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Abstract. Recent studies have shown that time-resolved optical measurements of the head can estimate changes in
the absorption coefficient with depth discrimination. Thus, changes in tissue oxygenation, which are specific to
intracranial tissues, can be assessed using this advanced technique, and this method allows us to avoid the influ-
ence of changes to extracerebral tissue oxygenation on the measured signals. We report the results of time-resolved
optical imaging that was carried out during carotid endarterectomy. This surgery remains the “gold standard”
treatment for carotid stenosis, and intraoperative brain oxygenation monitoring may improve the safety of this
procedure. A time-resolved optical imager was utilized within the operating theater. This instrument allows for
the simultaneous acquisition of 32 distributions of the time-of-flight of photons at two wavelengths on both
hemispheres. Analysis of the statistical moments of the measured distributions of the time-of-flight of photons
was applied for estimating changes in the absorption coefficient as a function of depth. Time courses of changes
in oxy- and deoxyhemoglobin of the extra- and intracerebral compartments during cross-clamping of the carotid
arteries were obtained. A decrease in the oxyhemoglobin concentration and an increase in the deoxyhemoglobin
concentrations were observed in a large area of the head. Large changes were observed in the hemisphere
ipsilateral to the site of clamped carotid arteries. Smaller amplitude changes were noted at the contralateral
site. We also found that changes in the hemoglobin signals, as estimated from intracerebral tissue, are very sensitive
to clamping of the internal carotid artery, whereas its sensitivity to clamping of the external carotid artery is limited.
We concluded that intraoperative multichannel measurements allow for imaging of brain tissue hemodynamics.
However, when monitoring the brain during carotid surgery, a single-channel measurement may be sufficient.
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1 Introduction

Carotid endarterectomy is a surgical procedure that removes
arteriosclerotic plaques from carotid arteries. The surgery is a
relatively safe and effective intervention for reducing the risk
of stroke'™ that is offered to patients with high-grade carotid
stenosis. The surgery is carried out after clamping the carotid
artery, which may cause hypoxia of the brain tissue. Temporal
intraluminal shunts may be used to reduce the risk of periopera-
tive stroke. Intraoperative monitoring of brain perfusion is
essential for effective outcomes following this procedure, pro-
vided enough information on the necessity of shunt installation
and the potential occurrence of watershed infarction following
the surgical procedure is obtained.*

Rapid development of new brain imaging modalities has
occurred over the last two decades. Methods like computed
tomography,’ diffusion-weighted MRI%” quantitative brain per-
fusion by single-photon emission computed tomography,® and
transcranial Doppler ultrasound techniques’ have been applied
pre- and/or postoperatively and may be useful for the prevention
and detection of postsurgical complications in the brain.
However, most of the imaging methods available for clinical
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use require transportation of the patient to the imaging facility
and cannot be used in the operative theater.

When carotid arteries are clamped, the reduction in the blood
velocity can be intraoperatively monitored in the middle cere-
bral artery by the transcranial Doppler ultrasound technique
(TCD).'® This method may be used to control the effectiveness
of intraoperative shunts. However, considerable skill and experi-
ence are necessary to carry out this technique and interpret the
obtained intracranial sonograms. Moreover, this measurement
cannot be carried out in about 10% of patients because of
insonation is impossible of intracranial due to the thickness
and density of the temporal bone.

Electroencephalography'!*! or the monitoring of somatosen-
sory-evoked potentials'>™'® may also be used for intraoperative
monitoring of the neurological consequences of carotid artery
clamping.

The third technique considered for monitoring brain tissue
during carotid surgery is near-infrared spectroscopy. Near-
infrared spectroscopy (NIRS)!78 is an optical technique with
good potential for the bedside assessment of brain oxygena-
tion.!*?" The method evaluates changes in oxy- and deoxy-
hemoglobin, which can reveal different spectral properties in
the near-infrared range of wavelengths.?! The small size of
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the instrumentation and its compatibility with biomedical
monitoring devices also allows this technique to be used
intraoperatively.

Classical NIRS measurements are carried out by fixing a
source and detecting fibers or fiber bundles on the surface of
the head and analyzing changes in the attenuation of the detected
light. Source-detector separation is typically in the range of 2 to
4 cm. These changes in the attenuation of light are measured at
several wavelengths and can be used to calculate changes in
oxy- and deoxyhemoglobin. A distinct drawback of this techni-
que, called continuous wave NIRS (cwNIRS), is connected with
the fact that the measured brain oxygenation signals are con-
taminated by changes in the oxygenation of the extracerebral
tissue. Measurement at several source-detector separations can
be employed for improved differentiation of the signal origin-
ating from the brain.”>** In addition, two other modern opto-
electronic techniques can be employed for this purpose. The
first is the frequency-domain method in which the light that
is shone onto a tissue is modulated at a high frequency. The
phase shift between the emitted light wave and optical signal
that is detected after penetration into the tissue is related to
the path length of the photons between the source and the detec-
tor.>?” The second methods, which is the more sophisticated
optical technique, is based on the emission of short (typically
picosecond) laser pulses into the tissue and analysis of the
broadening of these pulses during penetration into the tissue.”>*
This technique is expensive and technically advanced, but
potentially allows for the differentiation of information originat-
ing from the brain and extracerebral tissue layers.”>* In the
present study, we show how the advantages of the time-resolved
optical measurements can be utilized to evaluate brain oxygena-
tion changes during carotid artery clamping following carotid
endarterectomy.

NIRS techniques were already intensively tested as monitor-
ing tools for brain assessment during carotid endarterectomy>'*?
In several studies, the authors have shown the usefulness of the
NIRS technique**™° and they compared the effectiveness of this
technique with transcranial Doppler sonography,’-*38:40:45.50
EEG measurement,”*%*>** and the measurement of carotid
artery stump pressure’>*® for the prediction of the ischemic
consequences of carotid endarterectomy. Recently, the NIRS
technique has been extended to imaging, successfully applied
during carotid endarterectomy, and shown preliminary potential
for the detection of localized watershed infarction.**

A review of the NIRS validation studies was published and
suggests that the method is potentially interesting.>! The pub-
lished study indicates the possible benefits of the NIRS techni-
que utilization. However, the acceptance of this modality for
the routine monitoring of patients undergoing carotid arteries
endarterectomy needs studies that are carried out on large co-
horts of patients. Moreover, the instruments offered by different
manufacturers are not standardized and the signal-processing
algorithms used may differ significantly. These instrumental
discrepancies represent a serious obstacle for comparing results
obtained by different clinical groups.

This phase of NIRS development is not finished and new,
very sophisticated optical techniques (i.e., frequency-domain
and time-resolved methods) have been introduced to measure
brain oxygenation. However, up to now, these techniques
were not applied for monitoring changes in brain oxygenation
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following carotid surgery. For the first time, we applied the
time-resolved NIRS (trNIRS) technique for monitoring the brain
during a carotid endarterectomy. The instrument was equipped
with multiple source-detector pairs that were distributed on the
head surface. This technique allowed us to image changes in
tissue oxygenation with improved depth discrimination over a
large area of investigated tissue.

2  Methods

2.1 Instrumentation

Experiments were carried out using our selfconstructed, time-
resolved optical imager during carotid endarterectomy (Fig. 1).
Our setup allows us to simultaneously assess changes in oxy
and deoxyhemoglobin with depth discrimination by using 32
source-detector pairs located on the head (see Fig. 1).

The measurement method is based on the emission of
picoseconds-long laser pulses into the brain tissue and the anal-
ysis of the temporal broadening of the reemitted light pulses
using time-correlated single-photon counting (TCSPC) electro-
nics. The light pulses from two laser diodes were controlled
using Sepia PDL 808 (PicoQuant, Germany) were sequentially
delivered to 18 points on the surface of the patient’s head using
two fast optomechanical fiber switches (1 X 9; Piezosystem
Jena, Germany). The switching frequency was 10 Hz. To detect
the reemitted light from the tissue, eight fiber bundles measuring
4-mm in diameter were used (Loptek, Germany). The source
fibers and the detecting fiber bundles were placed on the head
surface and they formed a 4 X 4 emitter-detector grid on each
hemisphere, as shown in Fig. 1. The sourcedetector distance
was fixed to 3 cm using a holder constructed of a thermoplastic
material and soft rubber foam, which provided a good fit
between the holder and the head. Eight photomultiplier tubes
(R7400U-02; Hamamatsu Photonics, Japan) were used for de-
tection of the diffusely reflected light at the 32 source-detector
pairs. Eight independent TCSPC PCI boards (SPC-134; Becker
& Hickl, Germany) were used for the acquisition of the distri-
butions of the times of flight of the photons (DTOFs).

The instrumental response function (IRF) was measured by
positioning the source fibers in front of the detecting bundles.
The detecting bundles were covered with a sheet of white paper
in order to fill up the whole numerical aperture of the bundle.’!
IRF of every source-detector pair was measured at both wave-
lengths, which was not longer than 800 ps (full width at half
maximum, FWHM), and was in the range described by other
studies on adult brains.’>> The width of the IRF depends
on the laser pulse width and dispersion of light propagation from
the emitting fibers. However, most important factor regarding
the IRF width is the length and numerical aperture of the detect-
ing fiber bundles and temporal response of the detectors being
used. Considering the short distance between the output face of
the detecting fiber bundle and the detector (less than 10 mm), the
numerical aperture of the detecting system is large which leads
to a high efficiency of photon detection. Under such conditions,
a trade-off between the number of collected photons and width
of the IRF is reached. It should be noted that even for the IRF
width used in our time-resolved optical system (800 ps), rapid
changes in the absorption coefficient of the brain tissue can be
assessed because the stability of the IRF is most important for
the proposed analysis of the measured DTOFs.
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Fig. 1 The timeresolved optical imager used for intraoperative measurements. This setup is controlled by an industrial computer and consists of a laser
driver with 2-ps laser diodes operating at wavelengths of 687 nm and 832 nm. Two optomechanical fiber switches deliver the light to the surface of the
head. The diffusely reflected light is collected by the fiber bundles and eight independent time-correlated single-photon counting (TCSPC) channels
with the photomultiplier tubes (PMT). The laser driver triggers the diodes with an 80-MHz frequency and sends the synchronization signal to the TCSPC
electronics. Data from 32 source-detector pairs, forming a 4 x 4 array on each hemisphere, are recorded at a frequency of 1 Hz.

The holder of the optical fibers and optical fiber bundles was
specially designed for application to the surface of the head by
hand. The assistant fixes the holder by hand in such a position
that the middle of each optode setup is located above the C3
and C4 points (according to the specification of a 10-20 EEG
system). Thus, the measurement area is able to cover the motor
cortex region of the brain.

2.2 Patients and Operating Procedure

A group of 16 patients with atherosclerotic disease was moni-
tored by the trNIRS method during routine carotid endarterect-
omy surgery at the Department of Vascular Surgery and
Angiology, Centre for Postgraduate Medical Education, War-
saw, Poland.>*? Eleven males and 5 females with a mean age
of 73 years, ranging from 54 to 87 years, were examined. During
the whole measurement campaign, 6 left and 10 right carotid
arteries were operated on. This research was approved by the
hospital’s ethics committee.

During the measurements, the patients were horizontally
positioned with the head fixed to the operating table. A dark
curtain, which isolated the fiber holder from external light
sources, was placed next to the patient’s head. During the
whole endarterectomy procedure, the patients were conscious
the entire time in order to observe neurological reactions caused
by cross-clamping of the carotid arteries. A local anesthesia was
introduced at the neck. The patient’s head was rotated about
30 deg in order to expose the operating field. The fiber holder
was fixed to the head only during the crossclamping of the
carotid arteries. Each stage of the surgery was announced by
the surgeon and marked as an event in the data log. After the
arteries were prepared, the clamps were fixed to the external
carotid artery (ECA), common carotid artery (CCA), and inter-
nal carotid artery (ICA). Then, the cross-camping procedure was
performed and the patient was carefully observed in order to
evaluate the clinical symptoms of ischemia.
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The crossclamping procedure of each artery was carried out
in the following order (Fig. 2): first, the ECA was occluded, after
approximately 4 s, the CCA and then the ICA were occluded.
The time between the occlusion of the CCA and ICA was
usually less than 1 s. Thus, it was assumed that the time of
CCA occlusion was identical to the time of ICA occlusion.
The proper order of cross-clamping is essential for the preven-
tion of microembolization. In the case of loss of consciousness
or other neurological deficit, the intraluminal shunt was inserted,
the selected artery was opened, and the atherosclerotic plaque
was carefully removed. The duration of cross-clamping the
carotid arteries was between 12 and 26 min. After the carotid
plaques were removed, restoration of blood flow was performed
in the following manner: first in the ECA, then the CCA, and,
finally, the ICA. This order is very important in order to prevent

ECA ICA

CCA

2.

Fig. 2 Stages of crossclamping the carotid arteries during carotid
endarterectomy. (1) Crossclamping of the external carotid artery (ECA).
(2) Crossclamping of the common carotid artery (CCA). (3) Crossclamp-
ing of the internal carotid artery (ICA).
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transpositions of small atherosclerotic particles from the blood
stream into intracerebral circulation.

2.3 Data Analysis

The main goal of utilizing a time-resolved imaging system
during carotid artery endarterectomy is to assess changes in oxy-
hemoglobin (AHbO,) and deoxyhemoglobin (AHb) concentra-
tions with depth discrimination. For this purpose, we applied a
procedure based on the analysis of the statistical moments of the
distributions of time of flight of photons and their sensitivity
factors that have been previously described.?>>* We considered
three statistical moments of the DTOFs: N, the total number
of photons (zero-order, non-normalized moment integral); (z),
the mean time of flight of photons (first moment); and V, the
variance of the DTOF (second-centralized moment).

The human head under investigation is an inhomogeneous
medium and represents a layered structure. In such a multi-
layered model, we can distinguish two main compartments:
extracerebral tissues (i.e., scalp, skull, etc.) and the intracerebral
part, in particular the brain cortex. Evaluations of changes in the
absorption coefficients of each compartment at two wavelengths
in the near-infrared region led us to separately assess AHbO,
and AHD in the brain cortex and extracerebral tissues.

The diffuse reflectance Eq. (1) describes light propagation in
the semi-infinitive homogenous medium as a function of time, ¢,
and distance, p, between the source and the detector, assuming
a delta Dirac light source pulse with absorption and diffusion
coefficients that are homogenously distributed over the whole

volume:>

2
- 3, p
Ru(po1) = (ul)~ (42Dc) 252 exp (—W —uacz>,
1)

where D is the diffusion coefficient (D = [3(u, + u)]™"), ua
is the absorption coefficient of the medium, and u/ is the
reduced scattering coefficient. Going further, we can assume
the appearance of a change in the absorption coefficient,
Ap,, in a small inclusion of volume, dV, inside the medium
in a location defined by vector r. It is possible to calcu-
late time-dependent changes in the diffuse reflectance,
AR(r,p,t), that are measured on the surface of the medium
at source-detector separation, p, by the following equation:

AR(r,p,t) = ApdV(p(r,t) @ E(r,p,1)], (2)

where function, @, is the time-dependent fluence rate of
photons in the medium at location r and E is the escape func-
tion, which describes the probability that the photon emitted
from location r will reach the detector at distance p from the
source position.”*® By knowing the form of the function
R, (1) and AR(2) we can derive the theoretical form of the
diffusive reflectance, R;, for the medium with the inclusion
located at r:

Ri(r,p.t) = Ry(p.t) + AR(r,p. 1). 3)

From the theoretical equations of diffuse reflectance, R;, and
R;(r,p, 1), we calculated the changes in the moments that occur
after the appearance of absorption inclusion in the medium:
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Ntoti
AA, = —, 4
Ntolh ( )
Aft), = (1) = (O, ©)
AV, =V, =V, (6)

where the index, h, indicates moments of the theoretical
DTOF calculated for the homogeneous medium and the
index, i, indicates moments of theoretical DTOF calculated
for the medium with a small absorption inclusion, Ag,.

The theoretical model of the head that was adopted for
our investigations consisted of 10 layers, each 0.3-cm thick
[Fig. 3(a)]. On the surface of these layers, the distributions of
the times of flights of the photons were collected in semi-infinite
geometry. We assumed that the first three layers correspond to
the extracerebral compartment and the layers from 6 to 10 repre-
sent the brain cortex [Fig. 3(a)]. Additionally, layers 4 and 5
were introduced to the analysis as a transition compartment
that was considered in order to reduce crosstalk between the
two main compartments during calculations. The above-
described theoretical model of light propagation in the turbid
media with the inclusion was utilized to determine the sensitiv-
ity factors of the moments of DTOFs [Fig. 3(b)].

The sensitivity factors of the three moments for each layer
indexed by [ are described as:

AA,
MPP, = . @)
! A/'4a.l
A
MTSF, = 200 ®)
A/‘a,l
A
VSF, = V’, )
A/‘a,l

where MPP, is the mean partial path length, MTSF, is the
mean time of flight sensitivity factor, and VSF, is the

normalised sensitivity factors
00 02 04 06 08 10
———

extracerebral layers {

intermediate layers { 1 ——mee
£ g] ——wrsF
o a| ——vsF
Pt 8]

intracerebral layers

HEICIEIICI R A L

(a) (b)

4

Fig. 3 Assumed model of a human head (a) where the layered model of
the medium is represented by 10 theoretical homogeneous layers of the
same thickness (0.3 cm) that are divided into three compartments: extra-
cerebral, intermediate, and intracerebral and, corresponding to this
model, the courses of the sensitivity factors of the moments of DTOFs
as a function of depth (b). The mean partial path length (MPP), mean
time of flight sensitivity factor (MTSF), and variance sensitivity factor
(VSF) indicate the sensitivity of each moment (integral, mean time of
flight, and variance, respectively) for absorption changes at the equiva-
lent layer. It could be marked that variance is most sensitive to changes
in the intracerebral compartment. The sensitivity factors of the moments
of each compartment were calculated by summing MPP, MTSF, and
VSF for the layers belonging to each corresponding compartment.

January 2012 « Vol. 17(1)



Kacprzak et al.: Application of time-resolved optical brain imager for monitoring cerebral oxygenation during carotid surgery

variance sensitivity factor, and Ay, ; is the change in the
absorption coefficient in the layers indexed by /. In particular,
the medium was divided into voxels of the size 0.33 X 0.33 X
0.33 cm and changes in the moments AA;, A(t),, and AV,
were calculated for inclusions that successively appear in
each voxel. The sensitivity factor of each layer was obtained
by integration of the voxels that corresponding to each
particular layer.

Unfortunately, this method only allows us to calculate the
sensitivity factors with the assumption that initially the medium
was homogeneous, and it yields significant errors in the vicinity
of the source and the detector positions. In order to provide the
background optical properties for calculations of the sensitivity
factors used for the analysis of the in vivo data, u,, u;, and Ay,
were evaluated from the measurement of the DTOFs on the head
of the subject before and after cross-clamping of the carotid
artery, respectively. The method of the moments of the DTOFs>’
was used to obtain the optical properties of the medium with
the assumption that the tissues under investigation were homo-
geneous.

The changes in the sensitivity factors as a function of depth
are presented in Fig. 3(b). It is noted that variance is the most
sensitive moment for changes of absorption coefficient in the
deeper layers and the statistical moment, which is most sensitive
to superficial changes in absorption and is the integral of the
DTOF. The profiles of the sensitivity factors as a function of
depth may depend on the wavelengths utilized. However, it
was assumed that for both wavelengths used in the experiment
the same profiles can be adopted. This method for calculating
sensitivity factors was previously proposed and it was utilized
in other trNIRS experiments, i.e., motor cortex stimulation>* and
monitoring the inflow of exogenous dye to brain tissue.?>*

The sensitivity factors of the moments for each compartment
were calculated by summing up MPP, MTSF, and VSF of the
layers of each corresponding compartment. Using the theore-
tically estimated sensitivity factors and the moments of the
measured DTOFs, we evaluated changes in the absorption
coefficient of all three compartments by solving the system
of equations:

MPP, MPP,  MPP; Apg
MTSF, MTSF, MTSF; | - | Au,»
VSF, VSF, VSF; Apty s
(10)
—log(Niic/Niow)
= (t)c = (1) :
Ve=Vy

where MPP,, MTSF,, and VSF, correspond to the sensitivity
factors of the moments summed for the extracerebral layers
(k =1, compartment 1), intermediate layers (k = 2, com-
partment 2), and intracerebral layers (k = 3, compartment 3);
Ay, ; represents the unknown change of the absorption coef-
ficient in each compartment; N, (), and V are the moments
calculated from the measured DTOFs indexed by 0 and C,
respectively, for the measurements taken before and after
crossclamping of the carotid arteries.

The changes in the absorption coefficient obtained by
solving Eq. (10) are related to the changes in concentration
of AHbO, and AHb in each compartment:
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[Aﬂa,k(/ll):| — 1n(10) - eroz(/{l) emp (A1)
Aty (A2) emo2(42)  emp(42)
Acupo2 i ]
11
[ Acyp k (an

where eyp0p and ey, are the molar extinction coefficients of
oxy and deoxyhemoglobin, respectively. The molar extinc-
tion coefficients were taken from spectra published by Wray
et al.?!

For every measured DTOF, background subtraction and cor-
rection for differential nonlinearity of the TCSPC electronics
were performed. When calculating the moments, integration
was carried out for the part of the DTOF in which the number
of counts was larger than 1% of its maximum number of counts
recorded in the every single DTOF.

3 Results

In Figs. 4 and 5, the time courses of oxy and deoxyhemoglobin
for the extra and intracerebral compartments following cross-
clamping of the carotid arteries are presented. The results
obtained for patient 1 (74-year-old man) during left carotid
artery endarterectomy are presented in Fig. 4. The results
obtained for patient 2 (71-year-old woman) during right carotid
artery endarterectomy are presented in Fig. 5. Each panel
corresponds to the 16 channels sampled on the ipsilateral and
contralateral hemispheres (in respect to the side of the artery
clamped), and it demonstrates the time courses of oxy and
deoxyhemoglobin in the extra and intracerebral compartments.
Markers M1 and M2 in Figs. 4 and 5 indicate the moment of
crossclamping of the external carotid artery (ECA) and the inter-
nal carotid artery (ICA), respectively. Trends in the changes in
hemoglobin concentrations presented in Figs. 4 and 5 were
observed in the whole group of studied patients. It was noted
that the crossclamping procedure caused a rapid decrease in the
level of oxyhemoglobin in all source-detector pairs in both
hemispheres in the extra as well as in the intracerebral compart-
ments. However, these phenomena occurred on a larger scale in
the ipsilateral hemisphere than in the contralateral hemisphere. It
was also observed that the drop in oxyhemoglobin for the extra-
cerebral layer occur before the intracerebral compartment. This
effect is due to the delay between the moments of crossclamping
ECA and ICA, as indicated by markers M1 and M2, respec-
tively. This effect was observed in both patients in the ipsi and
contralateral hemispheres. Similar changes are observed in the
deoxyhemoglobin signal, but in this case the expected increase
in the signal occurred after the arteries were clamped. The tem-
poral reactions to the clamping procedure can be observed in
more detail in Fig. 6 where the average signals for all measured
positions on the ipsilateral hemispheres are presented for both
patients.

Cross-clamping of ECA and ICA caused dynamic changes in
oxy and deoxyhemoglobin, but after a few tens of seconds, sta-
bilization of the signal was observed in all source-detector pairs
(Figs. 4-6). The average values of the oxy- and deoxyhemoglo-
bin changes observed after stabilization of both compartments in
both hemispheres are compared in Table 1. It was also noted that
the drop in the signal of the oxyhemoglobin concentration was
faster in the intracerebral compartment than in the extracerebral
compartment.
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Fig. 4 Changes in oxy- and deoxyhemoglobin observed in patient 1. Markers M1 (t = 13 s) and M2 (t = 17 s) indicate cross-clamping of ECA and ICA,
respectively. It should be noted that the drop in oxyhemoglobin in the ipsilateral hemisphere is larger than the drop in the contralateral hemisphere.
Delay between the drop in the extracerebral AHBO2, which was crossclamped at t = 13 s, and the drop in intracerebral AHBO2, which was
crossclamped at t = 17 s, can be observed. Similar but inverse effects were observed for deoxyhemoglobin in both hemispheres and the intra

and extracerebral compartments.
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Fig. 5 Same as Fig. 4 but for patient 2. (M1 [t =11 s] and M2 [t = 15 s]).

The time of stabilization, At,, of the signal of Acy,g, after
the cross-clamping of ICA and ECA was also analyzed. Af, was
calculated to be the period between the time of cross-clamping
of the artery, ), as indicated by the corresponding marker, M1
or M2, and the time, f,, when the derivative of Acy,g, reaches
30% of signal in ty;. At, can be given as At; = t, — ty.

Due to the low signal-to-noise ratio and high movement arti-
facts observed in the vast majority of patients, the grand average
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was carried out of the selected signals from the whole group
under investigation. The results obtained from the grand average
are presented in Table 1. For the grand average procedure,
changes in the oxy- and deoxyhemoglobin concentrations in
the intra- and extracerebral layers of the 46 channels positioned
on the ipsilateral hemisphere and 59 channels positioned on con-
tralateral hemispheres were selected in 9 patients, including
results from 2 patients presented in Figs. 4, 5, and 6. The signals
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Fig. 6 Average signals of AHbO2 and AHb in the ipsilateral
hemispheres of patients 1 (a) and 2 (b). Markers M1 and M2 indicate
crossclamping of ECA and ICE, respectively. The time delay between
the drop in the signal of AHbO2 in the extracerebral layer and the
intracerebral compartment can be observed.

recorded in the other eight patients were rejected due to very
high noise and moving artifacts caused by difficult measurement
conditions.

Channels for the grand average were selected by manually
checking all signals from the whole group of patients. If Acypon
decreased and Acy, increased after cross-clamping of the
corresponding artery in both the intra- and extracerebral layers
of the selected channel, the signal was used in the grand average
procedure.

The visualization of changes in oxyhemoglobin on the
surface of the brain cortex for patient 1 is presented in Fig. 7.
The maps of the three time intervals were recalculated for both
hemispheres. In Fig. 7(a), the initial level of AHbO,, before
crossclamping of ICA, is presented, which was calculated 5 s
before crossclamping of ECA. In Fig. 7(b), a decreasing concen-
tration level was observed as a consequence of the ICA cross-
clamping. Figure 7(c) illustrates the spatial distribution of the
oxyhemoglobin concentration on the surface of the brain cortex
20 s after crossclamping of the intracerebral carotid artery. It
can be observed that the dynamics of the drop in the concentra-
tion of AHbO, is spatially homogeneous in the area that was
imaged using the trNIRS technique. For a better representation,

L) A

Fig. 7 Visualization of the changes in the oxyhemoglobin concentra-
tion on the surface of the brain cortex during (a) the initial stage of the
surgery, (b) 3 s after crossclamping of ICA, and (c) stabilization stage
20 s after crossclamping of ICA.

the measured maps were interpolated from the size 4 X 4 to
7 x 7 using the 2-D data interpolation function of the Matlab
package (Mathworks, USA).

4 Discussion and Conclusions

Application of the constructed time-resolved optical brain
imager for monitoring brain oxygenation during carotid endar-
terectomy is presented. This paper is a first report on the use of a
time-resolved technique in combination with multichannel
measurements during crossclamping of the carotid arteries in
the operating room. Our results could be also beneficial for
the further development of monitoring methodology to assess
brain oxygenation in patients during carotid surgery because
by using this technique we were able to assess oxygenation of
the tissue of the head with depth discrimination.’®>* Thus, the
influence of the skin and the extracerebral tissue can be omitted
during monitoring of brain hemodynamics.>®%%

Monitoring of brain hemodynamics during cross-clamping
of the carotid artery revealed distinct changes in the concen-
tration of oxy- and deoxyhemoglobin in the brain cortex. The
observed variations in brain oxygenation were similar in each
source-detector pair. These phenomena may suggest that
effective monitoring of brain oxygenation during carotid artery
surgery could be routinely carried out by single-channel
measurement with a device much simpler than our trNIRS
imaging system. This problem has also been discussed by
other authors.?!

It was observed that the drop in the signal in the ipsilateral
hemisphere was more significant than the drop the contralateral

Table 1 Comparison of changes in the concentrations of oxy- and deoxyhemoglobin in the intra- and extracerebral tissue compartments on
both sites of the head and the results of the grand average procedure for chosen optodes in the whole group of the patients.

Patient 1 Patient 2 Whole group (selected optodes)

AHbO,/uM  AHb/uM  At,/s  AHbO,/uM  AHb/uM  At,/s  AHbO,/uM  AHb/uM  At,/s
Ipsilatreal Intracerebral -6.3 2.2 18 -6.6 1.3 20 -59+£1.5 13+£03 2043
Extracerebral -5.1 1.3 22 -5.5 2.4 25 -4.5+1.1 20+£1.2 25+4
Contralateral  Intracerebral -4.0 1.0 21 -4.1 1.3 25 -42+18 1.6+06 26+3
Extracerebral -3.3 1.2 23 -3.6 1.3 30 -3.0+1.3 1.2+£05 2742
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hemisphere, which can be explained by brain hemodynamics
and anatomy. The observed effect on the oxygenation signals
in the contralateral site of the head suggests that in the monitored
patients the ipsilateral hemisphere was supplied by the contral-
ateral and vertebral arteries through the circle of Willis.*°

The obtained results are also very interesting from the point
of view of optical measurement methodology. This is the first
report that a timeresolved optical imager equipped with 2
wavelengths, 32 emitting fibers, and 8 independent detection
channels can be used during the clamping of carotid arteries,
which could be a very good model for depth-resolved analysis.
As it is shown in Figs. 4, 5, and 6, the previously proposed sig-
nal-processing methods**33> enable the separation of changes
in the concentrations of oxy- and deoxyhemoglobin in the extra-
and intracerebral compartments. The delay between moments of
reaction in the oxygenation signals obtained from the intra- and
extracerebral compartments is clearly visible in Fig. 6. This
delay reflects the sequence of cross-clamping the ECA and ICA,
which mostly supply the extra- and intracerebral tissue compart-
ments, respectively.

In our setup, a single map of the oxy- and deoxyhemoglobin
concentration changes from both hemispheres was obtained
within about 1 s. This sampling frequency enables the measure-
ment of rapid changes in oxygenation and is near the sampling
frequency used in commercial non-timeresolved devices.

The introduction of a brain imager into the operating room
was relatively easy, considering the limited space available
in the operating room and the presence of other standard
equipment necessary for surgeries. The trNIRS device was
constructed on a transportable trolley in a cabinet measuring
60 X 60 X 140 cm. During the surgery, it was positioned next
to the patient’s head, so access to the patient’s head was limited
because three members of the surgical team required access to
the relatively small operation area. Measurements were carried
out using the large holder with the emitting fibers and detecting
fiber bundles. This rather heavy setup was placed very near to
the operating field around the patient’s head. An additional
obstacle in NIRS measurements is the fact that the operating
field is very intensively illuminated. This illumination could
result in a decrease in the signal-to-noise ratio and is dangerous
for sensitive photomultipliers tubes that could be destroyed by
accidental over-illumination. For the measurement procedure,
two people were necessary: the control software operator and
the assistant responsible for fixing the fiber holder cap to the
defined position on the head during the critical moment of
the surgery. Because of the fact that during the whole operation
the patients were kept conscious and the surgical field was
located close in respect to the measurement site, the recorded
signals were usually unstable with large movement artifacts.®!
In fact, many of the recorded signals could not be analyzed
because of low quality, high level of noise, and motion artifacts.
In many cases, a good quality signal appeared only in several
channels, but only in two of the cases we were able to properly
register the entire constellation of changes in the concentrations
of oxy- and deoxyhemoglobin. A reduction in the number of
emitting fibers and detecting fiber bundles may reduce the pro-
blem of movement artifacts because mounting the optode holder
on the head would be easier. However, this solution would lead
to reduction in the size of the monitored area of the brain.
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Although carotid endarterectomy remains the “gold
standard” treatment for carotid stenosis, carotid stenting and
angioplasty are also frequently performed.®>** In selected
patients with acute cerebral artery thrombosis, one can offer
direct thrombolysis with or without endovascular procedures.
In all possible extra- and intracerebral vascular procedures, an
objective measurement technique and adequate equipment for
brain oxygenation monitoring is expected to detect and recog-
nize on-line deficits in cerebral blood perfusion caused by
thrombosis or embolization. This remains essential to prevent
and properly cure neurological disturbances that may occur
during vascular procedures.

Despite some technical problems mentioned above, we can
conclude that the proposed optical method for intraoperative
imaging of brain hemodynamics is feasible for brain oxygena-
tion monitoring in all carotid vascular procedures performed in
clinical practice.

Our results provide a good perspective for the future applica-
tion of the trNIRS technique during endarterectomy surgery.
The observed homogeneity of brain oxygenation changes after
crossclamping of the arteries leads us to the conclusion that the
number of time-resolved channels can be reduced for this par-
ticular application and, consequently, the size of the fiber holder
and the whole instrument itself can be reduced. This reduction
may facilitate continuous brain-specific monitoring of tissue
oxygenation during the whole carotid vascular surgery.
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