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Abstract

The impairments of cerebral blood flow

microcirculation brought on by cardiac

and respiratory arrest were assessed with

multi-modal diagnostic facilities, utilising

laser speckle contrast imaging, fluores-

cence spectroscopy and diffuse reflec-

tance spectroscopy. The results of laser

speckle contrast imaging show a notable

reduction of cerebral blood flow in small

and medium size vessels during a few

minutes of respiratory arrest, while the

same effect was observed in large sinuses

and their branches during the circulatory

cessation. Concurrently, the redox ratio assessed with fluorescence spectros-

copy indicates progressing hypoxia, NADH accumulation and increase of FAD

consumption. The results of diffuse reflectance spectra measurements display

a more rapid grow of the perfusion of deoxygenated blood in case of circulatory

impairment. In addition, consequent histopathological analysis performed by

using new tissue staining procedure developed in-house. It shows notably

higher reduction of size of the neurons due to their wrinkling within brain tis-

sues influenced by circulation impair. Whereas, the brain tissues altered with

the respiratory arrest demonstrate focal perivascular oedema and mild hypoxic

changes of neuronal morphology. Thus, the study suggests that consequences

of a cessation of cerebral blood flow become more dramatic and dangerous

compare to respiratory arrest.
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1 | INTRODUCTION

Nowadays, prediction of early damage and microstruc-
tural reorganisation of cerebral tissues composition is
crucial for numerous acute states, and especially those
associated with a risk of brain death. The clinical death is
typically caused by cessation of blood circulation and/or
respiratory arrest [1]. In current study, we combined use
of modern photonics-based modalities, such as laser
speckle contrast imaging (LSCI), fluorescence spectros-
copy (FS) and diffuse reflectance spectroscopy (DRS), the
impairments of cerebral blood flow microcirculation
brought by cardiac cessation and respiratory arrest are
comparatively investigated.

LSCI is well-known imaging modality [2], and used
extensively in a number of blood microcirculation stud-
ies, including those of tumour angiogenesis [3], cutane-
ous vessels reaction to allergens [4, 5], skin complication
of diabetes [6], respiratory-related blood flow oscillations
[7], and visualisation of cerebral vascular network [8]. It
has been also demonstrated that with a combined appli-
cation of LSCI and intravital fluorescence imaging the
transcranial visualisation of brain's vascular bed can be
performed in terms of blood flow within single arteries
and veins [9–11].

DRS is a promising inexpensive noninvasive method
that is able to show real-time dynamics of acute cerebral
pathologies and to assess cerebral haemodynamics [12].
When FS and DRS are successfully utilised for monitor-
ing metabolic and morphological changes in biological
tissues in vivo [13].

In addition to the optical methods, histopathology is
widely used for quantitative assessment of brain damage
and direct visualisation of structural malformations
associated with diseases and brain death. Histopatholog-
ical analysis, used for the pathological changes within
brain tissues, includes both routine staining with
hemotoxylin and eosin (HE) as well as own new method
of staining. In case of classical approach of HE staining,
we are able to see only the most expressed pathology,
making conclusion questionable. With new method we
detect strong neuronal ischemia and vascular disorders
as well as two types of neurons stained with cresyl violet
and silver impregnation. The neuronal cells vary in
structural and tinctorial properties and indicate various
types of pathologies.

Thus, LSCI and DRS are used for evaluation of
impairments of cerebral blood flow and blood microcir-
culation brought on by acute hypoxia provoked by respi-
ration arrest and cardiac cessation. The associated
variations in metabolic activities in cerebral cortex are
assessed quantitatively by FS. In addition, the histopatho-
logical analysis is used to detect a hypoxic impact on the
cerebral cortex in terms of structural morphological
changes in postmortem brain tissues.

2 | MATERIALS AND METHODS

The experimental system combining LSCI, DRS and FS
imaging/diagnostic modalities is presented in Figure 1.

The laser source (10 mW, 785 nm operating wave-
length, Thorlabs, Inc., USA) illuminates the area of inter-
est through a diffuser. The back-scattered light is
collected via the lens (MVL25TM23, Thorlabs, Inc.,
USA), and the laser speckles analysis is performed by
high-resolution CMOS camera (DCC3260M, 1936 � 1216
pixels and 5.86-pixel size, Thorlabs, Inc., USA). To elimi-
nate single scattering, two crossed polarizers are placed
in front of camera objective and laser module (see Fig-
ure 1). The speckle contrast is counted for 40 Hz frame
rate and 20 ms expose time, as [14]:

C¼ σ

Ih ik
, ð1Þ

where σ is the standard deviation for the intensity of
the back scattered light, hIik is the mean intensity
value, h...i denotes averaging by k values of the
sequential stacks of images (k = 40). The spatial aver-
aging of raw speckle image obtained with CMOS cam-
era is performed utilising 5 � 5 pixels sliding window
[10]. This approach aims to improve the signal-to-noise
ratio and image quality. Speckle perfusion index (SFI)
is defined as [15]:

SFI¼ 1

2TC2 , ð2Þ

where T is the exposure time of camera.
Every frame of stack is normalised by frame with the

lowest mean of SFI. Thus, relative SFI is calculated as:
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relative SFI¼ 100� SFI tð Þ
baseline SFI

, ð3Þ

where baseline SFI is the averaged map by first
30 frames.

LSCI measurements are recorded at the same time
with FS and DRS measurements [13]. The FS mode
includes 365 nm LED and 450 nm laser diode to excite the
fluorescence of NADH and FAD coenzymes [16, 17]. Opti-
cal filters are used with cut off wavelengths of 400 and
490 nm (Thorlabs Inc., USA), respectively, to attenuate the
backscattered light. DRS mode includes 360 to 2400 nm
tungsten halogen light source HL-2000-FHSA (Ocean
Insight, USA). The FS and DRS spectra are recorded by
“FLAME” spectrometer (Ocean Insight, USA) and
analysed in the range of 400 to 900 nm. The custom appli-
cation is developed in MATLAB (MathWorks, Inc., USA)
environment for data recording, saving and controlling the
setup.

The computational analysis of spatial localisation of
the LSCI and FS detected signals [18, 19] at 785 nm
shows that the effective penetration depth in rodents tis-
sues lies in a range � 0.5–0.7 mm). Since the thickness of

skin and skull in rodents is about � 0.5 mm, the young
rats have been selected for noninvasive transcranial cere-
bral imaging.

To deliver the optical radiation into the cortex, a custom
fibre-optic probe is applied (see Figure 1). The probe has
1 mm diameter and 20

�
bevel to ensure a good contact as

well as not to damage brain tissues significantly. The probe
contains 10 optical fibres (0.22 NA). The central one
(200 μm in diameter) the light from the tissue surface to the
spectrometer [17], whereas the surrounding fibres (100 μm
in diameter, three fibres per light source). To avoid uncer-
tainties in spectral measurements associated with the local
suppression of superficial soft tissues [20, 21] the probe is
placed close to the skin surface without touching it. The FS
and DRS spectra are recorded during 1.5 and 0.5 s, respec-
tively. To avoid a photobleaching effect, fluorescence excita-
tion sources have been turned off between the
measurements. The examples of registered raw speckle
image, FS and DRS are shown in Figure 1B–D. Both
2 weeks old and 2 months old male Wistar rats were used
in the experiments. All animals were kept in controlled
environmental conditions (20–26�C of temperature, 50–60%
of humidity, 12 h day-night cycle and 10 times air exchange

FIGURE 1 Experimental multi-modal imaging system developed in-house (A): 1—CMOS camera, 2—camera lens, 3—785 nm laser, 4,

5—polarisers, 6—diffuser, 7—spectrometer, 8—filter holder, 9—365 nm LED, 10—450 nm laser diode, 11—halogen lamp, 12—needle

probe; close-up look of the needle probe. Example of raw speckle image from rat brain surface (B), “A” denotes “anterior” and “P” denotes
“posterior” anatomical directions; registered fluorescence (C) and diffuse reflectance spectra (D)
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per hour) in accordance with the principles of Good Labo-
ratory Practice [22].

The animals were anaesthetized by an intramus-
cular injection of Zoletil drug (dose—25 mg/kg,
Vibrac, France) and catheterized into right external
jugular vein with PM-60 polymer catheter (SciCat,
Russia, dext = 0.8 mm, dint = 0.4 mm). The jugular
veins catheterization approach is anatomically easily
accessible with a minimal influence on the circula-
tory system, and is also accompanied by a lower risk
of blood loss. The injection of drug into the jugular
vein in comparison with the tail vein provides better
compatibility [23]. After the anaesthesia, the animal
is placed on a heating table to control body tempera-
ture and is fixed in a 3D-printed animal body holder,
developed in-house, to avoid movement artefacts
[24]. All the manipulations with the animals are

approved by the ethical committee of the Orel State
University named after I.S. Turgenev (protocol
No. 10, 16 October 2018).

The experimental models of respiratory and cardiac
arrest are performed for the corresponding animals
groups by the injection of drugs combination via cathe-
ter (Figure 2). We have checked the heart rate
(to confirm the cardiac cessation) with an electrode
detecting the heart beats during the experiment. We also
counted the respiratory rate (number of diaphragm
contractions) by a visual registration of breathing acts.
As far as cisatracurium immediately causes a respiratory
muscles spasm, any last diaphragm contraction has
been considered as a breathing stop in the animal.

After LSCI, FS, DRS imaging and spectra recording,
brains of all the animals were fixed in buffered formalin.
Paraffin embedded sections of 5 μm thickness are prepared

FIGURE 2 Schematic presentation

of respiratory and cardiac cessation.

After placement in the stereotaxic

apparatus the animal was administrated

with drugs that caused immediate

respiratory arrest (propofol followed by

cisatracurium) or acute cardiac cessation

(lidocaine solution)

FIGURE 3 Blood flow dynamics in

time. The upper row corresponds to

respiration impair (A, B, C), and the

lower one to cardiac cessation (D, E, F).

Notable changes appear from 1st minute

of the recording (B, E). Video for blood

flow dynamics is available (Rat brain.

Cardiac cessation and respiratory arrest,

191.4 Mb, .avi [URL: https://doi.org/10.

5281/zenodo.4739049])
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with Microm HM 450 microtome (Microm International
GmbH, Germany) and stained with HE by standard proto-
cols [25] and with our own patented Nissl staining and sil-
ver impregnation combined method [26]. This new
approach allows to see both silver impregnated and cresyl
violet stained neurons with different structural and func-
tional properties. The prepared slides were studied with

Leica DM4 M Microscope (Leica Microsystems GmbH,
Germany) focusing on finding the possible ischemia and
vascular pathology changes in the motor cortex area, as
this region mostly contributes in the motor behaviour reg-
ulation (functioning as motor-related areas of cortex [27]).
Paxinos and Watson Rat Brain Stereotaxic Atlas [28] is
used as a reference guideline.

FIGURE 4 The LSCI images

observed during respiratory arrest

(A) and cardiac cessation (B) arrest with

the selected areas of particular groups of

vessels: 1—veins of medium calibre, 2—
vessels of microcirculation, 3—venous

sinus. Corresponded temporal variations

of relative SFI (C, D, E) observed during

respiratory (blue) and cardiac (red)

arrest in the selected areas: 1, 2,

3. Anatomical direction signs are same

as Figure 1B

FIGURE 5 The results of FS and

DRS measurements: (A) redox ratios of

fluorescence intensity (maxima

associated with NADH and FAD);

(B) DRS ratio obtained at 540 and

805 nm during respiration arrest (C)

and cardiac cessation (D)
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3 | RESULTS AND DISCUSSION

The impairments of cerebral blood flow microcirculation in
cardiac cessation and respiratory arrest are presented in Fig-
ure 3. Anatomical direction signs are same as Figure 1B.
The cerebral blood flow microcirculation measured with
LSCI at normal conditions are seen in Figure 3A,D.
Figure 3B,C, E show the map of cerebral blood flow micro-
circulation after 1 min of respiratory arrest and cardiac ces-
sation, respectively, whereas Figure 3C,F represent same
mappings after 2 min passed.

Temporal variations of relative SFI observed for the
areas which correspond to the large (venous sinus,
�100 μm in diameter), medium (veins of medium calibre,
�30–40 μm in diameter) and small (vessels of microcircu-
lation, �2–10 μm in diameter) cerebral blood vessels
(Figure 4A,B) are presented in Figure 4C–E. As one can
see, the relative SFI becomes steady for the first 30 s of
measurements for both models. While, for the respiration
arrest it takes 1 min (0.5–1.5 min) to get an extensive
decrease of the relative SFI while in case of cardiac cessa-
tion it occurs in few seconds (see Figure 4). Further, a
monotonic decrease of the relative SFI is observed with a
flop between 6 and 8 min of observation. The obtained
results suggest that for the respiration arrest the blood
flow becomes most influenced first in medium and large
size vessels (see Figure 4C and E, respectively), with the
following monotonic decrease of flow. Whereas in small
vessels the intensity of blood microcirculation decreasing
after first minute is preserved both in case of respiratory
arrest and cardiac cessation (see Figure 4D). The blood
flow in the venous sinus is dropped significantly and
much faster in case of cardiac cessation (see Figure 4E).

The results of FS and DRS measurements analysed
with Origin Pro (OriginLab Corp., USA) and MATLAB,
are presented in Figure 5. In the FS measurements, the
maxima of emission intensity at 490 to 510 nm (for the
excitation wavelength of 365 nm) and 510 to 530 nm (for
450 nm), respectively, are caused by the dominant contri-
bution of NADH (IFNADH) and FAD (IFFAD). The redox
ratio (RR) [29] defined as [30, 31]:

RR¼ IFNADH

IFFAD
ð4Þ

is used to evaluate a metabolic changes of brain tissues
associated with the impairments of cerebral blood flow
microcirculation brought by cardiac cessation and respi-
ratory arrest.

The RR demonstrates a progressive increase in
hypoxia, an accumulation of NADH and increased FAD
consumption. Trends identification for the full duration
of the experiment is carried out using an exponential
fitting with a R-square evaluation. These results are well
agreed with the results of an alternative study [32, 33].
The changes of RR are more expressed for the case of res-
piration arrest, and showing less influence in the acute
cerebral cortex ischemia due to cardiac cessation. The
acute intensity changes are observed for the first 5 min
after the heart arrest. The increase of RR is caused by
growth of NADH-associated fluorescence and decrease of
FAD. The obtained result suggests that blood circulation
fail leads to a more acute progression of ischemia and to
following metabolic derangements in brain cortex.

The DRS measurements at the range of wavelengths
associated with oxy- (540 nm) and deoxy- (560 nm)

FIGURE 6 The results of histopathological

analysis of coronal brain tissue sections in vitro:

(A, C) rat motor cortex stained with

haematoxylin and eosin; (B, D) rat motor cortex

stained with method developed in-house

utilising cresyl violet and silver impregnation

combination. The circles highlight vessels with

perivascular oedema (1), cresyl violet stained

neurons with nucleoli (2), totally impregnated

neurons (3), necrobiotic cells (4), ghost-like

cells (5)
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absorption peaks of haemoglobin, as well as at the iso-
bestic point of 805 nm of oxy- and doxy-absorption pro-
vides an extra opportunity to assess the changes in blood
content [34]. The results of DRS measurements show rel-
atively steady dynamics of the reflectance ratio between
maximum and minimum values, that do not exceed 5%
(see Figure 5B). Both cases demonstrate reflectance
changes (see Figure 5C,D) that are associated with the
decrements of oxyhemoglobin within the sampling vol-
ume. These changes have no significant impact on the
results of FS which are influenced by metabolic changes
due to hypoxia [35, 36].

In addition to the results of LSCI, FS and DRS mea-
surements mentioned above, the histopathology analysis
of brain tissues is presented in Figure 6. In the brain cor-
tex sections of the first respiration arrest group, a focal
perivascular oedema and mild hypoxic changes of neuro-
nal morphology are clearly seen (see Figure 6A). In the
case of cardiac cessation, the brain cortex contains a sig-
nificant number of hyperchromic wrinkled neurons, glial
nodules at the site of necrotic neurons, as well as peri-
cellular oedema in all tissue sections (see Figure 6C).

For specimens stained with the new approach devel-
oped in-house, in both cases the pathological changes in
nervous tissue morphology are observed (see Figure 6B,D).
The results of histopathology analysis for the group of ani-
mals with cardiac cessation also show a more considerable
size reduction of impregnated and cresyl violet stained neu-
rons due to their wrinkling. There are also initial stages of
anucleated pale “ghost-like” neurons forming, a less distinct
neuropil structure, a decreased basophilia of cellular cyto-
plasm (due to the reduction of activity in synthetic appara-
tus, or chromatophilic substance), a less smoothed outline
of the neurons as well as dark impregnated neurons, (see
Figure 6B,D). The new staining approach allows to compare
the changes in neuronal morphology provoked by impair-
ments of cerebral blood flow microcirculation brought by
cardiac cessation and respiratory arrest.

4 | SUMMARY AND
CONCLUSIONS

In acute respiratory arrest there is a gradual increase of
hypoxia as well as a slowdown of haemodynamics. For
acute circulatory impair we observe an immediate cease of
oxygenated blood supply to the brain cortex. We conclude
that acute cardiovascular impair (e.g., sudden cardiac
arrest) is more life-threatening and leads to a faster
increase of neuronal metabolism deficiency in comparison
with acute respiratory impair. After long time hypoxia, the
biochemical processes shift to the low energy mode and
provide a resistance to hypoxia until a state of full anoxia

is achieved. The obtained results are well agreed with
known literature data. Changes of FS intensities, which
lead to a RR increase, might be noticed after 5 min, while
the trend for DRS ratios remains almost the same, espe-
cially in the case of respiration impair. Blood circulation
in vessels of cerebral cortex stops in case of respiratory
arrest after about 2 min while in heart arrest it happens
after about 1 min. Changes in the brain tissue oxygen satu-
ration for heart arrest become evident during the first
5 min, but for acute breathing fail there are almost no
changes. Heart arrest manifests by a more acute hypoxic
state in cerebral cortex comparing to what is happening
when breathing is impaired. So, acute cardiovascular
impair is more life-threatening. It causes a rapid increase
in neuronal metabolic deficiency comparing to acute respi-
ratory impair. This may serve to personalise the manage-
ment of patients after acute circulatory and respiratory
arrest for prognosis and rehabilitation. The utilised multi-
modal photonics-based approach of brain tissue functional
monitoring may allow to bring a complex assessment with
laser speckle and spectroscopy methods for evaluation of
brain metabolism changes in neurosurgical patients.
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