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In the management of major cerebral artery obstruction, cerebral
perfusion reserve is key to introducing cerebral revascularization
surgery. The purpose of this study was to evaluate the feasibility
of assessing cerebral perfusion reserve by consecutive ®*™Tc-
hexamethyi-propyleneamine oxime (**™Tc-HMPAQO) SPECT
with 5% carbon dioxide (CO,) inhalation. Methods: The CO,
inhalation and consecutive **™Tc-HMPAO SPECT study was
performed on 30 chronic ischemic cerebrovascular disease pa-
tients with unilateral major cerebral artery obstruction and on 27
patients without. CO,, reactivity was expressed as the percent
increase of *™Tc-HMPAO accumulation from the baseline
(%Change) and as a constant k' that was the ratio of ®*™Tc-
HMPAO accumulation per 1 mmHg change of end-tidal CO,
tension by exponential curve fitting. Results: The mean
%Change and k'’ in the middle cerebral artery (MCA) territory on
the side without an obstructive lesion or in the cerebellum ranged
from 10.0% to 11.1% and from 0.98% to 1.13% per mmHg,
respectively. In the MCA territory, an obstructive lesion was
noted in 5.9% versus 0.54% per mmHg in the contralateral MCA
territory (p < 0.01). Eleven of 30 patients with major cerebral
artery obstruction revealed significant asymmetry in the k' value
between bilateral MCA territories. Conclusion: The results
showed compromised cerebral perfusion reserve in the ob-
structed major cerebral artery territory. The present method was
proven clinically useful for evaluating cerebral perfusion reserve
in patients with unilateral major cerebral artery obstruction.
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In patients with major cerebral artery obstruction, cere-
bral perfusion reserve is key to introducing cerebral revas-
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cularization surgery such as external to internal cranial
bypass or carotid endarterectomy. Routine x-ray com-
puted tomography (XCT), magnetic resonance imaging
(MRI) and angiographic evaluation is not always accurate
in predicting compromised cerebral perfusion reserve (1).
For optimal therapy, it is clinically important to assess
cerebral perfusion reserve.

Carbon dioxide (CO,) is a potent vasodilator of cerebral
blood vessels, and regional cerebral blood flow (rCBF)
reactivity to CO, is one of the representative parameters in
the assessment of cerebral perfusion reserve. After Kety
and Schmidt (2) showed that the inhalation of CO, caused
a marked rise in rCBF, cerebrovascular reactivity to
changes in CO, levels (CO, reactivity) has been thoroughly
investigated in various disease conditions and in healthy
individuals (3-9). However, simple methods with high spa-
tial resolution and relatively low cost remain desirable for
daily clinical use.

Technetium-99m-hexamethyl-propyleneamine  oxime
(®™Tc-HMPAO) (10) is a recently developed radiopharma-
ceutical for use in brain perfusion imaging by single-photon
emission computed tomography (SPECT). It is rapidly dis-
tributed in proportion to rCBF, crosses the intact blood-
brain barrier and is converted into hydrophilic compounds
that hardly return to the bloodstream. This process occurs
within a few minutes after ™Tc-HMPAO is intravenously
administered, and its retention in the brain is stable for
hours (11). Therefore, the pattern of its distribution is a
“frozen” perfusion image at the time of administration.
Thereafter, additional accumulation of *™Tc-HMPAO into
brain tissue should be acquired by subtraction of two con-
secutive *™Tc-HMPAO SPECT images. This means that
cerebral perfusion images under different conditions such
as normocapnic and hypercapnic conditions can be ob-
tained within a short time.

The purpose of this study was to establish the feasibility
of assessing cerebral perfusion reserve in patients with
unilateral major cerebral artery obstruction by consecutive
#mTc-HMPAO SPECT with 5% CO, inhalation.
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TABLE 1A
Clinical Features and Physiological Data with or Without CO, and CO,, Reactivity in Group NS (No Stenosis)

Blood pressure (Systole/Diastole, Heart rate

Patient mmHg) (beats min~") PgCO, (mmHg)
no. Sex  Age(y Diagnosis COz(, COz) COy., COxyy  COy, COz)

1 M 70 Dizziness 122/70 137/72 58 64 31 40

2 M 79 TIA 116/66 129/76 81 82 30 39

3 F 69 Dizziness 122/70 142/78 66 7 37 52

4 F 74 Dizziness 120/78 134/82 68 70 46 57

5 M 61 Dizziness 108/76 119/78 79 76 32 47

6 M 58 RIND 110/67 120/69 50 56 40 53

7 M 59 Headache 104/67 116/67 58 66 43 51

8 F 57 Dizziness 145/74 171/74 73 72 42 50

9 F 53 Dizziness 141/72 160/84 66 65 41 50

10 M 74 Comp stroke 111/68 120/69 59 72 33 40

1" M 61 Comp stroke 150/79 164/84 53 64 26 35

12 M 60 Dizziness 125/82 133/94 79 82 30 39

13 F 7 Dizziness 130/76 150/86 61 68 31 40

14 M 40 Dizziness 108/70 118/70 64 64 35 43

15 F 20 Dizziness 99/71 113/77 74 78 29 41

16 F 70 Comp stroke 129/80 134/85 57 62 28 40

17 M 77 Headache 135/78 156/80 58 64 22 34

18 M 50 Comp stroke 152/74 174/98 79 85 27 35

19 M 63 RIND 113/65 133/74 74 82 40 50

20 M 66 Comp stroke 130/76 154/86 75 80 35 41

21 M 52 Comp stroke 120/77 132/83 7 75 36 46

22 M 57 Comp stroke 146/74 156/86 78 82 41 49

23 M 57 Comp stroke 118/67 134/72 59 62 30 39

24 M 67 Dizziness 142/78 152/84 60 68 36 43

25 M 24 Headache 112/67 121/68 74 82 41 46

26 M 75 Comp stroke 108/68 116/74 58 64 39 51

27 M 67 Headache 150/85 166/92 64 72 37 45

604 + 142 125 +16/73 £ 5 139 + 19/ 67+9 718 347x+60 443=+6.1*
79 + 8*
See Table 1B for definitions.
METHODS had no stenotic lesions in the internal carotid artery (ICA) or in the
Subjects main trunk of middle cerebral artery (MCA). In Group OB, as listed

We assessed the reproducibility between two consecutive
99mTc.-HMPAO SPECT without CO, challenge in a baseline study
of 14 patients (group NC; no CO, challenge, mean age 51.0 yr)
with various central nervous system disorders.

Cerebral perfusion reserve was assessed in another series of 57
patients (45 males and 12 females) varying from 20 to 79 yr (58.8
+ 12.7 yr; mean + s.d.). They were all in the chronic stage of
ischemic cerebrovascular disease (CVD) or suffering from non-
specific brain symptoms without focal signs (i.e., headache, diz-
ziness and syncope). All of them had XCT examinations and had
undergone cerebral angiography either by conventional technique
or by digital subtraction angiography. They had no cerebellar
involvement on neurological and XCT examination. No patient
had a cerebral infarction larger than 3 cm in the long-axis or
hemorrhagic infarction on XCT examination. All patients were
alert and had no cardiopulmonary complications. The SPECT
study was performed at least 4 wk after the last episode.

As presented in Tables 1 and 2, the latter series of patients were
classified into two groups (Group NS; 27 patients without stenosis,
Group OB; 30 patients with unilateral obstruction) according to
cerebral angiography results. On angiograms, patients in Group NS

Cerebral Circulation Response to CO, ® Oku et al.

in Table 2, 11 patients had severe ICA stenosis, 8 had ICA occlu-
sion, 5 had severe MCA stenosis and 6 had MCA occlusion. All
lesions were located on the unilateral side. Severe stenosis was
diagnosed when luminal narrowing of over 75% in diameter was
observed on angiograms. There was no significant difference be-
tween the two groups in age distribution. Stroke patients (complete
stroke, transient ischemic attack and reversible ischemic neurolog-
ical deficit) were more predominant in Group OB than those in
Group NS (90% versus 44%; p < 0.01 by chi-square test). On XCT,
11 of 27 patients in Group NS had 11 ischemic lesions, one of which
was located in the cerebral cortex and the others were located in the
subcortex. In Group OB, there were 22 cortical and 13 subcortical
ischemic lesions in 19 cerebral hemispheres on the side of an ob-
structive lesion (affected side), while there were two cortical and five
subcortical ischemic lesions in six contralateral hemispheres (non-
affected side). In Group OB, there was a higher incidence of cortical
involvement on the affected side compared with that in Group NS (p
< 0.01 by chi-square test).

The study was performed under the standard ethical guidelines
of Osaka University and informed consent was obtained from
each individual prior to the study.



TABLE 1B
HMPAO SPECT Results for Group NS

Patient %Change k' (%mmHg™")
no. R MCA L MCA Cerebellum R MCA L MCA Cerebellum Ak’
1 55 9.2 6.0 0.61 0.98 0.65 0.38
2 6.8 7.7 193 0.74 0.84 1.96 0.10
3 113 149 20.9 0.71 0.93 1.26 0.21
4 76 9.1 8.4 0.66 0.79 0.74 0.13
5 83 78 71 0.54 0.51 0.45 -0.03
6 29 3.0 44 0.21 0.22 0.34 0.01
7 329 284 229 3.56 3.14 2.60 -042
8 79 10.6 26 0.94 1.26 0.33 0.32
9 42 45 7.8 0.46 0.48 0.84 0.02
10 16.5 14.1 129 2.20 1.90 1.72 -0.31
1 8.1 84 52 0.85 0.88 0.56 0.03
12 140 11.8 6.8 145 1.23 0.75 -0.22
13 169 13.2 140 175 1.36 145 -0.39
14 223 183 149 250 210 175 -0.40
15 203 20.7 71 154 157 0.57 0.03
16 12.0 121 111 0.95 0.95 0.90 0.00
17 6.7 75 10.2 0.53 0.62 0.80 0.08
18 158 21.0 220 1.81 2.38 2.46 057t
19 131 128 14.2 124 1.21 133 -0.03
20 -4.7 -6.8 5.6 -0.78 -1.18 -0.97 -0.39
21 11.0 5.8 18.2 1.06 0.59 1.67 -0.47
22 269 26.4 251 2.99 292 2.78 -0.07
23 88 741 9.3 0.94 0.75 0.98 -0.19
24 116 97 6.7 1.56 1.32 0.92 -0.25
25 -0.2 09 58 -0.05 0.19 in 0.24
26 -0.2 -0.6 1.6 -0.02 -0.06 0.14 -0.04
27 124 1.7 16.6 1.46 1.40 1.91 -0.07
111 +£8.2 108 +76 109+73 1.13+£ 094 1.08 + 0.89 1.11 +£0.83 -0.04 + 0.26

PeCO, = end-tidal carbon dioxide tension; %Change = percent increase of ®™Tc-HMPAO accumulation by carbon dioxide inhalation from
baseline; k' = the ratio of **"Tc-HMPAO accumulation per 1 mmHg change of P=CO, by exponential curve fitting, CO,(., and CO,_, are conditions
with and without carbon dioxide inhalation respectively, R = right; L = left; Ak’ = difference of k' values between bilateral MCA (L-R); TIA = transient
ischemic attack; RIND = reversible ischemic neuronal deficit; Comp stroke = complete stroke.

The bottom data line presents mean + s.d.; *: p < 0.01 vs. CO,_, by paired t-test; *significantly asymmetric Ak’.

Device and Study Protocol

We used a high-performance, four-head rotating gamma cam-
era equipped with low-energy, general-purpose, parallel-hole col-
limators (12) (Gamma View SPECT 2000H, Hitachi Medical Co.,
Japan). The spatial resolution was 13.0 mm FWHM. SPECT
acquisition was performed in 64 steps, 360° and with a 64 x 64
matrix (4 X 4 mm per pixel).

The patients were rested supine with their eyes closed, and
their heads were affixed with gummed tape to a ready-made semi-
cylindrical plastic holder by the forehead and the chin. The space
between the temporal head and the holder was filled with a soft
rubber sponge. The headholder was adjusted with the aid of po-
sitioning a light beam so that the orbitomeatal line was perpen-
dicular to the axis of camera rotation. A temporal profile of end-
tidal CO, tension (PzCO,) was continuously monitored in the
nasal cavity by an infrared CO, analyzer (Respina IH26, Nihon
San-ei, Japan) during the procedure. Systemic blood pressure and
heart rate were monitored using an automatic sphygmomanome-
ter. The study protocol is shown in Figure 1. Patients in Group NS
or OB at first inhaled 5% CO, gas (5% CO, in 20% oxygen and
75% nitrogen gas) through a naso-oral mask. When P:CO,
reached a plateau, 185 MBq of *™Tc-HMPAO (Ceretec®, Amer-
sham, Japan) was injected into a cubital vein via a butterfly nee-
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dle. Five minutes of further 5% CO, inhalation after injection was
followed by the first SPECT study for 15 sec per step. On the
other hand, patients in Group NC breathed room air during this
phase of the procedure. All patients breathed room air after the
first SPECT study had started. Immediately after this, without
repositioning the patient and using the same vial as in the first
injection, 740 MBq of *™Tc-HMPAO was injected. Five minutes
after the second injection, the second SPECT study was begun for
5 sec per step. Residual syringe radioactivity was measured after
each injection to correct the actual amount of radioactivity admin-
istered. The total examination time was approximately 35 min.

Image Processing and Region of interest
(ROI) Analysis

SPECT acquisition data sets were prefiltered with a Butter-
worth filter then reconstructed with a Ramachandran backprojec-
tion filter. Chang’s postreconstruction attenuation correction was
applied with an attenuation coefficient of 0.08 cm™! to the transaxial
image data. The final reconstructed transaxial image was 8 mm thick
per slice.

The cerebral perfusion image produced by the second *™Tc-
HMPAO study (I) was acquired as follows:
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TABLE 2A
Clinical Features and Physiological Data with or Without CO,, and CO, Reactivity in Group OB (Unilateral Obstruction)

Blood pressure (Systole/Diastole, Heart rate
-1
Patient mmHg) (beats min~")
no. Sex  Age(yn Diagnosis Vascular lesions COy(, CO,4) CO,-, COys
1 M 59 TIA R ICA occlusion 128/76 130/80 75 78
2 M 43 Comp stroke L ICA severe stenosis 118/77 126/82 81 84
3 M 50 Comp stroke R ICA severe stenosis 149/92 160/97 86 88
4 M 66 Comp stroke R ICA severe stenosis 119/81 142/85 78 80
5 M 75 Comp stroke L ICA severe stenosis 142/74 152/83 100 98
6 M 67 TIA L ICA severe stenosis 104/69 116/75 90 92
7 M 48 TIA R MCA severe stenosis 161/103 148/103 72 70
8 M 52 Comp stroke L MCA severe stenosis 128/84 134/88 84 87
9 M 35 TIA L MCA severe stenosis 117/83 124/80 63 70
10 F 65 Comp stroke L MCA occlusion 150/76 151/66 74 78
1 M 63 Comp stroke R ICA occlusion 96/65 105/68 54 60
12 M 68 TIA R ICA severe stenosis 104/70 116/70 59 63
13 F 67 TIA L MCA severe stenosis 100/66 120/68 55 62
14 F 49 Comp stroke L ICA occlusion 107/73 116/72 58 62
15 F 70 TIA L ICA occlusion 150/95 160/96 67 73
16 M 51 Comp stroke L MCA occlusion 110/72 120/74 7 76
17 M 40 TIA R ICA severe stenosis 143/82 150/88 64 66
18 M 57 Comp stroke R ICA occlusion 99/66 116/66 74 78
19 M 59 Comp stroke R MCA occlusion 130/86 140/96 80 84
20 M 54 Syncope R MCA occlusion 149/87 156/90 68 72
21 M 67 Comp stroke R ICA severe stenosis 131/70 140/73 55 61
22 M 59 TIA R ICA severe stenosis 110/74 121/82 80 82
23 F 65 Dizziness R ICA severe stenosis 140/85 146/88 58 63
24 M 76 Comp stroke L ICA severe stenosis 148/92 152/92 79 81
25 M 7 Headache R ICA occlusion 102/68 109/71 65 74
26 M 57 Comp stroke R ICA occlusion 120/70 130/76 56 61
27 M 55 Comp stroke L MCA occlusion 103/69 118/70 56 60
28 M 29 TIA L MCA occlusion 130/91 136/96 79 84
29 M 49 Comp stroke R MCA severe stenosis 108/71 126/77 80 83
30 M 58 TIA L ICA occlusion 106/68 123/71 55 59
574 115 123 + 19/78 + 10 133 + 16*/ 71+£12 74 +11*
81 +11*
See Table 2B for definitions.

I; =1, x (15 sec/5 sec) — I,

where I, and I; are the second and decay-corrected initial SPECT
images reconstructed, respectively. Two sets of transaxial perfu-
sion images produced by the first and the second **Tc-HMPAO
studies were normalized by the administered *™Tc-HMPAO ra-
dioactivity.

ROI analysis in this study is illustrated in Figure 2. In transaxial
images produced by the first and second *™Tc-HMPAO studies,
the corresponding sets of six consecutive slices from the basal
ganglia and the thalamic level to the parietal cortex level were
selected so that they included most of the MCA territories.
Among these, the top three and bottom three slices were added
separately to create two integrated images that were outlined by
the 55% count cutoff to maximum **"Tc-HMPAO accumulation
to trace the contour of the cerebrum. The outlined cerebral area
was automatically divided into three equal sized longitudinal ROIs
on the top integrated image and into four ROIs on the bottom
integrated image. Bilateral outer ROIs on each integrated image
corresponded to bilateral MCA territories. Two or three slices
including the cerebellum were also added and outlined by the 65%
count cutoff. Technetium-99m-HMPAO accumulation in these

Cerebral Circulation Response to CO, ® Oku et al.

MCA and cerebellar ROIs were summed over the images and
averaged by pixel and slice. For semiquantitative analysis, the
%Change and the CO, reactivity constant k' value [Olesen et al.
(13)] were calculated in each territory as follows:

HMPAO,,, - HMPAO,4

=100 x
%Change = 100 ACm,

In (HMPAO,g) — In (HMPAO,, )
k' =100 x ,
change of PgCO,

where HMPAO,,, and HMPAO,,, were the first and the second
9mTc-HMPAO accumulations in a corresponding ROI, respec-
tively. The difference in the k' value between bilateral MCA
territories was expressed as Ak’ by subtracting k' in the affected
MCA (or right MCA in Group NS) from that in the nonaffected
MCA (or left MCA in Group NS).

The ROI data were analyzed by paired or unpaired Student’s
t-test. A difference of p < 0.05 was considered significant.



TABLE 2B
HMPAO SPECT Results for Group OB

Paont ___PeCO2 (mmHg) %Change (%) K' (% mmHg™)
no.  CO, CO,,) NAMCA AFMCA Cerebelum NAMCA  AFMCA  Cerebellum AK
1 40 50 169 15.8 17.4 157 1.46 159 0.1
2 40 50 134 122 145 127 115 134 0.12
3 a7 48 130 43 1.9 1.10 0.39 1.02 0.72%
4 31 47 130 90 15.0 0.76 0.54 0.87 0.2
5 36 47 108 122 16.0 095 1.0 1.36 -0.10
6 42 49 208 16.3 207 272 216 268 0.56%
7 37 47 26.0 27 268 232 206 238 0.26
8 36 44 158 134 114 1.83 159 136 0.24
9 40 50 221 230 270 200 208 238 -0.08
10 35 42 165 24 207 217 0.35 270 1.82
11 37 45 115 -66 161 135 -0.86 1.88 221+
12 34 41 108 10.2 17.0 147 139 224 0.08
13 31 37 -15 -36 -18 -025 -063 -0.29 038
14 27 40 93 18 39 068 0.15 0.29 0.53+
15 33 43 50 -22 127 0.49 -0.22 120 0.71%
16 24 37 195 206 246 137 1.44 169 -0.07
17 33 4 -9.4 -938 -78 -0.89 -095 -074 0.05
18 28 33 1.1 -34 21 0.21 -068 0.42 0.89%
19 40 50 123 10.2 126 115 0.96 1.19 0.19
20 40 50 6.1 9.2 7.4 057 0.89 072 -032
21 32 40 168 6.0 160 196 0.73 187 1237
22 a7 47 101 05 38 095 0.06 0.38 0.89"
23 33 40 -16 -10 -20 -025 -0.13 -0.30 -0.11
24 32 40 14.0 120 137 165 1.39 1.60 026
25 35 43 -02 -13 02 -0.04 -0.17 002 013
26 25 40 -17 -129 -22 -0.11 -092 -0.14 0.80%
27 30 44 8.1 76 140 0.56 052 094 0.04
28 43 53 42 18 53 0.40 0.17 0.51 0.23
29 37 50 5.1 -03 15 0.38 0.13 0.1 0.26
30 42 55 135 40 108 099 0.23 0.80 0.69%
349+50 449+52" 100+81 59+92™ 110+91 098085 054+091™ 107093 043 056"

PCO, = end-tidal carbon dioxide tension, %Change = percent increase of **™Tc-HMPAO accumulation by carbon dioxide inhalation from
baseline; k' = the ratio of **™Tc-HMPAO accumulation per 1 mmHg change of P=CO, by exponential curve fitting; CO,,, and CO,_, are conditions
with and without carbon dioxide inhalation respectively; R = right, L = left; NA = nonaffected side, AF = affected side; Ak’ = difference of k' values
between bilateral MCA (NA-AF); TIA = transient ischemic attack; Comp stroke = complete stroke.

The bottom data line presents mean + s.d.; *p < 0.01 vs. CO,_, by paired t-test; 'p < 0.05 vs. R MCA, L MCA and cerebellum in Group NS by
unpaired t-test; *p < 0.01 vs. NA MCA and cerebellum in Group OB by paired t-test; ®p < 0.01 vs. group NS by unpaired t-test; **significantly

asymmetric Ak'.

Statistical Error by Subtraction Method

When two consecutive SPECT acquisitions are performed un-
der the same conditions and if *™Tc-HMPAO accumulations are
proportional to the dose administered, the following equation
should hold:

Cz‘-‘rR(XCI'f'RdXRtXC],

where C, and C, are observed counts in a ROI on the first and
second original SPECT images, R, and R, are the acquisition time
ratio and the administered **™Tc-HMPAO dose ratio of the sec-
ond SPECT against the first, respectively. Acquisition time-cor-
rected C, (C;) and the count after subtraction (Cg,,) are calcu-
lated using the following equations.

Ci=CyxR !
Catt =G — Cy.
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Because C, and C, are independent events with Poisson’s fluctu-
ation, the statistical variance after subtraction (var (C,,,)) is equal
to the addition of var (C,) and var (C,) as follows:

(0
var (Cap) =C; + E .

After normalization by the dose ratio (R,), the final statistical
variance after subtraction (var (C,,,)) is as follows:

1 (&)
var(Cs’m)=7R—§x(Cl+—)

R}
1 1+
*-.sz(l+ &R")xcl
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FIGURE 1. Protocol for consecutive
%mTc-HMPAO SPECT with CO, inhalation.
Patients inhale 5% CO, at the beginning of
I the study and two consecutive SPECT stud-

ies are performed. Hatched boxes are dura-

5% CO2
inhalation

1st.

SPECT i G :
15sec x 64 steps

5sec x 64 steps

tion of CO, inhalation (upper) and SPECT
image acquisition corresponding to hyper-
capnic condition (lower). Unfilled box is
SPECT image acquisition corresponding to
normocapnic conditions, including imaging
under hypercapnia. Elapsed time includes
camera rotation time during SPECT imag-
ing.

2nd.

1 (l . 1+ Rd) )
55— X X var .
R} R ‘
Figure 3 shows the relationships among the ratio of var (C,,,,)
against var (C,), R, and R. In the present study, we used Ry = 4

and R, = 1/3, then var (C,,,,) = var (C,).

RESULTS

Reproducibility Between the First and the Second
#™Tc-HMPAO Study at Rest

Figure 4 shows relationship between the first and the
second mean *™Tc-HMPAO accumulation in bilateral
MCA territories and the cerebellum (total 42 ROI) in Group
NC. There was good agreement between the first and the
second *™Tc-HMPAO accumulations. The %Change of
this condition was 0.2 % 6.0.

CO, Challenge Test

CO, inhalation caused no apparent side effects except
for mild tachypnea. All patients underwent this challenge
with safety. The individual physiological parameters with
and without CO, inhalation are shown in Tables 1 and 2.
There was significant rise in PgCO,, systolic and diastolic
blood pressure and heart rate during CO, inhalation from
those without CO,. There was no significant difference
between Groups NS and OB in these parameters.

Tables 1 and 2 also show the individual results of
%Change, k' and Ak’ in each region. CO, challenge caused
significant increase of *™Tc-HMPAO accumulation in all
regions in Groups NS and OB compared with that in Group
NC. Outside the affected MCA territory (AF MCA) in
Group OB, %Change by CO, challenge ranged from 10%
to 11.1% by the mean value. In the affected MCA, both

Cerebral Circulation Response to CO, ¢ Oku et al.

%Change (5.9% =+ 9.2%) and k' (0.54 + 0.91 %/mmHg)
were significantly lower than those in the nonaffected MCA
territory (NA MCA), than those in the cerebellum in Group
OB or than those in all territories in Group NS. There was
no significant difference between Group NS and Group OB
in cerebellar CO, reactivity.

In Group NS, there was no correlation (r = —-0.15 ~
—0.06, p = 0.45 ~ 0.74) among age and the k’ values in all
territories. And there was no significant difference (p =
0.50 ~ 0.80 by unpaired t test) between stroke and non-
stroke patients in the mean k' values. There was correla-
tion (r = 0.80 and 0.82, p < 0.01) between k' value in the
cerebellum and those in bilateral MCA territories in this
group.

As shown in Tables 1 and 2, patients in Group OB had a
significantly larger mean Ak’ value than those in Group NS
(0.43 + 0.56 %/mmHg versus —0.04 + 0.26 %/mmHg; p <
0.01). According to the distribution of Ak’ in Group NS
patients, the range of significant asymmetry is above 0.48
%/mmHg (mean + 2 s.d.). With this criterion, 11 of 30
patients in Group OB revealed significant asymmetry in
CO, reactivity between bilateral MCA territories in com-
parison to 1 of 27 patients in Group NS. Six of eight ICA
occlusive patients, four of eleven ICA stenotic patients and
one of six MCA occlusive patients showed significant
asymmetry.

Figure 5 illustrates a patient (no. 11 in Table 2) with right
ICA occlusion. The patient had mild fixed left hemiplegia
due to old cerebral infarction and had experienced tran-
sient, repeated worsening of the symptom. Consecutive
9mTc-HMPAO SPECT with 5% CO, inhalation (Fig. SA)
demonstrated impaired CO, reactivity in the right MCA

FIGURE 2. ROI analysis. (A
and B) Automatically drawn
ROls which correspond to bilat-
eral middie cerebral artery terri-
tories at the parietal lobe and the
thalamic level, respectively. (C)
Automatically drawn ROI which
corresponds to the cerebellum.
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territory (Ak’ = 2.21 %/mmHg). After superficial temporal
artery to middle cerebral artery bypass surgery, he had no
relapse of worsening of the symptom. The follow-up
SPECT study (Fig. 5B) revealed improvement of asymme-
try in CO, reactivity between bilateral MCA territories
(Ak’ = —0.13 %/mmHg).

DISCUSSION

The advantage of the present method is that brain per-
fusion images with high spatial resolution under various
conditions can be obtained within 35 min. Rapid tracer
accumulation in the brain allows paradigm or challenge to
be continued only for a few minutes. With this imaging
technique and CO, inhalation, we semiquantified impaired
CO, reactivity in affected MCA territories.

Other brain perfusion imaging radiopharmaceuticals for
SPECT such as '**Xe and N-isopropyl p-['2I] iodoamphet-
amine (**I-IMP) have been used to assess CO, reactivity.
Xenon-133 SPECT provides quantitative rCBF measure-
ment repeatedly under various conditions (7, 14-16). This
technique, however, requires a highly sensitive detection
system and the acquired image has poor spatial resolution.
Iodine-123-IMP SPECT is used for quantitative rCBF mea-
surement (17). Unfortunately, due to its long half-life and
prolonged accumulation in the brain, two separate SPECT
studies with relatively long intervals are required.

On the other hand, positron emission tomography (PET)
is a powerful tool for assessing CVD (5,6, 18-20). It pro-
vides quantitative information about rCBF, metabolism
and other physiological parameters such as the oxygen

n=2 n=1.5

5 | n=1.2

4 | n=1
g |
= 3| n=0.8
v |
ol
° 2 I n=0.5
£ |

1 -

0 ] ] ] ]

0 1 2 3 4 5
dose ratio (Rd)

FIGURE 3. Statistical variance of the subtracted count in various
combinations of the time and dose ratio between the two SPECT
studies. n = var (C,.J/Var (C,) is the ratio of statistical variance in
a corresponding ROI on the subtracted image against that on the
first SPECT image. Ry and R, are the administered dose and ac-
quisition time ratios, respectively, of the second study SPECT
against the first.
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FIGURE 4. Comparison of mean **Tc-HMPAO accumulation
produced by first and the second administrations of tracer. The
equation of the regression line is y = 1.09x — 3.9; the correlation
coefficient is 0.95, which is significant (p < 0.01).

extraction fraction. A cyclotron-based PET system is cur-
rently too expensive for daily clinical use.

In the present study, *™Tc-HMPAO accumulation with
5% CO, inhalation increased approximately 11% in mean
value from the baseline in Group NS, whereas investiga-
tions using other methods have reported that CBF in-
creased from 17% to 68% in the nonaffected hemisphere
with the same stimulation (6,14,21). The major disadvan-
tage of ™Tc-HMPAO is its high backdiffusion in the early
phase, especially in high flow areas. Its accumulation is no
more linear to true rCBF in high flow rates (11,22). Thus,
true rCBF response to CO, was underestimated.

Because the consecutive SPECT and subtraction tech-
nique encounters subtraction errors, the values of R, and
R, must be carefully selected. The larger these values, the
smaller the subtraction error (Fig. 3). When patient motion
occurs between the two SPECT studies, a large Ry will
help salvage the rest image by visual assessment without
subtraction because it diminishes the contamination of the
first SPECT into the second.

On the other hand, too large R, results in longer time
intervals between tracer injections. If both the first and the
second injection are prepared from the same *™Tc-HM-
PAO vial, there is a limit in the time between injections.
Neirinckx et al. (10) recommended that the tracer should
be used within 30 min of reconstitution, and Ballinger et al.
(23) reported that it should be injected within 20 min, in
consideration of the deterioration in radiochemical purity.
Although our procedure does not precisely satisfy the lat-
ter recommendation, good reproducibility of two *™Tc-
HMPAO studies indicates that radiochemical purity is
maintained at a satisfactory level to obtain high quality
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FIGURE 5. Consecutive ®™Tc-HMPAO SPECT studies per-
formed on a patient (a 63-yr-oid male) with right ICA occlusion before
(A) and after (B) external to internal cranial bypass surgery. Preop-
erative SPECT study (A) demonstrated mild hypoperfusion during
normocapnia and poor response of rCBF to CO, in the right MCA
territory (arrows) when compared with the left. A postoperative fol-
low-up SPECT study (B) demonstrated improvement in impaired
CO, reactivity in the right MCA territory. Upper row: brain perfusion
images during hypercapnia; lower row: those during normocapnia.

images. Based on these considerations, we selected Ry = 4
and R, = 1/3.

Choksey et al. (24) have reported that CO, inhalation
produced no significant increase in *™Tc-HMPAO accu-
mulation in eight patients. As shown in Tables 1 and 2 and
in previous reports (6,25), CO, reactivity values varied
widely, and small numbers of patients might fail to show a
statistical difference. The distribution of %Change and k’
values widely overlapped among regions or groups. These
parameters alone could not predict compromised cerebral
perfusion reserve in individual assessments. Individual as-
sessment of cerebral perfusion reserve must take into ac-
count other regions such as the contralateral MCA terri-
tory or the cerebellum.

As a stress test for CBF, acetazolamide is also available.
Administration of acetazolamide at a dose of 1000 mg also

Cerebral Circulation Response to CO, ® Oku et al.

causes submaximum dilatation the of cerebral small ves-
sels (26). It is now frequently used for assessment of ce-
rebral vasomotor reactivity because it has little effect on
systemic physiological parameters. Although CO, inhala-
tion technique has some problems and limits for regular use
(27), this conventional stress test has been thoroughly an-
alyzed and is still as reliable as the acetazolamide challenge
test (28). Furthermore, the ratio of detected asymmetric
cerebral vasomotor reactivity against Group OB in this
g:;ent study was comparable to recent studies using
c-HMPAO and acetazolamide (29).

Because age-matched healthy volunteers were not avail-
able, we included symptomatic patients in Group NS as
references. Although patients with symptomatic ischemic
episodes are known to show limited cerebrovascular reac-
tivity (3,26), there was no significant difference in mean k'
values between stroke and nonstroke patients in the
present study. As shown in a previous study using transc-
ranial Doppler method (3), our study shows that major
artery obstruction was a more potent attenuater of cere-
brovascular reactivity than microangiopathy.

Our results demonstrated impaired CO, reactivity in the
affected MCA territory in patients with unilateral major
cerebral artery obstruction. In patients with obstructed
major cerebral arteries, cerebral revascularization surgery
is an effective strategy to reduce the risk of CVD (30,31).
Furthermore, patients with compromised cerebral perfu-
sion reserve will benefit by cerebral revascularization sur-
gery. Due to wide normal ranges as noted above, a reduced
k' value itself does not instantly identify compromised
cerebral perfusion reserve in an individual. Some previous
cerebrovascular reactivity studies (29,32) also had this
problem. The use of hemispheric reactivity differences
takes advantage of the structural symmetry of the cere-
brum to improve sensitivity for identifying abnormalities.
This technique, however, limits one hemisphere to be clas-
sified as normal.

In the present study, we selected only patients with
unilateral major cerebral artery obstruction for Group OB.
The results that cerebellar CO, reactivity in Group OB was
maintained at the same level as that in Group NS and that
CO, reactivity in MCA territories showed correlation with
that in the cerebellum in Group NS may support the fea-
sibility of assessing cerebral perfusion reserve in patients
with bilateral major cerebral artery obstruction using cer-
ebellar CO, reactivity as a reference (33). In this study, 11
of 30 patients in Group OB showed significant asymmetry
in k' values between bilateral MCA territories. Considering
the underestimation of the true rCBF response, only pa-
tients with severe and global asymmetry in true CO, reac-
tivity between bilateral MCA territories may express an
increased Ak’ value. This means that patients with in-
creased Ak’ values corresponding to unilaterally compro-
mised cerebral perfusion reserve may fit the indication of
cerebral revascularization surgery. Patients without an in-
creased Ak' in Group OB were interpreted as follows:
varying degree but not severely asymmetric CO, reactivity
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that ™ Tc-HMPAO could not detect, acquired adequate
collateral circulation or intact vasomotor capacity with a
matched decline of perfusion to metabolic demand. Fur-
ther prospective or postoperative studies are required to
clarify these issues.

CONCLUSION

In conclusion, consecutive *™Tc-HMPAO SPECT with
5% CO, inhalation is a simple and feasible method for
assessing CO, reactivity. This method provides semiquan-
titative data about cerebral perfusion reserve. When com-
bined with conventional neuroimaging techniques such as
XCT or angiography, it will contribute greatly to patient
management on such issues as: introduction of cerebral
revascularization therapy, evaluation of therapeutic effects
and follow-up studies in patients with unilateral major ce-
rebral artery obstruction.
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