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Abstract

Background: Our objective was to test the association between hematoma volume and long-term (> 72 h) edema
extension distance (EED) evolution and the association between peak EED and early EED increase with functional
outcome at 3 months in patients with intracerebral hemorrhage (ICH).

Methods: This retrospective cohort study included patients with spontaneous supratentorial ICH between January
2006 and January 2014. EED, an edema measure defined as the distance between the hematoma border and the
outer edema border, was calculated by using absolute hematoma and edema volumes. We used multivariable logistic
regression accounting for age, ICH volume, and location and receiver operating characteristic analysis for assessing
measures associated with functional outcome and EED evolution. Functional outcome after 3 months was assessed
by using the modified Rankin Scale (0-3 =favorable, 4-6 = unfavorable). To identify properties associated with peak
EED multivariable linear and logistic regression analyses were conducted.

Results: A total of 292 patients were included. Median age was 70 years (interquartile range [IQR] 62-78), median ICH
volume on admission 17.7 mL (IQR 7.9-40.2), median peak perihemorrhagic edema (PHE) volume was 37.5 mL (IQR
19.1-60.6), median peak EED was 0.67 cm (IQR 0.51-0.84) with an early EED increase up to 72 h (EED,,_) of 0.06 cm
(—0.02 t0 0.15). Peak EED was found to be independent of ICH volume (R*=0.001, p=0.6). In multivariable analyses,
peak EED (odds ratio 0.224, 95% confidence interval [Cl] [0.071-0.705]) and peak PHE volume (odds ratio 0.984 [95% Cl
0.973-0.994]) were inversely associated with favorable functional outcome at 3 months. Receiver operating charac-
teristic analysis identified a peak PHE volume of 26.8 mL (area under the curve 0.695 [95% Cl 0.632-0.759]; p <0.001)
and a peak EED of 0.58 cm (area under the curve 0.608 [95% Cl 0.540-0.676]; p=0.002) as best predictive values for
outcome discrimination.

Conclusions: Compared with absolute peak PHE volume, peak EED represents a promising edema measure in
patients with ICH that is largely hematoma volume-independent and nevertheless associated with functional
outcome.
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Introduction

Edema evolution, particularly perihemorrhagic edema
(PHE), following intracerebral hemorrhage (ICH) is com-
plex and still incompletely understood [1]. Accumulating
evidence suggests that inflammatory mechanisms con-
tribute to ICH-induced secondary brain injury, which is
mainly characterized by an immediate release of inflam-
matory mediators after ICH onset [1, 2]. This inflamma-
tory activation conducted by leukocytes, macrophages,
microglia, and astrocytes is sustained for several days [3].
Pivotal pathophysiological roles [4, 5] refer to activated
macrophages and microglia contributing to blood—brain
barrier injury, edema evolution, and cell death in ICH [6,
7].

In ICH, PHE develops rapidly and increases over sev-
eral days reaching its maximum within 2 weeks [8, 9].
PHE evolution is linked to unfavorable functional out-
come [10-13]. PHE serves as a key radiological surro-
gate for secondary injury and inflammation following
ICH [2, 14, 15] using noncontrast computed tomography
(CT) [16, 17]. Because absolute ICH and PHE volumes
are closely correlated [11, 16, 18], changes in hematoma
volume involve subsequent changes in PHE volume. In
clinical ICH, hematoma volume itself is highly variable,
therefore absolute PHE volume respectively. This severely
impairs the analysis of properties other than hema-
toma volume associated with edema evolution and thus
may require large sample sizes to demonstrate possible
treatment effects on edema evolution in clinical trials.
To address this issue, a novel PHE measure, the edema
extension distance (EED), has been described [19-21].
So far, no association with hematoma volume could be
found in acute settings up to 72 h after onset, and data
beyond 72 h are not available [22]. Understanding the
baseline determinants of EED, e.g., underlying inflam-
matory mechanisms and its association with clinical out-
comes beyond 72 h, is required to establish the utility of
EED in ICH clinical trials [21]. In this study, we assessed
pathophysiological and outcome-related properties of
long-term (>72 h) EED evolution.

Methods

Patients and Inclusion Criteria

The study retrospectively included all patients diagnosed
with spontaneous supratentorial ICH who were admitted
between January 2006 and January 2014 from a prospec-
tively organized institutional database. ICH was defined
as spontaneous if exclusively related to hypertension or
amyloid angiopathy. Patients with secondary ICH were
excluded. Inclusion criteria were at least two consecutive
CT scans over a period of at least 72 h, no withdrawal of
care within 24 h after admission, an available modified

Rankin Scale (mRS) score after 3 months, and a baseline
mRS<4. Patients with surgical hematoma evacuation
were excluded. Absolute PHE volume data derived from
this data set have been previously published [23].

Standard Protocol Approvals, Registrations, and Patient
Consents

Ethical approval was obtained by the institutional ethics
committee.

Data Collection

We obtained age [14], mRS prior to symptom onset,
National Institutes of Health Stroke Scale score (NIHSS)
on admission [14], and other parameters associated
with functional outcome after ICH such as fever bur-
den (defined as number of days with peak tempera-
ture > 38 °C) up to day 12 [24] and serum inflammatory
measures [25] including lymphocytes, neutrophils on
admission, and within hospital stay.

Standardized mailed questionnaires were used for the
assessment of comorbidities and functional status prior
to symptom onset if these data were not obtained during
hospital stay. Time between symptom onset and admis-
sion was assessed as an important predictor of hema-
toma expansion [26]. Day 1 was defined as the day of
admission.

Neuroimaging and Volumetric Assessment of EED and ICH
Computed tomography scans were conducted with a
fourth-generation CT scanner (Somatom 64 or Somatom
AS+128; Siemens Healthcare, Erlangen). Each scan
consisted of either a multislice spiral CT data set, 10-12
slices of 4.8 mm thickness for the skull base and 10-12
slices of 7.2 mm thickness for the cerebrum (Somatom
64), or 22-25 slices of 4.8 mm thickness for the entire
brain (Somatom AS+) using the orbitomeatal plane. As
described elsewhere [16], a validated semiautomatic vol-
umetric algorithm was used for assessment of ICH and
PHE volume. In brief, a region of interest was manually
drawn to define the location of the hematoma and the
surrounding edema. Within this region of interest, the
algorithm (Leonardo V; Siemens Healthcare) calculated
the respective volume based on the following Hounsfield-
Unit (HU) thresholds: 5-33 HU (edema) and 44—100 HU
(hematoma).

As described by Parry-Jones, the EED represents the
difference between the radius r€ of a sphere equal to the
combined volume of PHE plus ICH and the radius r(h) of
a sphere equal to the volume of the ICH alone (average
ICH-rounding “thickness” of edema in cm). EED —€(e)—

r(h); r(e) = 3 %J:CH‘””; r(h) = 13/%;’"1; EED =
3 3
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changes up to 72 h after admission were calculated from
the PHE and ICH volumes at baseline (EED,)) and maxi-
mum EED up to day 3 EED,,_, (=—ED,,—EED,) as pub-
lished before [22]. Peak EED was defined as the maximum
distance, measured in centimeters, in any of the available
CT scans. CT scans at different time points were merged
to time slots (days 1, 2-3, 4—6, 7-9, and 10-12) as availa-
ble for better comparison. Additionally, intraventricular
hemorrhage and hematoma volume on admission [27] as
well as peak PHE volume and secondary hematoma
enlargement (hematoma expansion) volume were
recorded. Peak PHE volume was defined as the maximum
volume, measured in milliliters, in any of the available
CT scans. To account for accuracy of measurements [28,
29], hematoma expansion was defined as a hematoma
volume increase >5 mL between two CT scans [30].

Outcome

Functional outcome was evaluated using the mRS scoore
3 months after ICH onset. Two physicians, trained and
certified for data collection, conducted a semiquantita-
tive phone interview or mailed standardized question-
naires for mRS score 3 months after ICH onset [31].
Favorable functional outcome was defined and dichoto-
mized as mRS score of 0-3, and unfavorable functional
outcome as mRS score of 4—6 [32]. In cases of insufficient
data retrieval, we contacted primary care physicians.

Statistics
Statistical analyses were performed using the IBM
SPSS Statistics 24 software package (IBM Corporation,
Armonk, NY). The significance level was set at a=0.05
and statistical tests were two-sided. Missing data regard-
ing baseline characteristics, neuroimaging, or functional
outcome led to the exclusion of patients. Categorical
variables were presented as frequency and percentage,
and Pearson y” test and Fisher’s exact test were used to
compare between these groups. For continuous variables,
the Kolmogorov—Smirnov test was used to determine the
distribution of data. If data demonstrated normal distri-
bution, data were presented as means =+ standard devia-
tions, and Student’s ¢-test was used for comparison. For
data without normal distribution, medians and inter-
quartile ranges (IQRs) are shown and the Mann—Whit-
ney U-test was used for comparison, as appropriate.
Multiple imputations were used to account for miss-
ing laboratory assessments. Illustrated by scatterplots,
linear regression was conducted to reveal possible corre-
lations between peak EED, early EED increase up to day
3, peak PHE volume, and hematoma volume. To identify

measures independently associated with unfavorable
outcome at 3 months, peak EED distance and early EED
increase up to day 3, we calculated linear regression
and stepwise forward inclusion multivariable logistic
regression models including relevant measures show-
ing a statistical trend (p<0.1) in prior univariate test-
ing. A receiver operating characteristic (ROC) curve and
Youden’s J statistic were used to identify best cutoff val-
ues for peak PHE, peak EED, and early EED increase [33]
to discriminate between favorable and unfavorable func-
tional outcome. To identify factors other than hematoma
volume associated with EED evolution we performed
univariate and multivariable linear regression analyses.
Sensitivity analyses included only patients with available
imaging up to (1) day 7-9 (or longer) and (2) day 10-12
(or longer) to assess possible bias due to the nonstand-
ardized imaging time points in our retrospective cohort.
For a further sensitivity analysis, we included EED at day
7-9 and day 10-12 into our multivariable logistic regres-
sion model instead of peak EED. We additionally per-
formed c-statistics to assess the predictive value of EED
at specific time points (day 7-9 and day 10-12) in rela-
tion to functional outcome compared with the peak EED,
which may occur at different time points depending on
patients’ characteristics.

Results

Patient Characteristics

As published before [23] 292 patients were included for
analysis. Median age was 70 years (IQR 62-78). A total of
131 were women (45%). Median ICH volume on admis-
sion was 17.7 mL (IQR 7.9-40.2), with an additional
intraventricular hemorrhage in 159/292 patients (54%).
ICH was associated with severe neurologic deficits on
admission (NIHSS 13 [IQR6-21]). We identified an early
EED increase of 0.06 cm (—0.02 to 0.15) cm up to day 3
(EED,,_,) with a peak EED of 0.67 (IQR 0.51-0.84) cm.
Peak PHE volume was 37.5 mL (IQR 19.1-60.6), as pub-
lished before [23]. In the overall cohort, peak EED was
found at a median of day 7 after admission (IQR 3-12),
whereas it was noted earlier in patients with favora-
ble outcome (median day 6 (IQR 2-10) compared with
patients with unfavorable outcome (median day 9 [IQR
4-13], p<0.001). Thirty-four patients (12%) had imag-
ing data up to 72 h. For 258 patients (88%), imaging data
beyond 72 h was available (up to day 7-9, n=49; up to
day 10-12, n=61; up to day 13-15, n=38; beyond day
15, n="70). Patients with unfavorable outcome received
neuroimaging up to median day 10-12 (IQR day 7-9 to
day 16-19), whereas patients with favorable outcome
received imaging up to median day 7-9 (IQR day 4-6 to
day 10-12), p<0.001.
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Relationship Between Peak EED, Peak PHE Volume,

and Hematoma Volume

The relationship between peak EED, peak PHE volume
and hematoma volume is demonstrated by scatter-
plot. Figure la—c demonstrates a positive correlation
between (Fig. 1a) absolute peak PHE volume and ICH
hematoma volume on admission (R*>=0.411; p <0.001)
and (Fig. 1b) peak EED and absolute peak PHE vol-
ume (R?=0.443, p <0.001). There was no association
of peak EED with ICH volume (Fig. 1c; R*=0.001,
p=0.6).

EED is Associated with Functional Outcome in Patients
with ICH

As previously published [23], a total of 185/292 patients
with ICH (63%) showed an unfavorable functional
outcome after 3 months. Peak EED was significantly
increased in patients with unfavorable functional out-
come (0.70 cm [0.54-0.89]; p=0.002) versus in patients
with favorable outcome (0.59 ¢cm [0.44-0.78]; p=0.002).
Early EED increase up to day 3 (EED,, ,) was associ-
ated with an unfavorable (mRS 4-6) discharge sta-
tus (0.072 cm [—0.012 to 0.166], »=203 vs. 0.030 cm
[—0.028 to 0.117] with favorable [mRS 0-3] discharge
status, #=89; p=0.043). Detailed characteristics are
depicted in Table 1 and Supplemental Table 1. Adjusted
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Fig. 1 Scatterplot: correlation of peak EED, peak PHE volume, and hematoma volume. Figure 1 demonstrates a positive correlation between peak
PHE and ICH hematoma volume on admission (R*=0411; p<0.001) (a) and peak EED and peak PHE (R*=0.443, p <0.001). Peak EED showed no
correlation with ICH volume (b) (¢, R2=0.001, p=0.6). EED, edema extension distance, ICH, intracerebral hemorrhage, PHE, perihemorrhagic edema
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Table 1 Characteristics in patients with ICH with favorable and unfavorable functional outcome on day 90

Spontaneous ICH (n = 292) Favorable day 90 outcome (mRS  Unfavorable day 90 outcome (mRS p Value
0-3,n=107) 4-6,n = 185)
Peak edema extension distance, median (IQR) (cm) 0.59 (0.44-0.78) 0.70 (0.54-0.89) 0.002%
Early edema extension distance increase up to day 3, median 0.05 (— 0.02 t0 0.13) 0.07 (— 0.02t0 0.16) 0.330
(IQR) (cm)

Lymphocytes admission, 10%/uL 3(1.0-1.8) 4(1.0-2.1) 0446
Lymphocytes D2/3, 105/l 3(0.9-1.7) .0(0.8-1.4) 0.007*
Neutrophiles admission, 106/uL 3(4.9-84) 6 (4.7-8.5) 0.965
Neutrophiles D2/3, 10%/uL 8 (4.6-8.9) .7 (5.7-9.9) 0.012*
Neutrophil-lymphocyte ratio admission 1(2.9-8.1) 0(3.0-8.7) 0.686
Neutrophil-lymphocyte ratio D2/3 3(29-76) 9 (3.7-7.7) 0.029*
Fever burden admission (t > 38 °C) (O) 0(0) 0.453
Fever burden D2 (t > 38 °C) 0 (0- 0(0-1) 0.674
Fever burden D3 (t > 38 °C) 0 (0- 0(0-1) 0.018*

D2/3, on days 2-3, D2, day 2, D3, day 3 (admission=day 1), ICH, intracerebral hemorrhage, IQR, interquartile range, NIHSS, Nation Institutes of Health Stroke Scale,

mRS, modified Rankin Scale (range 0, no deficit, to 6, death), t, temperature

*Indicates statistical significance

multivariable logistic analyses revealed peak EED (odds
ratio [OR]: 0.224 95% CI [0.071-0.705] p =0.011, Table 2)
and peak PHE volume (OR: 0.984 [95% CI 0.973-0.994]
p=0.002; adjusted for identical variables) [23] to be
inversely associated with favorable functional outcome
at 3 months. Parameters as clinical state on admission
measured by NIHSS, age, hematoma volume on admis-
sion, and intraventricular hemorrhage were also indepen-
dently associated with functional outcome (Table 2).

Sensitivity analysis including only patients with avail-
able imaging data up to day 7-9 or longer (n=218) and
up to day 10-12 or longer (n=169) revealed compara-
ble results. Peak EED was independently associated with
functional outcome after adjustment for age, hematoma
volume on admission, intraventricular hemorrhage, and
NIHSS on admission (day 7-9: adjusted OR [peak EED,
cm] 0.142 [95% CI 0.039-0.515], day 10—12: adjusted OR
[peak EED, cm] 0.243 [95% CI 0.059-1.000]).

Including EED at day 7-9 (n=218) instead of peak
EED into the multivariable logistic regression model
showed an independent association of EED at day 7-9
with day 90 functional outcome (adjusted OR 0.142
[95% CI 0.032-0.486]). EED at day 10-12 (n=169) also
showed an independent association with functional out-
come at day 90 (adjusted OR 0.168 [95% CI 0.032—0.486],
Supplemental Table 5).

EED Evolution within Hospital Stay: Early EED Increase

up to Day 3

Figure 2a depicts EED evolution in patients with favorable
and unfavorable functional outcome at 3 months: Within
the first 3 days after ICH onset, patients with unfavora-
ble functional outcome showed a slightly increased EED
evolution compared with patients with favorable func-
tional outcome. Within clinical stay beyond day 2/3 the
EED increase appears to be less pronounced. Early EED

Table 2 Multivariable logistic regression analysis of parameters associated with favorable functional outcome

Favorable functional outcome (mRS = 0-3) Odds ratio 95% Cl p value
Age (y) 0.942 (0.918-0.967) < 0.0001*
Hematoma volume on admission (mL) 0.982 (0.969-0.996) 0.010*
Intraventricular hemorrhage 0379 (0.205-0.700) 0.002*
NIHSS on admission 0.923 (0.894-0.953) < 0.0001*
Peak edema extension distance (cm) 0224 (0.071-0.705) 0.011*

Multivariable logistic regression analysis was calculated for the association with favorable functional outcome defined as a score between 0 and 3 on the modified
Rankin Scale. Only parameters showing a statistical trend (p <0.1) in prior univariate testing were included in the multivariable model as recently published [23]. For

each parameter, odds ratio, and 95% Cls are provided

Cl, Confidence interval, mRS, modified Rankin Scale (range 0, no deficit, to 6, death), NIHSS, National Institues of Health Stroke Scale

*Indicates statistical significance
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Course of Edema Extension Distance within hospital stay
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Fig. 2 Evolution of early EED increase. a EED evolution within hospital stay dependent on day 90 functional outcome, early EED increase (EED,,_)
up to day 3 (b) revealed a positive correlation with peak EED (R?=0.111, p<0.001). EED, edema extension distance, mRS, modified Rankin Scale

increase up to day 3 (EED,,_,) revealed a positive correla-
tion with peak EED (Fig. 2a; R*=0.111, p <0.001).

Associations of Peak PHE, Early EED Increase up to Day 3,
and Peak EED with Unfavorable Functional Outcome at 3
Months

Among known parameters as peak PHE volume
(26.8 mL, area under the curve [AUC] 0.695 [95% CI
0.632-0.759]; p<0.001) [23], ROC analysis identified a
peak EED of 0.58 cm as the best cutoff threshold to dis-
criminate between patients with favorable and unfavora-
ble functional outcome after 3 months (AUC=0.608
[95% CI 0.540-0.676]; p=0.002, Youden’s Index=0.219;
sensitivity, 49.5%; specificity, 72.4%; unfavorable func-
tional outcome: EED,, >0.58 cm 134/185 [72%] vs.
EED,,,<0.58 cm 51/185 [28%]; p <0.001, Fig. 3 and Sup-
plemental Tables 2 and 3).

Early EED increase up to day 3 (EED,,_,) was not suf-
ficient to discriminate between patients with favora-
ble and unfavorable functional outcome (AUC=0.534
[95% CI 0.466—0.603]; p =0.330, Youden’s Index=0.09;
sensitivity, 76.6%; specificity, 32.4%; unfavorable out-
come: EED.,>0.14 cm 55/185[30%] vs. EED.,<0.14 cm
130/185 [70%]; p=0.125; Fig. 3 and Supplemental
Tables 2 and 3). Optimal cutoff values were confirmed for
peak PHE before [23]. EED on day 7-9 (AUC 0.568 [95%
CI 0.482-0.654], p=0.107) and EED on day 10-12 (AUC
0.544 [95% CI 0.437-0.652], p=0.370) were also insuffi-
cient to discriminate between patients with favorable and
unfavorable outcome.

Parameters Associated with Peak EED
Given that peak EED was identified to be indepen-
dently associated with functional outcome at 3 months,

we analyzed parameters associated with EED evolu-
tion. In univariate linear testing fever burden (7> 38 °C
on day 2, p=0.043), and lymphocyte counts on day 2/3
(p=0.004) showed associations with peak EED (Addi-
tional file 1: Supplemental Table 3). In multivariable lin-
ear analysis fever burden (7>38 °C on day 2, p=0.048)
remained independently associated with peak EED. Low
lymphocyte counts (p=0.051) and fever burden on day
3 (p=0.074) showed a statistical trend in multivariable
testing (Table 3).

Discussion

This analysis has shown for the first time that peak EED
is a hematoma-volume independent edema measure
that is associated with functional outcome measured by
mRS at 3 months. We provide further evidence that peak
edema depicted as peak EED appears to be superior for
outcome discrimination than parameters demonstrating
an early EED increase. For peak absolute PHE volume
similar results related to functional outcome were pub-
lished recently [23], denoting that peak absolute PHE
volume yields stronger associations with functional out-
come than peak EED. However, because absolute PHE
volume is strongly associated with ICH volume, EED may
represent an interesting and promising hematoma-inde-
pendent edema measure in future ICH research, which
is outcome-related and yet independent from hematoma
volume.

Because of feasibility reasons, existing edema
research predominantly focuses on early edema evolu-
tion up to 48-72 h after symptom onset. In this context,
an independent association of early edema increase and
functional outcome could be shown [34-36]. The pre-
sent study did not reveal associations of an early EED
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Table 3 Multivariable linear regression analysis of parameters associated with peak EED

Peak edema extension distance (cm) Regression coefficient 95% ClI

Age (y) —0.001 — 0.005 to 0.002
Prior antiplatelets — 0.062 —0.143 10 0.020
Absolute rebleed volume (mL) 0.002 —0.001 to 0.005
Fever burden D2 (t > 38 °C) 0.040 0.000 to 0.079
Fever burden D3 (t > 38 °C) 0.077 —0.008t00.162
Lymphocytes D2/3, 108/l 0.068 0.000to 0.136

p Value

0.409
0.139
0.128
0.048*
0.074
0.051

Multivariable linear regression analysis was calculated for the association with peak EED. Only parameters showing a statistical trend (p <0.1) in prior univariate linear

testing were included in the linear model. For each parameter, risk ratio, and 95% Cls are provided
Cl, Confidence interval, D2/3, on days 2-3, D2, on day 2 (admission =day 1), EED, edema extension distance, t, temperature

*Indicates statistical significance
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increase up to 72 h (EED,,_,) and functional outcome
in univariate testing. Reasons may be the cohort size
of the present study and a therefore diminished sta-
tistical power as we identified significant associations
between early EED increase and unfavorable clinical
status at discharge (p=0.043, in univariate testing).
However, a weak association with day 90 outcome was
existent in the present cohort for absolute early PHE
volume increase as published before [23]. Thus, edema
parameters reflecting an early edema increase revealed
a weaker edema measure in this cohort concerning
their association with functional outcome. In line with
the previously mentioned effects of early absolute PHE
volume increase, this association with functional out-
come could also be demonstrated in larger cohorts for
early EED increase [22]. Still, our results revealed peak
EED as an independent outcome predictor in patients
with ICH. Adding to that, ROC analysis relates abso-
lute peak PHE volume closer to functional outcome
than peak EED. Thus, it seems that absolute edema vol-
umes and peak edema measures are closer related to
outcome than extension distance measures and early
edema increase up to 72 h, respectively. Since early
edema increase is associated with peak edema indepen-
dently from the used edema measure (absolute volume
[23]/EED [Fig. 2b]), further studies need to elucidate
whether the association of early edema evolution vs.
peak edema with functional outcome may interact with
the cohort size. In addition, our data showed a stronger
association between individual patient peak edema
(EED) and functional outcome than edema measures at
specific time points during hospitalization up to day 12.
Although this result may be susceptible to bias because
of the non-standardized imaging time points in our
study, sensitivity analyses including only patients with
continuous imaging data up to day 12 or longer yielded
consistent results. In 50% of the patients, peak EED was
noted between day 3 and 12. Future studies will need to
address this issue in more detail, as it may affect study
design in terms of scheduling follow-up imaging time
points.

In line with published data [21, 22] limited to early
edema evolution <72 h, we could confirm that peak EED
is largely independent of hematoma volume. This may
represent an important property of EED compared to
absolute edema volume, which is strongly associated with
hematoma volume [9]. Compared with absolute PHE vol-
ume, Parry-Jones et al. could already confirm that smaller
cohorts may be sufficient to show both therapeutic and
pathophysiological edema-dependent associations using
EED as edema measure because the hematoma depend-
ent interaction is mostly negligible [22]. Thus, this par-
ticular approach to employ peak EED as a preferred PHE

measure may permit an earlier selection of promising
treatments in smaller cohorts to thereby push new find-
ings from bench to bedside.

Inflammatory processes start within hours after ICH
onset and sustain over several days with edema as an
important pathophysiological component of this inflam-
matory response to ICH [14]. Natural history studies
report peak edema volumes between week 2 and 3 [9],
which emphasizes the dynamic character of edema evo-
lution and the need for imaging data beyond 72 h as
provided by this data set. Surrogate markers to assess
the efficacy of potential anti-inflammatory treatment
approaches remain to be established, while edema seems
to be a promising candidate [36]. In our cohort, we
found associations of especially early systemic inflam-
matory measures up to day 3 after onset with peak EED.
Accordingly, one may speculate that the early inflamma-
tory response may also contribute to edema evolution at
later time points. Thus, peak EED (as a hematoma-inde-
pendent and yet outcome-associated edema measure)
may represent such a valuable marker to precisely assess
edema-related associations with inflammatory processes
as well as the efficacy of anti-inflammatory treatments.
Promising anti-inflammatory candidates are, e.g., siponi-
mod [37] or fingolimod [38]. However, efficacy of those
treatments remains to be elucidated in randomized con-
trolled trials.

Strengths of the present study include a validated volu-
metric PHE assessment, the assessment of PHE evolution
beyond 72 h up to 10-12 days after symptom onset and
a consistent cohort with strict inclusion criteria from a
prospectively organized institutional database.

We acknowledge several limitations of this study. It
lacks a prospective and multicenter design. Therefore,
imaging data were not obtained by standardized sched-
uling. To address this issue, imaging data were merged
according to prespecified time slots, which may impose
bias by underestimation of peak EED and to a distorted
representation of early EED increase up to day 3 and the
time axis of EED evolution. Because only patients with
supratentorial ICH were included, these findings cannot
be transferred to the entity of infratentorial ICH. Further,
patients with early withdrawal of care, patients with less
than two CT scans (n=294) and 38 patients with miss-
ing data were excluded from the data set, which may
impose bias to the reported data. As length of hospital
stay and number of CT scans showed an interindividual
variation in some patients the real peak EED might have
been missed. However, sensitivity analyses including only
patients with available continuous imaging data up to day
12 yielded consistent results. In addition, a large propor-
tion of patients had imaging data available up to day 12
or longer. Validation of this methodology was performed
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up to day 5 after admission. We have to be aware that
due to ongoing hematoma degradation a certain inaccu-
racy may affect EED assessment between day 6 and 12,
even though this method adjusts for hematoma degrada-
tion. Time between symptom onset and admission did
not differ between patients with and without hematoma
expansion. However, as this measure differed between
individuals, it might impose possible bias in this com-
plex relation among hematoma evolution, EED evolu-
tion, outcome, and time. The gold standard to depict PHE
on neuroimaging is MRI, which is not feasible for serial
follow-up imaging in patients with ICH. Thus, we used a
recommended [22] and validated semiautomatic thresh-
old based algorithm [16] to quantify PHE on CT scans.

Conclusions

Peak EED represents a promising hematoma-independ-
ent edema measure in patients with ICH that is indepen-
dently associated with functional outcome. Compared
with absolute peak PHE volume, using peak EED as an
edema-related measure may be more suitable to assess
edema-dependent processes and therapeutic issues,
especially in smaller ICH cohorts.
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