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Abstract

Background and Purpose—The perihematomal hyperintensity is commonly interpreted to
represent cerebral edema following ICH, but the accuracy of this interpretation is unknown. We
therefore investigated the relationship between changes in PHH and changes in hemispheric brain
volume as a measure of edema during the first week after ICH.

Methods—Fifteen individuals aged 66+13 with baseline hematoma size of 13.1 mL (range 3-43)
were prospectively studied with sequential MRI 1.0+0.5, 2.6+0.9, and 6.5+1.0 days after
spontaneous supratentorial ICH. Changes in hemispheric brain volume were assessed on
MPRAGE using the Brain-Boundary Shift Integral. Hematoma and PHH volumes were measured
on T2-weighted images.

Results—Brain volume increased a small but statistically significant amount (6.3+8.0 mL,
0.6+0.7%) between the first and second scans relative to 10 normal controls (-0.9+4.1 mL,
p=0.02) and returned toward baseline at the third scan (1.5£9.5 mL vs. controls 0.9+4.0 mL,
p=0.85). There were no significant differences in the volume changes between the two
hemispheres at scan 2 or scan 3. At both scan 2 (p=0.04) and scan 3 (p=0.004), the change in PHH
was significantly greater than and poorly correlated with the change in ipsilateral hemispheric
volume. There were no significant correlations between change in NIHSS and change in PHH,
ipsilateral, or total brain volume at scan 2 or scan 3 (all p> 0.05).

Conclusions—In patients with small-to-moderate-sized hematomas, change in PHH was a poor
measure of brain edema in the first week following ICH. A small degree of bihemispheric brain
swelling occurred but was of little clinical significance.

INTRODUCTION

There is considerable controversy regarding the clinical importance of perihematomal
edema following acute intracerebral hemorrhage (ICH).(1-9) While experimental models of
ICH have shown early blood-brain barrier breakdown leading to diffuse cerebral edema,(10-
12) clinical data on the development and severity of edema are inconsistent,(2-5) likely
reflecting different definitions, methodologies, and time periods studied. The largest study to
date (1) suggested that perihematomal edema as defined by CT is unlikely to be clinically
relevant, but addressed only the initial 72 hours and utilized an insensitive technique.
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As opposed to experimental studies in which changes in brain water content are measured
directly, most clinical studies have relied on measuring the extent of the CT perihematomal
lucency or its MRI counterpart, the perihematomal hyperintensity (PHH). This approach is
both technically and mechanistically problematic, however. On CT, the borders of the high
and low density regions become increasingly indistinct over time after ICH, which may limit
the accuracy of measurements and contribute to inconsistent results. In addition,
interpretation of changes in the perihematomal lucency or PHH as indicating increased brain
water content or brain swelling is complicated because of the phenomenon of clot retraction,
in which the clot progressively shrinks and extrudes serum around it.(13, 14) Nevertheless,
the PHH has been interpreted to represent both cytotoxic and vasogenic edema.(15)

In our previous study that circumvented the problem of the perihematomal signal
abnormality and used change in midline shift to assess change in ipsilateral hemispheric
volume, we did not find any evidence for brain edema within the first week following ICH;
however, sensitivity was limited to detecting only changes in shift of 2 mm or greater.(5)
We have previously demonstrated that sequential MRI scanning using the Brain-Boundary
Shift Integral (BBSI) (16) is more sensitive for detecting brain volume changes than is
measurement of midline shift.(17) In the absence of hematoma extension, accurate
measurement of brain volume changes permits determination of the degree and timing of
early edema after ICH.

Given the inconsistent data on the extent and significance of ICH-associated edema and
unclear pathophysiology of the perihematomal signal change, we used sequential MRI
scanning and the BBSI in the present study to measure change in brain volume and
investigate the relationship between change in brain volume and change in PHH during the
first week after ICH. The null hypotheses were that there would be no increase in brain
volume in subjects with ICH compared to normal control subjects and that there would be
no correlation between brain volume change and change in PHH, i.e., that the PHH is not
due to an increase in brain water producing an increase in brain volume.

MATERIALS AND METHODS
ICH subjects

Patients were eligible for inclusion if they suffered a spontaneous, non-traumatic
supratentorial ICH evident on CT scan, were at least 18 years of age, and could be studied
within 48 hours of onset. (Onset was defined as the time the patient was last known to be
normal if symptoms were first noticed on waking from sleep or if no accurate history could
be obtained.) Patients were excluded if pregnant; if the hemorrhage was thought to be
associated with a vascular malformation, aneurysm, or tumor; if there were plans for
immediate surgery; if there were contraindications to MRI; if the patient had received
osmotic agents (in order to permit study of the natural history of edema after ICH); or if
large portions of the hematoma abutted a cerebrospinal fluid surface (because intensity
changes in the hematoma over time could obscure intensity changes due to tissue shifts).
Finally, per the university Human Research Protection Office, patients with “critical
illness,” defined by a Glasgow Coma Scale score <5, signs of brainstem dysfunction, or
vasopressor requirement, were excluded.

Demographic data and risk factors for ICH were recorded. All subjects were admitted to the
Neurology Neurosurgery Intensive Care Unit (NNICU) and transferred to the Neurology or
Neurosurgery floor after remaining stable for 1-3 days. No subject was intubated, had an
intraventricular catheter placed, had intracranial pressure monitoring, or received osmotic
agents, corticosteroids, or blood products between the time of admission and the end of the
study period. NIH Stroke Scale (NIHSS) was performed on admission and daily throughout

Neurocrit Care. Author manuscript; available in PMC 2013 July 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zazulia et al.

Page 3

the study period, and the medical record and nurses' notes were reviewed daily to look for
any indication of neurological deterioration.

Normal control subjects

Imaging

Ten individuals ranging in age from 29 to 62 who were free from neurological disease
served as normal control subjects.

ICH subjects were prospectively studied with MRI scanning of the brain at three time points
after ICH onset: within 48 hours, at 2-5 days, and at 5-8 days. All subjects were studied
using a Siemens Magnetom Sonata 1.5-Tesla scanner. A midsagittal scout T1-weighted
spin-echo pulse sequence was used to position the subject. A 3-D MPRAGE sequence
(TR=11.4 ms, TE=4.4 ms, TI1=300 ms, flip angle=8, acquisition time=7:32 min,
256x256x128, 1x1x1.25 mm pixels) was acquired in a sagittally-oriented slab to produce a
high-resolution T1-weighted image. The first five subjects had a T2-weighted image
acquired using a turbo spin-echo sequence (TR=4100 ms, TE=120 ms, flip angle=140,
acquisition time=6:54 min, 1x1x1 mm pixels). Because of its superior ability to define
volumes of PHH, in the last ten subjects, a FLAIR sequence (TR=9999 ms, TE=119 ms,
T1=2309 ms, flip angle=180, acquisition time=7:38 min, 256x256x32, 1x1x2 mm pixels)
was substituted and acquired in an axially-oriented slab using two interleaved acquisitions.
Images were examined immediately after acquisition and repeated if there was significant
movement artifact. A physician or NNICU-trained research nurse was present throughout all
studies.

Normal control subjects underwent the same MPRAGE sequence at intervals of 2.1+0.1 and
6.2+0.4 days.

Written informed consent was obtained from all participants or their legally authorized
representative. The study was approved by the university Human Research Protection
Office.

Image Analysis

All MR images for each subject were aligned to the baseline T1-weighted image
(MPRAGE) from that subject using automated image registration.(18, 19) Each T1-
weighted image was segmented to brain and normalized using the mean brain pixel
intensity. The BBSI (16) was used to measure changes in brain volume. This technique
measures the change in pixel intensity within a thin region of interest comprising the brain/
cerebrospinal fluid boundaries of the entire brain. The total change in intensity within this
region of interest is divided by the difference between gray matter and cerebrospinal fluid
intensities to convert the measurement to change in brain volume. This measurement of
change in brain volume was also calculated for the ipsilateral and contralateral hemispheres
separately after the brain was divided by manually tracing the midline on all transverse
image slices. The hematoma was defined on T2-weighted images by selecting the upper
intensity value that defined the hypointense rim and bulk on each slice throughout the lesion
and then manually editing to include hyper- or isointense foci within the bulk.(20)
Perihematomal hyperintensity was similarly measured on T2-weighted images by intensity
thresholding the region of hyperintense signal outside the hematoma boundary and manually
editing as necessary. The resulting regions of interest were summed to yield hematoma and
PHH volumes. Total lesion volume was calculated as the sum of the hematoma and PHH
volumes. BBSI analysis was performed by a single investigator who was blinded to clinical
information. Measurements of hematoma and PHH volume were performed by a single
investigator who was blinded to scan order and brain volume results. Intrarater reliability of
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hematoma and PHH volume measurements was determined in a subset of 12 scans evaluated
on two separate occasions. Intraclass correlation coefficient was 0.94.

We have previously established the accuracy of the BBSI method (17) by measuring change
in brain volume in normal control subjects between a baseline image and a copy of the
image that had been resized by 0.5, 1.0, 1.5, and 2.0%. The precision of the method was
established by measuring the change in volume for all repeated scans of normal control
subjects. Based on those data, a sample size of 10 subjects would allow 95% power to detect
a 0.6% change in brain volume (2-tailed t-test).

All continuous data are presented as mean + standard deviation or median (range). The
Shapiro-Wilk test was used to test data for normality of distribution. For data that
significantly deviated from normality, non-parametric tests were used. Parametric tests were
used in all other cases. Statistical analyses were performed with SPSS 17.0 for Windows
(SPSS, Inc, Chicago, IL).

Of 221 consecutive patients with acute ICH screened, 26 were enrolled. Reasons for non-
enrollment include the following: beyond time window (76), critical illness and/or large
portion of hematoma abutting a cerebrospinal fluid surface (34), suspected hemorrhage
related to tumor, arteriovenous malformation, or trauma (22), brainstem hemorrhage (18),
declined participation (16), treatment with mannitol (10), MRI contraindication (8), surgery
(6), and not consentable and no legally authorized representative available (5). Eleven of the
26 enrolled were excluded from this report because MRI data were not analyzable due to
excessive movement (n=6), inability to complete the first MRI within 48 hours of onset
(n=3), or hematoma evacuation after the first MRI (n=1) or because the hematoma was
associated with warfarin use (n=1).

The remaining 15 subjects were studied with sequential MRI scans 1.0+0.5, 2.6+0.9, and
6.5+1.0 days after ICH. Age ranged from 36 to 86 years. Seven (47%) were female.
Fourteen (93%) had hypertension. The single non-hypertensive subject had a second lobar
hemorrhage two months after the index hemorrhage, meeting Boston criteria(21) for
probable cerebral amyloid angiopathy. Hematomas were putamenal in nine, thalamic in two,
and lobar in four. Four subjects (27%) had intraventricular hemorrhage (IVH score(22) 1 in
two and 3 in two), and two (13%) had subarachnoid extension of blood. None had
hydrocephalus on the baseline scan; one (subject 4) developed a progressive increase in
ventricular size (8% increase at scan 2; 50% increase at scan 3). Median hematoma size on
the baseline scan was 13.1 mL (range 3—-43) and decreased across the study period. No
subject showed an increase in hematoma size. Volumes of PHH and total lesion volume
progressively increased. (Table 1.) Despite the 6.5 mL increase in total lesion volume, there
were no changes in other markers of tissue shift (midline shift, uncal herniation, brainstem
compression, or cisternal effacement).

Relative to sequential test-retest changes in 10 normal control subjects, brain volume
increased a small but statistically significant amount of 0.6 + 0.7% between the first and
second scans (patients: 6.3 £8.0 mL, controls: —0.9+4.1 mL, independent samples t-test,
p=0.02) and returned toward baseline at the third scan (patients: 1.5+9.5 mL, controls:
0.9+4.0 mL, independent samples t-test, p=0.85). (Table 2.) There were no significant
differences in the volume change between the two hemispheres at scan 2 or scan 3 (paired
samples t-tests, p>0.05) (Figure 1).

At both scan 2 (p=0.04, independent samples t-test) and scan 3 (p=0.004, Wilcoxon signed
rank test), the change in PHH was significantly greater than and poorly correlated with the
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change in ipsilateral hemispheric volume. Between scan 1 and scan 2, an apparent weak
correlation (/=0.52, p=0.045) was due to one outlier (Fig 2A). Removal of this outlier
resulted in a non-significant correlation (/=0.10, p=0.87). There was no significant
correlation between change in ipsilateral hemispheric volume and change in PHH between
scan 1 and scan 3 (p=0.19, p=0.51).

Exploratory analyses (uncorrected for multiple comparisons) were performed to investigate
further relationships between the hematoma and changes in hemispheric volume. No
statistically significant relationships were found between change in ipsilateral hemispheric
volume over each time interval and either 1) baseline volumes of the hematoma, PHH, and
total lesion or 2) changes in volume of the hematoma, PHH, and total lesion. Change in
hemispheric volume did not differ by hematoma location or presence of intraventricular
hemorrhage. (All p>0.05). Baseline hematoma volume was significantly correlated with
baseline PHH volume (r=0.78, p<0.001).

Median NIHSS was 8 (range 2-22) on admission and 9 (range 2-22) at the time of the
baseline study. There were no significant correlations between change in NIHSS and change
in ipsilateral or total brain volume between the first and second or the first and third study
sessions (all #>0.05). In addition there were no significant correlations between change in
NIHSS and change in PHH at scan 2 (r=0.20, p=0.48) or at scan 3 (p=—0.02, p=0.95)

DISCUSSION

Cerebral edema results when an increase in brain water content produces an increase in
brain volume.(23) The poor correspondence between the increase in PHH and the lesser
change in ipsilateral hemispheric volume indicates that change in the PHH is not a good
measure of the degree of brain edema following ICH. While a small increase in brain water
may contribute to the PHH, other processes that increase PHH without a matching increase
in brain volume such as clot retraction or diffusion of serum from the initial clot must
predominate. With these latter two processes, the increase in PHH is due to a redistribution
of existing water from the initial hemorrhage, either as serum is extruded from the central
clot (clot retraction) or diffuses along white matter tracts (serum diffusion). The volume of
tissue with increased T2 signal increases, but the overall extracellular fluid volume
contained within the tissue does not.

In the present study, we found a small but statistically significant 6 mL or 0.6% increase in
hemispheric brain volume between post-hemorrhage day 1 and 3. Brain volume then
returned towards baseline by the end of the first week. The magnitude of this change is
consistent with other studies of the effect of osmotic factors on brain volume. We previously
used this technique to detect a brain volume change of 0.6% in a clinical study of the acute
effects of mannitol in patients with edema due to recent cerebral infarction.(17) Similar
magnitude changes in brain volume of a 0.55% decrease during 16 hours of fluid restriction
and a 0.72% increase during rehydration have been reported in normal subjects.(24)

Unexpectedly, the increase in brain volume occurred not only in the ipsilateral hemisphere,
but the contralateral one as well. Similar to our results, an experimental model of ICH
showed bilateral changes in brain water content. Brain water content increased after ICH,
peaking between 1 and 4 days, and then gradually resolved.(25) The edema was most severe
in perihematomal tissue, but was also present elsewhere in both the ipsilateral and
contralateral hemispheres. Recently presented CT perfusion data from Xing et al(26) show
increased blood-brain barrier permeability in 19 human subjects with ICH studied within 24
hours of onset, both focally around the hematoma as well as diffusely in both cerebral
hemispheres. The mechanism for this bilateral blood-brain barrier permeability change is not
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known. Injury due to barotrauma from fluid percussion waves arising within the cranium
due to the sudden expansion of the hematoma under arterial pressure has been suggested as a
possible cause.(27)

Neither increases in brain volume nor in PHH correlated with neurological worsening. This
is consistent with a majority of previous reports showing no association between PHH and
clinical status or outcome.(1, 2, 28, 29)

Generalizability of our results is limited by the small-to-moderate hematoma size (3—-43 mL)
and relatively good clinical grade of the individuals studied. These features were
necessitated by the restrictions of our Human Research Protection office and by limitations
of the BBSI technique when used in the setting of lesions that inherently produce MRI
signal intensity changes over time. While these clinical characteristics permitted us to more
accurately assess small changes in clinical grade or mass effect than we could have in
subjects in coma with massive hematomas, we do not know whether PHH would be better
correlated with brain volume in individuals with larger hematomas. We did not find that
moderate hematomas behaved differently from smaller ones, but it is possible that we
missed a “threshold effect,” in which a hematoma of sufficient size would produce a
commensurate increase in hemispheric volume. Other pitfalls have been associated with the
BBSI method,(30) but data from our normal control subjects show the error of the technique
as we used it. The earliest baseline study was performed 8 hours after hemorrhage, so we
cannot comment on brain volume before this time. Finally, since we excluded from the
study individuals having ICH associated with aneurysm, vascular malformation, or warfarin
use, we cannot extrapolate our results to these conditions.

CONCLUSIONS

In these patients with small-to-moderate sized hematomas, a small degree of bihemispheric
brain swelling occurred over the first week after ICH, but it had no clinical consequence.
Change in PHH was greater than and correlated poorly with changes in brain volume over
this time period; thus change in PHH was a poor measure of brain edema. Due to the lack of
correlation with brain swelling or with clinical course, our data do not support a strategy of
treating isolated increases in perihematomal signal change within the first week after ICH
with agents aimed at reducing brain swelling.
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Change inbrainvolume (mL)

Days frombaseline study

Figure 1.

Mean change with 95% confidence intervals in brain volume (mL) in 15 ICH subjects
(ipsilateral hemisphere, solid black line; contralateral hemisphere, dashed black line) and 10
normal control subjects (one hemisphere, dotted gray line). In ICH subjects, the baseline
study was performed 1.0+0.5 days after hemorrhage. The peak change in brain volume
represents a 0.7% increase in the ipsilateral hemisphere and 0.5% in the contralateral
hemisphere in ICH subjects and a 0.1% decrease in control subjects. Hemispheric change for
normal controls is bilateral change divided by 2 for the purposes of comparison to ICH
subjects.
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Figure 2.

Scatter plot showing the correlation between change in ipsilateral hemisphere volume and
change in perihematomal hyperintensity volume (a) between scan 1 and scan 2 (r=0.52,
~=0.045) and (b) between scan 1 and scan 3 (p= 0.191, p=0.51) in 15 subjects with
intracerebral hemorrhage.
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Table 1

Lesion volumes (mL) over first week after intracerebral hemorrhage

Scan 1 Scan 2 Scan 3
Hematomavolume  13.1(3-43) 113 (2-42)7 111 (2-39)%
PHH volume 232(11-48) 280 (14-59)%  30.8 (13-62)7

Total lesion volume ~ 37.0 (14-84) 43,0 (16-89)7  43.5 (15-102) 7

Significance level relative to scan 1:

Scan 1 performed at 1.0+0.5, Scan 2 at 2.6+0.9, and Scan 3 at 6.5+1.0 days after hemorrhage.

*
Values are median (range)

710,005,

7 0.001
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Table 2

Page 12

Baseline volumes of hematoma (ICH) and perihematomal hyperintensity (PHH) and change in hemispheric
volume in 15 individuals with intracerebral hemorrhage

© ® N o o B~ w N B g

N e i
A w N B O

15

Baseline |CH volume Baseline PHH volume
(mL) (mL)
155 27.2
30.6 19.6

3.4 113
432 41.0
155 26.6
13.1 25.2
13.4 236
7.1 12.0
9.0 23.2
7.9 19.6
33.2 42.0
7.6 19.9
5.6 10.8
24.0 48.3
6.1 14.5

Scan 2-1 change in hemispheric
volume (mL)

6.4
135
-6.9

6.2
21.7

43
-0.1

2.6

15

4.8
-2.7

4.7
19.6
15.2

3.8

Scan 3-1 change in hemispheric
volume (mL)

-2.3
-4.4
-8.3
-19.5
4.5
115
1.3
-1.9
-3.2
12.3
-3.4
19.3
14.7
25
-0.7

Scan 1 performed at 1.0+0.5, Scan 2 at 2.6+0.9, and Scan 3 at 6.5+1.0 days after hemorrhage.
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