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Background and Purpose Infarct volume and other imaging markers are increasingly used as surrogate 
measures for clinical outcome in acute ischemic stroke research, but how improvements in these 
imaging surrogates translate into better clinical outcomes is currently unclear. We investigated how 
changes in infarct volume at 24 hours alter the probability of achieving good clinical outcome 
(modified Rankin Scale [mRS] 0–2).
Methods Data are from endovascular thrombectomy patients from the randomized controlled 
ESCAPE-NA1 (Efficacy and Safety of Nerinetide for the Treatment of Acute Ischaemic Stroke) trial. 
Infarct volume at 24 hours was manually segmented on non-contrast computed tomography or 
diffusion-weighted magnetic resonance imaging. Probabilities of achieving good outcome based 
on infarct volume were obtained from a multivariable logistic regression model. The probability of 
good outcome was plotted against infarct volume using linear spline regression.
Results A total of 1,099 patients were included in the analysis (median final infarct volume 24.9 mL 
[interquartile range: 6.6–92.2]). The relationship between total infarct volume and good outcome 
probability was nearly linear for infarct volumes between 0 mL and 250 mL. In this range, a 10% 
increase in the probability of achieving mRS 0–2 required a decrease in infarct volume of approximately 
34.0 mL (95% confidence interval: -32.5 to -35.6). At infarct volumes above 250 mL, the probability 
of achieving mRS 0–2 probability was near zero. The relationships of tissue-specific infarct volumes 
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Introduction

Acute ischemic stroke (AIS) is often caused by a thrombus block-
ing blood flow in an intracranial artery. The result is ischemia 
and subsequent infarction of brain tissue, with resulting perma-
nent disability, or, in severe cases, death.1 The two established 
treatments for AIS are pharmacological thrombolysis and en-
dovascular treatment (EVT).2 Both these treatments aim to min-
imize brain tissue damage via recanalization of the occluded 
blood vessel and restoration of blood supply to the brain. The suc-
cess of any AIS therapy is most commonly measured by the mod-
ified Rankin Scale (mRS), a 7-point ordinal clinical scale ranging 
from 0 (no symptoms at all) to 6 (death).3 As clinical outcomes 
are a result of ischemic infarction, it stands to reason that infarct 
volume may be used as a surrogate for clinical outcome. Infarct 
volume measurements may even allow for a more direct assess-
ment of the effect of AIS therapies since they are less confound-
ed by post-stroke events that are unrelated to the treatment. 
However, currently, it is not entirely clear whether and to what 
extent changes in tissue imaging markers such as infarct vol-
ume translate into changes in clinical outcome. Furthermore, 
recent evidence suggests that the association of infarct volume 
and clinical outcome may be tissue-specific, whereby a certain 
infarct volume in the white matter may have a more deleterious 
effect on outcomes compared to the same infarct volume in the 
grey matter.4

We used a randomized trial sample of AIS patients who un-
derwent EVT to investigate the association of quantitative im-
aging markers, namely total infarct volume, grey matter infarct 
volume, white matter infarct volume, and parenchymal hemor-
rhage volume on 24-h follow-up imaging with clinical outcomes 
at 90 days. 

Methods

Patient sample 
This study was a post-hoc analysis of the ESCAPE-NA1 trial (Clin-
icalTrials.gov: NCT02930018), a multicentric, double-blind, ran-
domized controlled trial that investigated the safety and effi-
cacy of intravenous nerinetide in AIS patients with large vessel 

occlusion undergoing EVT. Patients were randomized to a single, 
2.6 mg/kg dose of intravenous nerinetide or placebo in addition 
to best medical treatment, including intravenous alteplase if in-
dicated. Patients were eligible for the trial if they had a large ves-
sel occlusion (intracranial internal carotid artery, M1 occlusion or 
functional M1 occlusion [occlusion of both M2 branches]), mod-
erate to good collaterals (defined as filling ≥50% of the middle 
cerebral artery territory) and an Alberta Stroke Program Early 
Computed Tomography Score (ASPECTS) score of 5 or higher. The 
clinical inclusion criteria were (1) age of 18 years or older, (2) 
baseline National Institutes of Health Stroke Scale (NIHSS) >5, 
(3) functional independence prior to the ischemic stroke (Barthel 
Index score >90), and (4) time since last known well <12 hours. 
Non-contrast computed tomography (NCCT) and multiphase 
computed tomography angiography (CTA) at baseline were per-
formed in all patients. Key exclusion criteria were chronic vessel 
occlusion, absent femoral pulses or other findings that indicate 
high likelihood of failure to obtain vascular access, pregnancy, 
weight <45 kg or >120 kg, fatal co-morbid illnesses that would 
prevent completion of 3-months clinical follow-up, and contra-
indications to iodinated contrast (e.g., severe contrast allergy or 
severe renal impairment) and prior treatment with nerinetide. 
Follow-up imaging (NCCT or diffusion-weighted imaging–mag-
netic resonance imaging [DWI-MRI]) was performed at 24 hours. 
The study was approved by the ethics board at each participat-
ing center and by the local regulatory authorities. Signed in-
formed consent was obtained from the participants, their legally 
authorized representatives, or, if required by national laws or 
regulations, from the investigator after consultation with an in-
dependent physician who was not otherwise participating in the 
trial (“two-physician consent“).

Image analysis
All imaging data (baseline NCCT, multiphase CTA, catheter angi-
ography, and follow-up NCCT and DWI-MRI) were reviewed in 
consensus readings (i.e., two-physician consensus readings were 
performed by default for all assessments) by an independent 
core lab (JO, BM, MJ, CZ, MA, MG, LR) (Supplementary Table 1). 
Disagreement between two readers were solved by a senior neu-
roradiologist (MG; 24 years of stroke imaging experience). Core 

and parenchymal hemorrhage volume generally showed similar patterns, although variability was high.
Conclusion There seems to be a near-linear association between total infarct volume and probability 
of achieving good outcome for infarcts up to 250 mL, whereas patients with infarct volumes greater 
than 250 mL are highly unlikely to have a favorable outcome. 
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lab members were blinded to clinical outcomes at all times. To-
tal infarct volumes, grey matter infarct volumes, and hemorrhage 
volumes (in cases with evidence of intraparenchymal hemorrhage 
on follow-up imaging) were evaluated on 24-h follow-up imag-
ing (NCCT or MRI) by a core lab member (JO, general radiology, 
4 years of stroke imaging experience), under the supervisions of 
a senior neurointerventional radiologist (MG) (Supplementary 
Table 1 and Supplementary Figure 1). Volumetry was performed 
through manual planimetric measurements using the open-source 
software ITK-SNAP (http://www.itksnap.org, Supplementary Fig-
ures 1 and 2). White matter infarct volumes were obtained by 
subtracting grey matter infarct volumes from total infarct vol-
umes (Supplementary Table 2). Total infarct volumes and hem-
orrhage volumes (if intraparenchymal hemorrhage was present) 
were manually segmented for all patients with appropriate and 
technically adequate follow-up imaging (either NCCT or DWI-
MRI for infarct volumes and either NCCT or hemorrhage-sensi-
tive MRI sequences [gradient echo or susceptibility weighted im-
aging]). Tissue-specific infarct volumes were manually segmented 
separately only for patients with DWI-MRI follow-up imaging 
since the boundaries are relatively conspicuous on DWI-MRI but 
often indeterminable on NCCT (Supplementary Table 2). Areas 
with hemorrhagic transformation and hemorrhages within in-
farcted areas, but not remote hemorrhages, were included in the 
infarct volume segmentations. 

Outcomes of interest
The primary outcome in this study was the adjusted probability 
of achieving good functional outcome, defined as mRS 0–2 at 
90 days. This probability was derived from a binary logistic re-
gression analysis (see below). 

Statistical analysis
Patient baseline characteristics in the entire patient sample and 
patients with and without good outcome were assessed using 
descriptive statistics and compared using Wilcoxon rank-sum 
test, Kruskal-Wallis test, or Fisher’s exact test, as appropriate to 
the type of data. To investigate the relationship between each 
quantitative imaging marker and good outcome, we obtained 
adjusted probabilities of achieving good outcome from multi-
variable logistic regression analysis. For each imaging marker, a 
separate regression model was built (Supplementary Table 3). 
All markers were analyzed as continuous variables. All models 
included patient age, sex, and baseline NIHSS as adjustment vari-
ables. Age and baseline NIHSS were included as adjustment vari-
ables because both these variables were repeatedly shown to 
be strong predictors of post-stroke and post-EVT outcome,5 and 
as such, could confound the relationship between infarct vol-

ume and 90-day mRS. Sex was included as an additional adjust-
ment variable since it is controversial whether there are differ-
ences in post-EVT clinical outcomes in women and men that 
cannot be explained by confounders such as age and NIHSS.6 
In addition to this, the parenchymal hemorrhage model included 
total infarct volume as an adjustment variable, and the grey mat-
ter infarct volume model included white matter infarct volume 
as an additional adjustment variable and vice versa (Supplemen-
tary Table 3). These additional adjustments were made since the 
observed association of white matter infarct volume and out-
come may be confounded by grey matter infarct volume and 
vice versa. 

Predicted probabilities of good outcome with respective 95% 
confidence intervals (CIs) were plotted against the range of quan-
titative imaging markers. We then determined the change in to-
tal infarct volume that translates into a 1%, 5%, and 10% in-
crease in the probability of mRS 0–2 by using a spline regression, 
whereby knots were placed based on visual assessment of the 
data distribution. Improvement of model fit with spline regres-
sion over and beyond a linear regression model was tested using 
a likelihood ratio test. The above-mentioned percentages were 
chosen based on a landmark study by Cranston et al.7 that de-
termined the minimally clinically important difference for stroke 
outcomes to be 1.3%; however, in other studies, this number var-
ies between 1%–10%, depending on the study design and stake-
holders questioned.8,9 Furthermore, a study by Fisher8 determined 
that realistic absolute minimal effect sizes for neuroprotective 
drugs are approximately 5%. Due to the low number of patients 
with MRI in whom tissue-specific infarct volumes could be ob-
tained and the low number of patients with evidence of paren-
chymal hemorrhage on 24-h follow-up imaging, spline regres-
sion was only performed for total infarct volume.  

We performed a sensitivity analysis in which excellent clini-
cal outcome (mRS 0–1 at 90 days) rather than good outcome 
(mRS 0–2 at 90 days) was used as the dependent variable. Al-
though only 1 reader performed infarct volume measurements, 
there may be slight differences between measurements when 
different readers segment infarct volumes. Therefore, inter-rater 
agreement for tissue-specific infarct volume measurements was 
assessed in 25 randomly selected patients using Bland-Altman 
plots. All analyses were performed using Stata version 17 (Stata-
Corp., College Station, TX, USA).

Results

Of the 1,105 patients included in ESCAPE-NA1, follow-up imag-
ing for total infarct volume assessment was available for 1,099 
patients (NCCT: n=652, DWI-MRI: n=447) that were included 
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in the analysis. Of the 447 patients with follow-up MRI, diffu-
sion-weighted sequences could be postprocessed and tissue-
specific infarct volumes obtained in 358 patients. Appropriate 
sequences for parenchymal hemorrhage volumetry were avail-
able in 1,054 patients. Baseline characteristics, quantitative tissue 
variables, and clinical outcomes of the study sample are shown 

in Table 1. Inter-rater agreement between readers was good, 
with mean differences in volume <3 mL (Supplementary Figure 3).

Adjusted probabilities of mRS 0–2 and 
quantitative tissue imaging markers
Adjusted probabilities of achieving mRS 0–2 across the range 

Table 1. Baseline characteristics, clinical outcomes, quantitative tissue variables in the study sample (n=1,099)

Characteristic
Entire patient sample

(n=1,099)
Patients with 90-day mRS 0–2

(n=665)
Patients with 90-day mRS >2

(n=434)
P

Baseline characteristics

Age (yr) 70.8 (60.7–79.8), n=1,099 66.7 (58.4–75.9), n=665 76.6 (66.9–83.3), n=434 <0.001

Female sex 546/1,099 (49.7) 312/665 (46.9) 234/434 (53.9) 0.026

Baseline NIHSS 17 (12–21), n=1,099 16 (11–20), n=665 18 (15–22), n=434 <0.001

Baseline ASPECTS 8 (7–9), n=1,099 8 (7–9), n=665 8 (7–9), n=434 0.024

ASPECTS 0.068

0–6 192/1,099 (17.5) 102/665 (15.3) 90/434 (20.7)

7–8 587/1,099 (53.4) 362/665 (54.4) 225/434 (51.8)

9–10 320/1,099 (29.1) 201/665 (30.2) 119/434 (27.4)

Collaterals <0.001

Poor 46/1,087 (4.2) 15/658 (2.3) 31/429 (7.2)

Intermediate 851/1,087 (78.3) 524/658 (79.6) 327/429 (76.2)

Good 190/1,087 (17.5) 119/658 (18.1) 71/429 (16.6)

Treatment, procedural outcomes, and workflow times

Successful reperfusion (eTICI 2b-3) 954/1,093 (87.3) 618/661 (93.5) 336/432 (77.8) <0.001

Near-complete reperfusion (eTICI 2c-3) 505/1,093 (46.2) 349/661 (52.8) 156/432 (36.1) <0.001

Time from onset to randomization (min) 187 (121–309), n=1,099 170 (114–275), n=665 217 (135–350), n=434 <0.001

Time from study drug to reperfusion (min) 22 (8–41), n=966 21 (8–37), n=627 26 (9–52), n=339 0.001

Time from qualifying CT to groin puncture (min) 45 (30–65), n=1,096 44 (30–62), n=663 48 (31–70), n=433 0.059

General anesthesia 190/1,093 (17.4) 86/662 (13.0) 104/421 (24.1) <0.001

Intravenous alteplase 656/1,099 (59.7) 423/665 (63.6) 233/434 (53.7) 0.001

Intravenous nerinetide 547/1,099 (49.8) 336/665 (50.5) 211/434 (48.6) 0.538

Quantitative tissue imaging variables

Total infarct volume (mL) 24.9 (6.6–92.2), n=1,099 13.0 (3.9–36.3), n=665 87.1 (26.8–203.2), n=434 <0.001

Grey matter infarct volume (mL)* 18.8 (8.5–37.3), n=358 13.6 (6.3–26.9), n=245 35.2 (17.9–60.9), n=113 <0.001

White matter infarct volume (mL)* 0 (0–8.3), n=358 0 (0–1.4), n=245 8.1 (0–52.6), n=113 <0.001

Superficial grey matter infarct volume (mL)* 6.3 (0–29.3), n=358 2.0 (0–17.5), n=245 25.3 (6.1–51.9), n=113 <0.001

Deep grey matter infarct volume (mL)* 7.0 (2.1–13.5), n=358 6.5 (2.1–12.9), n=245 8.8 (2.1–15.7), n=113 0.205

Parenchymal hemorrhage 351/1,099 (31.9) 197/665 (29.6) 197/434 (45.4) <0.001

Parenchymal hemorrhage volume (mL)† 0 (0–1.1), n=1,054 0 (0–0), n=648 0 (0–8.9), n=406 <0.001

Clinical outcomes

mRS 0–2 at 90 days 665/1,099 (60.5) - - -

Mortality at 90 days 142/1,099 (12.9) - 142/434 (32.7) -

Ordinal mRS at 90 days 2 (1–4), n=1,099 1 (0–2), n=665 5 (3–6), n=434 -

Symptomatic intracranial hemorrhage 31/1,096 (2.8) 4/664 (0.6) 27/432 (6.3) <0.001

Data are presented as median (interquartile range) or n (%).
mRS, modified Rankin Scale; NIHSS, National Institutes of Health Stroke Scale; ASPECTS, Alberta Stroke Program Early Computed Tomography Score; eTICI, 
expanded Treatment in Cerebral Infarction Score; CT, computed tomography; DWI, diffusion-weighted imaging; MRI, magnetic resonance imaging.
*Only assessed in patients with available 24-h follow-up DWI-MRI (n=358); †Only assessed in patients with available appropriate 24-h imaging (n=1,054).
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of total infarct volume with respective 95% CIs are depicted in 
Figure 1A. The relationship between total infarct volume and 
adjusted mRS 0–2 probability was nearly linear for total infarct 
volumes up to 250 mL, while the curve plateaued for larger in-
farct volumes. Adjusted probabilities of good outcomes were 
near zero for very large infarcts. Based on this observation, a lin-
ear spline regression model with a knot at 250 mL was fitted to 
the total infarct volume data and improved model fit over and 
beyond a simple linear regression (P [likelihood ratio] <0.01) (Fig-
ure 1B). In the range from 0 mL to 250 mL, the decrease in infarct 
volume required to achieve a 1%, 5%, and 10% increase in the 
probability of achieving mRS 0–2 was 3.4 mL (95% CI: -3.25 to 
-3.56), 17.0 mL (95% CI: -16.25 to -17.8), and 34.0 mL (95% CI: 
-32.5 to -35.6). At infarct volumes above 250 mL, the probabil-
ity of achieving mRS 0–2 was near zero (Figure 1). When com-
paring effect size estimates of different co-variates, 1 mL in in-
farct volume increase had a less detrimental effect on outcome 
than a 1-point increase in baseline NIHSS or a 1-year increase 
in age at stroke onset, although the units of these variables are 
difficult to compare.

Adjusted probabilities of achieving mRS 0–2 across the range 
of grey matter infarct volumes, white matter infarct volumes, 
and hemorrhage volumes with respective 95% CIs are depicted 
in Figure 2. The relationships of grey matter infarct volume, white 
matter infarct volume, and parenchymal hemorrhage volume 
generally showed similar patterns, with near-linear relationships 
for small and moderate volumes, and near-zero probability of 
achieving good outcome at the high-volume range (Figure 2). Of 
note, the decrease in mRS 0–2 probability was steeper per mL 

increase in white matter infarct volume compared to grey mat-
ter infarct volume (Figure 2). However, the association of grey 
matter infarct volume, white matter infarct volume, and paren-
chymal hemorrhage volume with adjusted mRS 0–2 probability 
was highly variable, as indicated by the wide confidence inter-
vals in Figure 2. Therefore, we did not attempt to quantify the 
exact volume of grey matter infarct volume, white matter infarct 
volume, and parenchymal hemorrhage volume associated with a 
1%, 5%, and 10% increase in mRS 0–2 probability. Histograms 
illustrating the distribution of infarct volume raw data are shown 
in Figure 2D (total infarct volume) and Supplementary Figure 4 
(grey matter and white matter infarct volume).

Sensitivity analysis
When using mRS 0–1 as the dependent variable, associations of 
overall infarct volume, tissue-specific infarct volumes, and hem-
orrhage volume were similar to the main analysis. Adjusted prob-
abilities of achieving mRS 0–1 across the range of grey matter 
infarct volumes, white matter infarct volumes, and hemorrhage 
volumes with respective 95% CIs are depicted in Supplementary 
Figure 5. Changes in total infarct volume associated with a 1%, 
5%, and 10% decrease in mRS 0–1 were 5.9 mL, 29.4 mL, and 
58.7 mL, respectively.

Discussion

In this post-hoc analysis of the ESCAPE-NA1 trial, a near-linear 
association between total infarct volume and adjusted probabil-
ity of achieving good outcome was seen in patients with small 

Figure 1. Probability of mRS 0–2 at 90 days as a function of total 24-hour infarct volume. (A) Adjusted probabilities of good clinical outcome (mRS 0–2 at 90 
days) across the range of total 24-h infarct volumes from 0 mL to 500 mL (blue line) with corresponding 95% CIs (blue shaded area). Adjusted mRS probabili-
ties were obtained from a binary logistic regression model with adjustment for patient age, sex, and baseline NIHSS. (B) Linear spline function modeling the 
association between total infarct volume and adjusted probability of achieving 90-day mRS 0–2. Knot at 250 mL was placed based on visual assessment and 
model fit parameters. Individual dots represent volumes and predicted probabilities of achieving mRS 0–2 for individual patients. Note that the x-axis in (A) 
and (B) was truncated at 500 mL for illustrative purposes. mRS, modified Rankin Scale; CI, confidence interval; NIHSS, National Institutes of Health Stroke Scale.
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to moderately sized infarcts, while the probability of achieving 
good outcome in patients with very large infarcts was near zero. 
In the small to moderate infarct range, a decrease in infarct vol-
ume of approximately 3.4 mL, 17 mL, and 34 mL was associated 
with a 1%, 5%, and 10% increase in the probability of achiev-
ing good outcome.

Infarct volume reflects the extent of ischemic tissue damage, 
which is ultimately responsible for the disability AIS patients suf-
fer from. Infarct volume has been shown to be a strong predictor 
of 90-day clinical outcome, independent of patient age, NIHSS, 
and other baseline characteristics. Some infarct patterns such 
as corticospinal tract infarction have a near-deterministic rela-
tionship with poor outcomes.4 Therefore, it stands to reason that 
infarct volume may be used as a surrogate outcome in AIS re-
search. Compared to the 90-day mRS, which is the standard clini-
cal outcome in clinical AIS research, 24-h infarct volume has 
several advantages: it requires a much shorter follow-up period, 
it is not confounded by unrelated clinical events that sometimes 

make it difficult to detect a treatment effect on the mRS, and 
imaging patterns may allow us to learn about the mechanisms 
of actions of certain therapies. For example, an AIS treatment 
that primarily targets neurons would be expected to reduce grey 
matter infarct volume more than white matter infarct volume.

However, in order to establish quantitative imaging biomark-
ers of ischemic tissue damage as valid surrogate outcome mark-
ers, a strong and predictable association with clinical outcomes 
has to be proven. Furthermore, once such a relationship has been 
established, and if a treatment shows benefit on one of those 
imaging surrogate outcomes, it should only be considered rele-
vant if this change in surrogate outcomes also results in a change 
in clinical outcomes that is meaningful to patients. For mRS 0–2, 
the minimally clinically important difference—i.e., the smallest 
change that is considered meaningful by patients—ranges be-
tween 1% and 10%.7-9

We previously showed that the strength of the association be-
tween infarct volume and clinical outcome depends on infarct 

Figure 2. Adjusted probabilities for mRS 0–2 and respective confidence intervals and tissue-specific infarct and hemorrhage volumes. Adjusted probabilities 
of good clinical outcome (mRS 0–2 at 90 days) across the range of 24-h (A) grey matter infarct volumes, (B) white matter infarct volumes, and (C) parenchy-
mal hemorrhage volumes. Note that the x-axes were truncated at 500 mL in (A) and 300 mL in (B) and (C) for illustrative purposes. Blue lines indicate adjust-
ed probability of achieving mRS 0–2 and blue shaded areas indicate 95% CIs. Adjusted mRS probabilities were obtained from a binary logistic regression 
model (Supplementary Table 3). (D) A histogram of total infarct volumes in the patient sample. mRS, modified Rankin Scale; CI, confidence interval.
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size.10 In the current study, we observed a near linear relationship 
of total infarct volume up to 250 mL, after which the probabil-
ity of achieving a good outcome was close to zero. Based on our 
findings, a 34 mL reduction in the low-to-moderate infarct range 
roughly corresponds to a 10% increase in the probability of mRS 
0–2. Depending on the imaging parameters, the measurement 
error on diffusion-weighted MRI, which is considered the gold 
standard for infarct volume assessment, may be as high as 15 mL,11 
and measurement error on CT is even greater.12 Therefore, it is 
unlikely that we will be able to reliably detect changes in infarct 
volume in the range of 1–5 mL, which would still translate to 
mRS changes that patients consider to be meaningful.7-9

There are several new pharmacological stroke treatments 
under investigation, all of which tackle different tissue damage 
mechanisms. Their effects may be reflected by different imaging 
markers: for example, drugs preventing primarily neuronal dam-
age would be expected to reduce grey matter infarct volume 
more than white matter infarct volume, and drugs stabilizing 
the blood-brain barrier should reduce parenchymal hemorrhage 
volume. We, therefore, assessed the association between adjust-
ed probability of good outcome and other quantitative tissue im-
aging markers, namely grey matter infarct volume, white mat-
ter infarct volume, and parenchymal hemorrhage volume. The 
patterns we observed resembled the pattern of total infarct vol-
ume, with a linear-appearing association with good outcome 
probability at small to moderate volumes, and near-zero proba-
bility of good outcome at large volumes. We further observed a 
steeper decrease in good outcome probability per mL white mat-
ter infarct volume increase compared to grey matter infarct vol-
ume, which confirms that white matter damage may be more 
detrimental than grey matter damage.4 However, these obser-
vations were subject to substantial uncertainty due to the small 
number of patients with grey and white matter infarct segmen-
tations, hindering reliable outcome prediction based on affected 
brain tissue type. Adding complementary biomarkers such as se-
rum neurofilament to imaging biomarkers could be a promising 
approach to improve outcome prediction accuracy further.13

Our study has several limitations. First, infarct volumes were 
measured at 24 hours; however, it is known that infarcts con-
tinue to enlarge beyond 24 hours.14 Our infarct volume measure-
ments may therefore not accurately reflect final infarct volume. 
Second, manual infarct volume measurements are subject to 
inter-and intra-reader variability and measurement error due to 
partial volume averaging.11,15 Third, the number of patients with 
available grey and white matter infarct volumes and parenchy-
mal hemorrhage volumes was small. Fourth, besides infarct vol-
ume, infarct location is another important determinant of clin-
ical outcome,4,16 which was not taken into account in our analysis 

because accurate determination of infarct location on NCCT is 
challenging, and since the ESCAPE-NA1 trial only included ante-
rior circulation large vessel occlusion, which homogenized in-
farct location at least to some degree. Fifth, the ESCAPE-NA1 
trial sample is a highly selective and homogenous patient sam-
ple, and our results may have looked different, had a broader and 
more diverse patient population been included.

Conclusions

In conclusion, we observed a near-linear association between 
total infarct volume and adjusted probability of achieving good 
outcome in patients with infarcts up to 250 mL, while the prob-
ability in patients with larger infarcts was near zero. In the for-
mer subgroup, a decrease in infarct volume of approximately 
3.4 mL, 17 mL, and 34 mL was roughly associated with a 1%, 
5%, and 10% increase in the probability of achieving a good 
outcome respectively, although there is some uncertainty sur-
rounding these estimates. 
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Supplementary materials related to this article can be found 
online at https://doi.org/10.5853/jos.2023.02180.

Funding statement 

The ESCAPE-NA1 trial was funded by Alberta Innovates, Cana-
dian Institutes of Health Research, NoNO Inc.

Conflicts of interest

Johanna Ospel is a consultant for Nicolab. Mayank Goyal reports 
personal fees from Mentice, personal fees from Medtronic, per-
sonal fees from MicroVention, and personal fees from Stryker 
outside the submitted work; in addition, Dr Goyal has a patent 
to Systems of acute stroke diagnosis issued and licensed. The 
remaining authors have nothing to disclose. 

Author contribution

Conceptualization: JMO. Study design: JMO. Methodology: JMO, 
LR. Data collection: all authors. Investigation: all authors. Sta-
tistical analysis: JMO. Writing—original draft: JMO. Writing—
review & editing: all authors. Funding acquisition: MG, MH. Ap-
proval of final manuscript: all authors.



Vol. 26 / No. 2 / May 2024

https://doi.org/10.5853/jos.2023.02180 https://j-stroke.org 259 

Acknowledgments 

We acknowledge the ESCAPE-NA1 investigators and all the pa-
tients and their families for their contribution.

References
1. Ospel JM, Holodinsky JK, Goyal M. Management of acute 

ischemic stroke due to large-vessel occlusion: JACC focus 

seminar. J Am Coll Cardiol 2020;75:1832-1843.

2. Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bam-

bakidis NC, Becker K, et al. Guidelines for the early manage-

ment of patients with acute ischemic stroke: 2019 update to 

the 2018 guidelines for the early management of acute isch-

emic stroke: a guideline for healthcare professionals from the 

American Heart Association/American Stroke Association. 

Stroke 2019;50:e344-e418.  

3. Saver JL, Chaisinanunkul N, Campbell BCV, Grotta JC, Hill 

MD, Khatri P, et al. Standardized nomenclature for modified 

Rankin Scale global disability outcomes: consensus recom-

mendations from Stroke Therapy Academic Industry Round-

table XI. Stroke 2021;52:3054-3062. 

4. Ospel JM, Menon BK, Qiu W, Kashani N, Mayank A, Singh N, 

et al. A detailed analysis of infarct patterns and volumes at 

24-hour noncontrast CT and diffusion-weighted MRI in acute 

ischemic stroke due to large vessel occlusion: results from the 

ESCAPE-NA1 trial. Radiology 2021;300:152-159. 

5. Ospel JM, Ganesh A, Kappelhof M, McDonough R, Menon BK, 

Almekhlafi M, et al. Evaluating outcome prediction models in 

endovascular stroke treatment using baseline, treatment, and 

posttreatment variables. Stroke Vasc Interv Neurol 2021;1: 

e000167.

6. Ospel JM, Schaafsma JD, Leslie-Mazwi TM, Amin-Hanjani S, 

Asdaghi N, Gordon-Perue GL, et al. Toward a better under-

standing of sex- and gender-related differences in endovas-

cular stroke treatment: a scientific statement from the Amer-

ican Heart Association/American Stroke Association. Stroke 

2022;53:e396-e406.

7. Cranston JS, Kaplan BD, Saver JL. Minimal clinically impor-

tant difference for safe and simple novel acute ischemic stroke 

therapies. Stroke 2017;48:2946-2951.

8. Fisher M. Enhancing the development and approval of acute 

stroke therapies: Stroke Therapy Academic Industry Round-

table. Stroke 2005;36:1808-1813.

9. Samsa GP, Matchar DB. Have randomized controlled trials of 

neuroprotective drugs been underpowered? An illustration of 

three statistical principles. Stroke 2001;32:669-674.

10. Ospel JM, Hill MD, Menon BK, Demchuk A, McTaggart R, 

Nogueira R, et al. Strength of association between infarct vol-

ume and clinical outcome depends on the magnitude of in-

farct size: results from the ESCAPE-NA1 trial. AJNR Am J Neu-
roradiol 2021;42:1375-1379. 

11. Ospel JM, Jaffray A, Schulze-Zachau V, Kozerke S, Federau C. 

Spatial resolution and the magnitude of infarct volume mea-

surement error in DWI in acute ischemic stroke. AJNR Am J 
Neuroradiol 2020;41:792-797.

12. van der Worp HB, Claus SP, Bär PR, Ramos LM, Algra A, van 

Gijn J, et al. Reproducibility of measurements of cerebral in-

farct volume on CT scans. Stroke 2001;32:424-430. 

13. Rahmig J, Akgün K, Simon E, Gawlitza M, Hartmann C, Siep-

mann T, et al. Serum neurofilament light chain levels are asso-

ciated with stroke severity and functional outcome in patients 

undergoing endovascular therapy for large vessel occlusion. J 
Neurol Sci 2021;429:118063.

14. Konduri P, Bucker A, Boers A, Dutra B, Samuels N, Treurniet K, 

et al. Risk factors of late lesion growth after acute ischemic 

stroke treatment. Front Neurol 2022;13:977608. 

15. Cimflova P, Ospel JM, Marko M, Menon BK, Qiu W. Variability 

assessment of manual segmentations of ischemic lesion vol-

ume on 24-h non-contrast CT. Neuroradiology 2022;64:1165-

1173.

16. Weyland CS, Mokli Y, Vey JA, Kieser M, Herweh C, Schönen-

berger S, et al. Predictors for failure of early neurological im-

provement after successful thrombectomy in the anterior cir-

culation. Stroke 2021;52:1291-1298.



Vol. 26 / No. 2 / May 2024

https://doi.org/10.5853/jos.2023.02180 https://j-stroke.org 1 

Supplementary Table 1. Imaging core lab members

Name Subspecialty Stroke imaging experience (yr) Role in the imaging core lab

Mayank Goyal Neuroradiology (diagnostic 
and interventional)

24 Head of the imaging core lab
Reperfusion assessment (eTICI)
Follow-up infarct assessment
Decision in case of disagreement between two readers

Johanna Ospel General radiology 4 Reperfusion assessment (eTICI)
Follow-up infarct volume and hemorrhage volume assessment

Manish Joshi Neuroradiology (diagnostic 
and interventional)

15 Baseline imaging assessment (NCCT, CTA)

Bijoy Menon Stroke neurology 15 Baseline imaging assessment (NCCT, CTA)

Mohammed Almekhlafi Stroke neurology 10 Reperfusion assessment (eTICI)

Charlotte Zerna Stroke neurology 6 Baseline imaging assessment (NCCT, CTA)

Leon Rinkel Neurology 3 Follow-up infarct volume segmentations for inter-rater  
agreement assessment

NCCT, non-contrast computed tomography; eTICI, expanded Treatment in Cerebral Infarction Score; CTA, computed tomography angiography.

Supplementary Table 2. Tissue imaging markers used in this analysis

Imaging marker* Availability Methodology

Total infarct volume Patients with follow-up imaging (n=1,099) Manual segmentation 

Grey matter infarct volume Patients with follow-up MRI (n=358) Manual segmentation

White matter infarct volume Patients with follow-up MRI (n=358) Calculated (total infarct volume minus grey matter infarct volume)

Hemorrhage volume Patients with appropriate follow-up imaging† (n=1,054) Manual segmentation

MRI, magnetic resonance imaging.
*Unit for all variables is milliliters (mL); †Appropriate follow-up imaging: either non-contrast computed tomography or MRI with hemorrhage-sensitive se-
quences (gradient echo or susceptibility-weighted sequences).

Supplementary Table 3. Variables included in the binary logistic regression models

Quantitative imaging marker of interest* Dependent variable Adjustment variables

Total infarct volume mRS 0–2 at 90 days Patient age, sex, baseline NIHSS

Grey matter infarct volume mRS 0–2 at 90 days Patient age, sex, baseline NIHSS, white matter infarct volume

White matter infarct volume mRS 0–2 at 90 days Patient age, sex, baseline NIHSS, grey matter infarct volume

Hemorrhage volume mRS 0–2 at 90 days Patient age, sex, baseline NIHSS, total infarct volume

mRS, modified Rankin Scale; NIHSS, National Institutes of Health Stroke Scale. 
*Included as an independent variable in the model. Measurement unit for all quantitative imaging markers is milliliters (mL).
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A B

Supplementary Figure 1. Infarct segmentation on non-contrast head CT using the open-source software ITK-SNAP. (A) A segmented infarct area (total in-
farct volume) on a non-contrast head CT slice. (B) The same slice without the segmentation volume. Manual segmentation was repeated for each slice. Seg-
mentations of grey matter infarct volumes, basal ganglia infarct volumes, and hemorrhage volumes was performed in an identical manner.

Supplementary Figure 2. Example of a grey matter segmentation. (A) The 24-h diffusion-weighted MRI without segmentation. (B) The segmentation volume 
on an exemplary slice is highlighted in red. White matter infarcts (white arrows) are not included in the segmentation volume.

BA
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Supplementary Figure 3. Inter-rater agreement for total 24-h infarct vol-
ume measurements for reader 1 (JO) and reader 2 (LR). Bland-Altman plot 
shows the average of reader 1 and reader 2 infarct volume measurements 
on the x-axis and the difference between both volume measurements on 
the y-axis. Each dot represents an individual patient. Mean difference be-
tween readers for total infarct volume was -0.30 mL (standard deviation 
5.80 mL). Mean difference between readers for grey matter infarct volume 
was -2.34 mL (standard deviation 3.74 mL). Mean difference between 
readers for white matter infarct volume was 0.66 mL (standard deviation 
3.05 mL). 

De
ns

ity

De
ns

ity

0 50  100 150 200 0 50  100 150 200

24-h white matter infarct volume (mL) 24-h grey matter infarct volume (mL)

0.08

0.06

0.04

0.02

0

0.03

0.02

0.01

0

Supplementary Figure 4. Histogram illustrating the distribution of 24-h (A) white matter infarct volumes and (B) grey matter infarct volumes in the patient 
sample.
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Supplementary Figure 5. Adjusted probabilities of achieving mRS 0–1 across the range of grey matter infarct volumes, white matter infarct volumes, and 
hemorrhage volumes with respective 95% confidence intervals. (A) shows the association with whate matter infarct volume, (B) with grey matter infarct vol-
ume, (C) with total infarct volume, and (D) with hemorrhage volume. Note that the x-axes were truncated at 300 mL in (A) and (B), at 400 mL in (C) and at 
500 mL in (D) for illustrative purposes. Black lines indicate adjusted probability of achieving mRS 0–2 and blue shaded areas indicate 95% CIs. Adjusted mRS 
probabilities were obtained from a binary logistic regression model. mRS, modified Rankin Scale; CI, confidence interval.




