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To determine whether hemodynamic parameters are
changed by upright posture in healthy middle-aged humans,
absolute values of regional cerebral blood flow (rCBF) were
investigated for three different orthostatic conditions. Meth-
ods: PET with ['®*O]H,O and arterial blood sampling were
performed on eight middle-aged healthy volunteers while
they were sitting passively or standing actively. Absolute
rCBF values estimated by the autoradiographic method in
regions of interest were compared using ANOVA, and relative
changes in rCBF were also analyzed voxel by voxel using
statistical parametric mapping (SPM). Results: Physiologic
data remained unchanged for different conditions. ANOVA
and SPM showed that absolute and relative rCBF levels were
significantly elevated in the cerebellar vermis in the standing
position compared with those in the supine and sitting posi-
tions. In contrast, ANOVA showed that rCBF in the frontal and
parietal cortices tended to be lower in the sitting and stand-
ing positions than in the supine position. Regression analysis
showed that the frontal rCBF measured during standing
tended to be inversely correlated with age. Conclusion: The
results showed that cerebellar vermis activation was more
marked in the standing position than in the sitting or supine
positions, indicating that the vermis is a neural substrate for
controlling voluntary upright posture. Brain perfusion in the
distal internal carotid artery region may be subject to ortho-
static postural changes in healthy middle-aged humans.

Key Words: upright posture; regional cerebral blood flow; PET;
autoradiographic method; statistical parametric mapping

J Nucl Med 2001; 42:707-712

upward on the pressure scak3). In contrast, patients with
autonomic failure show a reduction in the lower limit of
autoregulation4). In the normal state, however, autoregu-
lation in the human brain is sustained regionabyg[ and
postural changes are assumed to alter regional cerebral
blood flow (rCBF). Previous imaging studies of cerebral
perfusion under orthostatic stress conditions in humans
showed a significant or mild reduction in relative rCBF in
the frontal lobe of healthy humans using SPECT Wifixe

gas {,8 or with a lipophilic perfusion tracer, 99m-labeled
hexamethylpropyleneamine oxim@,10. Therefore, whether
orthostatic challenge or upright posture can reduce or raise
rCBF substantially in specific brain regions in healthy hu-
mans remains unclear.

Alterations in cerebral hemodynamics during ortho-
static stress by a head-up maneuver have been studied
using a transcranial Doppler method measuring velocity
in the large cerebral arter{-13. In healthy volunteers
with their head up, a mild reduction in mean velocity in
the middle cerebral artery has been shown, along with a
mild or negligible change in mean arterial blood pressure.
Although the change in flow velocity does not necessarily
imply a change in rCBF in brain tissue, the reduction in
flow velocity in the specific cerebral artery was consistent
with the SPECT finding of a reduction in rCBF in the
frontal region. The regional differences in this relative
rCBF change under orthostatic conditions was confirmed
by our previous mapping study using PET withQ]H,O
(14). That study showed, in the anterior cerebellum and
the visual cortex, a significant increase in rCBF relative

Cerebral perfusion in humans is maintained chiefly biP the global cerebral blood flow change during bipedal
cerebrovascular autoregulation),(which is considered to Standing, along with no evidence of rCBF elevation in the
function effectively within a wide range of perfusion presirontal lobe.

sures. In some diseases, long-lasting arterial hypertensiofRuantitative measurement of cerebral blood flow in up-
shifts the upper and lower thresholds for autoregulatidf@ht Positions (sitting and standing) allowed us to examine
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the neural substrate for postural control as well as regional
susceptibility (specifically in the distal internal carotid ar-
tery region, i.e., frontal and parietal areas) to head-up con-
ditions. This study was performed to clarify these issues
using PET with °O]H,0.
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MATERIALS AND METHODS maximum. The voxel of each reconstructed image measured
1.45X 1.45X 8 mm.
After fixation of the subject’'s head to the urethane head holder
nLésing a specially made thermoplastic face mask, a 20-min trans-
ission scan was obtained with the subject supine. With three-
Hé tional laser beams marking face sites three-dimensionally,
with the tilt system of the PET gantry, we could fixate the
bject’'s head in the same position as for the transmission scan
ing sitting or standing. For 120-s dynamic emission scans
s X 12 frames), individuals received a 600-MBq bolus of
e 1H,O through the right cubital vein using an automated injec
tor. After injection, arterial blood was continuously withdrawn
through the left brachial artery using the automated arterial blood
Postural Conditions and Physiology vy-ray coincidence counter described above, yielding arterial input

Three conditions were used in this study. A volunteer lay supiif&t@ per second. After completion of two emission scans with the
on a scanner bed with eyes open and looking forward (conditi§HPi€ct supine (condition A), the head holder was temporarily
A). Subsequently, the volunteer sat passively on the scanner b&fnoved from the receiver attached to the gantry and the subject
which was tilted at an angle of 75°, with the body bent at the wai§gt on the scanner bed, which was tilted at an angle of 75°
and with eyes open and looking forward (condition B). Then, th@onqmon B). Two cqnsecutlve sntmg-posmor_w scans coupled with
volunteer stood with feet together and eyes open and lookigferial sampling using the automatgeray coincidence counter
forward (condition C). In all conditions, the left arm, with aWere followed by the next two quantitative scans, in which the
catheter inserted into the brachial artery, was supported by an #ffition of the gantry was lifted and tilted optimally for each
rest positioned at the height of the heart. As physiologic param@!unteer's head height during standing (condition C). The order
ters, arterial blood pressure, heart rate, partial pressure of artefhfonditions was counterbalanced except for condition A: A-A-
carbon dioxide (P@o,), and pH were monitored during each peTB-B-C-C or A-A-C-C-B-B. Because the head position was marked

Subjects

Eight healthy volunteers (6 men, 2 women; mean ag&D,
56.4 = 10.8 y) participated. None was receiving medication, a
none had neurologic or cardiac problems such as hypertensi
diabetes, or peripheral vascular disease, as assessed throu
guestionnaire on individual clinical history and through analys
of peripheral blood obtained before the PET examination. Thi
study was approved by the ethics committee of the Hamama %
Medical Center, and written informed consent was obtained fro
all participants after the nature and possible risks of the experim
had been explained.

measurement. three-dimensionally with lasers attached to the gantry in these
three conditions, the head position was satisfactorily realigned to
Arterial Blood Sampling Procedure that during the first scarld). During the intervals between stand-

Arterial blood was extracted automatically using a coincidendgg-position scans, the subjects were released temporarily from
counter system (BACC-2; Hamamatsu Photonics K.K., Ham&ead fixation to the gantry and allowed to rest on a chair. During
matsu, Japan) to continuously measure arterial blood radioactiviBET scans, each subject continued to assume sitting or standing
The system consisted of a coincidence counter, a signal procegestures for approximately 5 min in total. If reconstructed images
(CNT-24-4(98)E; Contec, Tokyo, Japan), a personal computeieated just after each emission scan were distorted, indicating a
(PC9821 Xc200; NEC, Tokyo, Japan), and a peristaltic punipcation error, the rCBF image was discarded and imaging was
(Perista Biominipump, model AC-2120; Atto Corp., Tokyo, Japerformed again after a recheck of head position.
pan). The coincidence counter has a detector unit with a pair of
bismuth germanate scintillation crystals and a position-sensitift¢gion-of-Interest Methods and Statistics
photomultiplier tube. The detector electronics showed that the I'regular regions of interest (ROIs) were drawn bilaterally over
coincidence time window was 100 ns, the energy window was d8¢ lateral hemispheres of the posterior cerebellar cortex; cerebel-
>300 keV, and the dwell time per sample (minimum, 1 s) and tHar vermis; lower frontal (orbitofrontal) cortex (Brodmann's area,
number of samples (maximum, 5,000 samples) were enter@d BA: 10, 11); upper frontal (prefrontal) cortex (BA: 6, 8);
through the computer, allowing us to measure arterial blood rigmporal (BA: 21, 22), parietal (BA: 7), and occipital (BA: 17, 18)

dioactivity at 1-s intervals for~80 min. cortices; striatum; and thalamus on the MR images according to
theAtlas of the Human BraifiL7) (Fig. 1). After ROIs were drawn
PET and MRI Procedure parallel to the intercommissural plane on the MR images, PET

PET was performed using a high-resolution scanner (SHR240mages were displayed side by side together with the MR images
Hamamatsu Photonics, Hamakita, Japan) with a spatial resolutigsing an image processing system (Dr View; Asahi Kasei Co.,
of 2.7 mm (full width at half maximum) transaxially and 5.5 mmTokyo, Japan) 16) on a HyperSPARC ss-20 workstation (Sun
axially and with an 80-mm axial field of viewlf). This PET Microsystems, Palo Alto, CA), which enabled us to place the ROIs
system had a mobile gantry that enabled vertical movement (upaotomatically on the same area on both the MR image and the
165 cm from the bottom) and tilting+(20° to +90°). This small corresponding PET imagd). By adjusting the time axes of the
axial field of view obliged us to predetermine the scanning aresiterial and PET time—activity curves, we could base the estima-
required for each PET study using a midsagittal MR image atien of quantitative rCBF on the autoradiographic metht®.(To
quired with a 0.3-T static-magnet MRI system (MRP-7000ADinvestigate differences in arterial input functions under each con-
Hitachi Medical Corp., Tokyo, Japan) and three-dimensional modéion, we compared dose-corrected integral areas calculated as
(14,19. Through tilting of the PET gantry parallel to the inter-percentage dose per liter from the time BJ]H,0 injection to the
commissural line determined on the MR image, the axial field @hd of scanning among the three conditions using an unpaired
view could cover the area from the lower part of the superidtudentt test. Statistical analysis for rCBF was first performed
frontal gyrus to the upper half of the cerebellum. After backprojeasing two-way ANOVA with a posthoc Schéffetest with respect
tion and filtering (Hanning filter; cutoff frequency, 0.2 cycles peto brain region and study condition (supine, sitting, or standing).
pixel), image resolution was 60 6.0 X 6.5 mm full width at half Because no cross-interactions were observed in the two-way
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FIGURE 1. ROI setting. Irregular ROIs,
drawn on concerned regions of MR im-
ages (A), were placed on corresponding
PET images (B) superimposed on MR im-
ages. Ce = cerebellum; | Fro = inferior
frontal; Occ = occipital cortex; Par =
parietal; S Fro = superior frontal; Str =
striatum; Tha = thalamus; V = vermis.

ANOVA between the two factordX= 0.8671), one-way ANOVA by the calculated areas integrated under the arterial input
was performed to compare rCBF effects in each brain area separves showing no differences among the three conditions
rately. Because posthoc multiple comparisons were performedifigple 1). No clinical symptoms such as hyperventilation or
both analysesP < 0.05 was taken to indicate statistical Signiﬁ'reduced consciousness were observed during orthostatic
cance. conditions in any of the participants.
Voxel-Based Mapping Method . . .
To investigate relative changes in rCBF among the three COApg:)kjteer.BF Changes in Upright Positions

ditions voxel by voxel in the whole brain, we used statistic nalysis) . .
parametric mapping (SPM) software (SPM96; Wellcome Depart- Th? abSOIUt_e rCB.F value in the Cere'??”ar vermlls was
ment of Cognitive Neurology, London, U.K.) implemented irSignificantly higher in the standing position than in the
MATLAB (The MathWorks, Inc., Natick, MA) on a HyperSPARC Supine or sitting positionsP(< 0.05, ANOVA) (Table 2).
ss-20 workstation. The effect of variance caused by global cerebN® significant elevation in rCBF was found in the basal
blood flow was removed using analysis of covariance with thganglia or thalamus. In the sitting position, rCBF levels
global flow normalized to 50 mL/100 g/min. This process genetended to be low globally compared with rCBF in the supine
ated normalized mean rCBF values on a voxel-by-voxel basis fgpsition, except in the cerebellar vermis. Slight reductions
each condition. Adjusted mean rCBF in a specific condition W3§ rCBF were observed in the frontal and parietal cortices in
compared with that in the supine position on a voxel-by-voxghe pright positions. Regression analysis showed that rCBF
basis witht statistics. The resultant set of voxel values for eacauring standing tended to be inversely correlated with age in
contrast constituted & statistic (SPMt), which was then trans- - . .

the upper frontal cortex (Fig. 2). No other brain regions

formed to a unit normal distribution (SPMz) map0f. We report . | dal lue for th . ffici h
here significant activation areas consisting of clusters of voxecﬂéSC osed a larger value for the regression coetficient than

that had the peak height < 0.05, with a correction for multiple the value in the upper frontal cortex, possibly because the
comparison. study participants were few and had a relatively narrow age
range.

RESULTS Relative rCBF Increase in Upright Positions
Physiologic Parameters and Arterial Input Functions (SPM Analysis)

No significant differences were seenin arterial BR;d3a  Comparison of standing with supine positions showed
or arterial pH measured just before PET scanning in the fiignificant rCBF increases in the cerebellar anterior vermis
study in each conditior(> 0.05, unpairedtest) (Table 1). and in the right lingual and inferior occipital gyri (BA: 17,
These stable physiologic parameters were further supporte®) (Table 3; Fig. 3A). Compared with the sitting position,

TABLE 1
Physiologic Data and Integrals of Arterial Input Functions in Three Conditions

Systemic blood pressure Integrals of input

Condition Systolic Diastolic Paco, pH (% dose/L)

Supine 138.6 = 25.6 76.6 = 10.2 38.5+1.6 7.42 = 0.02 2,540.6 = 224.6
Sitting 132.9 = 26.1 75.9 = 9.1 38.7 = 1.8 7.42 = 0.02 2,850.7 = 410.4
Standing 139.0 = 24.9 775 +9.8 38.6 + 1.3 7.42 = 0.01 2,882.6 + 343.7

Data are mean + SD.
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TABLE 2
Changes in rCBF (mL/100 g/min) Under Different Postural Conditions

Posture

Area Supine Sitting (%ACBF) Standing (% ACBF)
Cerebellar cortex 48.4 =+ 2.3 47.3 = 2.7 (—2.4) 49.6 = 4.1 (2.6)
Cerebellar vermis 421 +1.6 42.7 = 5.4 (1. 8) 48.2 + 5.0 (14.8)
Inferior frontal region (BA: 10, 11) 42.0 £ 6.0 40.7 £ 4.6 (—2.9) 40.4 = 5.21(-3.7)
Superior frontal region (BA: 6, 8) 443 7.2 42.5 + 5.3 (—4.3) 41.9 + 587 (-5.3)
Parietal region (BA: 7) 42.6 £ 4.2 40.8 £ 3.8 (—4.1) 41.0 £ 5.3 (—3.8)
Occipital region (BA: 17, 18) 441 =33 44.4 = 3.8(0.7) 471 +6.1 (4.8
Striatum 47.0 = 4.8 46.1 £5.4(-1.9) 48.2 =52 (2.6)
Thalamus 498 £ 7.6 474 £58(-5.1) 51.2 +52 (2.6)

*P < 0.05 vs. supine and sitting positions.

TDecreased vs. supine and sitting positions.

%ACBF = percentile change in rCBF compared with supine position.
Data are mean = SD.

the standing position increased rCBF significantly in th@put functions in each condition. Second, the short axial
cerebellar anterior vermis (Table 3; Fig. 3B). No significarfteld of view of our PET scanner was insufficient to cover
differences were found in rCBF between the supine and tttee whole brain, forcing us to exclude the region of the brain
sitting positions. that covers the primary somatosensory foot area. The pri-
mary somatosensory foot area may be involved in postural
DISCUSSION control, because a cat was reported to be able to walk even

To our knowledge, this study was the first to mvesﬂgat%fter resection of its cerebellur2l) and because, anatom-
absolute values of brain perfusion in specific areas with tif&lly, the efferent fibers from the cerebellar nuclei project
assuming of orthostatic postures in humans. Before intdf-the contralateral primary motor arez. This possibility
preting the results, we carefully considered the metho¥as also supported by our previous human SPECT study
ologic limitations of this study. First, as discussed in outhowing significant activation in the foot area during walk-
previous study14), it was difficult to predict to what extent ing (23). Third, the current PET study, unlike transcranial
participants depended on fixation of the head during uprigReppler studies, could not measure rapid hemodynamic
postures. Head fixation might contribute to emotional act¢thanges on a real-time basis in response to an orthostatic
vation, resulting in alterations of physiologic parameters #&€ehavioral shift. This finding indicated that rCBF estimated
cerebral blood flow levels. However, the physiologic data ifi this study was a value for a hemodynamically equili-
this study showed that the basic tone of physiology wéated condition of the adopted posture. A recent orthostatic
almost the same among the different postural conditior{ress study using transcranial Doppler combined with near-
The stability of physiologic data during PET measuremehifrared spectroscopy showed that the levels of physiologic
was confirmed by the similarities in the patterns of arteriglarameters, including heart rate, systemic blood pressure,
and oxyhemoglobin and deoxyhemoglobin concentration,
plateaued 3 min after an orthostatic postural change from

CaF CaF the supine to the standing positioP4]. Because emission

* . o scans after head fixation in orthostatic conditions were

s0 o 8 ° performed>5 min after postural change in this study, the

o © ' results were considered to reflect stable hemodynamics in
. orthostatic conditions.

This study showed a significant increase in the absolute
value of rCBF in the cerebellar anterior vermis during

30 40 SO 60 7C 30 40 50 60 70

ge | standing but not during passive sitting. In addition, the
Cerebellum Upper frontal arca absolute rCBF level in the occipital cortex covering primary
FIGURE 2. Correlations between age and rCBF in different and secondary visual areas tended to be higher when sub-

postures in cerebellum (supine, r = 0.13; sitting, r = 0.26;
standing, r = 0.43) and upper frontal area (supine, r = 0.25;
sitting, r = 0.23; standing, r = 0.55). Absolute levels of upper
frontal rCBF in standing position tended to decrease with age.
CBF = cerebral blood flow; O with dashed line = supine; A with
dotted line = sitting; ® with solid line = standing.
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jects were standing than when they were supine or passively
sitting. Pathophysiologic studies showed that medial cere-
bellar lesions caused deterioration of balance and gait,
whereas lateral cerebellar lesions impaired motor coordina-
tion in the distal extremities in human25,26. As postu-

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 42 ¢« No. 5 « May 2001



TABLE 3
Coordinates and z Scores for Significant Activation in Standing Position Compared with Supine and Sitting Positions

Coordinates 2

Comparison Brain region X y z score %ACBF
Standing vs. supine Cerebellar anterior vermis 0 -50 -12 4.46 4.6
Right lingual/inferior occipital gyri (BA: 17, 18) 16 -84 -6 3.95 3.2
Standing vs. sitting Cerebellar anterior vermis 0 —48 —14 3.99 3.6

%ACBF = percentile change in rCBF.
Significance level is P < 0.05, corrected.

lated in the previous standing-posture PET stutl),(the during standing may differ from those in the supine position
vermis activation observed only during standing in ther in involuntary orthostatic conditions such as reclining.
current study indicated that the cerebellar anterior vermisUpright postures may affect regional hemodynamics in
plays a crucial role in maintaining a voluntary uprighthe frontal and parietal areas, because a small but consistent
posture in humans. We had also speculated that viswgluction in absolute rCBF value was found during sitting
activation without macroscopic eye saccade movement dgfg standing in this study. This finding was supported by
ing standing in that study might have been partially causggeviousi33xe SPECT studies showing a significant reduc
by stereopsis, because stereoscopic processing requiresigfin relative rCBF in the frontal area during a 70° head-up
tivation of BA 18 in the right hemisphere2(). Further i ynder normocapnic conditiond @). Because our phys-
significant vermis activation in standing versus sitting '”usl'ologic data showed no significant changes in respiratory or

trate_d by SPM _(Fig. 3.5) was if‘ _Iine With_ the results Of,%lood pressure parameters in the upright positions, this
previous study indicating that sitting required less attentiq

i ) . 'EBF reduction was unlikely to be caused exclusively b
and less integration of sensory inputs than standi®). y y By

Because rCBF did not significantly differ between the sunje.tabOIIC or -cardl.ovas.cular eﬁegts on aqtoregulatlor!,
: - . S S which may be impaired in several diseases with orthostatic
pine and the sitting positions in this study, reclining on the

75° tilted bed might have been insufficient to induce ne&]_yp_otensmn $0-32. _The mgchamsm_ of this frontal and
ronal activation in the postural control system in health an_etal rCBF reduction during standlng_remams t_o F’e es-
subjects. ablished. However, the result of correlation analysis in this
In contrast, quantitative rCBF levels appeared to be gigtudy, showing a tendency toward an age-related reduction
bally lower in the sitting position. This finding agreed witd" frontal rCBF during standing, suggested that vascular
the results of a previous orthostatic stress study showing&gistance, possibly caused by age-related arteriosclerotic
mild reduction in the mean velocity of the middle cerebrgthanges, may affect the range of autoregulation in the distal
artery along with a slight elevation in the deoxyhemoglobititernal carotid artery region. This hypothesis is supported
level during the 80° head-up condition in healthy subjecBy a previous report that the autoregulatory responses of
(24). Because spatial memory performance was reportedaterioles, albeit not cerebral arterioles, were reduced in an
be affected by postural condition (standing or sitting volxial gradient—dependent mann&8)
untarily) (29), the basal brain function and brain physiology

CONCLUSION

We identified absolute increases in rCBF in the cerebellar
vermis and a tendency toward persistent reduction in abso-
lute rCBF in the distal internal carotid artery region during
standing in healthy middle-aged humans. The latter finding
may be hemodynamically important for understanding brain
physiology during standing in elderly individuals, because
stroke is one reason for deterioration of the standing posture
in the aged populatior3g,39.

FIGURE 3. (A) Standing position versus supine position. Sig-
nificant increase in relative rCBF is detected in anterior vermis ACKNOWLEDGMENTS

and visual cortex. (B) Standing position versus sitting position. . -
Significant increase in rCBF is still detected in anterior vermis. The authors thank Dr. Tatsuo Torizuka and Toshihiko

Details of coordinates and z values are given in Table 3. Kanno for their cooperation.
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