Udeneev A.M., Kalyagina N.A., Reps V.F.,, Kozlova V.V, Pigunova L.A., Pozdnyakov D.I., Skobeltsin A.S., Loschenov V.B.
Photo and spectral fluorescence analysis of the spinal cord injury area in animal models

PHOTO AND SPECTRAL FLUORESCENCE ANALYSIS OF THE
SPINAL CORD INJURY AREA IN ANIMAL MODELS

Udeneev A .M., Kalyagina N.A.'2, Reps V.F.>#4, Kozlova V.V.3#, Pigunova L.A.3,

Pozdnyakov D.1.34, Skobeltsin A.S.2, Loschenov V.B.'2

'National Research Nuclear University MEPhI (Moscow Engineering Physics Institute MEPhI),
Moscow, Russia

2Prokhorov General Physics Institute of the Russian Academy of Sciences, Moscow, Russia
SPyatigorsk State Research Institute of Balneology the branch of the Federal State Budgetary
Institution «Federal Scientific and Clinical Center for Medical Rehabilitation and Balneology of the
Federal Medical and Biological Agency» (Pyatigorsk GNIIK FFGBU FNCC MRIK FMBA of Russia),
Pyatigorsk, Russia

*Pyatigorsk Medical and Pharmaceutical Institute — Branch of the Volgograd State Medical
University of the Ministry of Health of the Russian Federation, Pyatigorsk, Russia

Abstract

The purpose of the work is to follow the dynamics of changes in fluorescent signals in the near-surface layers of tissue of injured areas of the back of
laboratory animals, which will allow, by indirect evidence, to evaluate the information content of fluorescence diagnosis for subsequent possible diag-
nostic monitoring of photodynamic therapy of the spinal cord. The model animals were Wistar rats. Two types of contusions were modeled: pneumo-
contusion and contusion by a falling load. Methylene blue and indocyanine green were used as photosensitizers. Fluorescence measurements were
carried out by imaging and spectrometric methods. A stroboscopic fluorescence imager with an excitation wavelength of 630 nm was used to acquire
fluorescence images. The LESA-01-BIOSPEC spectrometer with a He-Ne laser excitation allowed to obtain spectra. It was shown that both methods
make it possible to estimate the fluorescence value of methylene blue and indocyanine green in the tissues under study. Moreover, the photographic
method also allows to obtain the spatial distribution of fluorescence. The general trend found in the data is a more intense and uniform fluorescence
of the dorsal region of rats with methylene blue and a less intense, but more contrasting distribution of indocyanine green. The presented methods
are non-invasive, which makes them attractive for diagnostic use. However, due to the shallow depth of signal reception, the condition of the spine
can be determined only indirectly, by the condition of the near-surface layers of tissue that accumulate the photosensitizer.
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Pesiome
Llenb pabotbl — npocneanTb ANHAMUKY M3MEHeHUA (ITyOpecLieHTHbIX CUrHaNoB B MPUMOBEPXHOCTHbIX CJIOAX TKaHel TPaBMUPOBaHHbIX
YUaCTKOB CMUHbI J1aGOPATOPHbIX >KMBOTHbIX, YTO MO3BOJINT, MO KOCBEHHbIM MpK3HaKaM, OLEHUTb MHGOPMATUBHOCTb GIyOpeCcLieHTHOM
[NarHoCTUKM 518 NOC/IeAyIoLLEero BO3MOXXHOMO AVarHOCTUYECKOrO MOHUTOPMHIa GOTOANHAMUYECKON Tepanum CMHHOro Mo3ra. MoaenbHbiMM
XKUBOTHbIMY 6bIIN KpbIChl BUcTap. MofenupoBanoch ABa TiNa KOHTY3MiA: MTHEBMOKOHTY3UA 1 KOHTY31A NajatoLym rpy3om. GnyopecueHTHble
V3MEePEHVA NMPOBOANINCL GOTOrPadUUECKM U CMEKTPOMETPUYECKM METOAOM C MpernapatamMmiu METWIEHOBBIN CUHUA W UHAOLMAHUH
3eneHblin. na doToperncTpaumm GpayopecLeHTHOro oTBeTa MCMosb30Baica CTPOOOCKONUYECKN GpayopecLeHTHbI UMUEXEP C ANHOW
BOJHbI BO36YXAeHWsA 630 HM. CneKkTpanbHble U3MEPEHWA NMPOBOANINCL C MOMOoLbio criekTpomeTpa JIECA-01-BUOCTIEK, ¢ Bo36yxaeHnem
He-Ne nasepom (632,8 Hm). MokasaHo, YTo 0ba MeToAa MO3BONIAIT OLEHMBATb BENUUMHY GIIyOpecLeHLn METUIEHOBOTO CUHETO U
VNHAOLUMaHNHA 3eN1EHOTO B CCNeyeMblX TKaHAX, a poTorpaduyeckunii MeTos no3BosiaeT Tak»Ke NoslyuYnTb NPOCTPaHCTBEHHOE pacnpefeneHvie
dnyopecueHumy. O6Wan TeHAEHUMsA, OBHapPYXeHHaA B MOJSyYEHHbIX faHHbIX — 6osiee WHTEHCMBHAA W PaBHOMepHaA $nyopecLeHumnn
[lopcanbHO 0611acTN KPbIC METUIIEHOBbIM CUHUM, I MEHEE UHTEHCHBHOE, HO 60Jiee KOHTPACcTHOE pacnpefeneHne NHAOLMAHNHA 3eNEHOTO.
MpepcTaBneHHble MeTOAbl HEMHBA3MBHbI, YTO AeNaeT X NpuBneKaTeNbHbIMU ANA ANArHOCTUYECKOro MCnosib3oBaHMA. OaHaKo 13-3a Manomn
rny6VHbI NpreMa CrHasa CoCTOAHME NO3BOHOUYHMKA MOXKHO OMPEAENUTD JINLLb KOCBEHHO, MO COCTOAHMIO MPUMOBEPXHOCTHBIX C/IOEB TKAaHEN,
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Introduction

Despite the significant efforts of clinicians around
the world, spinal cord injury (SCI) remains one of the
most pressing problems in modern neurosurgery. Thus,
the social and economic consequences of this medical
problem cannot be overstated [1]. Healthcare studies in
developed countries indicate an incidence of SCI of 4-6
cases per 100,000 inhabitants per year, with severe long-
term consequences for patients and, as a result, a huge
impact on society.

Fluorescence diagnosis is based on the excitation
of fluorescence of a photosensitizer accumulated in
biological tissues and registration of the fluorescent
signal from the tissue under study, followed by analy-
sis. Classically, this procedure is used to identify foci of
neoplasms of various localizations and their boundar-
ies [2, 3]. In addition, the method is often used intra-
operatively for navigation during surgery [4, 5]. More-
over, fluorescence diagnosis can be used, for example,
to assess the effectiveness of photodynamic therapy
(PDT) (measurements before/during/after a PDT ses-
sion) [6, 7]. This possibility is considered in this work to
analyze the prospects of fluorescence diagnosis when
performing PDT for spinal cord injuries. Previously, fluo-
rescence studies have already been used for the spinal
cord to identify and influence tumor neoplasms [8-10]
using various photosensitizers [11], as well as for inva-
sive studies of a different nature [12-14].

The purpose of the present work is to follow the
dynamics of changes in fluorescent signals in the near-
surface layers of tissue of injured areas of the back of lab-
oratory animals, which will allow, by indirect evidence, to

evaluate the information content of fluorescence diag-
nosis for subsequent possible diagnostic monitoring of
PDT of the spinal cord.

Materials and Methods

Model animals

The experimental animals were Wistar rats, 2.5-3
months old, females weighing 150-200 g, and males
weighing up to 240 g. Modeling of contusion injury
was carried out in 2 modifications - pneumo contusion
and moderate contusion by a falling weight. Pneumo
contusion was simulated by a blank shot at point-
blank range from an 1ZH-53M spring pneumatic pis-
tol. When modeling a moderate contusive spinal cord
injury, a custom-made setup was used. The setup was
in the form of a pipe 50 cm high and 20 mm in diam-
eter, mounted on a tripod, dropping a cylindrical load
weighing 350 g from a height of 50 cm, which is equiva-
lent to 1.96 N/cm? in terms of force on the vertebrae.
The animal’s behavior was recorded using a Samsung
A9 smartphone camera. Animals were removed from
the experiment by immediate decapitation under chlo-
ral hydrate anesthesia. Imaging and spectral measure-
ments of fluorescence were carried out once a day for
4 days, starting from the day of the simulated injury (1
hour after injury).

Photosensitizers

Fluorescence diagnosis was carried out using two
photosensitizers — methylene blue (MB) and indocyanine
green (ICG). Drug administration regimens are presented
in Table 1.
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Ta6nuya 1

Pexxum BBegeHusa ¢poToceHcM6muan3aTopos
Table 1

Modes of administration of photosensitizers

®dotoceHcmbunusatop

Cnoco6 BBegeHusa

Pexxumbl BBegeHNsA

Pa3 B geHb, nepep dnyopecueHTHOM

MC BHYTPUOPIOLLNHHO 20 mr/kr . -
B - 10 MarHOCTUKOW, B Te4eHne 4 fHen
MB intraperitoneally 20 mg/kg 'qonce a day before FD for 4 dnays
Pa3 B peHb, nepep dnyopecueHTHON
n3 BHYTPUOPIOLWHHO 10 mr/kr 2 =
ICG intraperitoneally 10 mg/kg 5 OVIAarHOCTUKOW, B TeYeHune 4 gHen

MC - MeTMneHoBbIN CMHUIA, V13— MHAOLMAHNHOBBIN 3€M1EHbIN.
MB - methylene blue, ICG - indocyanine green.

For a better understanding of the working ranges of
the technique under study, see the emission spectra of
the photosensitizers used in the work [15] and the fluo-
rescence spectra of endogenous fluorophores [16, 17].

Equipment

For photographic registration of the fluorescence
response of photosensitizers and endogenous fluoro-
phores, a stroboscopic fluorescence imager (SFI) was
used. The SFI consisted of a red LED with a central wave-
length of 630 nm and an optical power of 1 W to excite
the fluorescence of light-sensitive components accumu-
lated in biological tissues, two white LEDs (with an opti-
cal power of 200 mW each) to create uniform illumina-
tion of the surgical field, as well as one violet LED (not
used in this study) (Fig 1a). The spectrum of the red LED
was corrected by a bandpass filter with a central wave-
length of 636 nm. A long pass filter (LPF) with a cut-on
frequency of 660 nm was installed in front of the cam-
era lens. SFl allowed to obtain pairs of frames: one frame
with the fluorescence excitation LEDs and backlight LEDs
turned on (respectively, with fluorescence) and the other
with only backlight LEDs turned on (background frame).
Subtracting the background frame helped to reduce the
impact of background light.

Ceetoavop 405 Hm
2405 nm LED

i
LB Kamepa ¢ dounstpom e

E::%Zwonu X Camera with a filter

White LEDs N e

BE’ - mo[ 630 HM ¢ chunsTpom
=630 pr LED with a filter

once a day before FD for 4 days

Fluorescence index

The fluorescence index (FI) was used to quantify fluo-
rescence intensity when processing spectral data. It was
calculated by dividing the area under the fluorescence
spectrum curve by the area under the scattering spec-
trum curve of the excitation He-Ne laser.

Results

To distinguish the spectra of photosensitizers from
the spectrum of endogenous fluorophores in Fig. 2 a
spectrum taken on an intact animal is shown.

Fluorescence images

Below are examples of fluorescence images obtained
in the area of spinal cord injury in laboratory animals
obtained with SFI (Fig. 3).

Spectra

Below are the examples of obtained spectra from
the region of spinal cord injury in laboratory animals,
obtained using a spectrometer for the methylene blue
(MB) (Fig. 4) and indocyanine green (ICG) (Fig. 5).

Fig. 4a shows spectra and diagrams of fluores-
cence signals obtained in an area away from the injury
(healthy area). Fig. 4b shows spectra and diagrams of

Puc. 1. luarHoctuyeckoe
o6opyaoBaHue: a — CTPo60OCKO-
NnUYecKUn pnyopecLeHTHbIN
nmuakep (CPU); b — cnekrpo-
meTp JIECA-01 BUOCTIEK.

Fig. 1. Diagnostic equipment:
a - stroboscopic fluorescence
imager (SFI); b — spectrometer
LESA-01 BIOSPEC.
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fluorescence signals taken in the area of injury (trauma
area). Histograms express fluorescence indices (FI) (see
description in the “Materials and Methods” section) for
the corresponding rat on different days in chronological
order (day 1 — day 4) and characterize the accumulation
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Fig. 2. Fluorescence spectrum of an intact animal dorsal area.

of the photosensitizer in the study area. The histogram
columns correspond in color to the presented spectra.

The “norm” was considered to be the area of the back
located at a distance from the area of the animal’s injury.
The “trauma” was considered to be the directly injured
area of the back.

The distinctive fluorescence peak of indocyanine
green was recorded around 880 nm (Fig. 5). In some
spectra, this peak was nearly indistinguishable from the
tissue autofluorescence spectral signal, which did not
allow reliable analysis.

Discussion

The study showed that both methods under con-
sideration can reliably detect the fluorescence signal
from methylene blue, both in the area of injury and in
normal conditions. The general trend, noticeable both in
the spectra and in the images, is a more intense (in the
case of spectra) and brighter and uniform (in the case
of images) fluorescence of the dorsal region of rats with
methylene blue than with indocyanine green. The rela-
tively weak signal from indocyanine green is explained
by the suboptimal wavelength of the exciting radiation

1 aeHb nocne
TpaBmbl
1 day after trauma

AOeHb TpaBmMbl
Day of trauma

Bospeiicteue
Influence

2 aHA nocne
TPasmbl
2 days after trauma

3 aHA nocne
Tpasmbl
3 days after trauma

Komtyaun
rpysom, MC
Impact
contusion, MB

MuesMoKoHTy3u1A, U3
Pneumatic contusion, ICG

Puc. 3. NMpumepbl COU nsobpaxke-
HUW pnyopecueHUUn MeTUNeHo-
Boro cuHero (Mb) n uHagouMaHuHa
3eneHoro (U3), nony4yeHHbIX Ha
NlabopaToOPHbIX JXUBOTHbIX B X0A€
uccnegoBaHui Ha 1-4 cyTku nocne
MoAaenvpyemon TpaBMbl CIMHHOIO
Mo3ra (BK/ato4Yas AeHb TpaBMbl).

Fig. 3. Examples of SFI fluorescence
images of methylene blue (MB) and
indocyanine green (ICG) obtained on
laboratory animals during studies on
days 1-4 after simulated spinal cord
injury (including the day of injury).
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pecueHUUn MeTUNEeHOBOro CUHEro
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Fig. 4. Examples of methylene blue

H (MB) fluorescence spectra obtained
i i on laboratory animals during studies
on days 1-4 after modeling spinal
cord injury (FI — fluorescence index):
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a — area outside the injury; b — area
of the spinal cord injury.
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Fig. 5. Examples of indocyanine green (ICG) fluorescence
indexes and fluorescence spectra obtained from normal area
and the area of trauma.

(636 nm at SFI and 632.8 at spectral measurements),
which in the wavelength range is located closer to the
absorption band of methylene blue. However, it is worth
noting that in the case of indocyanine green, a more con-
trasting fluorescence pattern is observed in the images.
This stronger contrast in measurements can be explained
by its accumulation in the main vessels and lymph flows.

Analysis of the averaged data results shows that on
the first day of measurements (immediately after injury)
the strongest MB and ICG fluorescence signal is visible in
the injured area, which is explained by the fact that the
increase in edema and the formation of hematomas occur
gradually, therefore, there were fewer obstacles to detect-
ing the signal in the injured area than in the following
days. In subsequent days, the intensity of the fluorescence
signal in the area of injury decreases. In the normal area,
the signal decreases more slowly and almost impercep-

tibly, and the fluorescence intensity is lower than in the
injured area. The results obtained in the form of images
show a similar picture: the injury attenuation function is
ahead of the normal attenuation function, due to which
the contrast of the injury against the normal background
in frames obtained with SFl is reduced.

Also, intense fluorescence of both drugs was
observed both in hematomas and in areas of skin dam-
age after shaving, which may be caused by the accu-
mulation of the drug circulating in the bloodstream in
hyperemia. Therefore, in future experiments, the rats
should be depilated instead of shaving to avoid adding
damage to the skin and thus introducing uncertainty
into the experiment.

Conclusion

The presented methods are non-invasive, which
makes them attractive and promising for diagnostic use.
However, due to the shallow depth of signal reception,
the condition of the injured spine can be determined
only indirectly, by the fluorescence signals from the near-
surface layers of the back accumulating photosensitizers.
However, detecting the difference in the fluorescence
signals from the “normal” area and the area of injury,
as well as in the dynamics of the signal by day, makes
it possible to detect and evaluate the degree of hema-
toma healing and reduction of hyperemia, which are
often indistinguishable to the naked eye. This suggests
that the method can be potentially used to control PDT
in spinal cord injuries.
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