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Abstract

Measuring regional cerebral blood flow (rCBF) after revascularization for moyamoya disease, as a type of ischemic cerebro-
vascular disease, is crucial. This study aims to validate our novel technology that combines near-infrared spectroscopy (NIRS)
with a frequency filter to extract the arterial component. We measured rCBF before and after revascularization for moyamoya
disease and at the end of the surgery using NIRO-200NX (Hamamatsu Photonics, Japan) and indocyanine green (ICG). rCBF
was calculated using Fick’s principle, change in arterial ICG concentrations, and maximum arterial ICG concentration. rTCBF
measured with NIRS (rCBF_N) was compared with pre- and postoperative rCBF measured with SPECT (rCBF_S). Thirty-
four procedures were analyzed. rCBF_N increased from baseline to end of the surgery (mean difference (MD), 2.99 ml/
min/100 g; 95% confidence interval (CI), 0.40-5.57 ml/min/100 g on the diseased side; MD, 4.94 ml/min/100 g; 95% CI,
2.35-7.52 ml/min/100 g on the non-diseased side). Similar trends were observed for rTCBF_S (MD, 3.98 ml/min/100 g; 95%
CI, 2.30-5.67 ml/min/100 g on the diseased side; MD, 2.77 ml/min/100 g; 95% CI, 1.09-4.45 ml/min/100 g on the non-
diseased side). Intraclass correlations 3 (ICC3s) between rCBF_N and rCBF_S were weak on the diseased side (ICC3, 0.25;
95% CI, -0.03-0.5; p=0.07) and the non-diseased side (ICC3, 0.24; 95% CI, -0.05-0.5; p=0.08). rCBF measurements based
on this novel method were weakly correlated with rCBF measurements with SPECT.
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1 Introduction

In patients with moyamoya disease, revascularization is

recommended to prevent ischemic attacks by improving
An earlier version of this work was presented at the 46th annual cerebral bloed flow and reducing the risk of re-bleeding,
meeting of the Society for Neuroscience in Anesthesiology and especially in those at risk of intracerebral hemorrhage [1-3].
Critical Care, San Francisco, CA, October 11-12, 2018. Several surgical procedures includes direct superficial tem-
poral artery to middle cerebral artery (STA-MCA) bypass
and indirect EDAS (encephalo-duro-arterio-synangiosis)
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procedure. Cerebral ischemia due to stenotic anastomosis is
! Department of Anesthesiology, National Cerebral a devastating complication after STA-MCA bypass; the inci-
and Cardiovascular Center, 6-1 Kishibeshimmachi, dence is 4.7% [4]. To avoid postoperative cerebral ischemia
SuitaOsaka 564-8365, Japan due to STA graft stenosis, intraoperative direct flow Doppler
2 Systems Division, Hamamatsu Photonics K.K, Hamamatsu, has been used to measure flow velocity in the STA graft
Japan but it cannot quantify regional cerebral blood flow (rCBF).
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find the signal in around 20% of patients. Velocity in the
main arteries is an indirect measure of tissue perfusion [5].
Measuring rCBF after STA-MCA bypass is crucial because
hypoperfusion or hyperperfusion might require additional
treatment strategies.

Conventional methodologies for evaluating regional
rCBF such as positron emission tomography (PET), single-
photon emission tomography (SPECT), and perfusion com-
puted tomography are implemented in radiologic facilities.
Xenon computed tomography can be done at the bedside, but
it is episodic and awkward to use. On the other hand, tech-
niques combining near-infrared spectroscopy (NIRS) and
indocyanine green (ICG) dye dilution to estimate cerebral
hemodynamics have been developed [6—11]. In all studies,
the optical density and arterial concentration of ICG have
been quantified invasively either with an arterial fiberop-
tic catheter or high-performance liquid chromatography.
Busch et al. and Milej et al. reported noninvasive optical
monitoring of cerebral blood flow with diffuse correlation
spectroscopy and contrast-enhanced NIRS, but the device is
not commercially available [12, 13].

A noninvasive pulse dye—densitometer (Dye Densito-
Gram Analyzer, Nihon Kohden Corp., Tokyo, Japan) ena-
bled us to measure arterial ICG concentrations accurately
via a finger or nasal probe. We were able to measure absolute
rCBF (ml/min/100 g) easily at the bedside. However, the
measurement of cerebral blood flow using the maximum
slope method based on Fick’s principle might not be accu-
rate because of time resolution issues and contamination
from venous blood [14].

NIRO-200NX (Hamamatsu Photonics K.K., Hamamatsu,
Japan) is a commercially available cerebral oximeter with a
sample rate of 20 Hz, which is ten times higher than a con-
ventional NIRS oximeter. Based on the technology of the
NIRO-200NX and a frequency filter to remove contamina-
tion from venous blood, we developed a quantitative method
to measure rCBF. The purposes of the present study were
to validate our novel technology involving NIRS and ICG
for quantitative rCBF measurement and compare it to rCBF
measured with quantitative SPECT in patients with moy-
amoya disease undergoing revascularization. We hypoth-
esized that rCBF measured by NIRS at the end of surgery
shows the same trend as rCBF measured by SPECT of 24 h
difference in the measurements.

2 Methods

Consecutive patients undergoing elective STA-MCA bypass
surgery for moyamoya disease were included in the study.
The study was approved by the institutional ethics board on
July 28, 2017 (study registration number, M29-027-2). The
study was conducted from August 21, 2017 to March 31,
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2022 in National Cerebral and Cardiovascular Center. Exclu-
sion criteria included scalp wounds and iodine or ICG hyper-
sensitivity. Study participants provided informed consent.

2.1 Anesthesia management

Anesthesia was maintained with sevoflurane and desflurane
or propofol, fentanyl, and remifentanil. Patients were placed
on mechanical ventilation with a tidal volume of 8—10 mL/
kg body weight at a frequency of 8—12 breaths per minute to
maintain PaCO, between 35 and 45 mmHg. Blood pressure
was maintained around the patient’s baseline with continu-
ous phenylephrine infusion. Monitoring included electrocar-
diography, pulse oximetry, end-tidal carbon dioxide meas-
urement, and invasive arterial blood pressure measurement.

2.2 Surgical procedure

In all patients, a single STA was anastomosed to the corti-
cal MCA (M,) in the frontal operculum with 11-0 nylon
under a surgical microscope. The STA was harvested from
the diseased side. No heparin was administered during the
anastomosis.

2.3 Measurement of rCBF with NIRS

NIRO-200NX was used to measure tCBF based on the maxi-
mum slope method and Fick’s principle. ICG has specific
absorption properties for near-infrared light, which enables
the measurement of changes in blood concentration of ICG
with NIRO-ICG software (Hamamatsu Photonics K.K.) [15].

After induction of general anesthesia, NIRS probes were
placed above the eyebrows on the scalp bilaterally. Light-
impervious surgical drapes covered the NIRS probes to
avoid light absorption signal contamination in extracerebral
tissues. We measured rCBF simultaneously on the operative
and nonoperative sides at the following three time points:
before the anastomosis, just after the anastomosis, and at the
end of the surgery. As a tracer, 7.5 mg of ICG was injected
before the anastomosis, just after the anastomosis, and at the
end of the surgery. After obtaining hemodynamic stability,
we injected ICG (2.5 mg/mL) through a forearm vein. After
the first injection, we confirmed with NIRO-ICG software
that the ICG concentration measured by NIRS returned to
baseline before the next injection of ICG. The kinetics of
an intravenous bolus of ICG was monitored using NIRO-
200NX, which emits light in the near-infrared region at three
distinct wavelengths (735, 810, and 850 nm). The receiving
probe collected the scattered light at a sample rate of 20 Hz.
Absolute changes in the concentration of ICG were calcu-
lated based on near-infrared light attenuation according to
the modified Beer-Lambert law. The maximum ICG con-
centration was measured with pulse dye-densitometry using
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a DDG analyzer ™ (Nihon Kohden Corp.). We recorded
rCBF, PaCO,, hemoglobin concentration, and arterial blood
pressure at each measurement time point.

2.4 Calculation of rCBF

Data on absorbance changes at the three wavelengths meas-
ured with NIRO-200NX were recalculated for oxygenated
hemoglobin concentration, deoxygenated hemoglobin con-
centration, and ICG concentration based on the modified
Beer- Lambert law using NIRO-ICG software. Typical ICG
concentration changes based on NIRO-ICG software are
shown in Fig. 1.

2.5 Changes in ICG concentration
2.5.1 Fick principle

ICG tracer was introduced into cerebral circulation from
arterial blood into brain tissue through the capillaries. Some
ICG is discharged into venous blood and some is deposited
in brain tissue. According to Fick’s principle, rCBF is cal-
culated with the following equation:

@ = rCBF(Pa(t) — Pv(t))

where Q(t) is the concentration of ICG that has accumulated
in the tissue, Pa(t) is the ICG concentration in the cerebral
artery, and Pv(t) is the ICG concentration in a cerebral vein.

Integrating both sides of the equation yields the
following:

Q(t): ICG

0.12

0.10

0.08
é 0.06
9 Pulsatile component
T 004

0.02

0.00

-5 0 5 10 15 20 25

time (second)

Fig.1 ICG concentration changes measured with NIRO-ICG soft-
ware. Typical waveform after injection of ICG (2.5 mg) into a fore-
arm vein. The red circle indicates the pulsatile component of arterial
origin. ICG, indocyanine green; Q(t), concentration of indocyanine
green that has accumulated in the tissue

where Q(t) is the recalculated change in ICG concentra-
tion using the modified Beer-Lambert law.

O(t) = rCBF(/ Pa(t)dt — [ Pv(t)dt)

o)
S Pa(t)dt — [ Pv(t)dt

rCBF(ml/min/100g) =

Within a very short time, before ICG has reached the
vein, /Pv( t) can be regarded as zero. f Pv(t)dt =0
The following equation is used to obtain rCBF:

()

CBF(ml/min/100g) = T Palds

The measured ICG concentration includes ICG con-
centrations in both arterial and venous blood. The curve
of the change in ICG concentration over time has a pulsa-
tile component derived from the artery (Fig. 1). The time
course of ICG concentrations in the cerebral artery, Pa(t),
is obtained from ICG data obtained with the digital filter
process described next.

2.5.2 Digital filtering process

We designed a digital filter to extract pulsatile component of
the pulse wave for 20-Hz sample measurements. This filter
was designed to extract pulse waves with the heart rate in
the 50-90 bpm range. The digital filter coefficients for heart-
beat extraction with 20-Hz sampling were as follows: ki (i:
—8-8): k0=0.1964, k1 or — 1=0.1429, k2 or — 2=0.0804,
k3 or — 3=—- 0.0179, k4 or — 4=— 0.0804, k5 or
—5=-0.0893, k6 or — 6=—0.0804, k7 or — 7=—-0.0357,
and k8 or -8=-0.0179 (Fig. 2).

1.0 /\\

o8 /T T\
0.7 /

0.6
0.5 \

N, \
0.3 / \
0.2 \
0.1
0.0

0 20 40 60 80 100 120 140 160
F(bpm)

Fig.2 Frequency response designed for the heartbeat (50-90 bpm).
A digital filter was designed to extract the heart rate variability com-
ponent. Digital filter coefficients are ki (i: — 8 to 8): k0=0.1964,
kl or — 1=0.1429, k2 or — 2=0.0804, k3 or — 3=— 0.0179, k4 or
— 4=—-0.0804, k5 or — 5=— 0.0893, k6 or — 6=— 0.0804, k7 or
—7=-10.0357, and k8 or — 8=—0.0179
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ICG(n) is the ICG signal sequence. ICG_p(n) is the ICG
pulse wave signal sequence. ICG_p(n) is obtained from the
following digital signal processing operation:

+8
Y K, % ICG(n + i)
i=—8

ICG 4 =

ICG_p pulse wave signals after the processing described
above are shown in Fig. 3A.

The amplitude of the ICG pulse wave changes rapidly. It
reaches the maximum amplitude at approximately 7 s and
decreases rapidly. The magnitude of the amplitude is thought
to capture the change in ICG concentration in arterial blood.
In other words, the function Amp(t), which reflects the
change in amplitude, is considered to be proportional to the
ICG concentration in arterial blood (Fig. 3B).

The amplitude value change function, Amp(t), traces
the maximum value of each individual ICG_p pulse wave.
The maximum ICG concentration in arterial blood from the
simultaneous DDG analyzer measurement corresponds to
the maximum value in this graph. From AMP(t), the ICG
concentration function, Pa(t), in arterial blood can be quanti-
fied (Fig. 3C).

The denominator in Eq. (1) is the time-integrated function
in Fig. 3C. Figure 3D shows the function obtained by sub-
stituting Q(t) in the numerator and fpa(t)dt into the denomi-
nator of the basic Eq. (1) for CBF. Although rCBF(t) is a
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Fig.3 A Pulse wave changes in ICG isolated from the curve of ICG
concentration changes over time. B Pulse wave changes in ICG and
Amp(t), the amplitude value change function. C Pulse wave changes
in ICG, Amp(t), and Pa(t), the ICG concentration function in arterial
blood calculated from Amp(t). D. The function obtained by substitut-
ing Q(t) into the numerator and fpa(t)dt into the denominator of the
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function of time, the denominator is large, and the value of
rCBF(t) is small after ICG reaches venous blood because
the component of the ICG concentration that is discharged
from venous blood is ignored. From the rCBF(t) function,
the maximum value of rCBF(t) was calculated as rCBF
because the maximum value of rCBF(t) is within the time-
frame before ICG reaches venous blood.

2.6 Measurement of CBF with SPECT

To assess rCBF changes before and after surgery, quanti-
tative N-isopropyl-p-[123I]-iodoamphetamine (1231-IMP)
SPECT studies[16] were performed in patients using a
triple-head gamma camera (GCA-9300R; Toshiba Medi-
cal Systems, Tokyo, Japan) at 2 days before surgery and
on postoperative day 1 or 2. After intravenous infusion of
222 MBq of 123I-IMP, data acquisition was performed at
a mean scan time of 30 min for 20 min. The CBF value of
the upper anterior cerebral artery region corresponding to
the NIRO-200NX probe attachment sites was used as the
reference value. SPECT was suitable for measurement of
rCBF in pediatric patients because of the difficulty adher-
ing to face mask use for O'> gas inhalation during PET. In
addition, SPECT was convenient to perform on the day after
the surgery.

B ICG pulse wave and AMP(t)
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basic equation CBF=Q(t)/ /Pa(t) dt. Amp(t): amplitude value change
function that traces the maximum value of each individual ICG pulse
wave; DDG_ICGmax: maximum concentration of indocyanine green
in arterial measured using the Dye DensitoGram Analyzer (Nihon
Koden Corp., Tokyo, Japan); /CG indocyanine green; Pa(t): ICG con-
centration in the cerebral artery
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2.7 Statistical analysis

Statistical analyses were performed using R version 4.05 (R
Core Team, Vienna, Austria) and Stata version 17SE (Col-
lege Station, TX, USA). For baseline patient characteristics,
continuous variables are presented as means with standard
deviations for normally distributed variables and were com-
pared using the t-test. Non-normally distributed variables are
presented as medians (interquartile range) and were com-
pared using the Mann—Whitney U test. Categorical baseline
variables were compared using Fisher's exact test. Repeated
rCBF measurements with NIRO-200NX and SPECT were
analyzed using a generalized linear mixed-effects model
with random intercepts for each patient and diseased side
and a random slope for measurement timing. Interactions
between measurement timing and diseased side were also
analyzed. Intraclass correlation coefficients (ICCs) case
3 between rCBF measured with NIRO-200NX and rCBF
measured with SPECT were analyzed on the diseased and
non-diseased sides to evaluate agreement in rCBF meas-
urements between NIRO-200NX and SPECT. A p-value
of <0.05 for two-tailed tests and a p-value of <0.1 for the
interaction test were considered statistically significant. To
evaluate agreement between rCBF measured with NIRO and
rCBF measured with SPECT, we also performed Bland—Alt-
man analysis.

3 Results

The study included 45 patients who underwent 51 proce-
dures who met study eligibility criteria; 6 patients had STA-
MCA bypass surgery on both sides. Due to missing rCBF
values, 17 procedures were excluded from the analysis. The
final analysis included 34 procedures in 31 patients, this
includes three patients with bilateral procedure (Fig. 4).
Missing data arose due to measurement equipment opera-
tion error or DDG analyzer ™ measurement error of ICG
concentrations resulting from inadequate pulse pressure dur-
ing the early phase of this study. Of the 31 patients, 19 were
female. Mean (standard deviation) age, height, and body
weight were 37.8 (16.5) years, 158.7 (12.6) cm, and 57.8
(15.8) kg, respectively. None of the patient developed post-
operative ischemic events due to insufficient bypass flow.
Maximum ICG concentration and hemoglobin gradually
decreased. Heart rate, systolic blood pressure, and PaCO,
remained constant during rCBF measurement (Supplemen-
tary Table 1).

Figure 5 shows the time course of changes in rCBF
measured with NIRO-200NX and SPECT, respectively.
The generalized linear mixed-effects model revealed that
rCBF measured with NIRO-200NX increased from before
anastomosis to the end of the surgery on both sides (mean

51 procedures
(45 patients: six patients underwent
two surgeries for bilateral lesions)

17 procedures were excluded
due to measurement error

34 procedures
(31patients: three patients underwent
two surgeries for bilateral lesions)

Fig.4 Flow diagram. Procedure means superficial temporal artery
to middle cerebral artery bypass surgery. Fifty-one procedures in 45
patients met the eligibility criteria and were enrolled. Due to missing
rCBF values, 17 procedures were excluded from the analysis. Missing
data arose due to measurement equipment operation error or DDG
analyzer ™ measurement error resulting from inadequate pulse pres-
sure

difference (MD), 2.99 ml/min/100 g; 95% confidence interval
(CD), 0.40-5.57 ml/min/100 g; p=0.023 on the diseased side;
MD, 4.94 ml/min/100 g; 95% CI, 2.35-7.52 ml/min/100 g;
p<0.001 on the non-diseased side). r*CBF measured with
SPECT also increased from before surgery to after surgery on
both sides (MD, 3.98 ml/min/100 g; 95% CI, 2.30-5.67 ml/
min/100 g; p<0.001 on the diseased side; MD, 2.77 ml/
min/100 g; 95% CI, 1.09-4.45 ml/min/100 g; p <0.001 on the
non-diseased side).

There were no interactions between side and measurement
time point in r*CBF measured with NIRO-200NX (p=0.18 just
after anastomosis and 0.30 at the end of the surgery). There
was an interaction for rTCBF measured with SPECT (p=0.07).
There were no intraclass correlations between rCBF measured
with SPECT and rCBF measured with NIRO-200NX (before
anastomosis to just after anastomosis) on both sides (ICC3,
0.036; 95% CI; — 0.25-0.32; p=0.42 on the diseased side;
1CC3, 0.12; 95% CI, — 0.17-0.39; p=0.25 on the non-dis-
eased side). However, there were weak intraclass correlations
between rCBF measured with SPECT and rCBF measured
with NIRO-200NX (before anastomosis to end of the surgery)
on the diseased and non-diseased sides (Table 1).

The agreement between cerebral blood flow measured
by NIRO (CBF_N) and cerebral blood flow measured by
SPECT (CBF_S) is shown in Fig. 6. Bland—Altman plots
revealed that MD was — 1.1 ml/min/100 g and the limits of
agreement were — 23.1 and 20.9 ml/min/100 g.

4 Discussion
The present study demonstrated weak intraclass correlations

between rCBF measured with SPECT and rCBF measured
with NIRO-200NX. Our novel methodology might be

@ Springer
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Fig.5 A rCBF measured with NIRO-200NX. rCBF measured with
NIRO-200NX increased from before anastomosis to the end of the
surgery bilaterally. NIRO-200NX (Hamamatsu Photonics, Hama-
matsu, Japan) is an oximeter that uses near-infrared spectroscopy. B

Table 1 Interclass correlation case3 between rCBF measured by
NIRO and by Single photon emission tomography

ICC3 P value (95% CI)

rCBF (before anastomosis to end of the surgery)

0.25 0.070 (- 0.030 to 0.50)
0.24 0.083 (-0.046 to 0.49)
rCBF (before anastomosis to just after anastomosis)

0.036 0.42 (-0.20 to 0.28)
0.12 0.25 (-0.17 t0 0.39)

Diseased side

Non diseased side

Disecased side

Non diseased side

ICC3: Interclass correlation case3

clinically reliable for calculating rCBF. In addition, rCBF
measured with NIRO-200NX increased after STA and MCA
bypass, as did rCBF measured with SPECT.

There are several reasons why the intraclass correlation
was weak between rCBF measured by NIRS and SPECT,
the conventional CBF methodology. The timing of measure-
ment after STA-MCA anastomosis was different for SPECT
and NIRO-200NX: rCBF was measured at the end of the
surgery with NIRO, but on postoperative day 1 or 2 with
SPECT. Initially, quantitative cerebral blood flow measure-
ment with SPECT included variations across among facili-
ties and measurers [17]. After STA-MCA bypass, rCBF
measured with SPECT and NIRO-200NX both showed an
increasing trend. Therefore, a weak ICC was observed due to
differences in the timing of measurements [18] and the small
number of patients. rCBF measured with NIRO-200NX and
SPECT increased postoperatively, which means that NIRO-
200NX might be helpful for bedside rCBF measurement.

PET and SPECT are conventional methods for measur-
ing CBF using radioisotopes as a tracer. However, PET and
SPECT require patients to be transferred to a radiology facil-
ity. Therefore, rCBF was not measured in the operating room
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rCBF measured with SPECT. rCBF measured with SPECT increased
from before surgery to after surgery bilaterally, »CBF regional cere-
bral blood flow; SPECT single-photon emission computed tomogra-

phy.

or catheterization laboratory. On the other hand, measuring
rCBF with NIRS and ICG as a tracer can be performed at the
bedside in any location. Our goal is to establish a convenient
rCBF measurement methodology.

Previous studies tried to measure rCBF using NIRS with
ICG as a tracer. ICG is a known alternative to radioisotope
tracers. ICG is used to measure cerebral blood volume [7].
Blood flow index based on the slope of change in ICG con-
centration measured with NIRS has been shown to be an
indicator of the relative change in rCBF [11, 19, 20].

Other studies used Fick’s principle to calculate rCBF,
which requires maximum arterial ICG concentration and
slope of the change in ICG concentration to measure CBF.
ICG concentrations measured with NIRS reflect arterial
and venous concentrations of ICG while ICG is certainly
present in the large vessels. The extremely high absorption
in these vessels produces a much lower NIRS signal and
lower sensitivity to ICG concentrations within the vessels;
it is difficult to distinguish the arterial component from the
whole blood concentration every 0.05 s. As a result, previous
studies measured arterial ICG concentrations using a dye
densitometer unit (model DDG-2001A/K, Nihon Kohden
Corp.) [14]. We developed a new methodology that distin-
guishes the arterial component from the whole blood con-
centration using a frequency filter. NIRO-200NX can meas-
ure changes in ICG concentration every 0.05 s, reflecting
the waveform of the artery more accurately than NIRO-500.
This short measurement interval is most advantageous for
extracting the pulsatile arterial component. Yodh et al.[13]
developed methods that can also differentiate waveforms.
They have demonstrated that it is possible to quantitatively
derive absolute CBF with ICG. However, the device is not
commercially or clinically available. Furthermore, they used
the ICG concentration change in the DDG analyzer ™ as
the input function. Our method is more accurate because
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Fig.6 Bland and Altman analysis between the cerebral blood flow
measured by near infrared spectroscopy (NIRS) and by single photon
emission tomography (SPECT). The limits of agreement represent
the range within most differences between the 2 measurements will

we separated the input function from the ICG concentration
change in brain tissue.

According to the maximum slope method, rCBF is cal-
culated based on the maximum slope of the curve and the
maximum ICG concentration. The values obtained with
this method are not considered to be very accurate because
this method does not use the waveform in the denominator.
Instead, it only uses the value at one time point, when ICG
concentration peaks. On the other hand, our novel method
obtains the input waveform for ICG using a frequency filter
and applies a function to obtain changes in ICG concentra-
tion, instead of the maximum blood concentration of ICG
used in the conventional maximum slope method. Thus, it
can obtain more accurate rCBF values than the conventional
maximum slope method. The arterial component could be
separated using a frequency filter, although this was the

lie. Means of the measurements: means of regional cerebral blood
flow (rCBF) measured by NIRS and SPECT. Difference: rCBF meas-
ured by NIRS — rCBF measured by SPECT

biggest challenge in measuring changes in ICG concentra-
tions. This methodology is our unique method. We believe
that this methodology that we developed has improved the
accuracy of rCBF measurements. Venous saturation is cal-
culated from NIRS pulse wave variability. Franceschini et al.
and Lynch et al. focus on respiratory variability, which has a
lower frequency than heart rate variability in previous stud-
ies [21, 22]. However, there have been no previous reports
describing the use of a frequency filter as the input function
for cerebral artery flow into brain tissue.

The present study has several limitations. First limi-
tation: I addressed this already in methodology. rCBF
might be affected by cardiac output, and the effect might
be stronger in more impaired vessels. For rCBF measured
with SPECT, there was a slight fluctuation in cardiac output
because rCBF was measured while the patient was awake.
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For rCBF measured with NIRO, hemodynamic status was
stable during surgery, so the effect of fluctuations in car-
diac output was considered negligible. Second, there were
some missing data. However, bias due to missing data was
minimal because a mixed-effects model was used. Measure-
ment of rCBF with modified Lamber Beer law might include
extracerebral contamination of approximately 10% of rSO,
values [23], which might affect the measurement of rCBF.
However, the advantages of rCBF measurement at the bed-
side using the commercially available NIRO 200NX device
might overcome that limitation. Alternatives to modified
Lamber Beer law should be considered in the future.

In conclusion, although it was not statistically significant,
our novel method for measuring rCBF with NIRO-200NX
was weakly correlated with rCBF measured with SPECT.
This study indicates that rCBF could be measured at the
bedside using ICG without going to radiology facilities in
patients with severe disease. To validate rCBF measured
with NIRS, further studies are required to compare rCBF
values measured with NIRS and rCBF values measured with
PET simultaneously.
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