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ABSTRACT

Aim. To study the effect of glycated hemoglobin level, average daily glycemia and its variability on UV-induced
skin autofluorescence in children and adolescents with type 1 diabetes.

Materials and methods. The study included 47 children and adolescents with type 1 diabetes living in a restricted-
access administrative and territorial unit. The autofluorescence spectra of the skin from the inner surface of the
shoulder and nails of patients were recorded using an original compact spectrofluorometer based on STS-VIS
OCEAN OPTICS © USA microspectrometer with UVA excitation. The statistical analysis was performed using
Statsoft Statistica 12.0 software. The fluorescence spectra were normalized to the average value of the UV LED
signal and the moving average smoothed using a 10 nm window. Then, the renormalization of spectra was carried
out, minimizing their spread from the average sample spectrum.

Results. The study revealed the most changeable regions of UV-induced skin autofluorescence spectrum with
variations in the level of glycated hemoglobin, average daily glycemia, and glycemic variability.

Conclusion. The study confirms the prospects of using skin autofluorescence measurements as a non-invasive tool
for assessing the state of carbohydrate metabolism.
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PE3IOME

Heab: wccienoBaTh BIMSHAEC YPOBHS TIIHKHPOBAHHOTO eMOTJIO0MHA, CPEAHECYTOYHON TJIMKEMHUH H €e Bapua-
6epHOCTH Ha Y D-MHAYyIUPOBAHHYIO ayTODIYOPECIEHIINIO KOXKH Y IeTei 1 MOJPOCTKOB, CTPAJAIONINX CaXapHbIM
nuaberom 1-ro Tuma.

MatepuaJjbl 1 MeTOAbI. B nucciaenoBanue BKItOUCHBI 47 IeTel U TOAPOCTKOB C CaxapHbIM THabeToM 1-ro THa,
MPOKUBAIOIIMX HA TEPPUTOPUH 3aKPBITOTO aIMUHHCTPATHBHO-TEPPUTOPHATBLHOTO 0Opa3oBanus. [IpoBeneHa pe-
rucrpanus CrEeKTpoB ayTO(i)nyopecueHum/l KOXHU C BHyTpeHHeﬁ IMOBEPXHOCTH IJIEHYA U HOTTA INMAalMCHTOB C I10-
MOII[BIO OPUTHHAIBHOIO KOMIIAKTHOrO criekTpodiyopumerpa Ha 0a3e mukpocrnekrpomerpa STS-VIS OCEAN
OPTICS © USA ¢ UVA-Bo30yxxaerneM. CTaTUCTUYECKHIA aHAINU3 MPOBOAMIICS C IIOMOIIBIO IPOTPAMMHOT0 00e-
crieyenus Statsoft Statistica 12.0. [Ipu BbInoNHEHNN aHaNM3a BBINOJIHSIACH HOPMUPOBKA CIIEKTPOB (IIyOpeCIieH-
IIMM Ha CpejiHee 3HaueHue curHana Y@ cBeToanosa M CriaKMBaHHE METOJOM CKOJIB3SIIEr0 CPEJHEro ¢ OKHOM
10 aM. 3aTeM MPOBOAMIACH TEPEHOPMHUPOBKA CIIEKTPOB, MUHIMHU3UPYIOIIAs pa30pOC CIICKTPOB OT CPSTHETO CIICK-
Tpa 10 BBIOOPKE.

Pe3yasTaTsl. B xo/1e ncciaenoBanys BEISIBICHEI HanOoliee M3MEHYHMBEIE 001acTh criekTpa Y ®- HHIyInpoBaHHON
ayTo(IIyOpECIeHIINY KOXKH IIPU BapHalluy yPOBHS ITIMKHPOBAHHOI'O TeMOTIOONHA, CPEJHECYTOUYHOH TTIMKEMHH U
BapuadeIbHOCTH MNIMKEMUH.

3ak0uyenne. VccnenoBanne moATBEpKaaeT IEPCHEKTHBHOCTD HCMONIB30BAHNS H3MEPEHHS ayTO(IyOpecie NN
KOKH B Ka4eCTBE HEMHBA3HMBHOTO NHCTPYMEHTA OI[EHKH COCTOSIHUSI YTIIEBOTHOTO OOMEHa.

KuroueBble ciioBa: ayToqmyopecueHm/m KOXH, CaXapHBIfI HI/Ia6eT 1-ro THna, 1€Tu, NOAPOCTKH, FHHKHpOBaHHLIﬁ
FeMOFJIO6I/IH, Cp€AHECYTOYHAs INIMKEMUsI, BapI/Ia6eJ'[I)HOCTB TJIMKEMUU

KoHdaukT uHTEpecoB. ABTOPHI JACKIAPUPYIOT OTCYTCTBUE SBHBIX U MOTCHIHAIBHBIX KOH(PJIUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOJUKAIMEH HACTOSIIICH CTAThH.

HUcTounuk Q)nﬂancnposamm. ABTOpBI 3asIBJISIIOT 00 OTCYTCTBUU q)HHaHCPIpOBaHI/IH IpU MPOBECACHUN UCCIIEN0-
BaHUA.

CooTBeTCTBHE NPHHIMIAM ITHKH. Bce manyeHTsl noanucanit HHPOPMUPOBAHHOE COTJIACHE HAa y4acTHE B HC-
cinenoBannu. ViccnenoBanue oqoopeno stmdeckuMm komureromM @PI'EOY BO KpacI'MVY um. ipod. B.®D. Boiino-51-
cenenkoro Munzapasa Poccun (mporokon Ne 114 ot 05.10.2022).

Jsa nurupoBanus: IIpockypuna M.B., Kucenésa H.I'., Canmun B.B., Tapanymenko T.E. 3MeneHue ypoBHs
ayTo(IIyOpECIeHIINN KOXKH JIeTel U MOAPOCTKOB C caXapHBIM JHa0eToM | THIIa B 3aBUCUMOCTH OT IIIMKEMHUYECKIX
nokaszarelsiei. bronemens cubupcroil meouyunel. 2025;24(2):83-90. https://doi.org/10.20538/1682-0363-2025-2-
83-90.
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INTRODUCTION

According to the definition of clinical guidelines,
type 1 diabetes mellitus (TIDM) is a disease that
occurs as a result of autoimmune destruction of
insulin-producing B-cells of the pancreas, with
subsequent development of absolute insulin
deficiency. Studying this disease is relevant due
to the early development of irreversible vascular
complications and disability. Considering the
severity of manifestation and the lability of the
disease course in children and adolescents, early
diagnosis and dynamic monitoring of pathology
development are of no less importance.

The glycated hemoglobin (HbAlc) indicator has
been recommended by the World Health Organization
(WHO) since 2011 [1] and has been used for more
than 25 years as a diagnostic criterion for carbohydrate
metabolism disorders [2].

HbA1c shows the average blood sugar level over
the past 90 days, so new methods are required to
understand changes in the glycemic profile better.

With the introduction of continuous glucose
monitoring (CGM) methods into clinical practice by
diabetologists, the term glycemic variability appeared,
which shows fluctuations in the average blood sugar
level and is considered an independent predictor of
diabetes complications due to the impact on target
organs through oxidative stress, glycation, low-
grade chronic inflammation, endothelial dysfunction,
platelet activation, impaired angiogenesis, and renal
fibrosis [3].

Modern CGM systems include a sensor that
measures glucose levels in the interstitial fluid at
intervals of 1 to 5 min, collects, and transmits them
to the third component (receiver) in real time. The use
of this technology provides information on glycemia
at the time of the study, dynamics in glucose levels,
its current direction, and the rate of change, which
facilitates timely decision-making on glycemic
correction [4]. To simplify the interpretation of the
large amount of glycemic data obtained through CGM,
the following percentage values were identified:

1. Average glucose level.

2. Glucose Management Index (GMI) is a calculated
score that was developed based on the observed
differences between average CGM glucose levels and
laboratory-measured HbAlc. GMI is calculated using
a formula that was developed and validated based on a
regression line of a graph with glucose concentration
on the x-axis and simultaneous HbA ¢ measurement

on the y-axis: GMI (%) = 3.31 + 0.02392 x (average
glucose, mg/dL).

3. TIR is time in range which in this case is 70—-180
mg/dL (within normal limits): target > 70%. TBR is
time below range < 70 mg/dL (level 1 hypoglycemia):
target < 4%. Time below range < 54 mg/dL (level 2
hypoglycemia): target < 1%.

4. TAR is the time above range > 180 mg/dL:
target < 25%.

5. CV is coefficient of variation for glucose levels
calculated as (standard deviation of glucose / average
glucose value) x 100 and includes duration, frequency,
and amplitude of shifts in blood glucose levels between
low and high levels, target < 36% [5, 6].

Despite the undeniable advantages of existing
methods of glycemic control, they are still invasive,
which leads to low compliance and insufficient
glycemic control in patients.

In thisregard, the search for non-invasive diagnostic
methods of the listed parameters of carbohydrate
metabolism is undoubtedly an urgent task. Therefore,
methods based on optical spectroscopy of the patient’s
skin are of great interest. In recent years, many studies
have been published on this topic, confirming the
feasibility of the method [7, 8]. However, in each case
this approach solves only one diagnostic problem.
There are currently no ideas for developing a multi-
task method for non-invasive diagnostics of the
biochemical parameters of carbohydrate metabolism
in patients with diabetes mellitus.

The aim of our work was to study UV-induced
skin autofluorescence spectra in children and
adolescents with type 1 diabetes mellitus and to
assess the correlations of these spectra with glycated
hemoglobin, average daily glycemia, and variability.

MATERIALS AND METHODS

The study was conducted at Clinical Hospital
No. 51, a branch of the Federal Siberian Research
Clinical Center Clinical Hospital No. 42. The skin
autofluorescence test was conducted in 47 patients
with TIDM. The group of children included 29
individuals (61.7%), and the group of adolescents
included 18 individuals (38.3%). The majority of the
study group were boys — 57.4%. The average duration
of the disease in patients at the time of the examination
was 4.47 years, minimum and maximum levels of
HbAlc were 6.0 and18.7%, respectively.

All children were on constant insulin replacement
therapy from the moment when the disease was
detected: 10 patients (21.2%) used continuous
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subcutaneous insulin infusion (CSII) and 37 indi-
viduals (78.7%) used a syringe pen. All patients
observed during the study underwent continuous
glucose monitoring (CGM), with a predominance
of Libre flash monitoring. Patients with T1DM
and diseases affecting the accuracy of HBAlc were
excluded from the study. During the study, the
patients were divided into groups that are traditionally
accepted in pediatric practice. Depending on the
level of glycated hemoglobin: group 1 with glycated
hemoglobin < 7.0% (n = 2), group 2 with glycated
hemoglobin of 7.1-10% (n = 18), and group 3 with its
level > 10.1% (n =27). Considering the small number,
group 1 was combined with group 2. According to the
average daily glycemia, we identified the following
groups of patients: 1. < 10 mmol/l; (n = 23); 2. > 10
mmol/l;(n = 24). Based the coefficient of variability,
two subgroups of patients were identified:1. <36%
(n=16); 2.236% (n=41).

Autofluorescence spectra were collected from the
inner surface of the shoulder for 30 seconds using an
original compact spectrofluorometer based on the STS-
VIS OCEAN OPTICS © USA microspectrometer
with UVA excitation generated by a light-emitting
diode (375 nm) [9].

The skin fluorescence spectra obtained using the
device comprise two wide contours. The first contour
in the range of 400-700 nm represents, in fact, skin
autofluorescence, and the second contour in the range
of 700-820 nm shows the spectrum of the UV light-
emitting diode excitation at 375 nm, in the second
diffraction order of the diffraction grating (Fig. 1).
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Fig. 1. Skin fluorescence spectra of patients with diabetes
mellitus obtained directly using a spectrofluorometer with
LED UV excitation (375 nm).

For further analysis, the fluorescence spectra were
normalized to the average value of the UV LED signal
and leveled using the moving average method with a

10 nm window. This spectra normalization method is
further referred to as D-normalization (Fig. 2, a).

Additional normalization was used to compare the
shape of the spectra. For this purpose, the average
spectrum was calculated for the entire group of patients
F()) and for each spectrum F (), the linear regression
coefficients a,, b, were calculated using the least squares
method so that after subsequent renormalization, these
spectra were as close as possible to the average. Then,
the spectra were renormalized by taking into account
the coefficients obtained:

-5

The result of applying additional normalization is
a decrease in the standard deviation (Fig. 2, ). Such
normalization is called I-normalization.
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Fig. 2. Skin autofluorescence spectra of a group of patients
with T1DM using different normalization methods. a —D; b —1

Statistical analysis was performed using the Statsoft
Statistica 12.0 software package and Microsoft Excel.
The spectra were processed using normalization and
leveling algorithms. Data analysis was performed
using descriptive and nonparametric statistics. The
Mann—Whitney test (data were presented as a spectrum
of Z-evaluation) was used for the paired comparison
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of the fluorescence spectra. The main differences in
the points of the spectrum are presented by the median
value of fluorescence intensity and interquartile range

Me[Q; O]

RESULTS

The results of using D- and I-normalization with
subsequent comparison of autofluorescence spectra in
groups of patients with TIDM depending on the level
of glycated hemoglobin are presented in the graph (Fig.
3). Significant differences are observed in both methods
of spectrum normalization. However, [-normalization
led to more significant differences in groups 1 and 2.
The greatest difference in the spectrum was observed
in the region of the Soret band of hemoglobin at 433
nm (p < 10*) and the region of the NADH peak at 487
(p < 0.005) isosbestic point of the alpha band of oxy
and deoxyhemoglobin at 592 nm (p < 0.001).

Z, OTH. efl.

JinHa BOJIHBI, HM

—q<TATI0)  —NT-10H=10)

Fig. 3. Spectra of pairwise Z-scores based on the level of
glycated hemoglobin

Table 1

Significant Differences in Fluorescence Intensity at Specified
Wavelengths According to Mann-Whitney Test for Different
Levels of Glycated Hemoglobin

Comparison group, Me [Q; O.] p (based
Wave- on Mann—
length HbAlc<7,0 HbAlc=7,1-10,0 Whitney
test)
1433 | 0.540[0.512; 0.551] | 0.514[0.498; 0.531] <10
1487 | 0.740 [0.730; 0.750] | 0.748 [0.739; 0.760] 0.002
1592 | 0.197[0.191; 0.204] | 0. 202 [0.194; 0.2006] 0.014
HbAlc=7.1-10.0 HbAlc>10.1

1433 0.514[0.498; 0.531] | 0.534[0.518; 0.557] 0.001

1592 | 0.202[0.194; 0.206] | 0.194 [0.186; 0.199] <1073

Note. Differences were considered statistically significant at p <0.05
(here and in Tables 2, 3).

The graph in Fig. 4 shows D-normalization,
indicating significant differences in autofluorescence
spectra at different values of average daily glycemia.

Z, OTH. e]I.
|
L

JluHa BOJHBI, HM

Fig. 4. Spectra of Z-evaluation when comparing the average
daily glycemia with different methods of normalization

Table 2

Significant Differences in Fluorescence Intensity at Specified
Wavelengths According to Mann-Whitney Test
for Average Daily Glycemia

p (based on
Mann-
<10 mmol/L => 10 mmol/L Whitney test)
D470 | 0.771 [0.656; 0.826] | 0.701 [0.618; 0.764] 0.004
D652 | 0.073 [0.064; 0.081] | 0.066 [0.058; 0.074] 0.002

Wave- Average daily glycemia, Me [Q; O,]
length

Significant regions of the spectrum that distinguish
groups of glycemic variability are present in both
normalization methods. The graph of the spectrum of
Z-scores for comparing glycemic variability is shown
in Fig. 5. As shown in the graph, a finer structure of the
spectrum when using I-normalization allows analysis
of changes in individual metabolites at different levels
of glycemic variability. Thus, the most significant
sections of the spectrum are represented by the Soret
band of hemoglobin at 427 nm (p < 0.005), the peak
of NADH fluorescence at 485 nm (p < 0.005), the
peaks of B and a bands of oxyhemoglobin at 539 nm
(» <0.01) and 581 nm (p < 0.001), respectively, as
well as the region of porphyrin fluorescence at 660 nm
(»<0.01).

4
3

24
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[=}
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Fig. 5. Spectra of Z-scores for comparing the glycemic
variability
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Table 3

Significant Differences in Fluorescence Intensity at Specified
Wavelengths According to Mann-Whitney Test for Glycemic
Variability

Wave- Glycemic variability, Me [Q; O.] (ﬁl (f;assg-
length <36% =>36% Whitney test)
1427 | 0.481 [0.468; 0.494] | 0.460 [0.441; 0.481] 0.001
1485 | 0.748 [0.730; 0.750] | 0.750 [0.742; 0.760] 0.004
1539 | 0.417[0.397;0.431] | 0.430 [0.415; 0.440] 0.006
1581 | 0.203 [0.196; 0.217] | 0.216 [0.210; 0.223] <10?
1661 | 0.063 [0.061; 0.069] | 0.060 [0.053; 0.066] 0.01
DISCUSSION

Although glycated hemoglobin is spectrally
indistinguishable from other hemoglobin derivatives,
its presence in the systemic bloodstream obviously
causes hypoxic changes in peripheral tissues, which
can be recorded using the spectrofluorometric
method. The majority of studies devoted to the
relationship between autofluorescence level and
HbAlc in patients with diabetes mellitus indicate a
correlation between these indicators, both in children
and adults [10-12].

According to the results of the study, the overall
reflection level (scattering) of UV radiation from the
skin was the most significant parameter, depending on
average daily glycemia.

As the study shows, an increase in average daily
glycation decreases fluorescence in the entire spectral
range in relation to the reflected excitation radiation.
This may be due to an increase in the reflection
coefficient and not a simultaneous change in all
metabolites. An increase in the reflection coefficient, in
turn, is associated with a change in the refractive index
of blood plasma with an increase in the concentration
of glucose in it. This finding is consistent to a certain
extent with data on changes in the refractive index of
the skin with an increase in glycemia [13, 14].

Moreover, when assessing the relationship between
autofluorescence spectra and glycemia variability
indices, it was found that a finer spectrum structure
at I[-normalization apparently allows analysis of
changes in individual metabolites at different levels of
glycemia variability. The results showed a statistical
relationship between skin autofluorescence spectra
and glycemia variability. Furthermore, a comparison
of autofluorescence spectra revealed not only hypoxic
shifts in the case of high variability, which is expected
in severe diabetes mellitus, but also an increase in the
pool of porphyrins.

In 1949, Sterling et al. first reported an association
between the development of diabetes mellitus and
porphyria. In the studies conducted, marked increase
in serum glucose and insulin levels were observed in
patients with porphyria.

However, despite numerous studies, the exact
mechanism by which patients with porphyria,
especially  asymptomatic  patients, experience
increased insulinemia remains unknown [15]. In the
present study, the cause of the increase in porphyrins
can be presumably associated with a decrease in the
insulin response during adolescence, when hormonal
changes are observed, mainly due to the level of
growth hormone and sex hormones [16].

CONCLUSION

When changing laboratory parameters of glycated
hemoglobin level, average daily glycemia, and
glycemic variability, there appear significant changes
in the spectrum of UV-induced fluorescence of the
skin in children with type 1 diabetes mellitus.

It was revealed that significant differences in the
skin autofluorescence spectra under UV excitation
were detected both in the overall signal level and at
wavelengths coinciding with the absorption peaks of
hemoglobin in the Soret band region, alpha and beta
bands, isosbestic points of oxy and deoxy hemoglobin,
the fluorescence peak of NADH, and porphyrins.
In this regard, the discovered relationship of skin
autofluorescence in the region of the porphyrin peak
at 660 nm with the degree of glycemic variability in
children with T1DM is poorly understood.

The results obtained in the study enable to conclude
that it is possible to create a non-invasive method for
monitoring various metabolic changes in diabetes
mellitus based on UV-induced autofluorescence
spectroscopy of the skin, which simultaneously
solves the problems of such diagnostic methods
as determining the level of glycated hemoglobin,
average daily glycemia, and glycemia variability.
This possibility can be realized through metabolic
connections of the indicated clinical indicators with
endogenous chromophores and fluorophores of the
skin.
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