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Abstract

Background and Furpose: Midline shift determined on MRI or CT images is a well-validated

marker ofmﬁe# after large hemispheric infarction and associated with mortality. In this

study, we population with moderately sized strokes. We compared midline shift to

other ilﬂaEkerS and determined their ability to predict long-term outcome.

Methods: | sgans were studied from the Echoplanar Imaging Thrombolysis Evaluation
Trial (EPIQohort. Midline shift, acute stroke lesion volume, lesional swelling volume,
change indipgifatéral hemisphere volume, the ratio of ipsilateral to contralateral hemisphere
volume a duction in lateral ventricle volume were measured. The relationships of
these ma'jh poor outcome (modified Rankin scale score 3-6 at day 90) was as-
sessed. F@ operating characteristic (ROC) curves were generated to compare the

performan ch metric.

Results: h included patients, 59.2% had a poor outcome which was associated with

significa er values for midline shift, lesional swelling volume, and ratio of hemisphere
volum ional swelling volume, change in hemisphere volume, ratio of hemisphere vol-
umes and lateral ventricle displacement were each correlated with midline shift (Spearman

r=0.60, O.h and -0.56, respectively; all p<0.0001). ROC curve analysis showed that

olume (area under the curve (AUC)=0.791) predicted poor outcome better

than midline : if: (AUC=0.682). For predicting mortality, ROC curve analysis showed that

these t rs were equivalent.

Conclusml: |He ratio of ipsilateral to contralateral hemisphere volume, baseline lesion vol-

ume and Iesionaiswelling volume best predicted poor outcome across a spectrum of stroke

sizes. <
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T

IntroductQ

After agutggisgheiic stroke, development of edema 2-5 days after onset is a feared compli-

cation anMads to secondary neurological injury."?

Several r@ of mass effect have been evaluated in malignant edema, including
change inWere volume,* cerebral spinal fluid (CSF) volumetric analysis,® and midline
shift.> Midline shift is considered the gold standard,” and is measured as horizontal septum
pellucidum dis ement on computed tomography (CT) or magnetic resonance imaging

(MRI). Micrt is closely correlated with poor outcome® and also predicts early mortali-

ty.®
However, mshift may be visible only if the stroke lesion volume is large with substantial
edema ¥ Alternative markers such as change in lateral ventricle volume or hemi-

sphere vo ay be more sensitive to smaller changes in swelling, but have only been

evaluated in large hemispheric stroke patients.*

AIternativMion-of—interest-based analysis that compares baseline and follow-up MRI

images frg 3 to 5 is able to distinguish infarct growth from lesional swelling volume.® ™

The presenCe or lesional swelling as determined with this method independently predicted

poor outcge and mortality.” Lesional swelling is also associated with early neurological

deterio stroke.”" It has also been shown that lower lesional swelling volume was

{

associated Wi rly reperfusion.

U

A
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To determine which imaging measures of mass effect are most suitable to predict outcome
across a range of stroke volumes, we evaluated the relative performance of each marker in
the Echaging Thrombolysis Evaluation Trial (EPITHET) cohort. We compared
lesional s % olumes, hemispheric swelling, and hemisphere ratio as well as change in

lateral weninielemwelume and midline shift, and compared their ability to predict long-term out-

come. L
Methodsw
Patients s
Patients tein the Echoplanar Imaging Thrombolysis Evaluation Trial (EPITHET,
NCT0023 re retrospectively analyzed. The EPITHET study was a randomized dou-

ble-blind mj phase 2 trial of alteplase t-PA in acute stroke performed in 15 centers in
Australj aland, Belgium, and the UK. Details of the study cohort have been de-
scribed.’ In acute hemispheric ischemic stroke patients with a National Institutes of

Health

e (NIHSS) score of more than 4 were included, received MRI imaging and
were treaid with intravenous alteplase or placebo 3—6 hr after stroke onset. Global func-

tional outcome was assessed at 90 days using the modified Rankin Scale (mRS) score, and

outcome otomized into good (MRS 0-3) versus poor (MRS 4-6) outcome. Imaging
was pem 1.5 Tesla MRI scanners. Standardized diffusion-weighted imaging (DW1),
perfusi , and magnetic resonance angiography sequences were obtained before

il

treatment,“at dai 3-5 as well as on day 90 to assess final infarct size when available. DWI

consisted of 13 axial slices with a thickness of 5—7 mm. For the present analysis we in-

<
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cluded only patients that received baseline and follow-up MRI examination 3-5 days after
onset with DWI.
Imaging anﬁ'
Midline s

N
Using a IfOM viewer (RadiAnt, Version 2.2, Medixant), midline shift was measured at the
13,14

point of nadeviation from the line drawn between the anterior and posterior attach-

ment of th erebri on follow-up DWI only.

Lesional olume

S

The rest aging analysis was performed with Analyze 11.0 (Biomedical Imaging Re-

U

source, Mayo Clinic, Rochester, MN). Analyze is an established image processing tool that

)

has beenWused for the manual or semi-automated segmentation of biomedical images in

numerous concerning varying neurological issues.® "*'° The option to use the semi-

a

automatic ding tool makes it easier to segment regions of interest, like acute stroke

lesions isphere volumes. For determination of lesional swelling volumes we used a

metho ribed in detail previously.®"" Briefly, DWI lesion volumes were determined on

M

the baseline (BL) and the follow-up (FU) images independently, and stroke lesion expansion

[

(ADWI) w ated. Subsequently, the FU image was coregistered onto the BL DWI and

the mask @ BL lesion was superimposed onto the FU image (Figure 1B). Changes in

stroke regi ween BL and FU were designated infarct growth, swelling or hemorrhagic

N

transfo comparing BL and FU MRI scans side-by-side in axial, sagittal and trans-

[

verse p e following way: Infarct growth was defined as involvement of new anatom-

ic territory eitherfadjacent to or distinct from the baseline lesion and delineated accordingly

Ul

(Figure 1A an . Hemorrhagic tissue was outlined as well. The final volumes were deter-

A
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mined based on the relationship: Swelling volume = ADWI - infarct growth - hemorrhage vol-

ume.

{

Hemispher es

Using An he cerebral hemisphere ipsi- and contralateral to the acute stroke on all
relevant. es, but excluding cerebellum and brain stem, were delineated on BL and FU
DWI (Figur:

. Major sulci, cisterns, and ventricles were excluded. From these measure-

ments, th

1l

g metrics were derived:

+ Changelinfipsilateral hemisphere volume (in %): (ipsilateral hemisphere volume at FU —
ipsilateral’hemisphere volume at BL)/(ipsilateral hemisphere volume at BL)*100

$

» Ratio hemisphere volume FU: (ipsilateral hemisphere volume at FU)/(contralateral hemi-
sphere at FU)

Ui

Lateral v icle volumes

N

In the sa ®the volume of the ipsi- and contralateral lateral ventricle was measured on

all relevant s for BL and FU (Figure 1D). The following metrics were derived from these

d

measu

Change in ral ventricle volume (in %): (lateral ventricle volume at FU — lateral ventri-
cle e at BL)/(lateral ventricle volume at BL)*100

v

* Ratio lateral ventricle volume: (ipsilateral lateral ventricle volume at FU)/ (contralateral
lateral yentricle volume at FU)

f

Statistics

Baseline ¢ @ ristics were presented as median and interquartile range or frequency and

percentagé” nts were split into subgroups with good (MRS 0-2) and poor (MRS 3-6)

i)

{

outco . The differences between the analyzed markers of mass effect between

the two g ere tested with the Mann-Whitney U test. Correlation between different

U

markers effect was assessed using Spearman testing. Logistic regression models

were con to evaluate the association between imaging measures, with poor outcome

A
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and mortality as the dependent variables. Performance of each model was assessed using
receiver operating characteristic (ROC) curves, and the optimal threshold was identified by
maximizmﬁesensitivity and specificity. These statistical analyses were performed using
JMP Pro @ S Institute, Cary, NC) or MATLAB R2014b. ROC curves for the different
imaginggmeasuses were compared using the StAR (Statistical Comparison of ROC Curves)

online toohtool is based on a non-parametric approach for comparison of two or more

paired RC@S.21

Results :
Of 101 subj nrolled in the EPITHET study, 17 subjects were excluded due to lack of
DWI with icieat quality, and 13 lacked follow-up MRI. The clinical characteristics of the 71

patients i in the study are presented in Table 1. Of the 71 included patients, 29 pa-

d

tients (40.8%)

come (m t 90 days. Median values for the different imaging marker of mass effect in

d a good outcome (MRS 0-2), while 42 patients (59.2%) had a poor out-

these t

Vi

ps of patients with good and poor outcome at 90 days can be seen in Ta-

ble 2. Patients with poor outcome showed significantly greater midline shift, larger lesional

1

swelling , a larger change in ipsilateral hemisphere volume and a larger ratio of

hemisphefe es compared to patients with good outcome.

All of the d markers of mass effect showed a high correlation with midline shift, as

can be ble 3. Table 3 also shows the results of the ROC analysis for predicting

th

poor outc mortality. Lesional swelling volume best discriminated patients with good

U

versus po me, with an area under the curve (AUC) of 0.791. The ratio of hemisphere

volumes Imilar AUC of 0.753. The difference between the AUC for swelling volumes

A
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and the AUC for ratio of hemisphere volumes was not significant (p = 0.51). The other
measures, including midline shift, performed less well in comparison (see Table 3 and Figure
2). Thewnidline shift was significantly lower than the AUC for lesional swelling vol-

ume (0.6.791, p = 0.047). However, the AUC for baseline DWI volume was not

significantiymdiffesent from the AUC for swelling volume (0.716 versus 0.791, p = 0.17).
Of the 71 Iincluded patients, 12 patients (16.9%) did not survive the first 90 days after stroke.

For the disémmmiflation of mortality, ROC curve analysis showed that lesional swelling vol-

ume, midIWand ratio of hemisphere volumes were equivalent (0.661, 0.662 and 0.645,

respectivj able 3).

Discussi

In this coe analysis study, we demonstrated that several markers of mass effect,
includi idli hift, lesional swelling volume, CSF displacement, and hemispheric swell-
ing, were i elated, as expected. However, in the setting of moderately sized stroke,
we demonstrated that the traditional gold standard midline shift may not perform as well as

lesional ssuing volume, hemisphere ratio, or baseline DWI stroke lesion volume in predict-

ing outco

Midline sr:Qminates patients with risk of early death in very large stroke lesions.® Our
study demonstrates a less robust performance in predicting poor outcome, likely due to the

smaller. seline stroke volumes. To shift the midline, swelling must be substantial,

this make e shift less sensitive to smaller changes in swelling. Ventricle volume is

also less mﬁ which may be related to the relatively low image quality on DWI and ap-
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parent diffusion coefficient (ADC) scans. Although validated in malignant edema,®> CSF dis-
placement may not be as sensitive for smaller lesions due to location-specific effects. In con-

trast, Ies# al swelling volume and hemisphere ratio, as well as baseline DWI stroke lesion

volume wtrongly associated with outcome. It has been previously shown that in

stroke patientsmwith smaller stroke volumes, the amount of swelling predicts outcome.’
Thereforehcise measurement of swelling is an essential part in understanding and

predicting@)utcome progression after stroke, regardless of the stroke severity.

Several sm neurological injury processes are associated with subsequent brain injury
after the | @froke.? Prediction of the course of the disease and potentially decisions
about ma t and therapeutic options are dependent upon accurate assessment of the
types of second neurological injury, including edema. A multitude of parameters, includ-
ing the pr disability, NIHSS, comorbidities, age, family support and quality of rehabili-
tation gregcts the outcome of stroke patients at 90 days. This might be even more so
in patientsjwith mild to moderate stroke sizes. Our results suggest that the precise meas-
urement of swelling volumes might be a useful parameter to consider in this process. Using
measure nal swelling volumes or ratio or hemispheric volumes would improve the
prediction outcome in comparison to using midline shift or other markers.

Our study has several limitations. All the compared methods rely on spatial resolution of the
ovement artifacts and poor quality images might affect them differently. Alt-
hough we sh that lesional swelling volume is a better predictor of poor outcome than
ods in our cohort, measuring it requires serial MRI and post-acquisition
analysis using specialized software. DWI baseline volume, midline shift and ratio of hemi-
sphere volumes have the advantage that the measurements can be made on a single scan,
and are cﬁgatible with either CT or MR imaging acquisition. These measures might be an
alternative 10_midline shift for more mildly affected stroke patients. Although some of the

methods & @

d may not be practical for routine clinical care, they may nevertheless be of
value as i liate endpoints in studies that seek to understand the role of edema or in
interventiona dies that are designed to reduce edema formation. Another limitation is that
the currenll techniques measure mass effect, a downstream consequence of edema accu-
mulatic do not measure water content directly. Whereas mass effect may have
particulWelevance, the non-invasive measurement of water content, such as quanti-
tative MR or CT hypoattenuation,® may provide additional information about brain edema
and maymfine the predictive ability for outcome in patients. Further development of
each of t roaches will facilitate the study of brain edema and its link to neurological

outcom<
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Table 1: aracteristics of the study population (n = 71).

Age [years 75 (65-83)
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Gender [male] 33 (46%)

Baseline NIHSS 13 (9-17)
3 (2-5)
Mortality 90 12 (16.9%)

Time ffo

Time from onset to follow-up MRI [h] 74.9 (50.5 — 99.6)

to baseline MRI [h] 4.0(3.4-4.7)

ol

Intraven bolysis treatment 31 (43.7%)

DWI lesi e at baseline [ml] 21.3 (9.3 -44.9)

:

Comorbidities:
Hypeﬁ 48 (68%)
Diabglitus 18 (25%)
Hyperlipidemia 29 (41%)
Atria‘:‘ DN 30 (42%)
C st smoker 25 (35%)
Values are (interquartile range) or frequency (percentage). n = sample size; NIHSS

it

= natio s of health stroke scale; mRS = modified Rankin Scale; DWI = diffusion-

weighted naging.

[

Autho

This article is protected by copyright. All rights reserved.

32



Table 2: Markers of mass effect in patients with good versus poor outcome at day 90.

Patients with good

Patients with poor

Q outcome outcome
(mRS 0-2) (mRS 3-6) p- value

N
n L 29 42
Midline su] 0.0 (0.0-2.0) 2.1(0.0-3.3) 0.007*
Lesional ﬁlla volume [ml] 44 (1.1-10.2) 28.3 (8.8 — 53.3) <0.001*
Change in i;siI;araI hemisphere 1.5(-1.6 —3.6) 55(1.2-9.1) 0.004*
volume [
Ratio he volumes FU 1.05(1.04-1.09) [(1.13(1.07-1.18) |<0.001*
Change inipstfateral ventricle vol- -9.0 (-26.3 - 3.5) -21.2 (-41.4 - -1.9) |0.245
ume [%: E
Ratio ricle volumes FU 0.86 (0.66 —1.01) |0.7(0.6-0.9) 0.046

Values ar@median (interquartile range); n = sample size; mRS = modified Rankin Scale; FU

f

= follow-u

O

Auth

es are calculated with the Mann Whitney U test. * p <0.01
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Table 3mAsseeiation of markers of mass effect with outcome.

uscr

DWI lesion

N

BL [ml]

Swelling valum

Midline shift

Ma

Change in ipsilateral

F

hemispher

BL to FU [%

0

Ratio hemis

volumes F

ROC (for mRS 3-6 at day 90) ROC (for mortality at day 90)
(] [}

o 3 3

0 ®© @®©

s > e = > 2 =

£ s = 3 5 = 5

© S 7 G 5 2 G

2 g £ 5 2 s £ 5 2

() < &) n ) < &) (%] 0
0.455** |0.716 |27.3 79.3% | 57.1% 0.482 |90.6 88.1% |33.3%
0.597** |0.791 | 104 79.3% | 73.8% 0.661 |3.4 30.5% | 100.0%
- 0.682 |2.00 79.3% | 52.4% 0.662 |3.2 88.1% | 50.0%
0.486** | 0.700 |3.6 75.9% | 61.9% 0.688 |9.8 91.5% |41.7%
0.612** | 0.753 | 1.06 65.5% |76.2% 0.645 |1.14 81.4% |58.3%

Auth
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Change in ipsilateral
ventricle volume BL_ | -0.561** | 0.583 |-18.4 |54.8% |69.0% 0.541 |-61.8 |100.0% |16.7%

to FU [%]

Ratio Iafr%

cle volum U

-0.589** | 0.645 | 0.98 88.1% | 34.5% 0.571 |0.54 93.2% | 33.3%

Cr

Spearmangsp own for correlation with midline shift. AUC = area under the curve; ROC =

S

receiver o tiMg characteristics; MRS = modified Rankin Scale; BL = baseline; FU = fol-

low-up. ** p = <0001, * p <0.01

L]

Figures

1

Figure 1: lllustration of the different imaging markers of mass effect.

d
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A) shows t eline (BL) diffusion-weighted image (DWI) with the stroke lesion outlined in

blue. B) sgws the co-registered follow-up (FU) DWI with the baseline lesion superimposed
in blueWrcted tissue is outlined in red, and is excluded from the swelling volume

measure , swelling volume corresponds to the region surrounding the blue baseline

stroke Ie:me i"ne. C) Outline of the ipsilateral (green) and contralateral (yellow) hemi-
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sphere. The relative change in hemisphere volume is the FU hemisphere volume minus the
BL hemisphere volume divided by the BL hemisphere volume. The hemisphere ratio is cal-
culatedm ipsilateral hemisphere volume divided by the FU contralateral hemisphere
volume. f the ipsilateral (green) and contralateral (yellow) lateral ventricle vol-
ume. Am amalegeus approach as in C) was used to calculate CSF displacement measure-

ments, exh the lateral ventricle volumes were used.
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N
Figure 2: L operating characteristics curves for the discrimination between good and

poor outc@

A Swelling volume B Midline shift C Ratio hemisphere volume
1.00 1.00 1.00
0.90 0.90 0.90
0.80 0.80 0.80
0.70 0.70 0.70
2 060 > 0.60 = 060
= s =
z 050 Z o050 Z 050
2 z
& o040 & 040 & 040
0.30 0.30 0.20
0.20 0.20 0.20
0.10 AUC=0.7970 0.10 AUC = 0.6819 0.10 AUC =0.7533
0.00 - 0.00 0.00
0.000.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
1-Specifiaty 1-Specificty 1-Specificty

g characteristics (ROC) curve analysis showed that swelling volume (A)
best discriminated patients with a modified Rankin Scale score of 3-6 at 90 days with an
area undes the curve (AUC) of 0.79. The AUC for midline shift (B) and the ratio of hemi-
sphere vol C) were lower. The difference between the AUC for swelling volume and

the AUC f e shift was significant (p = 0.047).
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