression
of nitrotyrosine (a measure of free radical damage) being
increased in forearm skin of patients with SSc’, its role has
been relatively little studied because of the difficulty in non-
invasive measurement. Advanced glycation endproducts
(AGE) are compounds formed during oxidative stress that are
known to be associated with microvascular changes, specifi-
cally damage and inflammation. Increased circulating levels
of AGE® and increased expression of AGE in skin biopsies®
have been reported in patients with SSc.

In this pilot study we investigated skin fluorescence, a non-
invasive method of assessing the presence of AGE and of
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quantifying oxidative damage and stress (validated in patients
with diabetes!?-1112:13) as a tool for measuring free radical
injury in SSc. We tested the hypothesis that noninvasive meas-
urement would identify differences in AGE levels in skin
between patients with SSc, primary Raynaud’s phenomenon
(RP; idiopathic episodic color change of fingers and toes), and
morphea (localized scleroderma) and healthy control subjects.
Upper limbs were chosen for investigation because extremi-
ties are usually the site of first and maximal skin thickening in
SSc (and in patients with 1cSSc the extremities are the only
sites of skin thickening), and because RP (both primary and
secondary to SSc) is usually more marked in the upper than
the lower extremities. Patients with primary RP were
included in order to increase understanding as to why they,
in contrast to those with SSc, do not progress to irreversible
tissue injury. Knowing whether AGE levels are increased in
primary RP, and how these levels differ from those in SSc,
would contribute to our understanding of the pathogenesis
of primary RP and SSc. Patients with morphea were includ-
ed in order to increase understanding of the differences
between the pathogenesis of the skin changes in SSc and
those in morphea, and to elucidate why the changes in mor-
phea remain confined to the skin and underlying tissues,
and do not progress to involve internal organs'#.

MATERIALS AND METHODS

Sixteen patients with dcSSc, 15 with 1cSSc, 15 with primary RP, and 13 with
morphea and 16 healthy controls were recruited into the study. Demographic
data are displayed in Table 1. All were white except for 1 who was Asian. All
patients gave written consent and the study was approved by Salford and

Trafford Research Ethics Committee. All participants were asked to be caf-
feine- and nicotine-free for 4 hours prior to the study.

Following acclimatization in a dimly lighted, temperature-controlled lab-
oratory at 23°C for 20 min, an image of the nailfold of the ring finger of the
nondominant hand was taken as described!3. Nailfold capillaroscopy was per-
formed to determine the relationship between increased fluorescence and
microvascular disease severity.

Measurements of skin autofluorescence were made using a spectrometer
(USB400 UV-Vis; Ocean Optics, Dunedin, FL, USA) and bifurcated fiber-
optic probe (1000 ym UV/vis). The bifurcated probe delivered ultraviolet
(UV) light from the LED source (372-383 nm, full-width half-maximum) to
the skin and collected both the reflected UV light and autofluorescence emit-
ted from the skin (spectrum shown in Figure 1), returning them to the
spectrometer. Relative skin autofluorescence was calculated as the ratio of
fluorescence emission intensity (430—700 nm) divided by the UV reflection
intensity (350-430 nm) to account for any fluctuations in incident UV light
levels. Measurements of skin autofluorescence were made at 5 upper limb
sites: distal and proximal phalanges (of the nondominant ring finger), hand,
wrist, and forearm (all dorsal aspect, nondominant limb). For patients with
morphea, additional measurements were made at the affected site and an
adjacent unaffected site. Each measurement was taken twice and the mean of
the ratio calculated. To assess reproducibility, 4 healthy control participants
made a repeat visit within 3 weeks, during which skin was not expected to
change.

Nailfold capillaroscopy images were analyzed using semiautomated soft-
ware, as described!®, to measure the following features of the capillaries:
semiautomated intercapillary distance, capillary width, tortuosity (curliness),
and derangement (variance in direction). Values for these measurements are
arbitrary at present, because of the way that they are calculated within the pro-
gram. Capillaroscopy was carried out on only 1 finger due to time constraints
(ideally all nailfolds would have been examined).

Skin autofluorescence data were found to be skewed by inspection and
were therefore log-transformed. Differences between measurements at differ-
ent sites and between groups were analyzed with a general linear model with
age as a cofactor. Differences between skin affected and unaffected by mor-

Table 1. Demographics, nailfold capillaroscopy results, and autofluorescence data (ratio of autofluorescence/reflected ultraviolet light) in patients with dif-
fuse cutaneous systemic sclerosis (dcSSc), limited cutaneous systemic sclerosis (IcSSc), primary Raynaud’s phenomenon (PRP), morphea, and healthy con-

trols [results are median (interquartile range)].

Nailfold Capillaroscopy Autofluorescence**
Group Age, Sex  Duration of Semiautomated Tortuosity = Width Derangement  Distal Proximal Hand Wrist Forearm
yrs Disease®, Intercapillary (arbitrary (arbitrary  (arbitrary Phalanx Phalanx
yrs Distance units x units) units)
(arbitrary 100)
units x 10%)
deSSe, 59 1F  (a)6(4-12) 2.65 3317 124 11.5 0.09 0.15 0.17 0.22 0.19
n=16 (52-66) 5M (b) 5 (4-8) (1364.78) (321.7-3353)(11.2-17.6)  (8.7-12.1) ~ (0.08-0.11) (0.10-0.24) (0.11-0.36) (0.13-0.33) (0.12-0.47)
p=0626 p=0014" p=0031" p=0005" p=0022"
IeSSc, 62  13F (a)19(8-29) 2.0 330.7 15.6 109 0.10 0.14 0.18 0.20 0.22
n=15 (52-66) 2M  (b) 14 (6-25)  (1.55-4.73) (324.9-337.1)(12.7-163) (8.7-12.8)  (0.09-0.12) (0.10-0.15) (0.14-020) (0.13-0.24) (0.15-0.24)
p=0632 p=0223 p=0350 p=0083 p=0.149
PRP, 46 12F  (a) 16 (9-29) 1.65 3155 124 83 0.09 0.08 0.11 0.11 0.11
n=15 (36-61) 3M (144-198) (311.0-319.5) (9.5-14.1)  (6.9-9.8) (0.07-0.10) (0.07-0.12) (0.08-0.17) (0.08-0.15) (0.09-0.16)
p=0567 p=0946 p=0938 p=0901 p=0.727
Morphea, 40 10F  (c)8(4-13) 141 322.6 12.1 8.2 0.11 0.09 0.11 0.12 0.13
n=13 (28-57) 3M (1.19-328) (316.8-333.1)(10.7-14.3)  (6.4-9.3) (0.08-0.14) (0.07-0.14) (0.09-0.22) (0.08-0.22) (0.09-0.21)
p=0.118 p=0517 p=0.133 p=0349 p=0218
Control, 52 10F — 1.46 3163 11.5 7.1 0.09 0.10 0.12 0.13 0.14
n=16 (45-62) 6 M (1.13-2.11) (305.4-327.8)(11.0-12.8)  (6.3-9.5) (0.07-0.10) (0.07-0.13) (0.09-0.17) (0.09-0.18) (0.10-0.16)

* (a) Raynaud’s phenomenon; (b) duration of SSc from first non-Raynaud’s clinical feature; (c) duration of morphea from first noted changes in skin.

#% p value is difference from control group; © p < 0.05.
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Figure 1. Typical spectrum of skin autofluorescence: left hand peak is the reflected ultraviolet
(UV) light from the skin and the right hand (smaller peak) is the fluorescence emitted from the

skin.

phea were analyzed using a t test. Correlations for all groups combined (75
subjects) between fluorescence intensity and nailfold capillary features were
examined using Pearson’s correlation coefficient. Reproducibility was
assessed in 2 ways: for immediate repeat measurement, using the 2 measure-
ments taken at each upper limb site for all participants, and in 4 subjects for
repeat measurements taken several days apart, using data from repeat visits.
Data were examined in a Bland-Altman analysis!”. Analysis was carried out
in SPSS v15 (SPSS Inc., Chicago, IL, USA) and Stata v10 (StataCorp LP,
College Station, TX, USA).

RESULTS
Between-group comparisons of autofluorescence. Data for
autofluorescence measurements are presented in Table 1 and
Figure 2 (p values in Table 1 are age-adjusted; data in Figure 2
are log-transformed). Skin autofluorescence was significantly
increased in patients with dcSSc (compared to controls) at the
proximal phalanx, dorsum of the hand, wrist, and forearm.
Patients with IcSSc did show an increased level of fluores-
cence, but these levels did not reach significance with respect
to controls. Patients with primary RP or morphea did not show
an increased level of fluorescence compared to controls.
Although autofluorescence was increased at sites affected
by morphea [median 0.13, interquartile range (IQR)
0.10-0.19] as compared to adjacent unaffected sites (0.11, IQR
0.10-0.15), this difference was not statistically significant.

Correlations between autofluorescence and microvascular
structure (assessed by capillaroscopy). Values for nailfold
capillaroscopy are shown in Table 1. Correlations (taken for
all subject groups together) were as follows: proximal phalanx
with tortuosity, r = 0.238, p = 0.049; hand with distance, r =
0.272, p = 0.024; hand with tortuosity, r = 0.257, p = 0.033;
wrist with distance, r = 0.398, p = 0.001; wrist with tortuosi-
ty, r = 0.398, p = 0.001; forearm with distance, r = 0.408, p <
0.001; and forearm with tortuosity, r = 0.357, p = 0.003. No
correlations were found for capillary width or derangement.

Reproducibility. Reproducibility was assessed using the
Bland-Altman approach!”, which considers the size of differ-
ence between pairs of measurements across the range of
observed values. Reproducibility as assessed using the 2
immediately repeated measurements had 95% limits of agree-
ment (i.e., 95% of differences between measurements would
be expected to lie within this range) of —0.09 to 0.09, with an
intraclass correlation coefficient (ICC; a measure of linear
association between the 2 scores, where ICC = 1 would imply
a perfect linear association) of 0.89 and a repeatability of 0.09
(below which the difference would lie with 95% probability)
for alpha equal to 0.05. Reproducibility for the mean of the 2
measurements taken at each repeat visit had 95% limits of
agreement of —0.07 to 0.12, ICC of 0.66, and repeatability of
0.11.

DISCUSSION

Our results demonstrate an increase in skin fluorescence in
patients with dcSSc. This may be indicative of the presence of
increased levels of AGE, which would implicate the contribu-
tion of free radicals to the SSc disease process. This has impli-
cations for management, lending further support for research
into new lines of therapy, for example with antioxidants. We
have also demonstrated the feasibility of skin autofluores-
cence (a validated, noninvasive test for oxidative stress and
free radical involvement) as an important tool in studies of
pathophysiology of SSc and in monitoring of the treatment
response. That autofluorescence was higher in patients with
dcSSc than 1c¢SSc most likely reflects the more extensive skin
involvement in those with diffuse cutaneous disease.

Our finding that autofluorescence intensity correlated with
the degree of microvascular abnormality (as measured by cap-
illaroscopy) is consistent with microvascular disease driving
oxidative stress. Conversely, autofluorescence intensity was
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Figure 2. Box plots of autofluorescence intensity/UV reflection ratio (log-transformed) for subject
groups and sites (distal phalanx, proximal phalanx, hand, wrist, forearm). Diffuse cutaneous systemic
sclerosis (dcSSc); limited cutaneous systemic sclerosis (IcSSc); and primary Raynaud’s phenomenon
(PRP). Box plots represent median (central horizontal bar) and interquartile range (IQR; lower and
upper limits of boxes) of sample values. Whiskers extend to the minimum and maximum values in the
sample, except where outlying values are individually indicated by circles (outliers, IQR 1.5-3) or

asterisks (extreme values > 3 IQR).

similar in healthy controls and patients with primary RP, who
have either no change or only very subtle structural microvas-
cular change. The trend for increased autofluorescence in
morphea plaques was of interest: the pathogenesis of morphea
has been underresearched and studies involving larger num-
bers of patients and including more patients with early disease
would be of interest.

We confirmed for both patients and healthy controls the
variation in fluorescence intensity across different anatomical
sites'®, highlighting the importance of establishing an opti-
mum location for measurements to be made longitudinally. In
healthy controls, skin fluorescence is known to be associated
with aging!®20, and therefore age-matched controls should be
included where possible.

Alternative causes for increases in skin fluorescence are
discussed by Mulder, et al'? and include fluorescent intersti-
tial and intracapillary compounds that might be expected to be

increased in patients with SSc, due to the increased capillary
permeability observed in this patient cohort?!. The reason for
no increase in fluorescence at the distal phalanx in patients
with dcSSc remains unexplained. However, there may be
other mechanisms in finger skin that cause a compensatory
decrease in fluorescence, and if so, these need to be further
understood if fluorescence is to be used as a measure of oxida-
tive stress in future studies. The most likely explanations for
the skin not autofluorescing as intensely as expected in the
fingers of patients with SSc are skin structure (e.g., skin thick-
ening) and differences in skin pigmentation. Skin pigmentary
changes are well recognized in SSc, although their cause is
unknown. We did not collect data on the degree of skin pig-
mentation. Skin thickening and changes in skin color may
both cause higher absorption of incident excitation light, thus
decreasing the amount available to cause fluorescence.
Therefore skin thickening, which in patients with SSc is usu-
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ally most marked in the fingers, may have “masked” the
anticipated increased autofluorescence in the fingers.

Increased skin fluorescence indicates that levels of
advanced glycation endproducts are increased in patients with
dcSSc, providing further evidence that oxidative stress is a
part of the disease process and suggesting that autofluores-
cence may serve as a biomarker for disease. Further studies
are required to investigate the relationships between autofluo-
rescence, skin thickening, and skin pigmentation.
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