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protein C activity in the general population of Japan;
women with the GG genotype exhibit approximately
5% higher plasma protein C activity (p=0.002) than
those with either the GA or AA genotypes [20]. The
R325Q mutation is predicted by the topological model
to reside within the cytoplasmic domain of GGCX
[24]. In this domain, amino acids 343-355 mediate
GGCX enzyme/substrate interactions; residues 343
345 of CVY are necessary for both substrate binding
and vy-carboxylase activity [25].

Recent studies reported the association of a
microsatellite marker in intron 6 of GGCX with
warfarin dose [26,27]. In 45 warfarin-treated
Japanese patients, 10, 11, and 13 CAA repeats
were detected. Three individuals heterozygous for
the 13 repeat allele required higher maintenance
doses than patients with fewer repeats [26]. In 183
warfarin-treated Swedes, a group of individuals
bearing both alleles with 13 repeats or those with
14-16 repeats required significantly higher mainte-
nance doses than patients with fewer repeats. Taken
together, GGCX is a promising candidate influencing
warfarin maintenance doses significantly. Further
studies with larger populations and additional
ethnic groups are required to elucidate the associ-
ation between variations in warfarin dosages and
the GGCX 8016G=>A genotype.
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Hemorrhage During Asleep Period

Yoshinari Nagakane, Kotaro Miyashita,

Kazuyuki Nagatsuka, Takemori Yamawaki, and Hiroaki Naritomi

Background: The onset of intracerebral hemorrhage
(ICH) has a circadian variation, with a lower risk during
the asleep period. It is unclear, however, whether ICH
during the asleep period differs from that during the awake
period in pathophysiologic nature. The purpose of this
study is to elucidate the incidences and clinical features of
ICH during the asleep period.

Methods: We studied 129 consecutive patients with
primary ICH and classified them into two groups ac-
cording to the circumstance of their stroke onset, either
during the awake period (awake ICH group) or the
asleep period (asleep ICH group). Demographic and
clinical characteristics were then compared between the
two groups.

Results: Of the patients, 19 (14.7%) had ICH during
the asleep period. The mortality rate at 1 month after the
stroke was significantly higher in the asleep ICH group
than in the awake ICH group (21.1% v 4.9%, P = .0325).
The hemorrhage volume in the asleep ICH group was also
significantly larger than that in the awake ICH group
(mean volume, 32.6 mL v 16.7 mL, P = .0122).

Conclusions: Our findings indicate that ICH during
the asleep period may be more detrimental compared with
ICH during the awake period, causing larger hematoma
and higher mortality rates. Am J Hypertens 2006:19:
403-406 © 2006 American Journal of Hypertension, Ltd.

Key Words: Blood pressure, circadian rhythm, intra-
cerebral hemorrhage, sleep apnea syndromes, stroke onset.

he onset of stroke has a specific circadian variation.

It is generally considered that intracercbral hemor-

rhage (ICH) during the asleep period is extremely
rare! because of the lower blood pressure (BP) levels at
night.>* Many neurologists also consider that ICH during
the asleep period may be smaller, as the lower BP cm.':um-
stance is unlikely to increase the size of hematoma.*
However, no study to date has focused on the clinical
features of ICH during the asleep period. The present
study was undertaken to elucidate the incidence and clin-
ical features of ICH during the asleep period.

Methods

Between January 1, 1996, and December 31, 2000, a total
of 157 consecutive patients with acute nontraumatic ICH
were admitted to our department. The diagnosis of ICH
was established on the basis of CT findings, which were
obtained within 60 min after the patients’ arrival in all
cases. Of the patients, 28 patients were excluded from the
present study because the hemorrhage was related to rup-

tured aneurysms, vascular malformations, brain tumors,
brain infections, anticoagulation, hematologic abnormali-
ties, or amyloid angiopathy. The study was carried out in
the remaining 129 patients, all of whom had primary ICH.

Hematoma volumes were measured with the ABC/2
formula, in which where A is the largest diameter of the
hematoma, B is the largest diameter of the hematoma
perpendicular to A on the same slice, and C is the number
of slices showing hematoma multiplied by the slice thick-
nessis, as described in Kothari et al.® The size of hema-
toma was classified into two grades: large (based on a
hematoma volume of =30 mL) and small (hematoma
volume of <30 mL). Clinical outcome was assessed using
the modified Rankin scale score and the mortality rate at |
month after the stroke. The information concerning the
onset of stroke, during either the awake period or asleep
period, was obtained from the patients themselves or from
others who witnessed the patients’ stroke episodes.

The patients were divided into two groups according to
the onset time of ictus. The first group comprised patients
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developed ICH during the asleep period (asleep ICH
group), and the other comprised patients who developed
ICH during the awake period (awake ICH group). The
patients who first noticed their symptoms upon awakening
or those who were found unconscious in bed when family
members tried to wake them up were included into the
asleep ICH group. The demographic and clinical charac-
teristics were then compared between the two groups.

Data was statistically analyzed using the Fisher exact
test or x” test for proportions. The Mann-Whitney test was
used for nonparametric variables, and the unpaired 1 test
was used for normal variables.

Results

The demographic and clinical characteristics of the pa-
tients are shown in Table 1. Of the 129 patients, 19
(14.7%) had ICH during the asleep period, and 103
(79.8%) had ICH during the awake period. The remaining
seven patients (5.4%) could not be categorized in either
group, as the information concerning the onset of their
strokes was not available for these patients. In the asleep
ICH group, two patients were found unconscious in bed
the morning after their ICH when family members tried to
wake them up; seven were observed by family members to

AJH-April 2006-VOL. 19, NO. 4

have stertorous respirations or unusual vocalizations in the
middle of the night, and the remaining patients noticed
their symptoms upon awakening the next morning. How-
ever, there were no significant differences in the base-
line variables between these two groups. All 19 patients
in the asleep ICH group had a history of hypertension.
Of these 19 patients, 12 were taking antihypertensive
medication before the occurrence of ICH, whereas six
were not receiving any antihypertensive medication, and
the remainder had no available information concerning
their recent BP control. The mortality rate at 1 month after
the stroke was significantly higher in the asleep ICH group
(4/19, 21.1%) than in the awake ICH group (5/103, 4.9%)
(P = .0325).

Parenchymal hematoma volumes, which were calcu-
lated from the initial CT findings, were then compared
between these two groups (Fig. 1). The hematoma volume
in the asleep ICH group was significantly larger than that
in the awake ICH group (mean * SD: 32.6 * 40.6 mL v
16.7 = 21.0 mL, P = .0122). Larger hematomas (=30
mL) were found in eight of the 19 patients (42.1%) in the
asleep ICH group and in 18 of the 103 patients (17.5%) in
the awake ICH group. The frequency of these larger he-
matomas was significantly greater in the asleep ICH group
than in the awake ICH group (P = .0289).

Table 1. Demographic and clinical characteristics of patients with intracerebral hemorrhage (ICH)
Awake ICH group Asleep ICH group
Characteristic (n =103) (n =19) P value
Age (y) @7 4 1} 66+ 9 0.83
Male 74 (71.8%) 14 (73.7%) 0.87
Prior stroke 15 (14.6%) 2 (10.5%) 1.00
Risk factors
Hypertension 95 (92.2%) 19 (100%) 0.36
Hyperlipidemia 24 (23.3%) 5 (26.3%) 0.77
Diabetes mellitus 31 (30.1%) 3 (15.8%) 0.27
Cigarette smoking 57 (55.3%) 10 (52.6%) 0.83
Renal function
Urea nitrogen (mg/dl) 16.2 - 8.4 14.7 = 5.7 0.36
Creatinine (mg/dl) 1.0* 1.5 0.8 +0.5 0.18
Time to arrival (h) 8.9 + 21.2 12.8 + 25.7 0.54
Glasgow Coma Scale on admission 14 13 0.14
Blood pressure on admission
Systolic (mm Hg) 178 = 32 184 = 30 0.40
Diastolic (mm Hg) 99 + 19 105 = 26 0.39
Heart rate on admission (beats/min) 80 = 17 81+ 17 0.77
Location of hemorrhage
Putamen 34 (33.0%) 8 (42.1%) 0.44
Thalamus 37 (35.9%) 7 (36.8%) 0.94
Lobes 8 (7.8%) 2 (10.5%) 0.65
Cerebellum 9 (8.7%) 1 (5.3%) 1.00
Brainstem 12 (11.7%) 1 (5.3%) 0.68
Multiple 3 (2.9%) 0 (0%) 1.00
Ventricular extension 40 (38.8%) 7 (36.8) 0.87
mRS at 1 month 3 4 0.23
Death within 1 month 5 (4.9%) 4 (21.1%) 0.03

ICH = Intracerebral hemorrhage; mRS = modified Rankin Scale,

Values are mean = SD for age, urea nitrogen, createnine, time to arrival, and blood pressure; median for Glasgow Coma Scale and mRS;

the number of patients for the others.
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FIG. 1. (A) Hematoma volume in the asieep Intracebral hemmor-
rhage (1CH) group Is significantly greater than that in the awake ICH
group (P = .0122, unpaired t test). (B) Frequency of large (=30 mL)
hematoma is significantly greater in the asleep ICH group than in
the awake ICH group (P = .0289, Fisher exact test).
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Discussion

It has been speculated that the final triggering mechanisms
for the arterial rupture may be caused by an acute increase
in the BP that exceeds the tolerance of the vessel wall.'
Generally ICH occurs during the awake period and less
frequently during the asleep period.' During the awake
and active period, the BP may increase concomitantly with
exertion or emotional stress, and this sudden BP increase
may trigger ICH."® It is questionable whether a similar BP
increase can occur during the asleep period. In 1923,
MacWilliam specifically described that the BP may in-
crease suddenly and greatly during the asleep period in
patients with heart disease.” As later confirmed, such a
sudden increase in the BP usually occurs during the tran-
sition from non-rapid eye movement (non-REM) sleep to
REM sleep, exhibiting phasic surges during REM
sleep.™® Coccagna et al reported that the increased BP
during REM sleep sometimes exceeded the highest values
recorded during the awake period in normotensive indi-
viduals.'”

The previous studies of the circadian variation of ICH
indicated that the incidence between midnight and 6 am
was 3.0% to 16.9%.""'® This wide range of frequency is
caused by different study populations and varying diag-
nostic criteria. Tsementzis et al studied the activity before
the onset of ICH in 118 patients and found that 16 patients
(13.6%) had ICH while sleeping or upon awakening.'?
Wroe et al reported that the frequency of the onset of
primary ICH during sleep was 16.7% (11/66) in a pro-
spective community-based study.'® In the present study,
the frequency of ICH during the asleep period was 14.7%,
which was similar to the values reported in the previous
articles. Thus, ICH during the asleep period is not as rare
as previously thought. The clinical significance of ICH
during the asleep period appears to have been excessively
underestimated.
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To our knowledge, this is the first report describing the
clinical features of ICH during the asleep period. Our
study indicated that hematoma volume was greater and
that the mortality rate at 1 month after the stroke was
higher in the asleep ICH group than in the awake ICH
group. At the time of ICH development during the asleep
period, any witnesses to the ictus event may also be sleepy
or drowsy. If symptoms in the asleep ICH group are
observable during the awake period, the patients are more
likely to notice their own symptoms earlier or their fam-
ilies might discover the stroke episodes earlier. Therefore,
ictus during the night-time probably delays awareness of
symptom onset. Moreover, the time between the onset of
ictus and the arrival to hospital was longer in the asleep
ICH group than in the awake ICH group, although the
difference between these two groups was not statistically
significant. Because the expansion of hematoma com-
monly occurs in the hyperacute stage,* it is speculated
that both the delayed detection of symptom onset and the
arrival delay, resulted in larger hematoma in the asleep
ICH group. The greater volume of the hematoma is re-
ported to be closely linked with the higher mortality rate at
| month after the stroke.”'**

Dyken et al reported that one of four patients with
obstructive sleep apnea and ICH developed the stroke
during the asleep period.”® Sleep apnea syndrome (SAS)
drastically affects BP during the asleep period. The BP
rises appreciably with each apneic episode, in some cases
exceeding 200 mm Hg during REM sleep, and then returns
back to control values after resumption of normal venti-
lation.**> Thus, BP shows cyclic elevations during the
asleep period. It is reasonable to assume that such phasic
surges play a crucial role in the occurrence of ICH during
the asleep period. To clarify the exact mechanism of ICH
during the asleep period, a prospective follow-up of hy-
pertensive patients using 24-h ambulatory BP measure-
ment and polysomnography needs to be studied in detail in
the future.
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Abstract

Background: Approximately one quarter of the acute
ischemic stroke patients notice the event at awakening.
Such patients with stroke at awakening are usually ex-
cluded from thrombolysis, since the time of stroke onset
cannot be definitely identified. We compared the hyper-
acute CT findings of awakening stroke patients with
those of stroke patients with known onset to assess
whether the time of stroke onset is shortly before awak-
ening. Methods: Subjects were cardioembolic stroke pa-
tients who were consecutively admitted to our depart-
ment within 3 h after the recognition of stroke during the
period between January 2000 and March 2003. The
patients were classified into three groups: group A with
stroke of known onset, group B with stroke at awakening,
and group C with stroke of unknown onset due to lack of
a witness. The clinical and CT findings in each group
were compared. Results: A total of 81 patients fulfilled
the study criteria. There were 46 patients in group A, 17
patients in group B, and 18 patients in group C. There
was no significant difference in CT findings between
groups A and B. In group C, however, definite hypodense
areas were more commonly found than in group A (56
vs. 0%; p < 0.001) or in group B (66 vs. 11%; p = 0.012).

Conclusion: Based on our CT findings, stroke at awaken-
ing seems to be developing shortly before in a large sub-
set of patients, making them potential candidates for
acute stroke therapies.

—— Copyright © 2006 S. Karger AG, Basel

Introduction

Approximately one quarter of acute ischemic stroke
patients notice the stroke at awakening [1-3]. Such pa-
tients with stroke at awakening are usually excluded from
acute stroke treatments, such as thrombolysis with re-
combinant tissue plasminogen activator, since the time
of stroke onset cannot be definitely identified [4]. Barber
et al. [5] reported that the major reasons for not receiving
thrombolytic therapy included awakening with mild
symptoms, erroneous self-judgement for symptomatic
improvement, delay caused by transfer from an outlying
hospital, and inaccessibility of a treating hospital. Throm-
bolytic therapy for acute ischemic stroke would be more
beneficial, if it were accessible to more patients. There is
a possibility that some patients may wake up at the time
of stroke onset and may be good candidates for a throm-
bolytic therapy.

Fink et al. [6] reported that the clinical features and
MRI findings of patients who wake up with ischemic
symptoms do not differ significantly from those with
known onset time. These authors concluded that some
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patients who wake up with ischemic symptoms have fa-
vorable imaging characteristics for acute stroke therapy.
In a clinical situation, however, CT rather than MRI is
more widely used before thrombolytic treatment of hy-
peracute ischemic stroke, because CT is more accessible
[7]. To our knowledge, there is no report describing the
hyperacute CT findings in detail in patients who wake up
with stroke. To verify the hypothesis that a large subset
of such stroke patients who wake up with ischemic symp-
toms may have developed stroke shortly before awaken-
ing, we compared the hyperacute CT findings of awaken-
ing stroke patients with those of stroke patients with
known time of onset and also with those of stroke patients
with unknown onset due to the lack of a witness.

Patients and Methods

We retrospectively studied acute cardioembolic stroke patients
who were consecutively admitted to our department and under-
went CT scanning within 3 h after the recognition of stroke be-
tween January 2000 and March 2003. To make the cohort of our
study as homogencous as possible, we included only cardioem-
bolic patients. Included were patients undergoing complete clini-
cal examinations and CT scans within 3 h after recognition of
neurological deficits, patients whose follow-up CT and/or MRI
showed supratentorial infarct, and cardioembolic stroke patients
diagnosed according to the TOAST (Trial of Org 10172 in Acute
Stroke Treatment) classification [8]. Patients with infratentorial
ischemic stroke and transient ischemic attacks were excluded from
the study. Among the 246 acute stroke patients admitted within 3 h
of recognition, we excluded B8 patients with hemorrhagic stroke,
17 with infratentorial ischemic stroke, 29 with large-artery athero-
sclerosis, 12 with small-vessel occlusion, 15 with stroke having
another determined etiology, and 4 with stroke of undetermined
etiology diagnosed according to the TOAST classification. Conse-
quently, we recruited a total of 81 consecutive cardioembolic
stroke patients. 20 of these 81 patients had multiple infarcts or a
history of stroke.

Prospectively recorded data for each patient included stroke
risk factors, concomitant cardiovascular diseases, circumstances of
stroke onset or detection by a witness, time of the last healthy con-
dition, time of stroke recognition, and National Institute of Health
Stroke Scale (NITHSS) score [9] on admission. Information about
the circumstances of stroke onset was obtained from a witness.
Time of stroke recognition was defined as the time when the wit-
ness or the patient first noticed focal neurological symptoms.

We classified all the patients into three groups: group A with
stroke of known onset with a witness who confirmed that the patient
had been healthy within 1 h prior to stroke recognition; group B
with stroke recognized by a witness and/or the patient when she/he
woke up from sleep, with going-to-bed time being >1 h before awak-
ening, and group C with stroke of unknown onset due to lack of a
witness and due to the patient being unable to determine or com-
municate its onset — last healthy condition >1 h but not more than
24 h before being found.
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CT scans were performed in all patients within 3 h after the
recognition of stroke. All CT scans were performed without con-
trast enhancement using an X-Vigor (Toshiba, Tokyo, Japan) ma-
chine (120 kV, 170 mA, 10-mm collimation, matrix size 512 x
512, 2- or 3-second scan time). Three experienced stroke specialists
retrospectively analyzed CT films on admission in a blinded man-
ner. They knew that the cohort was a hyperacute stroke population.
They were aware of the NITHSS score and the side of the affected
hemisphere, both informations are usually available in a clinical
decision-making situation, They were unaware of other clinical in-
formation such as the circumstances of stroke onset and the time
of stroke onset. The three independent physicians read the CT films
on admission without knowledge of the follow-up CT and/or MRI.
These three observers were trained to identify early CT signs. The
findings were classified into three categories (1) normal, if the ob-
servers found no sign of acute ischemic stroke; (2) early signs, if the
observers found an area of slightly decreased attenuation without
clear-cut margin, and (3) hypodense, if the observers found a defi-
nite hypodense area. Early CT signs included attenuation of the
lentiform nucleus and of corticomedullary contrast and loss of the
insular ribbon [10]. Other signs of slightly decreased attenuation of
the parenchyma without clear-cut margin were judged as early
signs. In cases of disagreement in the findings, these three same
observers reviewed the CTs together, and a discussion was held
until agreement was reached.

The clinical and CT findings in each group were compared.
Continuous data are expressed as mean values = SD, The Mann-
Whitney U test was used for comparison of continuous variables,
and Fisher's exact test was used for 2 x 2 tables. Statistical sig-
nificance was set at p < 0.05.

A total of 81 patients (54 men and 27 women; mean
age 71 years, age range 24-89 years) fulfilled the inclusion
criteria. There were 46 stroke patients with known onset
time (group A), 17 patients with stroke at awakening
(group B), and 18 stroke patients with unknown onset
(group C). The baseline clinical characteristics are sum-
marized in table 1. The time from the last healthy condi-
tion in group A was significantly shorter than in group B
or C (p < 0.01), while the time was almost the same in
groups B and C. In group C, the longest and the shortest
time after the last healthy condition was 10.0 and 3.5 h,
respectively. The time from the recognition of stroke did
not differ among the three groups. Age, gender, NIHSS
score, and side of lesion were the same in the three
groups.

The CT findings for the groups are summarized in ta-
ble 2. There was no significant difference in CT findings
between groups A and B. In group C, however, definite
hypodense areas were more commonly found than in
group A (56 vs. 0%; p<0.001) and in group B (56 vs. 11%:;
p=0.012).
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Fig. 1. Hyperacute CT scans (upper) and follow-up CT or MRI scans (lower) of 3 representative patients in group
B. Hyperacute CT scans showed no abnormal findings (left), early ischemic signs (middle), and definite hypodense

areas (right),

Table 1. Baseline clinical characteristics of
~ Group A Group B Group C

the three study groups
Number of patients 46 17 18
Male/female ratio 30/16 11/6 13/5
Age, years (mean * | SD) 7013 7610 7510
NIHSS score (mean * 1 SD) 1127 147 138
Time from the last healthy condition, h
(mean % 1 SD) 1.7£0.5* 7.5%3.0 58%1.6
Time from recognition, h (mean * 1 SD) 1.720.5 1.8 0.5 1.9+0.5
Side of lesion (right/left) 25/21 11/6 11/7
* Time from the last healthy condition was shorter in group A than in group B (p <
0.01) or group C (p < 0.01).
Table 2. CT findi f the th
ings of the three groups oA o8 GomC o
= =17 =
iy =il (o =18) Avs.B Bvs.C Avs.C
Normal 14 (30%) 4 (22%) 0 0.76 0.10 0.0066
Early signs 32 (70%) 11 (67%) 8(44%) 0.99 0.31 0.086
Hypodense area 0 2(11%) 10(56%) 0.069 0.012 <0.001
Early CT Findings in Unknown-Onset Cerebrovasc Dis 2006;21:367-371 369
and Wake-Up Strokes
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In group B, hyperacute CT showed no abnormal find-
ings in 4 patients, early ischemic signs in 11 patients, and
definite hypodense signs in the other 2 patients. Repre-
sentative CT images of group B are shown in figure 1.
Stroke was recognized between 00.00 and 06.00 h in 6 of
the 17 patients, between 06.01 h and noon in 10 of the 17
patients, and between 18.01 and 00.00 in the remaining
group B patient. 8 of the 17 group B patients themselves
found ischemic symptoms at awakening. In 6 other pa-
tients, family members were the first to become aware of
the stroke, when they tried to wake up the patients, not-
ing signs such as consciousness disturbances or motor
paralysis. In the remaining 3 patients, the family noticed
some unusual behavior of the patients, such as a loud cry,
an unusual snore, or a fall resulting in an accident.

Our study found that the CT findings within 3 h of
stroke recognition in patients who were awakening with
stroke did not differ from those in patients with known
time of onset, while the CT findings of patients with un-
known onset were considerably different from those of
the other two groups. Judging from such CT findings, it
can be said that stroke may in fact be developing shortly
before awakening in a large subset of cardioembolic stroke
patients whose stroke is noticed at awakening.

To our knowledge, this is the first report to describe
the hyperacute CT findings in detail in patients who wake
up with stroke. Recently, Serena et al. [11] compared the
clinical characteristics and CT findings in patients with
stroke onset at awakening and those with stroke onset
while awake who were admitted within 6 h of stroke
awareness. These authors reported that there were no rel-
evant differences in the clinical and CT findings between
the two groups. However, unlike in our study, they did
not identify the precise time of stroke recognition for pa-
tients developing stroke at awakening.

The sensitivity of carly CT in documenting ischemic
changes depends on the duration of the focal cerebral
ischemia. Von Kummer et al. [12] reported that paren-
chymatous low density was identified in 22 of 30 patients
(73%) within 3 h of the onset of symptoms and in all 14
patients between 3 and 6 h after onset. The sensitivity of
early CT in documenting ischemic changes depends also
on the severity of focal cerebral ischemia, Cardioembolic
infarcts likely produce more severe tissue damage com-
pared with thrombotic infarcts [13]. On the basis of these
reports, to make the cohort of our study as homogeneous
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as possible, hyperacute CT findings in only cardioem-
bolic patients were compared in this study.

Diagnosing early CT signs is often relatively difficult,
as the CT findings may be quite subtle [14]. This diffi-
culty is reflected by the significant interobserver variabil-
ity in interpreting initial CTs [15, 16]. The positive rate
of CT signs varies according to the type of study (retro-
spective or prospective) and the type of analysis per-
formed (blinded or not to clinical data) [10]. Von Kum-
mer et al. [12] reported that there was a 5% false-positive
rate on CT done within 6 h of stroke read without knowl-
edge of the symptoms and signs. In this study, there were
no false positives on CT read with knowledge of the
NIHSS score and the affected hemisphere. The observers
did not identify an old or recent infarct as a new-onset
infarct.

Such patients, if transferred rapidly to a hospital after
waking up with stroke, may have some salvageable tissuc.
Instead of noncontrast CT, the ischemic penumbra im-
aging (by perfusion-weighted/diffusion-weighted MRI,
perfusion-weighted CT, xenon CT, or SPECT) would be
even more suitable to assess these patients for their po-
tential to benefit from acute stroke treatments. However,
there may be time-dependent cellular processes that con-
fer an increasing risk of hemorrhage, such as progressive
endothelial cell damage, which are not reflected by any
current imaging techniques [6]. Even using currently
available MRI techniques, an accurate estimation of a
lesion’s age is quite difficult [17]. At present, the informa-
tion that is essential for the initiation of a thrombolytic
therapy is an accurate time of stroke onset. Hyperacute
therapies for ischemic stroke could have more impact, if
they were accessible to the appropriate subset of awaken-
ing stroke patients.

The present investigation has the limitation that the
study sample included only cardioembolic stroke pa-
tients, not representing the average stroke population. If
patients with other types of ischemic stroke, such as ath-
erothrombotic or lacunar stroke, were included into the
study, completely different results might have been ob-
tained. This should be kept in mind when our results are
taken into consideration about stroke treatment in the
future. Nevertheless, the present results are considered
worth reporting, since ischemic stroke patients who are
admitted to stroke care units within 3 h after stroke rec-
ognition most likely have cardioembolic stroke, and since
the decision to perform or not to perform thrombolytic
therapy in cardioembolic stroke has more consequences
meaning than in other types of ischemic stroke.
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System design and development of a pinhole SPECT system
for quantitative functional imaging of small animals
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**Department of System Science, Graduate School of Informatics, Kyoto University

Recently, small animal imaging by pinhole SPECT has been widely investigated by several
researchers. We developed a pinhole SPECT system specially designed for small animal imaging.
The system consists of a rotation unit for a small animal and a SPECT camera attached with a pinhole
collimator. In order to acquire complete data of the projections, the system has two orbits with angles
of 90° and 45° with respect to the object. In this system, the position of the SPECT camera is kept
fixed, and the animal is rotated in order to avoid misalignment of the center of rotation (COR). We
implemented a three dimensional OSEM algorithm for the reconstruction of data acquired by the
system from both the orbitals. A point source experiment revealed no significant COR misalignment
using the proposed system. Experiments with a line phantom clearly indicated that our system
succeeded in minimizing the misalignment of the COR. We performed a study with a rat and 9mTe-
HMDP, an agent for bone scan, and demonstrated a dramatic improvement in the spatial resolution
and uniformity achieved by our system in comparison with the conventional Feldkamp algorithm

with one set of orbital data.

Key words: pinhole SPECT, complete data acquisition, small animal imaging

INTRODUCTION

In vivo maGiNG of physiological functions (e.g., the tissue
blood flow and receptor binding potentials) in small
laboratory animals facilitates the objective assessment of
pharmaceutical development and regenerative therapy in
pre-clinical trials. Micro positron emission tomography
(PET) has been extensively emphasized for achieving
high spatial resolution in the imaging of small animals,
which approaches 1.0 mm.'"* An alternative methodol-
ogy for small animal imaging is micro single photon
emission computed tomography (micro SPECT) in which
a camera is fitted with a pinhole collimator.** Pinhole
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SPECT has low sensitivity as compared with small animal
PET; however, depending on the size of the pinhole, the
spatial resolution achieved by pinhole SPECT can exceed
that of PET. Unlike PET systems, the pinhole SPECT sys-
tem does not require a cyclotron for producing radiophar-
maceuticals, and it has an excellent cost/performance
ratio. Moreover, the half life of radiopharmaceuticals
used for pinhole SPECT is relatively longer than that
used for PET, which is beneficial in investigating slow
pharmacokinetics.

In addition to the lower sensitivity of pinhole SPECT,
the existence of image distortion in the axial direction and
non-uniform spatial resolution in the reconstructed image
for the pinhole SPECT are also areas of concern. One ex-
planation for this non-uniformity is due to incompleteness
of data and use of Feldkamp filtered backprojection (FBP)
algorithm as an approximate 3D FBP.? This non-unifomity
can be suppressed by applying statistical reconstruction
algorithms such as maximum likelihood expectation max-
imization (MLEM)'%!! or ordered subsets expectation maxi-
mization (OSEM),'? but in the periphering of FOV, the
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image is blurred.>!* This non-uniformity of the image
resolution often hampers further quantitative analysis.
Tuy showed that in order to obtain a strict three-dimen-
sional (3D) tomogram in cone-beam CT, the following
geometric condition should be fulfilled: “all the planes
that cross an object cross the axis of the X-ray source.”'#15
Tuy's condition can be adapted to pinhole SPECT. The
conventional pinhole SPECT with one circular orbit does
not fulfill this condition. Kudo and Saito suggested ex-
amples of orbits that can satisfy Tuy’s condition: use of
two circular orbits, a spiral orbit, or a single circular orbit
in conjunction with a straight line.'5'8 By satisfying
Tuy’s condition, Zeniya et al. demonstrated an improve-
ment in the uniformity of the spatial resolution of pinhole
SPECT by using two circular orbits with angles of 90° and
45° with respect to the object.'® However, they did not
present details of a system configuration including hard-
ware and software. In this paper, we focused on the
detailed descriptions of system (hardware as well as
software) which is able to properly acquire data from two
circular orbits,

MATERIALS AND METHODS

System configuration

The misalignment of the center of rotation (COR) could
be more critical for data acquisition with two orbits as
compared with a single orbital system. Therefore, in the
proposed system, the detector and collimator were fixed,
and the small animal was rotated. The outline of the
system and the data flowchart are shown in Figure 1. This
system consists of a rotation unit (RU), rotation unit
control board (RU controller), pinhole collimator, and
SPECT camera.

Rotation unit (RU)
A small animal was rotated on the RU (Fig. 2), which
consisted of a base-board and a rotating stage. The rotat-
ing stage was driven by a stepping motor (SGSP-120YAW-
0z, Sigma Company, Tokyo, Japan) with a COR accuracy
of 20 um. As shown in Figure 2, the small amimal can be
fixed in the direction of either 90° or 45°, The axes of the
two directions intersect each other, and the distances
between the intersection point and each base are equal (T'1
= T2). In order to perform data acquisition with two
circular orbits, the intersection point must coincide with
the COR of the pinhole detector, i.e., the line perpendicu-
lar to the detector center should cross the intersection
point, as shown in Figure 2, An adjustment implement
(Fig. 3) was utilized to achieve this. The implement was
designed to position a radioactive point source at the
COR. Then, the COR was adjusted by acquiring data with
the point source for various angle directions.

The rat holder was prepared such that the femoral parts
and tail of the rat would lie out of the holder (Fig. 4). It was
fabricated from 0.5 mm-thick vinyl chloride.
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Fig. 1 Upper: Overview of the proposed pinhole SPECT system
for small animals. Lower: Schematic diagram of the system. (A)
rotation unit (RU), (B) RU controller, (C) SPECT camera and
pinhole collimator, and (D) control pad.

A B |

45 degrees

Fig. 2 Cross section of the rotation unit (A} and schematic views
of the 90° orbit (B) and 45° orbit (C).

RU controller

In order to control the RU, a general-purpose controller
(Mark202, Sigma Company, Tokyo, Japan) was em-
ployed. The RU controller could control the starting point
of the stepping motor, rotation direction, step angle, and
speed of rotation using a control pad. The minimum
amount of movements per pulse was 0.01° and the maxi-
mum speed of movement was 100°/s,

Pinhole collimator

The pinhole collimator (NDCL709A, Toshiba, Tokyo,
Japan) used had a tungsten knife-edge head, which was
replaceable. The available hole sizes were 0,25 mm, 0.5
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mm, 1 mm, 2 mm, and 4.8 mm. The pinhole had an open
angle of 60°, and the distance between the pinhole center
and the detector surface was 251 mm. The diameter of the
bottom of the collimator was 288 mm.

SPECT camera

A clinically used SPECT camera (GCA-7100A, Toshiba,
Tokyo, Japan) with one detector was used. As shown in
Figure 1, the camera stayed in one position during data
acquisition. The acquired projection data had a matrix of
size 128 x 128, and the pixel size 4.3 x 4.3 mm?.

In order to enable data acquisition with the proposed
system, the software installed in GCA-7100A was modified
to receive a signal from the RU controller. A signal was
sent to the RU to begin rotation with a particular stepping
angle. After that rotation, a trigger signal was sent to
GCA-T100A to acquire the projection data (See Fig. 1).
The above process was repeated until the RU completed
360° rotation.

Image reconstruction

We developed a 3D OSEM algorithm for reconstructing
the projection data-set acquired with two different circu-
lar orbits.'? Figure 5 describes the coordinates for the 3D
reconstruction with the proposed pinhole SPECT system
based on two circular orbits, which are defined as (x, y, z),
(', ¥, 2), and (x", y", z"). The radioactivity concentration
of the object is expressed within a fixed (x, y, z) system as
fix, ¥, z). The second coordinate system (x', y', z') repre-
sents the tilt of the (x, y, z) system about the y axis with an
oblique angle of ¢. The third coordinate system (x”, y",z")
is a rotational coordinate system where (x', y', z') rotates
around the z axis with an angle €. The tilt of (x, y, z) by the
angle ¢ produces the following transformations:

x X cos¢ 0 sing
yl=rRi|y|.Ri=| 0 1 0 (1)
£ z —sing 0 cos¢

Similar to Eq. (1), which represents the transformation
between the (x, y, z) and (x', ', z') coordinates, the
following equation expresses that between the (x, y, z) and
(x", ¥", z") coordinates:

o x X cos 8 =sin 8 0
y'|=R2|y'| =R:R1| y | R2=[sin 6 cos 8 0
z y z 0 Q- 13

In case of ¢ =0, the geometry of the system equals that of
conventional pinhole SPECT with one circular orbit.”**!
Therefore, for reconstruction with an oblique orbit, a
procedure similar to conventional pinhole SPECT can be
applied using Eq. 2. The source voxel (x{, yi, z{) is
projected toward the detector thorough the pinhole colli-
mation of the oblique circular orbit, as shown in Figure 6.
We denote the detector plane and a plane parallel to it that
includes the source voxel as Plane 1 and Plane 2, respec-
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Fig.3 Adjustment implement to position the point source at the
COR of both orbits.

Fig.4 Rat holder fabricated from 0.5 mm-thick vinyl chloride.

tively. The source point (fx, 7:) = (x|, z) on Plane 2 is the
projected point (dy, d:) on Plane 1. This relationship can be
expressed as

dy = -t:fifa A3)
d. = -tfila

where f; is the distance between the pinhole and the
detector plane (focal length) and a is the distance between
the pinhole and the plane parallel to the detector plane that
includes the source point. The distance a can be expressed
as

a = (he—x{) sin 8+ (hy - y{) cos 8 4

where (hx, hy, hy) = (r sin 8, r cos 8, 0) is the pinhole
position translated by the rotation 6 on the oblique circular
orbit with radius of rotation r. We employed the MLEM'.!!
reconstruction algorithm for this pinhole geometry. The
MLEM update for a two-orbit system can be expressed as
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k+1
J\.} =
V= j=1 J (5)

where, as shown in Figure 5, Aj is the value of the image
voxel j for the k-th iteration, yy is the measured value of the
projection pixel { for the I-th orbit, and ¢y is the probability
of detecting a photon originating from image voxel j at
projection pixel i for the /-th orbit.

Here, we used an OS scheme'? (o reduce the number of
iterations. Subsets were evenly divided from both orbits
for the OS scheme. A 3D voxel-driven projector using
bilinear interpolation on the detector plane was employed
in both forward- and back-projections. While back-pro-
jecting, the projection data from different orbits were
transformed into the same coordinate and combined in the
reconstructed 3D matrix space. The software was imple-
mented on a 2.4-GHz PC with Xeon CPU and | GB of
physical memory, running on a Linux operating system
(version 2.4.18).

Experiment with a point source
In order to validate whether the projection data from two
orbits were correctly acquired, we performed an experi-
ment using a radioactive point source. A point source of
about 1.4 mCi/m/ of **"TcQ4~ was positioned at the COR
using the adjustment implement (Fig. 3). A pinhole insert
with a diameter of 4.8 mm was employed, and the distance
between the pinhole center and point source was 39.5 mm,
Projection data were acquired for 120 angular views in
steps of 3°. The acquisition time for each step was 15 s.
Three images were reconstructed from the projection data
with the 90° orbit, 45° orbit, and both the orbits using the
3D OSEM algorithm (2 iterations and 8 subsets). The
matrix size of the image was 128 x 128 x 128 and the voxel
size was 0.76 x 0.76 x 0.76 mm?* (zooming factor of 6.35).
Since the point source was positioned at the center of
both the 90° and 45° orbits, its positions in the three
images should be identical. The 3D position of the point
source in each image was estimated by calculating the
image center of gravity, and the estimated positions in the
three images were compared.

Experiment with a line source

As described above, the misalignment of the COR could
be problematic especially for two orbit data acquisition.
Thus, in our system, the camera was kept fixed while the
target object was rotated. For evaluating the misalignment
of the COR for our system as well as the conventional
system, experiments were performed using a line source
phantom with an inner diameter of 1.14 mm. The phantom
was filled with about 4.0 mCi of ™TcO4~ solution. The
phantom was carefully placed at the center in one projec-
tion view. First, the pinhole detector was rotated around
the phantom with a rotation radius of 9 mm. Next, the
phantom was rotated on the rotating stage. In both cases,
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Fig. 5 Coordinate system of oblique circular orbits in pinhole
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Fig. 6 Pinhole geometry for oblique orbit in pinhole SPECT
with two circular orbits.

a pinhole with a diameter of 1 mm was used, and data were
acquired from 120 angular views (3°/view). The data by
both systems were reconstructed using the 3D OSEM
algorithm.

Animal experiment

In order to demonstrate the reconstructed image by our
system, a study was performed with a rat (SD rat; body
weight: 150 g) and **"Tc-HMDP, an agent for bone
scanning, *"Tc-HMDP was also accumulated in the
bladder of the rat. Therefore, to eliminate the effect of
radioactivity in the bladder, both kidneys of the rat were
removed before *™Tc-HMDP (185 MBg/ml) was intra-
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Table 1 Results of the experiment with a point source,
Estimated position of the point source in the image
x (mm) y(mm) z (mm)
90" orbit 0.0505 0.0511 0.0137
45" orbit 0.0464 0.0426 0.02%0
0.0643 0.0504 0.0165

both orbits

(a) (b)

Fig.7 Results of the experiments with the line source phantom.
(a) Sinogram data measured by the conventional system (rotat-
ing the camera), (c) image reconstructed by the conventional
system, (b) sinogram data measured by the proposed system
(rotating the object), and (d) image reconstructed by the pro-
posed system.

venously injected. The rat was set on the rotation unit of
90° orbit and data acquisition using the proposed system
was begun 1 h after the injection. The rotation radius was
85 mm, and data were acquired from 120 angular views
(3°/view) for 40 min. Subsequently, the rat was set on the
rotation unit of the 45° orbit and data were acquired for
40 min. The energy window was 140 keV = 10%. The
diameter of the pinhole insert was 1 mm. The acquired
data were sent to the PC for reconstruction using the 3D
OSEM algorithm with two iterations and eight subsets.
For comparison, the conventional filtered backprojection
algorithm (the Feldkamp FBP algorithm)® was employed
to reconstruct the image using the data acquired from the
90° orbit. No correction for attenuation of photons or
scattered rays was made in any of the processes.

RESULTS

Experiment with a point source

Table 1 lists the estimated positions of the point source in
the three reconstructed images. These three point-source
positions were almost at the center (the distance from the
center was 0.083 mm at maximum) and were close in
value. This indicates a sufficient accuracy of intersection
of the two axes and the pinhole center.
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One orbit - Feldkamp FBP algorithm

(a) Anterior view (b) Lateral view

Two orbits - 30 OSEM algorithm

B0 mm

(c) Anterior view (d) Lateral view

Fig.8 Representative images of rat bone scintigrams by "™ Tc-
HMDP, The images of (a) and (b) were reconstructed using the
Feldkamp FBP algorithm with data from the 90° orbit. The
images of (c) and (d) were reconstructed using the iD OSEM
with two orbital data. All images were generated by the maxi-
mum intensity projection (MIP) method.

Experiment with a line source

Figure 7 shows the results of the experiments with a line
source phantom. Misalignment of the COR was clearly
observed when the camera was rotated. This results in an
artifact on the reconstructed image (Fig. 7 (c)). On the
other hand, no obvious artifact was observed when our
system was used.

Animal experiment

Figure 8 shows the maximum intensity projection (MIP)
images of the rat with "*"Tc-HMDP obtained using the
Feldkamp FBP algorithm with one set of orbital data and
the 3D OSEM with two orbital data. The artifact of the
image was significantly reduced, and a thin rib was clearly
observed when data from two orbitals were used.

DISCUSSION

In this paper, we present the pinhole SPECT system for
imaging small animals using data from two orbits. In the
proposed system, the position of the detector is kept fixed
while the target object is rotated.*> As compared with the
conventional system with one orbit, our system requires a
more accurate adjustment of the COR. The experiments
with the point and line sources indicated that our system
achieved sufficient accuracy in adjusting the COR of the
two orbits. This result was apparent in the bone scan with
a rat. Image distortion and axial blurring observed in the
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one orbital system were greatly improved in the proposed
system with two orbits.

Metzler et al. proposed the use of a helical scan system
in order to acquire complete data by pinhole SPECT.2 In
the helical scan, sensitivity may be hampered when the
pinhole moves across the target object. On the other hand,
the sensitivity of our system is not affected since the
object is positioned at the center of the field-of-view.

The system proposed in this paper is still in the proto-
type stage, and in order to acquire data from two orbits, the
object must be moved from one orbit to the other. We plan
to build a system with multiple pinhole detectors in order
to increase the sensitivity.

Our final goal is to develop a system that achieves
quantitative functional imaging of small animals, Al-
though the image quality achieved by the proposed sys-
tem has dramatically improved, several issues have yet to
be considered for quantification. Penetrated photons at the
collimator and photons scattered from the object as well
as the collimator will degrade the image quality and
quantity. > It is also important to consider the sensitivity
compensation of the pinhole collimator when recon-
structing an image.*® In order to achieve a quantitative
functional image using the proposed system, these issues
should be rectified in the future.

CONCLUSION

We developed a pinhole SPECT system for the imaging of
small animals. The proposed system consists of two axes
so that complete data are acquired. Image uniformity was
dramatically improved by our system. This system will
provide accurate quantitative information on the biologi-
cal functions of small animals.
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Technical note

Communications

Comparison of multi-ray and point-spread function based
resolution recovery methods in pinhole SPECT reconstruction
Antti Sohlberg®®, Hiroshi Watabe®, Tsutomu Zeniya® and Hidehiro lida®

Background and objeclives Statistical reconstruction
methods allow resolution recovery in tomographic
reconstruction. Even though resolution recovery has the
potential to improve overall image quality, pinhole SPECT
images are still often reconstructed using simplified
models of the acquisition geometry in order to reduce
reconstruction time. This paper investigates the benefits
of two resolution recovery methods, multi-ray and
point-spread function based, in pinhole SPECT by com-
paring them to uncorrected reconstruction.

Methods Resolution recovery was incorporated into
ordered subsets expectation maximization reconstruction
algorithm. The first of the correction methods used a
simple but very fast multiple projection ray approach,
whereas the second, much slower, method modelled the
acquisition geometry more accurately using the analytical
point-spread function of the pinhole collimator. Line
source, Jaszczak and contrast phantom studies were
performed and used for comparison.

Results Resolution recovery improved resolution, contrast
and visual quality of the images when compared to

Introduction

The use of pinhole single photon emission computed
tomography (SPECT) in clinical practice has been
limited 1o small and superficial targers such as the
thyroid [1] and joints [2] due to the reduced ficld of
view. Recently, there has been renewed incerest in
pinhole SPECT, because it cnables small animal imaging,
where a small field of view is not a serious problem [3-7].
“T'he actractiveness of small animal pinhole SPECT ariscs
from the fact thac it can be performed withour any
dedicated hardware using only a conventional gamma
camera, Whereas small animal PET, for example, requires
an imaging device suitable only for laboratory animals [8].

T'he quality of SPECT is degraded by three main facrors:
atenuation, scatter and collimator blurring of which
attenuation and scatter arc less pronounced in small
animal pinhole SPECT [9]. The collimator blurring
reduces spatial resolution and forces the use of small
diameter pinhole apertures at the cost of severcly
reduced sensicivity, which is the most important draw-
back of small animal pinhole SPECT. The sensitivity of
pinhole SPECT can be increased by using multi-pinhole

0143-3636 @ 2006 Lippincolt Willams & Wilking

reconstructions without it The method based on the
point-spread function performed slightly better, but was
almost 50 times slower than the much simpler multi-ray
approach.

Conclusion The multiple projection ray approach is a
promising method for very fast and easy resolution
recovery in pinhole SPECT. It has a profound effect
on image quality and can markedly improve the
resolution-sensitivity trade-off. Nuc/ Med Commun
27:823-827 © 2006 Lippincott Williams & Wilkins.
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collimators [10], but this requircs modifications 1o the
standard clinical imaging equipment and is not widely
applied. One solution to the poor sensitivity problem
might be the use of statistical reconstruction methods
such as the maximum likelihood cxpectation maximiza-
tion (ML-EM) [11] or the ordered subsets expectation
maximization (OS-EM) algorithms [12). ML-EM and
OS-EM can partly recover the loss in resolution caused by
collimator blurring by incorporating a model of the
acquisition geometry into the algorithm and might
therefore allow the use of larger diamerter pinhole
apertures. Recovery of resolution has been shown to
improve the quality of conventional SPECT imaging
[13.14], but is not vet commonly used in small animal
pinhole SPECT.

The biggest problem in incorporating resolution recovery
in pinhole SPECT reconstruction is the large increase in
computational burden. The caleulation of point-spread
function (PSF) look-up tables can take hours and mighe
require several gigabytes of storage space. The fast
resolution recovery methods such as the slice-to-slice
blurring [15] often used in parallel-beam SPECT are not
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