(i-STAT system; Abbott Point of Care Inc.), and pH, partial pressures of
carbon dioxide (PaCO,) (mm Hg), partial pressures of oxygen (PaO,)
(mm Hg), arterial oxygen saturation (Sa0,) (%), hemoglobin (Hb)
(g/dL), and hematocrit (Ht) (%) were measured. The rectal temper-
ature was also monitored and automatically maintained at 37° with
a body heating pad system (TR-200; Muromachi Kikai Co., Ltd.).

Experiments in Ischemia Model

In 2 rats, the left middle cerebral artery (MCA) was occluded
intraluminally by inserting a nylon 4-0 surgical monofilament with
dental impression material into the left common carotid artery (15).
PET was performed at 30 min after the occlusion without reperfusion.

All animal experiments were performed in compliance with the
guidelines of the Laboratory Investigation Committee of Osaka
University Graduate School of Medicine.

Quantitative Data Calculation

Regional CBF, regional OEF, and regional CMRO, were cal-
culated by the steady-state method (/7,12). Regional CBV was
calculated after brief administration by inhalation of 1>0-CO gas,
which was tightly bound to hemoglobin. In the 130-CO, study, the
activity measured in the brain was from 130O-labeled water, which
was transferred from C'50, to H,!%0 in the pulmonary alveolar
capillaries. In the 10-0, study, the activity in the brain was con-
sidered to be a sum of 3 components: 1°O-labeled water produced as
a metabolite of 130-0, in the brain tissues, recirculating 1°O-labeled
water, and 1°0-O, fixed to hemoglobin in the vascular compartment.
Quantitative values were calculated using the following equations:

regional CBF = \/(C,/C, — 1/p),

regional OEF = (c; /Cix Ca/Cy = Cy /cp) / (c;/c;, - ca/cp),
regional CMRO, = CBF x OEF X [Total blood oxygen content],

regional CBV = C, /(C, x f),

where N\ (/min) is the decay constant of 0. C, (Bg/g) is the
H,'%0 concentration in the whole blood, C, (Bg/g) is the H,'°O
concentration in the blood plasma, and C, (Bg/mL) is the average
brain radioactivity concentration without decay correction in the
1350-CO, study. p is a brain-blood partition coefficient for water,
fixed at 0.91 mL/g (16). C,' (Bg/g) is the H,'50O and '50-0O,
concentration in the whole blood, C},’ (Bg/g) is the H,’>O concen-
tration in the blood plasma, and C," (Bq/mL) is the average brain
radioactivity concentration without decay correction in the °0-O,
study. Total blood oxygen content was calculated using the fol-
lowing equation: 1.39 x Hb (g/dL) x SaO, (%)/100 + 0.0031 x
PaQ, (mm Hg). C,” (Bg/g) is the 130-CO concentration in the
whole blood, and C,” (Bg/mL) is the average brain radioactivity
concentration with decay correction in the 130-CO study. f is the
correction value of the hematocrit between the great vessels and
the brain, fixed at 0.70 (I7). The CBV data were used to correct
for intravascular hemoglobin-bound 150, (12). Functional images
of the CBF, CMRO,, OEF, and CBV were reconstructed using the
Shimadzu PET console system. ROIs (0.86—1.08 cm?) were man-
ually drawn on the whole brain of the 3 sequential cross-sectional
CBF PET images, with reference to the semiautomatically coregis-
tered PET/MR fused images (Fig. 1). The same ROIs were placed on

other functional images as well. In the rat models of left MCA oc-
clusion, oval ROIs were placed on the bilateral MCA territories
and compared between the ipsilateral and contralateral sides.

RESULTS

Figure 2A shows the PET images of a spheric phantom
filled with H,'30 water for the evaluation of partial-volume
effect. The count ratios were 0.36, 0.54, 0.73, and 0.89 for
spheres measuring 10, 13, 17, and 22 mm in diameter, re-
spectively, as compared with the count for 28-mm spheres,
which provided full recovery (Fig. 2B). Because the brain
volume of rats corresponds to that of 15-mm spheres, the
partial-volume effect for the whole brain was calculated as
0.7. Figure 3A shows a coronal PET image of the rat brain
after 130, inhalation during the steady state. The profile curves
of radioactivity at the line passing the basal ganglia are illus-
trated with and without attenuation correction in Figure 3B.
The profile curves with and without attenuation correction
were identical. Figure 4 shows the coronal images of a lung
phantom placed in the pleural cavity of a sacrificed rat venti-
lated with 30, gas. High radioactivity was found in the pleu-
ral cavities bilaterally. No radioactivity from the lung phantom
was detected in the brain, indicating that the effect of scatter
events from the lung was small. Figure 5 shows a plot of the
radioactivity (cps/g) concentrations against the sample vol-
umes of the H,'>O solution by well counter. The radioactivity
was constant for volumes in the range of 0.025-0.20 mL.

The mean systolic and diastolic BPs, PaO,, PaCO,, he-
moglobin concentration, hematocrit, and SaO, are summa-
rized in Table 1. The BP remained stable during the PET
measurements.

The total time taken for the entire PET scan in each rat was
733 * 5.8 (68-85) min. In both the *0-CO, and 30-0,
studies, the radioactivity count in the brain reached a steady
state approximately 10 min after continuous O gas inha-
lation (Fig. 6).

Quantitative PET data in the entire brain were as follows:
CBF, 32.3 * 4.5 mL/100 ml/min; CMRO,, 3.23 = 0.42
mL/100 mL/min; OEF, 64.6% = 9.1%; and CBYV, 5.05 *
0.45 mL/100 mL. Functional images of the CBF, CMRO,,
OEF, and CBYV are shown in Figure 7.

For the findings in the rat model of left MCA occlusion,
both rats showed decreased CBF and CMRO, in the ipsi-
lateral MCA territory, and one of the rats showed increased
OEF in the ipsilateral MCA territory. Quantitative values in
the ipsilateral and contralateral MCA territories were as
follows: CBF, 18.6/30.8 mlL/100 ml/min; OEF, 74.3%/
65.4%; and CMRO,, 1.79/2.64 mL/100 mL/min.

DISCUSSION

We have reported a method to measure the CBF, CBV,
OEF, and CMRO, in the brain of anesthetized rats by PET,
according to the original ’O-CO, and °0-O, steady-state
inhalation technique combined with >O-CO inhalation. The
methodology in this study is the same as the steady-state
method used in clinical PET examinations (/0-12).
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PET/MRI

FIGURE 1. Location of ROIs on whole-brain PET slice at maximal
cross-section and adjacent cranial and caudal slices. Green ROl =
whole brain; red ROl = MCA territories.

Yee et al. performed tracheal administration of °0-O,
gas through a surgically placed airway tube in anesthetized
rats (3). The 130-0, was stored in a syringe (74—-111 MBgq,
5 c¢m?) and insufflated into the lung. Their study indicated
that 150-0, administration through the trachea did not af-
fect the image quality of the brain. Tracheotomy also had
no significant influence on the physiologic conditions of the
rats during the experiments. In our method, one end of the
airway tube was inserted into the trachea after tracheotomy
and fixed tightly to avoid leakage of the 130 gases. The other
end of the airway tube was connected to the ventilator, which
continuously supplied the 10 gases at a controlled rate of
radioactivity. As shown in Figure 4, no radioactivity in the
brain was detected during the 3O-gas insufflation to the

balloon phantoms located in the chest cavity. The present
PET data acquisition in the 2-D mode was less sensitive to
scatter events than acquisitions in the 3-dimensional mode.
Quantitative measurement in 3-dimensional mode clinical
PET can be achieved with proper scatter correction, just as
in the 2-D mode (18). We intend to quantitatively measure >0
gas in a 3-dimensional-mode small-animal PET study in the
near future.

It is essential, in the O gas steady-state inhalation method,
to stabilize the radioactivity of the inhaled gases. Artificial
ventilation was performed with a radioactive gas stabiliza-
tion system in this study. The radioactivity distribution in
the brain became stable by approximately 10 min after the
start of the 30-CO, and !°0-O, inhalation. There was
a slight increase even after 10 min. The average increase
of the count from 10 to 15 min was 3.4% in the CO, study
and 3.7% in the O, study. These increases were relatively
small as compared with the average variability in brain
counts between 10 and 15 min (5.5%). We performed an
experimental study for continuous monitoring of arterial BP
in 3 rats. Systemic BP had been generally stable from 15 to
90 min after the start of anesthesia (data not shown). The
biologic half-life of xylazine is 2-3 h in rats, which is
sufficiently long to maintain a stable condition during the
PET measurements.

In this study, 2 rats underwent >0-0, scanning before
150-CO, scanning, and the other rats were scanned in the
opposite order. No systematic changes in CBF, OEF, or
CMRO, dependent on the order of scanning were observed.

The whole-body blood volume of the rats weighing about
300 g was estimated to be about 17 mL (/9). Sampling of
a large amount of blood may affect the physiologic condi-
tion of the rats. In the present study, only 0.2 mL of arterial
blood was taken at each measurement, and the total volume
of blood withdrawn was 0.5 mL. This volume was much
smaller than that reported in previous studies (9,20). The
small-volume sampling in this study was considered to
have a negligible influence on systemic circulation.

‘We measured the radioactivity of whole blood and plasma,
weighing around 0.025 g, by well counter to examine the
volume dependency of the radioactivity count. It was
confirmed that the measurement was accurate and that
reproducibility was feasible for 0.025-g samples.

A

FIGURE 2. PET image of NEMA phantom
(A) and curve constructed by plotting mean
count ratios against sphere diameters (B).

/

0.4 rd

Count ratio

02

5 10 18 20 25 30

Diameter (mm)

286

279

THE JoURNAL OF NUCLEAR MEDICINE * Vol. 54 « No. 2 ¢ February 2013



B 25,000 e ithout AC
20,000 N e

: [\

=

Tg 15,000

t

3 10,000

o i \ FIGURE 3. 150-O, PET image of brain (white
5,000 A line indicates location of profile curves) (A)

1 and profile curves of brain with and without
o s’ N

attenuation correction (B). AC = attenuation

correction.

In previous studies, tissue attenuation of O was cor-
rected by means of transmission data acquired using the
external rod source of %8Ge-%%Ga (9). The scan duration
ranged from 30 to 60 min. When we performed a transmis-
sion scan, the duration of the total PET experiment almost
doubled from 70 to 130 min. Furthermore, making tissue
attenuation maps of small animals using a clinical PET de-
vice increases transmission bias and noise because of the
large ring diameter. Underestimation by 4% was observed
in the experimental study of a rat phantom of 3-cm diameter
without attenuation correction, as reported in the previous
study (21). Scatter fraction in the 2D mode was 13% in the
human study according to the performance of our PET scan-
ner (13). In our study, we could not perform attenuation and
scatter correction because of the limitation of the PET scan-
ner. However, we confirmed from our experimental studies
that the tissue attenuation in the rat head and the scatter
fraction from outside the brain were small. The fact that
attenuation and scatter correction needed to be performed
to improve the accuracy was a limitation of our study.

We monitored the systemic BP, body temperature, heart
rate, hemoglobin concentration, PaCO,, PaO,, and SaO,.
Among these parameters, the PaO, (56.3 = 9.3 mm Hg)
was unexpectedly lower than the physiologic range and
variable, compared with the other physiologic measure-
ments. One possible reason was the slightly reduced oxygen
concentration of the inhaled gas. The oxygen concentration
of the gas from the radioactive gas stabilization system was
18.1% in 130-0, gas studies. In the target box for 130-O,
production, the concentration ratio of cold O, to N, was
0.5%/99.5%. The 50-0O, gas with N, gas from the target
box was transferred to the gas stabilizer system, and room air
was mixed with the 1°0-O, gas while radioactivity concen-
tration was adjusted. As a result, the oxygen concentration of
the inhaled gas was lower than that of the room air because
of the addition of the target gas, in which the main compo-
nent was N, gas. Another reason was the effect of the anes-
thesia used in this study. Reduction in the PaO, after the
administration of butorphanol, buprenorphine, and midazo-
lam was reported from a previous rabbit study, and this effect
was sustained for about 2 h (22). High variability in the PaO,
was probably due to the differences in individual reactions to
the anesthesia. To maintain physiologic conditions and reduce

the variability, the constitution of the inhaled gas should be
readjusted by the addition of O,.

In previous PET studies, a bolus injection of 130-labeled
water (130-H,0) was used for quantitative measurement of
the CBF; the reported CBF values ranged from 35 to 51
ml./100 g/min (6,8,20). Kobayashi et al. reported a steady-
state method consisting of a bolus injection followed by
injection of 130-H,O at slowly increasing doses with a mul-
tiprogramming syringe pump (9). The CBF value under
chloral hydrate anesthesia was 49.2 = 54 mL/100 g/min.
The CBF value measured in our study was much smaller
than these previously reported values. The first possible rea-
son is underestimation due to the partial-volume effect. We
used a clinical PET device with a larger spatial resolution
(4.0 mm in FWHM). According to the phantom study, this
underestimation was by approximately 70%, because the
diameter of the rat brain is about 15 mm. The radioactivity

A

B

FIGURE 4. Coronal PET (A) and PET/MR (B) images of lung phan-
tom ventilated with 150-O, gas.
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FIGURE 5. Relationship between radioactivity (keps/g) and sam-
ple volume of H,'50 solution by well counter.

count in the brain was divided by 0.70 to correct the partial-
volume effect for full count recovery. This corrected count
was substituted for C; in the following equation described in
the “Methods” section: regional CBF = N(C,/C, — 1/p). After
correction for the partial-volume effect, we obtained a whole-
brain CBF value of approximately 84 mL/100 mL/min, which
is in agreement with the values obtained by the autoradio-
graphic method (76) and the Kety—Schmidt method (23,24),
the results of which are not influenced by the partial-volume
effect. The second possible reason is the influence of anes-
thesia. Most previous studies used chloral hydrate, which is
difficult to use because of its narrow margin of safety and
lack of analgesic effect. The different anesthetic technique
used might also have produced the differences in the results.
“The third reason is the influence of PaCO, on the CBFE
Hypocapnia causes reduction of the global CBF in the rat
under isoflurane or halothane anesthesia (25). On the basis of
studies using the steady-state method, Kobayashi et al.
reported that the CBF was 49.2 + 5.4 mL/100 g/min when
the PaCO, was 49.7 = 3.9 mm Hg (9). In this study, the
CBF was 32.3 * 4.5 mL/100 mL/min when the PaCO, was
36.6 = 1.6 mm Hg. The lower CBF value in the present
study was partly due to the lower PaCO, levels. Another
possible reason is that systemic underestimation by the
steady-state inhalation method, compared with that in the

TABLE 1
BP, HR, and Arterial Blood Gas Data During PET
Measurement
Parameter Mean = SD
Systolic 106 = 4
Diastolic 79x5
HR (bpm) (n = 4) 326 = 20
PH 7.45 = 0.03
PaCO, (mm Hg) 36.6 = 1.6
Pa0; (mm Hg) 56.3+9.3
Sa0, (%) 89.3 + 3.7
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FIGURE 6. Time-activity curves in brain during continuous inha-
lation of 150-CO, and 50-0, gas. cps = count/s.

bolus injection method, was partly due to the tissue hetero-
geneity between the gray and white matter (26).

Few PET studies have reported measurement of OEF.
Reported values of OEF in rats under pentobarbital
anesthesia are 54% * 11% using the kinetic method with
injectable 130-O, and 57% = 13% using the surgical
method based on the arterial-venous difference in oxygen
concentration (4,20). Other studies using >0-O, hemoglo-
bin—containing liposome vesicles reported OEF values in
rats under chloral hydrate anesthesia of 61% * 16% (6) and
56% *+ 4% (27). OEF is a function of the 1°0-0,/!30-CO,
count ratio. OEF is not significantly affected by the partial-
volume effect, because the calculation involves canceling
out by dividing the 130-O, count by the °0-CO, count in
the brain tissue. The OEF value calculated in our study was
a little higher than the previously reported values. The OEF
values reported from other studies were also higher than
those reported from human studies. The OEF values were
54%-61% in the normal rat study but only 44% in a normal
human study (28). Previous studies reported higher OEF
values in monkeys (54% = 6%) and pigs (59% * 9%)
(29,30). Therefore, differences among species might be the
reason for the high OFEF in the rats in the present study. OEF
elevation was observed in the MCA occlusion model, as in
the human brain in our study. The OEF values were 74.3%
and 65.4% in the ipsilateral and contralateral MCA territo-
ries, respectively. The capacity to adapt to flow decreases
was observed in rats, just as in humans.

Yee et al. reported quantitative measurement of CMRO, in
the rat brain with briefly inhaled 3O-labeled oxygen gas (3).
The measured CMRO, value under a-chloralose anesthesia
was 6.65 * 0.48 ml/100 g/min. Temma et al. used an artificial
lung to dissolve 1°0-O, in the blood and reported a CMRO,
value of 4.3 = 1.3 mL/100 g/min under pentobarbital anesthe-
sia (20). Another group used hemoglobin-containing liposome
vesicles or liposome-encapsulated hemoglobin with 30-O,
and reported CMRO, values of 6.8 * 1.4 (under chloral
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FIGURE 7. MR (upper), PET/MR fusion (middle), and PET (lower)
images of CBF (A). PET/MR fusion (upper) and PET (lower) images
of CMRO2 (B), OEF (C), and CBV (D). Images in same column in-
dicate same transaxial cross-section of brain (A-D).

hydrate anesthesia) and 4.8 = 0.2 mL/100 g/min (under
ketamine and xylazine anesthesia), respectively (6,7). Kobayashi
et al. recently reported a CMRO, value of 6.2 = 0.4 mL/
100 g/min under chloral hydrate anesthesia as measured by
the steady-state method with injection of %0, hemoglobin—
containing vesicles (27). The CMRO, value measured in our
study (3.23 * 0.42 mI./100 mL/min) was smaller than these
previously reported values. However, after correction for the
partial-volume effect, the CMRO, was approximately 8.4 mL/
100 mL/min, which is in agreement with the values (10.3 and
7.57 mL/100 mL/min) obtained by the method of Kety and
Schmidt (23,24).

There have been no reports of measurement of the CBV
in the rat brain by 1°O-CO gas inhalation PET. This study

evaluated all PET parameters (CBE, CMRO,, OEF, and
CBV) by 1°0O-labeled gases with correction for intravascu-
lar hemoglobin-bound '30,. Kobayashi reported a mean
value of the CBV of 4.9 = 0.4 mL/100 g as measured by
injection of >O-CO hemoglobin—containing vesicles, con-
sistent with the result of our study (27). The small-vessel-
to-large-vessel hematocrit ratio in the rat brain has been
fixed at 0.70 (I7); this ratio was shown to have little effect
on the OEF or CMRO, values. When we used 0.85 as the
value of the hematocrit ratio (a value often used in clinical
studies), the CMRO, and OEF increased by approximately
1% (data not shown).

Quantitative PET measurement in a rat model of uni-
lateral MCA occlusion was performed as an experimental
study. A decrease in both the CBF and the CMRO, and an
increase in the OEF were detected in the ipsilateral MCA
territory (data not shown). We concluded that evaluation in
an ischemia model is feasible with this PET technique.

CONCLUSION

Although further improvements of the gas inhalation system
may be needed, we demonstrated the feasibility of quantitative
measurements of CBF, CBV, CMRO,, and OFEF using PET
according to the original steady-state inhalation method of
150-CO, and 0-0, gas and the CBV measurement by
150-CO gas inhalation in normal rats under anesthesia.
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Summary

Balloon test occlusion (BTO) of the internal
carotid artery (ICA) combined with cerebral
blood flow (CBF) study is a sensitive test for
predicting the outcome of permanent ICA oc-
clusion. However, false negative results some-
times occur using single photon emission tom-
ography (SPECT). We have recently developed
a rapid positron emission tomography (PET)
protocol that measures not only the CBF but
also the cerebral oxygen metabolism before and
during BTO in succession. We measured acute
changes in regional CBF and OEF/CMRO?2 be-
fore and during BTO in three cases with large or
giant cerebral aneurysms using the rapid PET
protocol.

Although no patients showed ischemic symp-
toms during BTO, PET studies exhibited mild-
ly to moderately decreased CBF (9~34%)
compared to the values obtained before BTO
in all cases. The average OEF during BTO was
significantly increased (21% and 43%) than
that of before BTO in two cases. The two cases
were considered to be non-tolerant for perma-
nent ICA occlusion and treated without ICA
sacrifice.

Measurement of the CBF and OEF/CMRO2

using a rapid PET protocol before and during
BTO is feasible and can be used for accurate
assessment of tolerance prediction in ICA oc-
clusion.

Introduction

Occlusion of the ICA is sometimes necessary
to treat giant ICA aneurysms and tumors en-
casing the ICA. The consequences of ICA oc-
clusion range from no symptoms to devastating
hemispheric strokes . The balloon test occlu-
sion (BTO) of the ICA has been used to pre-
dict whether a patient can tolerate temporary
or permanent occlusion of the ICA. If the pa-
tient develops any sign of hemispheric ischemia
during BTO, permanent ICA occlusion should
not be performed or an extracranial-intracrani-
al (EC-IC) bypass is considered before ICA oc-
clusion 2. However, BTO with neurological
evaluation alone has a high false negative rate 3.
To improve the sensitivity, several reports have
proposed CBF measurement to predict the
likelihood of ischemic complications following
ICA occlusion during BTO +%. Single photon
emission tomography (SPECT) allows semi-
quantitative determination of the CBF through-

265



Cerebral Blood Flow and Metabolism Measurement Using Positron Emission Tomography before and during Internal... N. Kawai

A Before BTO During BTO
- . - ' e

Rt. CAG ’ Rt. CAG

BEFORE

DURING

266

78RR



www.centauro.it

Interventional Neuroradiology 18: 000-000, 2012

BEFORE

DURING

BEFORE

Figure 1 A) Right ICA angiogram shows a large paraclinoid aneurysm. The right ICA is completely occluded by a balloon
during BTO. B) During BTO of the right ICA, a moderate decrease in CBF in the right MCA territory is demonstrated by
PET study. The CMRO, was symmetrical (C) and the OEF in the right MCA territory is markedly increased (D). This patient
was considered to be non-tolerant for permanent ICA occlusion.

out the entire brain and is reported to be useful
for evaluating collateral blood flow after per-
manent ICA occlusion 468, However, up to 20%
of the patients did not tolerate ICA sacrifice,
even though they had symmetrical SPECT
scans during BTO 112, Besides the CBF, oxygen
extraction fraction (OEF) and cerebral meta-
bolic rate of oxygen (CMRO,), which can be
obtained only with positron emission tomogra-
phy (PET) study, provide us important indices
for assessing ischemic degree 1315, However, the
complex nature of the PET procedure and its

relatively long protocol limit the applicability
of PET study to BTO. One of our colleagues
developed a new dual tracer autoradiographic
(DRAG) method to shorten PET examination
time 1617, This method enabled us to measure
the CBF and OEF/CMRO, values before and
during BTO in succession. In this manuscript,
we report initial three cases of PET study for
evaluating the cerebral blood flow and metabo-
lism before and during BTO, especially describ-
ing the feasibility of rapid quantitative meas-
urement of the CBF and OEF/CMRO,.

nor
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Materials and Methods

Three women with large or giant cerebral
aneurysms involving the ICA underwent BTO
to evaluate brain tolerance to sacrifice the ICA.
Written informed consent was obtained from
all patients after a detailed explanation of the
test procedure.

Balloon test occlusion

After diagnostic cerebral angiography, a
5-French double-lumen balloon catheter was
inserted into the ICA of the affected side with
systemic heparinization (5,000-10,000 IU). One
lumen is used to inflate the balloon, and the
central lumen is a distal lumen beyond the bal-
loon comnecting to a pressure transducer.
Cross-filling via the communicating arteries
was examined by contralateral carotid angi-
ogram or vertebral angiogram under balloon
inflation of the objective carotid artery. A trial
BTO was performed for 15 min to examine
neurological signs or changes in the stump
pressure. Complete occlusion of the ICA was
confirmed by a sudden drop in the stump pres-
sure and contrast injection. After trial BTO, pa-
tients were transferred from the angiography
suite to the radioisotope suite with the balloon
deflated but still in place under frequent moni-
toring of the activated coagulation time. An ad-
hesive strip was affixed to the catheter at the
location of the catheter entrance into the
sheath so that it could later be inflated during
PET scanning without the use of fluoroscopy.

PET examination

PET acquisition was performed in 2D mode
using an ECAT HR+ scanner (Siemens-CTI,
Knoxville, USA), which provided 63 tomo-
graphic slice images for an axial field-of-view
of approximately 150 mm. A five-minute trans-
mission scan using a 8Ge rod source was con-
ducted to correct tissue attenuation. Intermit-
tent arterial blood sampling and radioactivity
concentration measurements were performed
throughout PET scanning using a catheter im-
planted in the brachial artery to obtain the ar-
terial input function using an auto well gamma
counter (ARC-400, Aloka, Tokyo, Japan). Arte-
rial blood samples were also used to measure
hematocrit and blood gas tensions.

In the radioisotope suite, the patients were
positioned on a table for the PET camera. First,

baseline measurements of CBF and OEF/CM-
RO2 were performed without balloon inflation.
The PET protocol was originally developed as
the DRAG method 1617, in which 30, and H,15O
(or C150,) are sequentially administered during
a single PET scanning to measure the OEF/
CMRO, and CBF. The method was further im-
proved by eliminating the need for CBV data
so that the total scan time is shortened to less
than 15 min V7. In the present study, we applied
the method by administering firstly 30O, (3000
MBg/min) followed by C»0O, (500 MBg/min)
after ten minutes during a single PET scanning
(10sx6;20s x 6;30s x4;120s x 3;5s x 12; 10
s x 9). The arterial input function was deter-
mined by frequent arterial sampling during the
PET scanning. After the baseline measurement,
the balloon was inflated after sufficient time
for eliminating the tracer. Complete occlusion
of the ICA was confirmed by a sudden drop in
the stump pressure. The ICA was occluded for
15 minutes for the BTO PET study and CBF
and OEF/CMRO?2 values were measured dur-
ing BTO. Total examination time in the radioi-
sotope suite was about 50 minutes. Several cir-
cular regions of interest (ROI) were placed on
CBF images in the middle cerebral artery
(MCA) territory. The size of each ROI was 10
mm in diameter. OEF and CMRO, values were
extracted from the same ROIs on CBF images.

Results

None of the three patients exhibited neuro-
logic symptoms during BTO in the angiogra-
phy suite. Physiological parameters including
blood pressure and blood gas tensions were
within normal range and were not significantly
different between before and during BTO PET
examinations.

Case 1

A 66-year-old woman was admitted to our
hospital with left upper-quadrant homonymous
hemianopsia. Right ICA angiogram demon-
strated a large paraclinoid aneurysm (16 x 12
mm) (Figure 1A). The average CBF in the right
MCA territory during BTO was 38.4 ml/100 g/
min, which was 34% lower than that of before
BTO (57.9 ml/100 g/ min) and 35% lower com-
pared to the contralateral value (58.8 ml/100 g/
min) (Figure 1B). The average CMRO? in the
right MCA territory during BTO (4.9 ml/100 g/
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min) was slightly higher than that of before
BTO (4.5 ml/100 g/min) (Figure 1C). The aver-
age OFEF in the right MCA territory during
BTO was 0.66, which was 43% higher than that
of before BTO (0.46) (Figure 1D). This patient
was considered to be non-tolerant for perma-
nent ICA occlusion and treated with successful
neck clipping.

Case 2

A 50-year-old woman was admitted to our
hospital with an incidentally found cerebral an-
eurysm. Left ICA angiogram demonstrated a
large paraclinoid aneurysm (16 x 14 mm) (Fig-
ure 2A). BTO resulted in mild global reduction
of CBF in the bilateral hemispheres. The aver-
age CBF in the left MCA territory during BTO
was 41.2 ml/100 g/min, which was 13% lower
than that of before BTO (47.0 ml/100 g/ min)
and 15% lower compared to the contralateral
value (48.6 m1/100 g/ min) (Figure 2B). The av-
erage CMRO, in the left MCA territory during
BTO (3.8 ml/100 g/min) was slightly higher
than that of before BTO (3.3 ml/100 g/min)
(Figure 2C). The average OEF in the left MCA
territory during BTO was 0.57, which was 21%
higher than that of before BTO (0.47) (Figure
2D). This patient was considered to be non-tol-
erant for permanent ICA occlusion and treated
with successful neck clipping.

Case 3

A 60-year-old woman was admitted to our
hospital with right facial numbness and blurred
vision. Right ICA angiogram demonstrated a
giant cavernous aneurysm (30 x 25 mm) (Fig-
ure 3A). BTO resulted in mild global reduction
of CBF in the bilateral hemispheres. The aver-
age CBF in the right MCA territory during
BTO was 46.6 ml/100 g/min, which was 9%
lower than that of before BTO (51.0 m1/100 g/
" min) and 9% lower compared to the contralat-
eral value (51.5 m1/100 g/ min) (Figure 3B). The
average CMRO? in the right MCA territory
during BTO (3.0 ml/100 g/min) was slightly
lower than that of before BTO (3.3 ml/100 g/
min) (Figure 3C). The average OEF in the left
MCA territory during BTO was 0.51, which
was slightly higher than that of before BTO
(0.48) (Figure 3D). This patient was considered
to be tolerant for permanent ICA occlusion
and treated with ICA occlusion without acute

or later neurological deficits at six months after
the treatment.

Discussion

Occlusion of the ICA was demonstrated to
carry 26% risk of ischemia of the ipsilateral
hemisphere, of which 46% were fatal, when
performed in non-selective patients 3. Balloon
test occlusion (BTO) has been developed as a
method to assess the tolerance of permanent
ICA occlusion. Linskey et al. reported that the
risk of ischemic complications was reduced to
13% by selective carotid occlusion using BTO 3.
However, the appearance of neurological
symptoms during BTO exhibited low negative
and positive predictive values and was not a
good predictor of sustained patient outcome °.
To improve the sensitivity, various reports have
proposed adjunctive methods to predict the
likelihood of ischemic complications following
ICA occlusion, such as measurement of the
stump pressure #18 and the CBF 4% during BTO.

Measurement of the blood flow has demon-
strated that substantial cerebral hypoperfusion
occurs even when the patient does not show
any neurological signs during BTO and may
evaluate a potential risk after the ICA occlu-
sion 12, Among several methods of CBF meas-
urement, SPECT is considered to be the most
useful method for evaluating the collateral cir-
culation during BTO 468, SPECT images ac-
quired after the completion of BTO reflect the
tracer distribution during occlusion when the
tracer is injected. Although no definite quanti-
tative criteria are now available to define per-
fusion abnormalities that may cause cerebral
infarction, an interhemispheric difference in
tracer uptake less than 10% (CBF ratio < 0.9)
is generally accepted to be asymmetric and safe
21, Palestro et al. 22 reported that the negative
predictive value of the symmetric perfusion
(CBF ratio > 0.9) during BTO was 100% in 14
patients who underwent carotid occlusion. In
the SPECT study, however, up to 20% of the
patients did not tolerate ICA sacrifice, even
though they had symmetrical SPECT scans
during BTO .12, Moreover, a previous study
has shown that a considerable reduction in
CBF might occur under hypotension after ICA
sacrifice, even with negative BTO 2. It has also
been suggested that SPECT asymmetry analy-
sis carries a high rate of false positive test re-
sults 624, because of the semi-quantitative na-
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Figure 2 A) Left ICA angiogram shows a large paraclinoid aneurysm. The left ICA is completely occluded by a balloon dur-
ing BTO. B) During BTO of the left ICA, a mild decrease in CBF in the left MCA territory is demonstrated by PET study.
The CMRO, was symmetrical (C) and the OEF in the left MCA territory is mildly increased (D). This patient was considered

to be non-tolerant for permanent ICA occlusion.

ture of the data analysis. The false negative rate
of the BTO was lowered to 3-10% by applying
quantitative CBF analysis with xenon-en-
hanced CT 3. They proposed a flow of less
than 30 ml/100 g/min as the threshold for oc-
currence of neurological symptoms after ICA
occlusion 325, These results indicate that SPECT
asymmetry analysis is not accurate to predict
ischemic complications after permanent ICA
occlusion and quantitative CBF analysis im-
proves the precision of risk evaluation.

PET study is considered to be the most reli-

able method for measuring the CBF through-
out the entire brain. Besides CBF, CBV, oxygen
extraction fraction (OEF) and cerebral meta-
bolic rate of oxygen (CMRO,) provide us with
important indices that can be used for assessing
the ischemic degree in chronic and acute cere-
brovascular disease. In a primate study of cer-
ebral ischemia, CMRO, not CBF measurement
may be the best predictor of reversible or irre-
versible tissue damage 415. OEF and CMRO,
values provide a true definition of ischemia in
patients with aneurysmal subarachnoid hemor-

271




Cerebral Blood Flow and Metabolism Measurement Using Positron Emission Tomography before and during Internal... N. Kawai

Figure 3 A) 3D-CT angiogram shows a giant cavernous an-
eurysm. B) During BTO of the right ICA, a mild global de-
crease in CBF in the bilateral hemispheres is demonstrated
by PET study. The CMRO, was symmetrical (C) and the
OEF in the right MCA territory is slightly increased (D).
This patient was considered to be tolerant for permanent
ICA occlusion and treated with coil embolization with ICA
occlusion (E).

BEFORE

BEFORE

272

291



www.centauro.it

Interventional Neuroradiology 18: 000-000, 2012

rhage 13. These values can be quantitatively ob-
tained by PET using *O-labelled compounds.
The computational formulae to compute these
parametric images are based on a single-tissue

BEFORE

compartment model for oxygen kinetics and
generally require a data set of C50O scan for
cerebral blood volume (CBV), C50, (or H,50)
scan for CBF and 0, scan together with CBF
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and CBV values for OEF/CMRO.,. Several
quantitative approaches have been developed
and applied in clinical assessment. In the
steady-state method, the parametric images are
estimated from the data set that is acquired
while in the steady state reached during the
continuous inhalation of 10, and C50, as well
as bolus inhalation of C50, requiring waiting
time to reach equilibrium. This method can be
employed using a simple procedure and math-
ematical formula, but requires a prolonged da-
ta-acquisition time (approximately 50-60 min).
Recently, one of our colleagues developed a
dual tracer autoradiographic (DRAG) method
to shorten the PET examination period 6. This
method applies sequential administration of
dual tracers of 10, and C150, during a single
PET scan and computes CBF and CMRO, au-
toradiographically. Clinical studies demonstrate
the possibility of neglecting or fixing the CBV
value in the computation of the OEF and CM-
RO, without significant bias in normal controls
and patients with cerebrovascular disease 1726,
In our institution, we introduced the rapid
DRAG method two years ago. This change re-
duced the burden of patients and clinicians and
shortened PET examination time from 50 min-
utes to 15 minutes and enabled us to measure
the CBF and OEF/CMRO, values before and
during BTO in succession. To the best of our
knowledge, only a few studies have applied the
PET evaluation for BTO. Brunberg et al.’ ap-
plied H,'SO PET for quantitative measurement
of regional CBF during BTO to predict the ad-
equacy of collateral flow after permanent ca-
rotid occlusion. They demonstrated that pa-
tients having a CBF reduction to 25-35 ml/100
g/min during balloon occlusion may bear a risk
of cerebral infarction after permanent ICA oc-
clusion even when there was no clinical symp-
tom 5. This is the first report to measure the
blood flow and metabolism in the brain using
PET before and during BTO. Although we

have not clarified critical values of the OEF/
CMRO, during BTO, which may carry the risk
of ischemic complications after permanent ICA
occlusion, this approach can improve the sensi-
tivity to predict ischemic complication after
permanent ICA occlusion. This study is prelim-
inary and should be performed in a greater
number of patients. Our study has several limi-
tations and drawbacks. It should be mentioned
that while the findings are suggestive they are
still preliminary because of the limited number
of cases and this represents a possible limita-
tion to the conclusion drawn. Even though PET
study can provide more useful information for
the patients, movement to radioisotope suite
and longer indwelling time of balloon including
inflation and deflation in PET room may re-
quire further risk-taking. Moreover, compared
to intravenous injection of radioisotope, inhala-
tion of gas tracer used in this study requires ad-
ditional devices and may limit availability in
other institutions.

Conclusion

Measurement of the CBF and OEF/CMRO2
using a new, rapid PET protocol before and
during BTO is feasible. With its quantitative
character and brief scanning time, our rapid
PET can offer a suitable method for predicting
tolerance to ICA occlusion. This method may
further improve the precision of the test and to
reduce the risk of complications following ICA
sacrifice with surgery.
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ORIGINAL ARTICLE

Long-term adaptation of cerebral hemodynamic response to
somatosensory stimulation during chronic hypoxia in awake mice

Hiroyuki Takuwa', Kazuto Masamoto'?, Kyoko Yamazaki'?, Hiroshi Kawaguchi', Yoko tkoma', Yousuke Tajima'*, Takayuki Obata’,

Yutaka Tomita®, Norihiro Suzuki®, Iwao Kanno' and Hiroshi Ito'

Eﬁ‘ects of chromc hypoxra on hemodynamrc response to sensory strmulat«on were rnvestrgated Usmg laser Doppler ﬂowmetry,
change in cerebral blood flow (CBF) was measured in awake mice, which were housed in a hypoxtc chamber (8% O.) for 1 month.
The degree of increase in CBF evoked by sensory stlmulatlon was gradually decreased over 1 month of chronic hypoxia. No
significant reduction of increase in CBF induced by hypercapnia was observed dunng 1 month Voltage-sensntlve dye (VSD) i lmagmg
of the somatosensory cortex showed no sngmﬁcant decrease in neural actlvatlon over 1 month, indicating that the reduction of
increase in CBF to sensory stlmulatlon was not caused by cerebrovascular or neural dysfunction. The simulation study showed that,
when effectwe dlffuswlty for oxygen in the cap|llary bed (D) value increases by chronic hypox1a due toan increasein caplllary blood
volume, an increase in the cerebral metabolic rate of oxygen utilization during neural activation can occur without any increase in -
‘CBF. Although previous study showed no dlrect effects of acute hypoxia on CBF response, our ﬁndlng showed that hemodynamrc

response to neural actlvatlon could be modlﬁed in response toa change in their balance to energy demand using chromc hypoxra

' fexperlments
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INTRODUCTION

The oxygen supply to the brain plays an important role in energy
metabolism in tissues, and long-term low oxygen environments
cause several adaptation mechanisms.”? In human studies,
hypobaric hypoxia at hlgh altitudes has been shown to cause
cerebral vasodilatation® and increase the cerebral blood flow
(CBF), blood pressure, and hematocrit®* In rodent, several long-
term adaptations in systemic and cerebral hemodynamics to
chronic hypoxia have been observed. Baseline CBF increased
during the first several days during hypoxia (10% O,
concentration), and then began to decrease, finally returning to
the prehypoxia baseline level after 3 weeks.>® In addition,
increases in hematocrit and respiratory rate were observed
during 3 weeks of chronic hypoxia. Capillary density in the brain
significantly increased,® and cerebral vasodilatation occurred’
after several days of chronic hypoxia. These effects on the cerebral
vasculature were thought to be associated with hypoxia-inducible
factor-1 and angiopoietin-2, whose gene expression levels were
activated after several days of hypoxia.®®

Although effects of chronic hypoxia on baseline CBF and
capillary density have been investigated, effects of the hemody-
namic response under chronic hypoxia remain unclear. The
hemodynamic response to neuronal activation under acute
hypoxia was investigated in several studies,’®"® but it is clear
that the animal condition in acute hypoxic experiments is quite
different from that in chronic hypoxic experiments. Especially,
increases in capillary density, baseline CBF, and the diameter of
cerebral vessels occur during chronic hypoxia, and such

adaptations might affect the hemodynamic responses to
neuronal activation. To clarify the long-term changes of CBF
response to evoked neural activity in the mouse exposed to
chronic hypoxia, we measured the cerebrovascular responses to
neural activation and hypercapnia in awake mice under chronic
hypoxia. The hemodynamic responses were evaluated by laser-
Doppler flowmetry (LDF) experiment repeatedly over 1 month of
chronic hypoxia in the same mouse somatosensory cortex.
Voltage-sensitive dye (VSD) imaging was also performed to
assess the effects of chronic hypoxia on neuronal activity.
Furthermore, a simulation study was performed to demonstrate
the relation between CBF and the cerebral metabolic rate of
oxygen utilization (CMRO,) during neural activation under the
condition of chronic hypoxia.

MATERIALS AND METHODS

Animal Preparation

All experiments were performed in accordance with the institutional
guidelines on the humane care and use of laboratory animals and were

approved by the Institutional Committee for Animal Experimentation. A
total of 24 male C57BL/6J mice (20 to 30g, 7 to 11 weeks; Japan SLC,

_ Hamamatsu, Japan) were housed in hypoxic chambers at 8% to 9% O,

concentration and used in two experiments as follows. In the first
experiment (experiment I; Figure 1A), LDF measurement during whisker
stimulation was performed before (N=12) and at 7 days (N=7), 14 days
(N=7) during, and 1 month (N=7) after chronic hypoxia. In five animals
selected from these animals, LDF measurements during CO, inhalation and
VSD imaging during whisker stimulation were performed before and
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Figure 1. (A) Experiment | (laser-Doppler flowmetry (LDF) measure-
ment and voltage-sensitive dye (VSD) imaging in awake animals)
and experiment Il (hematocrit measurement). LDF measurement
during whisker stimulation was performed before (N=12) and 7
days (N=7), 14 days (N=7), and 1 month (N=7) after the start of
chronic hypoxia. In five of these animals, LDF measurements during
CO, inhalation and VSD imaging during whisker stimulation were
performed before and 1 month after chronic hypoxia. In experiment |,
hematocrit measurement was performed in a total of 12 animals
(each measurement used three animals) before, at 7 days and 14
days during, and 1 month after chronic hypoxia. Hematocrit was
estimated with a blood analyzer (I-STAT; Abbott). (B) Experimental
protocols of whisker stimulation and 5% CO, inhalation. In whisker
stimulation, 20 seconds of rectangular pulse air-puff stimulation (50-
milliseconds pulse width and 100-milliseconds onset-to-onset
interval, i.e., 10 Hz frequency) was given to the right whisker region
of mice. Ten consecutive trials were repeated with an onset-to-onset
interval of 120seconds in each experiment. In CO, inhalation, 5%
CO, gas was given to mice continuously for the same duration
(20 seconds) and interval (120 seconds) as the sensory stimulation.

1 month after chronic hypoxia. In the second experiment (experiment Ii;
Figure 1A), hematocrit measurement was performed in a total of 12
animals (each measurement used three animals) before, at 7 days, 14 days
during, and 1 month after chronic hypoxia. Anesthesia was only used in
this experiment Il for pain avoidance.

A surgical procedure was applied to prepare a chronic cranial window
and fixation to the heads of mice for reproducible stereotaxic measure-
ment for up to 1 month. The animals were anesthetized with a mixture of
air, oxygen, and isoflurane (3% to 5% for induction and 2% for surgery) via
a facemask. The animals were fixed in a stereotactic frame, and rectal
temperature was maintained at 38°C using a heating pad (ATC-210,
Unique Medical, Tokyo, Japan). The methods for preparing the chronic
cranial window have been reported in detail by Tomita et al.'* A midline
incision (10 mm) was made to expose the skull. Craniotomy was performed
over the left somatosensory cortex, keeping the dura intact (3 to 4mm
diameter, centered at 1.8mm caudal, and 2.5mm lateral from bregma).
The brain surface was sealed with a quartz coverslip using dental cement
(lonosit, DMG, Hamburg, Germany) to make the preparation waterproof. A
custom metal plate was affixed to the skull with a 7-mm diameter hole
centered over the cranial window. After completion of the surgery, the
animals were allowed to recover from anesthesia and housed for at least 7
days before initiation of the experiments.

© 2013 ISCBFM
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Exposure to Chronic Hypoxia

From 1 week after the cranial window surgery, the mice were kept for up
to 1 month in hypoxic chambers (8% to 9% O, in N) with food and water
provided ad libitum. The chamber was a fully sealed plastic box (200 mm
long, 150mm wide, and 100mm high) with two nozzles. One nozzle,
attached to the lateral side of the chamber, was connected to a gas
blender (GB-2C, KOFLOC, Kyoto, Japan) to deliver the hypoxic gas mixture
into the chamber. The second nozzle was used to flush out the gas
mixture. The hypoxic gas was regulated by gas blender, and the O, levels
in the chamber were monitored every day using an oxygen sensor (OPA-
5000E, KITAGAWA, Kanazawa, Japan). During chronic hypoxia, the mean
oxygen concentration in the chamber was 8.6% * 0.2%, indicating that the
hypoxic chamber was maintained within our target range (8% to 9% O,).
The temperature in the chamber was controlled at ~23°C (range 22°C to
24°C) with a room air conditioner. Two animals per chamber were housed
in each experiment for a maximum of up to 1 month. The chamber was
opened for 10 minutes every 3 days for cleaning and animal care.

Laser-Doppler Flowmetry Measurement

The animals were moved from a hypoxic chamber to a recording room,
and the measurement was conducted under normoxic condition. The body
weight of the animal was measured, and then the head was fixed to a
custom-made stereotactic apparatus with a floating ball device that
allowed the animal to move freely during the recording of LDF."> Evoked
CBF was measured with laser-Doppler flowmetry (FLO-C1, OMEGAWAVE,
Tokyo, Japan), as described previously.'® The tip of the LDF probe (Type
NS, OMEGAWAVE) was positioned over the whisker stimulation-induced
activated cortex on the cranial window while avoiding large blood vessel
areas. The activated hot spot was preliminarily determined by screening
the response to sensory stimulation at several points in the somatosensory
area. Then, the X-Y position of the LDF tip was marked on the edge of the
cranial window for reproducible placement of the LDF tip. The angle of the
LDF probe to the cortex was fixed by manipulator, perpendicular to
the cranial window surface. Also, the distance between the LDF tip and the
surface of the cranial window was maintained among the different
experiments. On each day of the experiments, the level constancy of the
reflected light signal for the LDF measurements was confirmed before
initiation of the recording.

The time course of the LDF signal changes was recorded using a
polygraph data acquisition system (MP150, BIOPAC Systems, Goleta, CA,
USA) at a sampling rate of 200 Hz and analyzed offline. For each trial of the
experiment, the LDF signal was normalized by the 20-second prestimulus
baseline level, and averaged across 10 trials. For the whisker stimulation
experiments, the magnitude of evoked CBF was calculated as the mean
percentage change for 20-seconds stimulation periods relative to baseline.
In the case of CO, inhalation, the mean percentage increase in CBF was
calculated from 10 to 20seconds of the stimulation period, because
the increase in CBF usually started 5 to 10seconds after inhalation.
Statistical analysis was performed to compare the evoked CBF across
different experimental days using one-way analysis of variance followed by
Tukey's test.

Voltage-Sensitive Dye Imaging
The cerebral cortex was stained with RH1691 (Optical Imaging, Rehovot,
Israel) via transdura delivery for 2 hours and rinsed with dye-free saline for
30seconds. Dye and saline were injected through a metal tube (500-um
inside-diameter), which was connected to a space between the cranial
window and dura through one side of the cranial window. Then, the mice
were fixed onto the apparatus while keeping an awake-state. The
excitation light was 632+ 10nm, and a fluorescent light from the stained
cortex was passed through a dichroic mirror and long-pass filter
(>660nm)."*> The image was obtained using a 128-channel photochode
array at a rate of 1kHz. The X-Y in-plane resolution was 250 x 250 ym?Z.
For the analysis of VSDI signals, independent component analysis was
applied to exclude systemic physiological noise originating from the
heartbeat and respiration.'® Then, all of the VSDI signals were normalized
to the maximal response measured over 128 channels. The whisker
stimulation-induced activated region was determined by measuring the
number of pixels at which the normalized VSD signal was greater than an
intensity threshold of 0.5 (maximum pixel intensity 1.0). Comparison of the
activated region was made between pre- and posthypoxia conditions, and
statistical analysis was performed by paired t-test.
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Whisker Stimulation

Compressed air (up to 10 psi) was generated with an air compressor (NUP-
2, AS ONE, Osaka, Japan), and the pressure was controlled with a Pico
Pump (PV830, WP, Osaka, Japan). The compressed air pulse was delivered
to the entire right whisker region from a nozzle placed ~1cm away from
the mouse.'® Twenty seconds rectangular pulse stimulation (50-
milliseconds pulse width and 100-milliseconds onset-to-onset interval,
ie, 10Hz frequency) was generated with Master-8 (A.M.P., Jerusalem,
Israel). In each experiment, 10 consecutive trials were repeated with an
onset-to-onset interval of 120 seconds (Figure 1B).

Hypercapnia (5% CO, Inhalation)

A hypercapnic gas mixture of 5% CO,, 21% O, and residual N, was inhaled
by awake-behaving mice via a facemask (300 mL/min). At all times except
during the CO, inhalation, the mice inhaled room air (300 mL/min). CO,
gas was given to the mice for the same duration (20 seconds) and interval
(120 seconds) as the sensory stimulation using the Master 8 (Figure 1B).
CO; inhalation was repeated 10 times, and the LDF signals were averaged
offline.

Experiment Il: Hematocrit Measurement

Hematocrit measurement was performed in total 12 animals (each
measurement used three animals) before, at 7 days, 14 days, and
1 month after the start of chronic hypoxia. Because mice under hematocrit
measurement, which severely influenced the physiological state, were
unsuitable for the long-term LDF and VSDI experiment, those in
experiment Il were different from those in experiment 1. In the experiment,
the mice were moved from the hypoxic chambers and exposed to room
air. They were anesthetized with isoflurane (3% to 5% for induction and 2%
for surgery) using facemasks. Body temperature was monitored with a
rectal probe and maintained at ~37.0°C with a heating pad. Heart blood
samples were obtained with a needle (23 gauge) before and after 7 days,
14 days, and 30 days of hypoxic chamber exposure (Figure 1A). The
hematocrit level was analyzed with a blood analyzer (I-STAT; Abbott,
Chicago, IL, USA).

Simulation Study

To evaluate the relation between CBF and CMRO, during neural activation
under the condition of chronic hypoxia, a simulation study was performed.
The effective diffusivity for oxygen in the capillary bed (D) was defined as
OEF =1 — &' ~P/®R \where OFF is the oxygen extraction fraction.'” Cerebral
metabolic rate of oxygen utilization can be calculated as CMRO, = C, @ CBF
e OFF, where G, is the total oxygen content in arterial blood. Thus, the
relation between changes in CBF and CMRO, during neural activation
should depend on D. Assuming the baseline CBF for mouse as 100 mL per
100 mL per minute'” and baseline OEF to be 0.2,"® D can be calculated to
be 0.223 mL per mL per minute. The D value is proportional to the capillary
blood volume,'® and a 40% to 70% increase in capillary diameter by
chronic hypoxia has been reported in mice using two-photon laser

microscopy,” corresponding to a 96% to 189% increase in capillary blood
volume and, therefore, in D. Thus, the relation between changes in CBF and
CMRO, during neural activation was simulated for D values of 0.223
(baseline), 0.245 (10% increase), 0.268 (20% increase), 0.335 (50% increase),
0.446 (100% increase), and 0.669 (200% increase) mL per mL per minute.

RESULTS

Change in Systemic Hematocrit and Body Weight During Chronic
Hypoxia

The body weights before and after 7 days, 14 days, and 1 month
of exposure to chronic hypoxia were 233+23g, 222+22g,
20.7 £1.649, and 22.0 + 1.4 g, respectively. There was no significant
difference in body weight among the respective measurement
days. On the other hand, when control mice were housed in a
normoxic chamber, body weights significantly increased over one
month (day 0: 23.8+22g, day 30: 2641249, P<0.01, N=6).
Therefore, it was possible that chronic hypoxia inhibited the
weight gain of mice over the month. Hematocrit was significantly
higher (P<0.01) at 7 days (51.5%), 14 days (59.0%), and 1 month
(68.5%) from the start of exposure to chronic hypoxia as compared
with control mice (34.6%). These results were in good agreement
with previous studies conducted in rats and mice under chronic
hypoxia.'®

Cerebral Blood Flow Response to Sensory Stimulation

Time-response curves of the increase in CBF during whisker
stimulation during 1 month of chronic hypoxia are shown in
Figure 2. The mean percentage increases were 20.3% *6.8%,
13.1% +3.3%, 9.9% +4.2%, and 3.9% +4.0% before and after
7 days, 14 days, and 1 month of chronic hypoxia, respectively
(Figure 3). Statistically significant differences were found at day
7 (P<0.05), day 14 (P<0.01), and 1 month (P<0.01) of chronic
hypoxia, compared with that of prehypoxic control.

Cerebral Blood Flow Response to 5% CO, Inhalation

The time-response curve of the increase in CBF during 5% CO,
inhalation before chronic hypoxia was almost identical to that
after 1 month of hypoxia (Figure 4A). The mean percentage
increase in CBF induced by 5% CO, inhalation was 14.8% + 3.5%
and 16.3% *4.0% before and 1 month after chronic hypoxia,
respectively (Figure 4B). There was no significant difference in the
increase in CBF between the measurements before and 1 month
after chronic hypoxia.
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Figure 2.
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Time-response curves for normalized increase in cerebral blood flow (CBF) response to sensory stimulation during chronic hypoxia.

Horizontal bars indicate the stimulation period. These data were normalized to baseline level (20 seconds before sensory stimulation). Each
response curve represents the mean of all animals at each measurement day. Error bars indicate s.d.
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