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To investigate whether a physiological change in the orthostatic
condition is associated with a deterioration of cerebrovascular and
metabolic homeostasis in patients with neurocardiovascular compro-
mises, we examined 10 patients with unilateral carotid artery occlusive
disease (CVD), 6 CVD patients with coronary artery disease (CYDC),
and 10 healthy subjects scanned twice under supine and sitting
conditions by positron emission tomography (PET). Repeated measures
analysis of variance showed significant reductions in regional cerebral
blood flow (rCBF) and cerebral oxygen metabolism (rCMRO,) and
tendency of increase in oxygen extraction fraction (OEF) in the affected-
side parietal cortex during assuming of upright posture in the CVDC
group, and there was 2 significant OEF increase to maintain rCMRO,
constant during sitting in the CVD counterpart. In this ischemic region,
there were negative correlations between changes in OEF and rCBF in
the CVD (P < 0.05) and CVDC groups (P < 0.01). Postural reductions in
rCBF and CMRO?2 in the parietal region were significantly greater in the
CVDC group than those in the CVD group. While rCBF remained
constant with mean arterial blood pressure (MABP) in healthy subjects,
an rCBF reduction was found in the affected parietal cortex in
proportion to the upright posture-induced MABP decrease in the CVDC
group. These results indicate that patients suffering from both cerebral
and coronary artery diseases may be at greater risk of deterioration of
local perfusion pressure and metabolic regulation in the hemodynami-
cally susceptible brain region during upright posture.
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Introduction

It is widely accepted that a sudden reduction in blood pressure
can affect cerebral blood flow (CBF) and render an elderly subject
vulnerable to orthostatic symptoms such as dizziness, falls, or
syncope (Graafmans et al., 1996; Lipsitz, 1989). A prolonged
upright posture could trigger syncope even in healthy subjects,
due chiefly to neurally mediated (vasovagal) fainting (Kapoor,
2000), and in patients with coronary artery disease, due to
impairments in blood pressure regulation (Pitzalis ct al., 2002).
Therapeutically, it has been reported that in healthy subjects,
drinking a substantial amount of water helps prevent deterioration
of CBF regulation during the head-up tilt condition (Schroeder et
al., 2002). These findings suggest that an orthostatic physiological
change during head-up posture would be more dangerous to
stroke patients, because their ischemic brain regions are likely
susceptible to local hypoperfusion changes during sitting (Ouchi
et al,, 2001a). Thus, it is expected that not only CBF, but also
metabolic regulation, would vary dynamically while human
subjects are in an upright posture, especially those patients with
hemodynamically compromised cerebrocardiovascular circulation,
for example, major cerebral anery occlusion with coronary artery
stenosis.

Many investigators have so far reported reductions in large
vessel flow velocity (Levine et al, 1994; Schondorf et al.,
1997) and CBF in the distal part of the internal carotid artery
domain (Hayashida et al.,, 1993; Ouchi et al., 2001a; Warkentin
et al, 1992), occasionally along with a reduction in oxygen
supply to the region (Mehagnoul-Schipper et al, 2000) during
assumption of an upright posture. An orthostatic change of
blood pressure may be a major contributor to cerebral ischemic
stroke, because the magnitude of postural hypotension could be
an index for cerebrovascular mortality rates (Raiha et al, 1995),
and because reduced circadian blood pressure could trigger
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further ischemic insults in poststroke patients (Lakka et al,
1999; Strandgasrd and Paulson, 1989). Animal experiments
have shown that when the systemic blood pressure decreases
below the lower limit of cerebral autoregulation, multiple
ischemic loci are generated (Hamar et al, 1979), and a
reduction in the cerebral arteriolar pressure in the ischemic
region distal to an arterial occlusion occurs (Paulson, 1970;
Symon et al, 1976). The same theory could be applied to
patients with internal carotid artery- occlusive disease (ICAO),
because there is a gradual decrease in regional cerebral blood
flow (rCBF) together with an elevation in the oxygen extraction
fraction (OEF) in an axial-direction fashion on the occlusion
side (Yamauchi et al., 1990).

The purpose of the present study was to investigate, using
positron emission tomography (PET), absolute changes in tCBF
and oxygen metabolism in cerebrovascular patients with and
without coronary artery disease during assumption of an upright
posture in order to elucidate the orthostatic deterioration in
hemodynamic and metabolic regulations in the hemodynamically
vulnerable brain region.

Subjects and methods
Patients

The patient groups consisted of only patients with an
occlusion or 99% stenosis in the unilateral ICA. Sixteen patients

. (11 men and 5 women) with cercbrovascular disease and 10

healthy volunteers (5 men and 5 women, 58.7 + 6.7 years)
participated. The patients were divided into two groups according
to the comorbidity of clinically stable coronary artery disease
(occlusion or stenosis); a group without cardiac problems (carotid
artery occlusive disease (CVD) group; n = 10, 6 men and 4
women, mean + SD, 65.1 + 7.3 years) and a group with cardiac
ischemia (coronary artery disease (CVDC) group; n = 6, 5 men
and 1 woman, 64.2 + 9.5 year). The third group (normal group)
consisted of the 10 healthy volunteers. No significant difference
was found in age among the three groups (1 test, P > 0.05). The
clinical characteristics of each patient are summarized in Table 1.
Electrocardiogram showed a typical ST-segment depression in all
CVDC patients and a small change of ST segment and T wave in

Table 1

Patient characteristics

No Age Sex Diagnosis Side DD Symptoms Complications ~ HIAs on T2-MRI AG ECG Medication

CVD . S

1 53 M ICAS R 0.2 NS, Sensory DM subCx WM BZ normal anti-DM
disturbance .

2 71 M ICAO L 0.5 R hemiparesis =~ None L basal ganglia .BZ normal  None .

3 68 M ICAS R,L 04 L hemiparesis HT LR hemispheric PC .. normal  anti-HT, anti-coag

subCx WM
4 57 M ICAS L. R 1.5 Tinnitus, TIA HT L frontal . BZ normal anti-HT, anti-HMG
- subCx WM . - ,

5 71 M ICAO R 0.3 Dysphagia, .- - None LR hemispheric BZ normmal  anti-coag -
Dysphasia subCx WM : -

6 72 M ICAO R 0.2 L weakness, None R watershed BZ normal  anti-coag
impaired gait | | subCx WM =

7 71 F ICAO, L,R 038 TIA (R motor ~ HT L hemispheric PC ST anti-HT, anti-coag

ICAS weakness) subCx WM ,
8 69 F ICAS L L5 - Mild apraxia HT R, L basal ganglia ~CC,BZ  normal  anti-HT, anti-coag
9 56 F 1ICAO R 0.2 TIA (L'motor ~ None subCx WM BZ normal  anfi-coag
' weakness) : i

10 63 F ICAO L 1.2 Tinmitus None subCx WM BZ normal  None

CcvDC .

1 60 M ICAOc L 1.1 TIA (R motor  HT, HU, AP, subCx WM PC ST anti-HT, anti-AP,
weakness), anti-HU

2 76 M 1ICASc L 0.4 Faintness, M1, Ar L hemispheric Bz ST anti-coag, anti-AP
collapse, subCx WM

3 53 M ICASc R 0.5 TIA (L motor DM, AP subCx WM BZ ST anti-DM, anti-AP
weakness)

4 55 F ICAGc L 0.3 Aphasia, HC. AP, Ar L hemispheric PC ST anti-coag, anti-HC,
TIA subCx WM anti-AP

5 72 M ICAOc, LLR 1.0 RIL HT, AP R, L subCx WM BZ ST anti-HT, anti-AP

ICASc hemiparesis

6 69 M 1CAOc R 0.2 Dysartheia, . HT, AP R, L subCx WM, CC, Bz ST anti-HT, anti-AP

Paraparesis pons

ICAO, internal carotid artery occlusion; ICAS, internal carotid artery stenosis; ICAOQc, internal carotid arlery occlusion with coronary artery disease; DD,
disease duration from onset to PET measurement (years); T1A, transient ischemic attack; HIAs, high intensity areas; ECG, clectrocardiogram; ST, ST-segment
depression and T wave changes; Cx, cortex; subCx, subcortex; WM, white matier; AG, angiography; BZ, border zone shifi; CC, cross circulation; PC, pial
collateralization to the isula Jevel, HT, hypertension; DM, diabetes mellitus; HU, hyperuicemia; AP, angina pecloris; Ml, myocardial infarction{ HC.
hypercholesteremia; Ar, amhythmia; R, right; L, left; anti-HT, anti-hypertensive drug; anti-HMG, 3-hydroxy-3methylglutaryl-coenzyme A (HMG-CoAj
reductase inhibitor for treatment of hypercholesterolemia; anti-DM, oral drug for Diabetes mellitus; anti-coag, anticoagulant drug.
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" Fig..1. The scene of PET measurements during the supine and sitting conditions. **

one CVD patient. Angiographic studies revealed the cross
circulation through the circle of Willis, leptomeningeal collater-
alization, and the border zone shift according to the definition of
the St Louis group (Derdeyn et al., 1999) in all 16 patients, and
coronary artery branch stenosis or occlusion in all six CVDC
patients (see Table 1). The border zone shift “includes the
asymmetry filling of anterior or posterior cerebral artery that
feeds the middle cerebral artery on the compromised side. The
leptomeningeal flow in the parietal region was occasionally seen
in the case of retrograde filling from the posterior cerebral artery
circulation. Specifically, all the CVDC patients revealed a degree
of leptomeningeal connections at the level of posterior watershed
regions (middle cerebral artery and posterior ‘cercbral artery
border zone). In the two patiént groups, none of the patients

reported orthostatic symptoms during PET measurement. All of - .

the patients were receiving treatment with -antihypertensives,
anticoagulants, and other conventional drugs for' complications
(see Table 1), treatment that:could ot be suspended before the
PET scans were conducted. However, all of these medications

were temporarily suspended on the day of the PET examinations.’
All of the patients underwent magnetic resonance imaging (MRI),
which showed mild-to-moderate subcortical abnormalities’ (high

intensities on the T2-weighted images) in the territory of the ICA

-on the occluded side and no involvement of the lobe infarction.

The study protocol was approved by the Ethics Comumittee of the
Hamamatsu Medical Center, and all participants gave their written
informed consent after the nature and possible tisks of the
experiment were explained. -

Postural condition and physiology

First, each participant Jay calmly with his/her eyes closed on
the scanner couch for approximately 40 min. After the supine
condition examination - was completed, - the subjects were:
instructed to sit back against a 65° reclined (chair-like) couch
with their eyes closed for about 25 min (Fig. 1). In both
conditions, we recorded systemic arterial blood pressure (ABP)
via a catheter placed in the brachial artery and the cardiac rhythm
by electrocardiogram. Other . physiological parameters, -such as
Pa0,,. PaCO,, and pH, were. measured periodically.  In our
preliminary study, a very short-term elevation of systemic ABP
after a postural shift from the supine to the sitting’ position was
found, followed by a’'gradual decline to the plateau level within
about 3 min. Thesé findings were in agreement with results from

Fig. 2. ROI setting. Multiple cireular ROIs consisting of 96 pixels (1.58 em?) were placed on the brain rcgions on {he reformatted MR imnéges (upper row) with
the same pixel size as that of PET, which werc automatically transferred onto the PET images (lower row). CSO. centrum semiovale.
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a previous ultrasonic study (N va]\ el al, 1998). Thus, the

orthostatic PET measurements  in.- this srudy were perfonned ’

during the static period of ABP undcr the head-up condmon

PET and MRI procedures .

We used a state-of-the-art high-resolution brain PET scanner *

(SHR 12000, Hamamatsu Photonics, Hamaklta”Japan), the details
of which have been reported e]sewhere (Watana ‘©

brief, the scanner has 24 detector rings ‘yleldmc 47" shces

simultaneously with a spanal resolution of 2.9 mm (ful]—mdth
at half-maximum) transaxially and 3.0 mm axially and 163 mm
axial field of view. After the backprojection and filtering
(Hanning - filter), the reconstructed image-resolution became
6.0 % 6.0' x 3.2 mm full-width at half-maximum. The voxel of
each reconstructed image measured 1.3 X 1.3 X 3.2 mm. This
PET system has a mobile gantry system in which the gantry can
move. vertically 180 cm -above the floor and tilt from-—20° to
+90° like a mechanical chair. Just prior to the PET measurements,
each participant underwent an MRI for determination of the
intercommissural (AC-PC) line using a static magnet with three-
dimensional mode acquisition (0.3 T MRP7000AD, Hitachi,
Japan) (Quchi et al., 1998). Because the same face mask was
used between the MRI and PET studies, and because the center of
scan field was beforehand calibrated between the two modalities,
the PET gantry was moved, and the brain was scanned parallel to

the intercommissural: plane according to the MRI information. -

received. : :
After fixation. of the head to the head holder using a

radiosurgery-purpose thermoplastic face mask, a 10-min. trans-

mission scan was first performed for attenuation correction with a

%3Ge/*Ga source in the supine position.. Then the serial emission .
scans were started based on '>O-oxygen bolus inhalation (Mintun. . -

et al,, 1984) and **O-water bolus injection method (Herscovitch

et al., 1983) -and short-period C'?0 inhalation for the cerebral.

blood volume (CBV) data (Lammertsma and Jones, 1983;
Lanunertsma et al.,. 1987). During, the .scan sessmn the suchcts
inhaled 2.0 GBq l°o, period of time,

C'*0 flowing through«
attached to the subject’ s
via a catheter in the 1ig
saturation (S20s),:
values yielded the’ arterial 0>\yoen content (Caov) by the
following formula: CaOo =139 x SaOo x-Hb. The rCBF- and

Table 2 :
Physiological data in paue

_ posture_were compared among the three groups by two-way

erial hemovlobm"(Hb) and the hem dcnt :

“with cerebrovascular dlsease and noxmal conuols

= CBV—conected OEF valucs were est1mated ‘on a voxel-by-voxel
-, basis.” The voxel-based . CMRO'; image- was* finally generated
55usmg the following equanon CMRO, =
. The: artenal blood . radloactmty -was ‘determined using the
.- automated artena] blood +y-ray - coincidence counter (BACC-2:
- Hamamatsu Photonics K.K.), which could measure arterial input
", data per- second (Oucln et al,, 'JOOIb) After the first session of
W PET scans undcr the: supmc condition was completed, the
~ ‘subJect s head holder was temporanly removed from the receiver

CBF x OEF X Ca0,.

of: the scanners oantry, “and’ the head was fixated again in the
sitting posmon Emission scans with the same protocol were
performed under the sitting condition.

Data analysis and statistics

As seen in FIL’ 2, we first placed mulnple circular regions of
interest (ROIs) with 96 pixels (1.62 cm?) bilaterally over the
cerebellar hemisphere, lower. frontal area (the orbitofrontal and
inferior frontal cortices [Brodmann area or BA: 10/117), upper '
frontal. area (middle and superior frontal cortices [BA: 6/8]),
temporal [BA: 21/22], parietal [BA: 7], occipital [BA: 17/18]
cortices, the striatum, the thalamus, and the centrum semiovale
(CSO) on the MR images according to the human brain atlas
(Mai et al., 1997; Ouchi et al, 2001b). After completlon of the
ROI placemcnt, the PET images were dlsplaycd s1de—by 31de with
the MR images using an image processing system (Derew Asahi
Kasei - Co, ‘Tokyo, Japan) (Ouchi et al, 200lab) on a SUN
workstation (Hypersparc ss-20, SUN Mlcrosystems CA, USA)
which enabled the automatic placement of ROIs on the same area
on both the MR-and correspondmo PET images (CBF CMRO,,
OEF, CBYV under both supine and sitting conditions).. Quantitative
data in -the normal: group were calculated by averaging the
bilateral. values in each region. The ROIs on the upper frontal and
parietal region as well as.the CSO. were regarded as the loci for
the distal part of the. affected ICA territory.

For statistical analysis, baseline data collected in the supme

i parameters amonc croups ‘on each hemlsphcnc side. separately.

Since the perfusmn temtonal chances in: hemodynarmc param-

~_pH

Group . ‘Condmon
CVD
CVDC )
Slull'lg Il
*. Change (%
NC - Supine -
f,Smmo
Change (%)

74 %00
74 %00

, 10 0.0
732 £ 116l 74 £ 0.0
745 £85 7.4 0.0

L25 -0.]
3; 6’74+7.><“' 274200
. 65.9°% 6.8 S 74£00

T349 0 0.0

Values are expressed as mean & SD. CVD, cerebrovascular discase (intemal carotid artery occlusion or severe stenosis); CVDC, CVD with coronary arlery
disease; NC, normal controls; MABP, mean arterial blood pressure; Change (%), ([sitting — supine]/supine X 100) expressed as a mean value.

* P < 0.05 (% test) vs. normal control.
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e 382X 0.8 423+ 123 34.0:% 110 325%* 1 6.1 355 108 346+ 97 359 4 8.5 314 £ 82 333 % 84 2007 % 104 449 F 166 451 % 1201 435 £ 162 402 £ 135
3 3544122 370115 33.0£103 35273 32299 20272 319+ 79 268+ 7.7 34092 205290 393 £ 151 374 %127 436 % 114 401 £ 104
~3.6 =105 —~4.3 | ~34 ~104 —14.77*% ~12.2 - 14.]0e00 -5.2 -10.3 ~12.5 —15.7%%* -1.6 -0.3
e 26 06 2.6+ 0.7 2408 7 23205 2.4°% 0.6 23105 24+ 0.6 1.9** & 0.8 24+ 05 21x098 32%12 3.0 £ 06 2.7 £ 0.7 28 %11
1 2809 24+ 11 23% 035 23+ 09 22106 25407 19%09 2307 21%10 29 %12 3005 27 + 1.0 2813
12 -1.2 0.6 -4 =52 52 . =78 -3.7 =21 -9.3 [N . -2.2 -1.0
e 430 & 3.1 420+ 79 429281 393 2835 407492 408 £°6.3 403 & 3.5 416+ 93 383 % 102 435k 36 382 % 61 354 x93 36378
; 46477 444 +£ 28 4382 67 420 £ 81  46.0'% 8.6 435 = 452 3.7 465 % 9.6 380 112 414+ 59 - 446+ 87 319+84 37369
74 6.6 s 7.7 14.1%%* 6.0 .. 12.8%%* 1.7 64 -4.8 16.6 -9.0 33
e 40z 08 3.9+ 40 36%18 3106 3.0 207 34205 39+08 38206 4354 3314 34212 3.6 208 3.0 03
: 41207 3.5+ 07 35+ 08 2.9+ 03 3.0 %035 35£06 35086 4.0+ 07 4211 29 %07 32212 3.6 £ 07 32x02
5.8 -10.6 -35 -22 -2.7 3.8 ~4.8 52 -2 -39 -7.0 0.2 64
-2.6 —4.43 -4.87 ~4.92 —~4.59 ~35.43 -3.41
1.51 -2.11 2.05 0.45 0.01 —-0.21 -0.38
3.7 5.36 59 3.61 58 538 5.2
-1.34 3.29 1.14 4.87 4.23 ~1.64 4.51

VD, cerebrovascular patients (internal carotid artery occlusive disease); CVDC, internal carotid artery occlusive discase with coronary artery disease; NC. normal controls; CSO, centrum seruiovale; CBF. cercbra) blood flow; CMROa.
1 extraction fraction; CBYV, cerebral blood volume; %A: ({sitting — supine)/supine % 100).

aols.

1) vs. normal controls.



