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We conducted a study on humans to determine whether quan-
titative evaluation of blood-brain barrier (BBB) breakdown using
the 99mTc-diethylenetriaminepentaacetic acid (**™Tc-DTPA)
SPECT technique at the peak time of stroke evolution can
predict neurologic outcome. Methods: Thirty consecutive pa-
tients with acute stroke of the middle cerebral artery occurring
>24 h and <48 h before admission were included in the study.
Each patient underwent a complete neurologic examination
according to the Scandinavian stroke score at 72 h after the
stroke (S1) and again at 30 d (S2). The difference between initial
and late scores was calculated (A S) and used to evaluate the
change in neurologic status. A CT scan was obtained on all
patients to determine the volume of stroke. The integrity of the
BBB was evaluated using **™Tc-DTPA brain SPECT. A quanti-
tative index of BBB disruption was defined as the ratio of the
mean counts/pixel in the infarcted region compared with the
mean counts/pixel in the contralateral nonaffected hemisphere.
SPECT perfusion imaging was also performed with 9mTc-hexa-
methylpropyleneamine oxime (**"Tc-HMPAO) at 24 h after the
99mTc-DTPA study. The relative perfusion in the infarct region
was expressed as the percentage of contralateral perfusion.
Results: The mean #mTc-DTPA disruption index was 6.8 = 6.9
(range, 1-26.2). Seven patients (23%) had no BBB disruption.
Statistical analysis showed that the disruption index was neg-
atively correlated with A S (r = —0.423, P < 0.02). A disruption
index of <2.5 was associated with a significantly better neuro-
logic outcome (mean A S, 17.5 = 9.5) compared with patients
with an index of >2.5 (mean A S, —0.85 + 4.97, P < 0.0001)
with a sensitivity of 95% and a specificity of 89%. S2 was
significantly correlated with S1 (r = 0.738, P < 0.001) and with
A S (r = 0.656, P < 0.001). Perfusion abnormalities on the
9mTc-HMPAO SPECT studies ranged between 12% and 90%
(mean, 37.6% = 17.8%) compared with those on the contralat-
eral nonaffected side. No correlation was found between %°mTc-
HMPAO uptake and A S, infarct volume by CT, or disruption
index. The CT volume measurements were negatively corre-
lated with S2 (r = —0.560, P < 0.004) but not with A S.
Conclusion: **mTc-DTPA SPECT of the BBB combined with
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quantitative analysis in patients with acute stroke is significantly
related to clinical outcome, with a distinct prognostic cutoff
threshold of 2.5. The use of this radionuclide brain SPECT
technique represents a unique application of conventional non-
diffusible brain agents.
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Sroke is the third most common cause of death in the
United States and a major cause of long-term disabili}y (

It is difficult to predict the neurologic outcome in the acute
phase of cerebral ischemic strokes. Studies on animal mod-
els have shown that reduced blood flow to the brain can alter
the blood-brain barrier (BBB) permeability and regulatory
transport functions. The increased stress on the endothelium
of the ischemically injured cells results in leakage of serum
proteins and intracellular substances into the extracellular
space. This mechanism is responsible for edema fluid accu-
mulation in exacerbated ischemic brain ede@a4j. Stud-

ies on rats showed an initial, acute disruption of the BBB
between 3 ath 5 h after occlusion of the middle cerebral
artery (MCA) and a later, more widespread increase in
regional BBB permeability at 48 h2). The volume of
infarcted tissue was significantly correlated with the second
step of the BBB breakdowr?(3).

Only a few studies have been designed in humans to
compare the degree of BBB changes and the neurologic
outcome after a stroké6). These studies, however, dem-
onstrated inconsistent correlation between infarct size and
BBB disturbances.

Imaging studies have an important role in assessing the
location and extent of the stroke, determining tissue viabil-
ity, patient prognosis, and clinical management. CT can
differentiate ischemic from hemorrhagic infarction and can
identify other sites of intracranial bleeding. CT can also
demonstrate mass effect after a stroke. However, CT has a
limited role in the acute and subacute stages of the infarct in
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FIGURE 1.
eral hemisphere for calculations of 9mTc-DTPA index.

Tracing of ROI around infarct zone and contralat-

predicting the severity of neurologic deficits. Using MRI for
this purpose is expensive and has practical limitations, con-
sidering that many of the elderly population have metal
implants, such as pacemakers, which are not suitable for
MRI. Although MRI in thefirst few hours after a stroke may
predict further lesion growth in hyperacute stroke patients
(7), most patients arrive at the hospital too late to receive the
maximum benefit from emerging stroke therapies (8).

SPECT using perfusion agents (e.g., hexamethylpropyl-
eneamine oxime [HMPAQ] or ethylcysteinate dimer [ECD])
does not easily differentiate irreversibly compromised
tissue from ischemic but viable tissue, because it does not
directly assess neuronal function. Most PET studies in
stroke aimed to visualize changes in blood flow and
energy metabolism and found no correlation between the
accumulation of radioactive tracers and the breakdown of
the BBB (9).

9mTc-Diethylenetriaminepentaacetic acid (**"Tc-DTPA)
brain scintigraphy is the technique of choice for the assess-
ment of BBB disruption. Is has been used in the past to
localize areas within the cranium that had been disrupted by
infection, neoplasms, trauma, or stroke (10,11), but it has
not been used previously to assess prognosis.

We conducted a study on humans to determine whether
guantitative evaluation of BBB breakdown using the mTc-
DTPA SPECT technique at the peak time of stroke evolu-
tion can predict neurologic outcome. The results were com-
pared with the findings of cerebral perfusion studies using
9mTc-HMPAO SPECT and with concurrent CT volume
measurements.
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MATERIALS AND METHODS

Patients

Thirty consecutive patients (18 men, 12 women; mean age,
63y; range, 38—87 y) wereincluded in the study. Inclusion criteria
were acute nonhemorrhagic stroke in the MCA territory occurring
>24 h before admission (to avoid patients with transient ischemic
attacks) and <48 h after the event with exact data on the onset of
stroke. We excluded patients with other diseases of the central
nervous system, including vascular malformations, tumors, multi-
ple sclerosis, infectious diseases of the central nervous system,
migraine headaches, and previous head injury. All patients were
treated with 325 mg aspirin on admission, according to the guide-
lines of the international stroke trials (International Stroke Trial
and Chinese Acute Stroke Trial) (12,13).

Each patient underwent a complete neurologic examination,
including scoring of neurologic deficits according to the Scandi-
navian stroke score (SSS) (14). The scoring of the neurologic
status was performed on admission, 3 d after onset of stroke (S1),
and again at 30 d (S2). Day 3 was chosen for evaluation to
demonstrate the BBB disruption intensity at the peak time of the
deterioration phase, which usually occurs between days 2 and 4
(15). The difference between early (S1) and late (S2) scoring was
calculated (A S) and used to evaluate changes in neurologic status.

CT was performed with and without contrast material in all pa-
tientsusing a Twin Flash scanner (Elscint). The CT scan was obtained
72 = 6 h after infarction and was used to determine the volume of
stroke by manual tracing of the infarct perimeter, as described (16).

9mTc-DTPA SPECT

The integrity of the BBB was evaluated using *™Tc-DTPA brain
scintigraphy at 48—72 h after the stroke. Each patient recelved 740
MBq ®"Tc-DTPA and a SPECT study was performed 2 h later. A
dual-head y-camera (Elscint-Helix) equipped with a pair of low-
energy, high-resolution collimators was used. Images were acquired

FIGURE 2.
at level of basal ganglia (left MCA infarct).

ROl analysis for determination of perfusion deficits
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ina128 X 128 matrix at 6° angular steps, 40 s each step. Transaxid,
coronal and sagittal dices 1-pixe thick were reconstructed using a
third-order Metz filter set to 12-mm full width at half maximum.

The transaxial slice with the most extensive ®™Tc-DTPA up-
take was selected, and aregion of interest (ROI) was traced around
the ©mTc-DTPA activity. An ROI of similar size and shape was
drawn on the opposite side in a corresponding location (Fig. 1). A
quantitative index of BBB breakdown (disruption index) was
defined as the ratio of the mean counts/pixel in the infarcted region
compared with the mean counts/pixel in the contralateral nonaf-
fected hemisphere.

99mTc-HMPAO SPECT

SPECT perfusion imaging was performed 24 h after the 9MTc-
DTPA SPECT study. Residual activity from the ®MTc-DTPA
study was checked in every patient and found to be negligible,
consistent with a lack of cerebral trapping of *™Tc-DTPA and
prompt renal clearance. The perfusion study was performed 15-30
min after injection of 740 MBq *™Tc-HMPAO. One hundred
twenty frames of 15 swere acquired using a circular rotation mode

into a 128 X 128 image matrix. The images were prefiltered using
a Butterworth filter (cutoff frequency, 0.2 cycle/cm; power factor,
5). Transaxial, coronal, and sagittal slices 1-pixel thick were re-
constructed. Attenuation correction was performed based on an
automated €llipse determination with a constant linear attenuation
coefficient of 0.11 cm™2.

Quantitative evaluation of SPECT images was performed using
computer-assisted sector analysison all patients. Six representative
transaxial dices parallel to the orbitomeatal line were selected and
6 symmetric pairs of ROIs were placed on both sides of the
cerebral cortices, based on 30° angular separation. Manually
drawn ROIs were used to define the head of the caudate nuclei and
the thalami. The ratio of the average number of counts/pixel in the
lesion to the average number of counts/pixel in the contralateral
nonaffected area was obtained for al patients and expressed as the
percentage of contralateral perfusion (Fig. 2).

Statistical Analysis
Data were analyzed using SPSS 9.0 Statistical Analysis Soft-
ware (SPSS Inc.). Continuous data (age measurements) were ex-

TABLE 1
Clinical and Imaging Scores in Patients with Acute Stroke

Infarct

Score 9mTc-DTPA
Patient  Age Brain 9mTc-DTPA  9¥mTc-HMPAOT — — volume ——
no. (y) Sex territory* ratio (%) S1 S2 AS (cm?d) >2.5 <25 AS<25
1 70 M L MCA 111 40 19 20 1 NA 11
2 38 F R MCA 12 a7 9 12 3 140 12
3 67 M L MCA 22.8 41 13 16 3 34 22.8
4 68 M L MCA 2.1 43 20 42 22 65 2.1 22
5 77 F L MCA 26.2 45 25 27 2 0 26.2
6 59 F L MCA 1 15 30 47 17 NA 1 17
7 73 F L MCA 15 41 4 4 0 35 15
8 70 M L MCA 1 12 13 a7 34 12 1 34
9 60 M R MCA 1 20 25 47 22 NA 1 22
10 39 M R MCA 2.5 52 25 45 20 12 2.5 20
11 73 M L MCA 3.6 25 a7 49 2 105 3.6
12 65 F L MCA 6.5 62 13 14 1 265 6.5
13 38 M R MCA 2.2 37 17 40 23 0 2.2 23
14 87 F R MCA 4.5 41 4 4 0 297 4.5
15 45 M L MCA 5.3 25 8 0 -8 404 5.3
16 52 F R MCA 10.5 35 10 13 3 94 10.5
17 50 M L MCA 3.5 90 10 8 -2 268 3.5
18 70 F L MCA 12 39 18 18 0 87 12
19 53 M L MCA 3.6 NA 12 12 0 4 3.6
20 74 F L MCA 9.6 NA 18 0 -18 129 9.6
21 50 M L MCA 1 43 14 27 13 150 1 13
22 73 M R MCA 6.8 45 16 12 -4 NA 6.8
23 78 F R MCA 5.2 21 22 20 -2 150 5.2
24 58 M L MCA 3.1 14 23 23 0 NA 3.1
25 56 M L MCA 21 21 51 47 —4 24 21
26 77 M R MCA 1 50 50 50 0 10 1 0
27 67 F R MCA 5.2 NA 14 16 2 115 5.2
28 73 F L MCA 3.2 32 9 13 4 64 3.2
29 63 M L MCA 1 65 8 26 18 197 1 18
30 70 M R MCA 1 15 8 14 6 NA 1 6

*Territory of perfusion abnormality.
TPercentage reduction in perfusion (infarct zone).
NA = not applicable.
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pressed as mean = SD and their distributions were tested for
normalcy using the Kolmogorov—Smirnov test. All were found to
have distributions not significantly deviating from normal. Cate-
goric data (sex) were presented as frequency counts.

Pearson correlation andlysis was used to describe associations
between measurements. An iterative receiver-operating-characteristic
analysis was performed to locate the 9™ Tc-DTPA cutoff point bear-
ing the highest discriminating value. The iteration stepped on al
possible cutoff points. The results indicated that the maximum area
under the curve is seen a a cutoff point of 2.5. The cutoff was used
to dichotomize ¥"Tc-DTPA, and A S was compared by this dichot-
omized ®¥MTc-DTPA variable using at test for independent samples.

All tests were considered significant at P < 0.05 (2 tailed).

RESULTS

Nineteen of 30 patients had a left MCA infarct, and 11
patients had a right MCA infarct (Table 1).

The mean ®MTc-DTPA uptake ratio was 6.8 == 6.9 (range,
1-26.2). Seven patients (23%) had no BBB disruption (uptake
ratio, 1). Statistical analysis showed that the disruption index
was negatively correlated with A S(r = —0.423, P < 0.02). A
plot of the change in the stroke scale compared with the
9mTc-DTPA ratio is presented in Figure 3. A disruption index
of <2.5 (10 patients, 33%) was associated with a significantly
better neurologic outcome (mean A S, 17.5 £ 9.5) compared
with patients with aratio of >2.5 (mean A S, —0.85 = 4.97,
P < 0.0001) with asenditivity of 95% and a specificity of 89%
(Fig. 4). The only patient with no BBB disruption and no
clinica improvement (patient 26) had very mild abnormdities
on admission (SSS, 50).

S2 was significantly correlated with S1 (r = 0.738, P <
0.001) and with A’ S (r = 0.656, P < 0.001). Perfusion
abnormalities on the ®¥"Tc-HMPAO SPECT studies ranged
between 12% and 90% (mean, 37.6% * 17.8%) compared
with those of the contralateral nonaffected side. No corre-
lation was found between ®"Tc-HMPAO uptake and A S,
infarct volume by CT, or disruption index. Figure 5 shows
images of a patient with no evidence of BBB disruption, and
Figure 6 shows images of a patient with extensive disrup-
tion of the BBB.

The CT volume measurements were negatively correlated
with S2 (r = —0.560, P < 0.004) but not with A S.
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FIGURE 3. Plot compares change in stroke scale with in-
creasing ®mTc-DTPA ratio.
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FIGURE 4. Distribution of A S values for ¥mTc-DTPA index
<2.5 and >2.5.
DISCUSSION

The BBB is a highly selective barrier that prevents the
passage of many substances from the blood into extracel-
lular fluid of the brain, or into the cells, and vice versa. The
data presented in our study show that measurement of the
degree of BBB disruption at the peak of edema formation
can be used efficiently and economically in humans as a
marker of the neurologic status of the patients, and it may
determine the late neurologic and functional outcome. Al-
though thrombolytic therapy may be effective in selected
patients if performed within 3—6 h after the onset of symp-
toms (17), most patients arrive at the hospital too late to
benefit from thrombolysis. Less than 40% of patients may
arrive within 24 h of the onset of symptoms (8). It appears
from our study that changes in BBB permeability carry
significant prognostic information beyond the hyperacute
stage of the infarct.

®mTc-DTPA is a nondiffusible tracer for evaluation of
BBB permeability, similar to %™Tc-pertechnetate and " Tc
glucoheptonate. *"Tc-DTPA brain scintigraphy has been
used in the past to detect brain infarcts as well as brain
metastases (10,11). It was used together with 'In-oc-
treotide scintigraphy to differentiate meningiomas from
other central nervous system tumors (10), and it was aso
reported to detect multifocal opportunistic intracranial in-
fection in AIDS patients (18). We have noticed in our study
that areas of intense ®"Tc-DTPA uptake are associated with
amore severely damaged tissue. A disruption index thresh-
old of <2.5 was a good predictor of favorable clinica
outcome. In contrast, patients with an index of >2.5 had a
significantly worse prognosis. Interestingly, a significant
proportion of patients with stroke (23%) had no gross evi-
dence of BBB disruption, al of them with very good prog-
nosis.

Many experimental studies on anima models were per-
formed to define the effect of BBB disruption in acute
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FIGURE 5.

Patient 29: 63-y-old woman with extensive stroke in territory of left MCA. (A) Transaxial CT slice. (B) Transaxial SPECT

perfusion slices (left) show diminished perfusion in left temporoparietal regions (perfusion index, 65%) and transaxial slices from
9mTc-DTPA SPECT (right) show normal distribution of *mTc-DTPA (disruption index, 1). Patient improved significantly on follow-up

(A S value, 18).

stroke (2—4). Studies in rats demonstrated preservation of
the BBB for the first 2-3 h after MCA occlusion and
progressive disruption after thefirst 6 h (2). Siegel et a. (19)
used a multiple-tracer assessment of ischemic brain injury
in rats, including *™Tc-pertechnetate. He proposed that
abnormal molecular permeability of the BBB most likely
results from damage to the endothelial cells or the intercel-
lular junctions of the capillaries.

Only a few studies have been designed in humans to
compare the degree of BBB changes and the neurologic
outcome after a stroke. The most significant stage of BBB
breakdown occurs in humans within 48—72 h after infarc-
tion and is accompanied by increased brain edema volume.
One study that examined cerebrospina fluid and serum

FIGURE 6.

Patient 7: 59-y-old woman with stroke in territory of left MCA. (A) Transaxial CT slice. (B) Transaxial SPECT perfusion

albumin ratios as a parameter for the degree of BBB open-
ing found no difference between patients with a large or
with a small infarct (6).

CT is used to detect hemorrhage and mass effect after a
stroke; however, it is not sensitive at detecting brain ische-
mia in the acute stage of an infarct (20). MRI is more
sensitive than CT, but it may fail to detect hyperacute
ischemia (21,22). Perfusion-weighted MRI and diffusion-
weighted MRI have been widely used to detect and quantify
ischemia in experimental models (23). Diffusion-weighted
MRI is sensitive to the translational motion of water protons
and provides an image of apparent diffusion coefficients
(ADCs). A mismatch between diffusion- and perfusion-
weighted MRI is thought to define tissue at risk of infarc-

slices (left) show diminished perfusion in left temporoparietal regions (perfusion index, 41%) and transaxial slices from %mTc-DTPA
SPECT (right) show intensely increased ®mTc-DTPA uptake in same region (disruption index, 15). Patient showed no improvement
on follow-up (A S value, 0).
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tion. This concept is based on the assumption that diffusion
slowing of and decreases in the ADC serve as an indicator
of tissue proceeding to infarction. However, ADC decreases
do not reliably indicate tissue infarction (24), and diffusion
abnormalities probably correspond to early changes of both
reversible and irreversible ischemia (25). Moreover, MRI is
expensive and has practical limitations in many patients
with surgical implants and pacemakers, whereas %mTc-
DTPA SPECT ismore cost-effective and is easy to perform.

Most PET studiesin stroke aimed to visualize changesin
blood flow and energy metabolism. Marcha et a. (26) used
PET with combined imaging of cerebra blood flow (CBF)
and oxygen consumption to distinguish 3 different uptake
patterns after the first MCA stroke, each associated with a
different outcome.

SPECT perfusion imaging using HMPAO or ECD isvery
sensitive in detecting hypoperfusion after acute stroke.
However, the hypoperfused tissue detected by lipophilic
SPECT tracers is heterogeneous and contains irreversibly
damaged, infarcted tissue and also dysfunctional viable
tissue. Shimosegawa et al. (27) studied CBF early after the
onset of cerebral infarction compared with CT findings.
They concluded that a decrease of approximately 40% in
CBF appears to represent the borderline between reversible
and irreversible structural brain damage. However, there are
drawbacks in estimating quantitative CBF, including postis-
chemic hyperemia, which may interfere with quantitative
analysis. In our study, the infarct zone showed a wide range
of diminished perfusion (12%-90%) and no significant cor-
relation with the clinical or computed variables.

The lack of correlation between “"Tc-HMPAO uptake
and other stroke variables in our study deserves special
attention. Our perfusion studies were not performed in the
hyperacute stage (typically within 6 h after onset of the
stroke) and, consequently, they may not have the predictive
value that has been seen in early *"Tc-HMPAO studies.
Additionaly, it has already been demonstrated that astro-
cytes might constitute a prominent site of ®™Tc-HMPAO
retention and most likely contribute significantly to the
SPECT signal (28). It was shown in a stroke model that both
infarct volume and BBB disruption were greater in a reper-
fusion group compared with that of a permanent occlusion
group (3,4), suggesting that brain infarct and BBB disrup-
tion are exacerbated after reperfusion following brain ische-
mia. These findings may explain in part the lack of corre-
lation between perfusion imaging (as portrayed by %mTc-
HMPAO fixation) and cellular integrity (BBB disruption) in
ischemic strokes. Other specific aterations in glia cell
metabolism may contribute as well to flow-independent
changes that may occur in the BBB (28).

CONCLUSION

Our data show that ®™Tc-DTPA SPECT of the BBB
combined with quantitative analysis in patients with acute
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stroke is significantly related to clinical outcome, with a
distinct prognostic cutoff threshold of 2.5. This technique
may identify a subpopulation of patients at increased risk of
neurologic deterioration and it may assist in the follow-up
and management of patients with acute stroke. Further re-
search is necessary to confirm these findings in a larger
cohort of patients and to investigate the long-term associa-
tion of BBB disruption and cerebrovascular stroke.
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