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Abstract—Immunoinflammatory reactions affecting the state of the microvasculature play the key role in the
genesis of rheumatic diseases. Therefore, it is important to develop new methods for the early detection of
microcirculatory disorders. The purpose of this study was to assess the possibilities of diffuse reflectance
spectroscopy used to identify microcirculatory disturbances in patients with rheumatic diseases by measuring
skin blood supply and oxygenation rate and their relationship with the varying degrees of inflammatory activ-
ity. A total of 36 patients with rheumatic diseases and 31 healthy volunteers took part in the study. We analyzed
the skin diffuse reflectance spectra recorded on the palmar side of the distal phalange of the right middle fin-
ger using a FLAME spectrometer. The erythema index and saturation rate were calculated to quantify the
content of hemoglobin and oxygen saturation of tissues in both groups. The differences in the parameters
under study between the groups were found to be statistically significant. The average value of erythema index
was twofold higher in patients with rheumatic diseases with the second degree of inflammatory activity and
about 2.5-fold higher in patients with the third degree of inflammatory activity, compared to the control
group. This fact indicates impaired blood circulation with increased blood flow caused by inflammatory pro-
cesses. Thus, diffuse reflectance spectroscopy can be used as an additional non-invasive diagnostic test for
assessing the severity of microcirculatory disturbances and the activity of inflammation in rheumatic dis-
eases.
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In all countries of the world, rheumatic diseases
(RD) occupy a significant place in the structure of the
total morbidity of population. They undoubtedly are
socially and economically significant and exert a neg-
ative effect on society due to their increasing occur-
rence, early disability, high cost of therapy, noticeable
decrease in life quality, great labor and economic
losses [1, 2].

The clinical manifestations of RD depend on
inflammatory process activity (IPA). According to the
recommendations of EULAR (European League
Against Rheumatism), the strategy of treating RD in
each particular case depends first of all on the level of
disease activity [3]. IPA determines the frequency of
examinations of a patient, the selection of antirheu-
matic drugs, and the necessity of correcting the ther-

apy. The timely detection of minimal activity of the
process and anti-inflammatory therapy contribute to a
considerable reduction of the number of complica-
tions and improvement of prognosis for the
disease [4].

At present, most scientists believe [5–7] that
immunoinflammatory reactions affecting the state of
the microvascular bed play a key role in rheumatic
pathology. In RD, the permeability of vascular walls
increases and immune complexes are deposited in the
walls; as a result, the vascular lumen becomes nar-
rower and the capillary bloodstream and vascular sen-
sitivity to sympathetic stimulation are reduced. Rheu-
matoid vasculitis (immunopathological inflammation
of blood vessels) causes fibrinoid modifications in vas-
cular walls, proliferation of endothelial and adventitial
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cells, and thrombosis. The extent of microcirculatory
disorder determines the severity of pathological pro-
cesses in the joints of rheumatic patients and is inter-
related with the duration and activity of inflammatory
process [8]. The diagnostics of microcirculatory disor-
ders in RD patients increases the accuracy of IPA
detection and contributes to accurate prediction of the
clinical course and precise assessment of therapeutic
efficiency [9, 10].

The microcirculatory disorders in rheumatic
patients are most often assessed by the methods of
nailfold capillaroscopy [11], biomicroscopy of bulbar
conjunctiva [12], and laser Doppler f lowmetry (LDF)
[13–15]. In addition, the clinical practice of rheuma-
tologists involves using thermometry and thermal
imaging, indirectly suggesting the presence of micro-
circulatory disorders on the basis of the changes in
body surface temperature in the projection of affected
microvessels [16].

Diffuse reflectance spectroscopy (DRS) is a prom-
ising technique for studying the microvasculature bed
in rheumatic patients. DRS has all the advantages of
optical noninvasive diagnostics: painless procedures,
quick results, the absence of expensive reagents and
consumables, and the minimal effect on an object and
its properties [17–19]. The study of tissue oxygenation
and blood engorgement by DRS is based on the differ-
ence between absorption spectra of the major tissue
chromophores, oxyhemoglobin (HbO2) and deoxyhe-
moglobin (Hb) [20]. The recorded diffuse reflectance
spectra show the levels of blood engorgement and oxy-
gen saturation of tissues in terms of different mathe-
matical models or derived empirical ratios for the rela-
tionship between the reflection coefficient and the
concentrations of these chromophores [21–23].

It is known that microcirculatory disorders caused
by rheumatic diseases lead to the development of tis-
sue hypoxia and impairment of blood supply [8, 24–
26]. These states result in alterations in the spectral
characteristics of tissue due to the changes in blood
engorgement and concentrations of the main chromo-
phores of the skin, oxyhemoglobin and deoxyhemo-
globin, so that they can be noninvasively diagnosed by
DRS. The study [27] shows that the diffusion reflec-
tance spectra of healthy and inflamed tissues are dif-
ferent and can be quantitatively assessed by erythema
index. Erythema is an indicator of increased blood
level in the surface dermal vascular plexus and may
characterize the level of activity of inflammatory pro-
cess. Tissue saturation can be determined by the ratio
of blood absorbance in the isobestic and nonisobestic
points of oxy- and deoxyhemoglobin [28].

In this context, the aim of this work was to assess
the possibilities of diffuse reflectance spectroscopy in
detection of microcirculatory disorders in rheumatic
patients by analyzing the calculated parameters of
blood engorgement and oxygenation both in patients

with different level of activity of inflammatory process
and in conventionally healthy volunteers.

METHODS
The skin reflectance of the finger was recorded and

assessed in the spectral range from 400 to 800 nm.
The experimental facility is shown schematically in

Fig. 1a. An R400-7 fiberglass probe (Ocean Optics,
United States) was used for radiation delivery from a
HL-2000-HP-232R broad-band tungsten halogen
light source (Ocean Optics, United States) and collec-
tion of reflected signal. The probe has 7 fibers: 6 illu-
mination fibers around one read fiber. The reflected
signal was analyzed with a portable FLAME spec-
trometer (Ocean Optics, United States). A personal
computer and the Ocean View specialized software
(Ocean Optics) supplied together with the spectrome-
ter were used for data storage and reproduction.

The initial calibration was performed before
recording diffusion reflectance spectra. The reflec-
tance spectra were calculated by the equation:

(1)

where  is the measured diffuse reflectance coef-
ficient (DRC) of biological tissue;

 is the measured DRC of diffusely reflect-
ing surface of white f luoroplastics (PTFE) sheet;

 is the background spectrum obtained with
the light source turned off.

Normalization makes it possible to eliminate the
effect of light source intensity and receiver sensitivity
on the measurement of spectral characteristics of bio-
logical tissues.

Experimental studies involved 36 patients (31
women and 5 men, 55 ± 13 years old) of the Depart-
ment of Rheumatology at the Orel Regional Clinical
Hospital (Orel, Russia). The patients were diagnosed
with atrophic arthritis (22 subjects), systemic sclerosis
(2 subjects), systemic lupus erythematosus (5 sub-
jects), psoriatic arthritis (2 subjects), ankylosing spon-
dylitis (Bechterew’s disease) (1 subject), idiopathic
dermatopolymyositis (1 subject), bilateral gonarthro-
sis (2 subjects), seronegative spondyloarthritis (1 sub-
ject). The patients with acute exacerbations of cardio-
vascular, bronchopulmonary and neuroendocrine dis-
eases, gastrointestinal, liver and renal diseases, blood
disorders, and any other serious chronic diseases that
could influence diagnostic results were excluded from
the study, as well as the patients with anamnestic alco-
hol abuse, drug addiction and drug abuse. The main
clinical and laboratory parameters of rheumatic
patients are given in Table 1.

The patients were divided into two groups: patients
with the second-degree activity of inflammatory pro-
cess (IPA 2, 28 subjects) and patients with the third-
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degree activity of inflammatory process (IPA 3, 8 sub-
jects). ESR, C-reactive protein concentration and the
level of rheumatoid factor (RF) in blood serum are
considered as the main markers of inflammatory pro-
cess activity. The IPA degree was assessed in each case
individually on the basis of combinations of the above
markers, external examination of the patients, and
additional X-ray analysis in accordance with recom-
mendations for laboratory diagnostics of rheumatic
diseases [29, 30] and assessment of IPA degree [4].

The control group included 31 conventionally
healthy volunteers, 8 women and 23 men with an aver-
age age of 46 ± 13 years having no diagnosed cardio-
vascular and musculoskeletal disorders and connec-
tive tissue diseases. All participants of experimental
studies signed the informed consent form, with indi-
cation of their readiness to participate in the measure-
ments.

During the studies, the diffuse reflectance spectra
were recorded at the control point localized on the
palmar surface of the distal phalanx of the right hand
middle finger. The subjects were in the state of physi-
cal and mental rest and had been pre-adapted to the
room temperature varying within a range of 21–25°C.
The measurements were made no earlier than 2 h after
the meal, while sitting with the right forearm laid on

the table at heart level (the optical fiber probe arrange-
ment during the studies is shown in Fig. 1b).

Data processing included the analysis of the mea-
sured curves of diffuse reflectance spectra, the calcu-
lation and analysis of erythema coefficient. Erythema
is determined integrally in skin vessels, both in the
capillaries and beyond the nutritional vascular bed,
probably with the prevalence of non-nutritional com-
ponent.

We have used the known technique for assessing
blood engorgement and blood oxygenation by the ery-
thema index proposed by Dawson et al. [31]. This
technique is based on estimation of the area under the
curve of optical density of skin in the spectral region of
510–610 nm. This approach allows the quantitative
assessment of hemoglobin in skin tissue and is widely
used by researchers. For example, in the work [27] it is
proposed to use the erythema index for detecting
hyperemia of the middle ear caused by infection. The
same principle underlies the method of diagnosing
otitis proposed by the researchers [32]. In [33], the
authors describe the work of EMM-01 (ery-
thema/melaninometer) designed by the principle of
measuring the erythema index, which is used for
objective assessment of vascular disorders, e.g.,
hemangiomas.

Fig. 1. The scheme of the experimental facility (a) and the optical fiber probe arrangement during the studies (b). 
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Table 1. The major clinical and laboratory indices of rheumatic patients

Indices

Patients

patients with the 2nd degree 
of activity of inflammatory 

process (28)

patients with the 3rd degree 
of activity of inflammatory 

process (8)

1 ESR, mm/h 23.8 (2–60) 28.1 (18–45)
2 Concentration of C-reactive protein (CRP), mg/L 30.1 (0.8–192) 55.6 (0.8–96)
3 Level of rheumatoid factor (RF) 

in blood serum, MU/mL
67.7 (5–256) 142.8 (5–512)
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There are several approaches to the calculation of
erythema index, which is most often estimated by the
equation:

(2)

where OD = log(1/R) is the optical density being a
quantitative characteristic of skin absorption and the
inferior indices denote the wavelength (nm), at which
optical density is measured.

Optical density is measured in the range of wave-
lengths, where blood absorption is high (510–610 nm);
the erythema index calculated thereby does not
depend on the degree of blood saturation with hemo-
globin [31].

The degree of blood saturation with oxygen in tis-
sue (tissue saturation) can be determined using reflec-
tion coefficients at the wavelengths corresponding to
the isobestic and nonisobestic points of oxy- and
deoxyhemoglobin by the expression proposed by Spott
et al. [28]:

(3)

where  is the measured diffuse reflection coeffi-
cient (DRC) at the chosen wavelength;

 and  are the absorption coefficients of
deoxygenated and oxygen-saturated blood, respec-
tively [34];
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 and  are the wavelengths of nonisobestic and
isobestic points, respectively.

In the general case, the recorded saturation is a
value averaged for the entire diagnosed volume, and
the saturation of mixed blood or tissue saturation with
oxyhemoglobin  are suggested [35, 36]. The
degree of oxygenation can be calculated by using sev-
eral combinations of nonisobestic and isobestic
points, which makes it possible to obtain information
from different skin layers by selecting the respective
wavelengths. For wavelengths of the blue and green
ranges, due to low depth of penetration, the calculated
value will represent the degree of tissue saturation with
oxygen in the more superficial layer of the skin [23,
37]. In this study,  = 560 nm and  = 545 nm in the
green region were chosen as a nonisobestic and isobes-
tic point, respectively.

The experimental data were statistically analyzed.
The results were checked for normal distribution by
the Kolmogorov−Smirnov test and for homogeneity of
variance by the Levene’s test. The significance of sta-
tistical differences between the samples was assessed
by one-way ANOVA.

RESULTS AND DISCUSSION
The possibilities of the DRS method for assess-

ment of inflammatory process activity and microvas-
cular disorders were analyzed with calculating all
parameters and characteristics separately for the two
groups of patients with the second- and third-degree
IPA and for the control group of conventionally
healthy volunteers.

Figure 2 shows the averaged diffuse reflectance
spectra for the patients of the Department of Rheuma-
tology and for the control group of conventionally
healthy volunteers. As Fig. 2 shows, the spectra have
the characteristic oxyhemoglobin (540 and 578 nm)
and deoxyhemoglobin (555 nm) absorption bands.

The analysis of Fig. 2 shows that the averaged dif-
fuse reflectance spectra recorded in the control point
(on the palmar surface of the distal phalanx of the right
hand middle finger) of rheumatic patients are located
much higher than the spectra in the control point of
conventionally healthy volunteers. It may be
accounted for by the fact that the higher DRC values
in patients compared to healthy volunteers were most
probably caused by inflammatory processes in the
upper limbs, because the most of subjects (22 patients)
were diagnosed with rheumatoid arthritis. In the over-
whelming majority of cases, this disease is accompa-
nied by inflammation and swelling of metacarpopha-
langeal articulations of the index and long fingers. In
the group under study, 5 patients were diagnosed with
systemic lupus erythematosus accompanied, as is
known [38], by polyarthritis with preferential affection
of small joints of hands. Other patients also had
inflammatory processes in joints of different genesis

1λ 2λ

( )2S Ot

1λ 2λ

Fig. 2. The averaged diffuse reflectance spectra in the con-
trol point on the palmar surface of the distal phalanx of the
right hand middle finger for rheumatic patients with sec-
ond- and third-degree IPA and for conventionally healthy
volunteers. 
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(Bechterew’s disease, psoriatic arthritis, systemic scle-
rosis).

However, it should be noted that the spectra of
patients with the second-degree IPA are different in
the region of hemoglobin absorption bands from the
spectra of patients with the third-degree IPA. The
quantitative difference between diffuse reflectance
spectra obtained in the control point for rheumatic
patients with inflammatory process of different degree
and for conventionally healthy volunteers can be
determined by using the erythema index, which char-
acterizes the content of hemoglobin in skin tissue and
is proportional to the area under the curve of optical
density of skin (Fig. 3) in the spectral range of 510–
610 nm.

The results of calculation of erythema index for
patients of the Department of Rheumatology and for
conventionally healthy volunteers in the control point
are summarized in Table 2. This stage of experimental
data processing showed that rheumatic patients had
the higher values of erythema index and that the cal-
culated index depended on the degree of activity of
inflammatory process. Table 2 presents the results of
calculation of erythema index for rheumatic patients
and for conventionally healthy volunteers. It gives the

mean values of erythema index and the calculated
RMSD. In Figure 4, the results of statistical data pro-
cessing are illustrated by the diagram of erythema
index spread for 3 groups. The central line on the dia-
grams is a median and the box edges are the lower and
higher quartiles (25th and 75th).

In addition, we calculated the degree of blood sat-
uration with oxygen in tissue (tissue saturation) for the
green region of wavelengths,  The results of cal-
culating saturation for rheumatic patients with sec-
ond-degree IPA and conventionally healthy volun-
teers are presented in Table 3 and in Fig. 5. Statistical
processing was performed by analogy with the ery-
thema index data processing.

The results of erhythema index calculation show
that the mean value of this parameter, compared to the
control group, is twofold higher for rheumatic patients
with the second-degree IPA and almost 2.5-fold
higher than erythema for rheumatic patients with the
third-degree IPA, which makes it possible to state cir-
culatory failures with enhanced blood engorgement
caused by inflammatory processes.

The analysis of the calculated tissue saturation
shows that rheumatic patients have a great spread of
saturation data, with deviations upwards and down-
wards from the mean, which (in particular, at higher
values of the parameter) may be indirect evidence of
hypoxic states; however, it needs more detailed study
and comparison of the results with other parameters
obtained by different methods of noninvasive spectro-

2S O .t

Fig. 3. The averaged spectra of optical density of skin at the
control point (on the palmar surface of the distal phalanx
of the right hand middle finger) for rheumatic patients
with second- and third-degree IPA and for conventionally
healthy volunteers. 
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Table 2. The results of calculation of erythema index for rheumatic patients and for conventionally healthy volunteers

* Statistical significance of differences relative to conventionally healthy volunteers with a probability of p < 0.01; ** statistical signifi-
cance of differences relative to the group of rheumatic patients with the third-degree IPA with a probability of p < 0.01.

Erythema index for rheumatic patients 
with second-degree IPA

Erythema index for rheumatic patients 
with third-degree IPA

Erythema index for conventionally 
healthy volunteers

95.5 ± 24.7*(**) 127.5 ± 36.5* 54.3 ± 23.1

Fig. 4. The diagram of erythema index spread for 3 groups:
the central line is a median, the box edges are the lower and
higher quartiles (25th and 75th). Other symbols are as in
Table 2. 
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photometric diagnostics, e.g., light tissue oximetry
and pulse oximetry.

Thus, the statistically significant difference
between the calculated erythema indices for the
groups of rheumatic patients and conventionally
healthy volunteers can be used to assess the degree and
nature of rheumatoid inflammation, which may
enhance the reliability of diagnostics of the activity
and severity of inflammatory process. In case of long-
term observation of patients, this parameter can be
used for prognosis and assessment of the dynamics
and efficiency of therapy.

CONCLUSIONS

The findings demonstrate that diffuse reflectance
spectroscopy can be used for diagnosing microcircula-
tory disorders in rheumatic patients. Recommenda-
tions for the treatment of rheumatologic diseases can
be developed only on the basis of quantitative assess-
ment of disease activity. The immunoinflammatory
process, which accompanies almost all RDs, causes
microcirculatory disorders and changes in blood
engorgement of tissues and concentrations of the main
types of hemoglobin. These changes are clearly mani-
fested in diffuse reflectance spectra. The observed
relationship between the erythema index and the
degree of IPA allows noninvasive and early detection
of microvasculatory disorders, which favors the timely
correction of therapy and improvement of prognosis
for the disease.

Thus, diffuse reflectance spectroscopy is a promis-
ing method of additional diagnostics of the degree of
activity of inflammatory process in rheumatic dis-
eases, and its availability, simplicity, short duration of
measurement (several tens of seconds), noninvasive-
ness and safety allow us to recommend it for broad
application in clinical practice.
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