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introduction: Endovascular therapy (EVT) is now evidence based in anterior circulation 
stroke caused by large vessel occlusion. Outcome is related to infarct size, but data on 
predictors of infarct growth is limited. We analyzed our cohort of EVT treated patients 
primarily selected by magnetic resonance imaging (MRI) to examine predictors of infarct 
growth and the association between infarct size and outcome.

Methods: We identified 342 patients with anterior circulation stroke from 2004 to 2014 
in our prospectively collected EVT database. Baseline infarct size was available for 281 
(measured by MRI) while final infarct size was available for 312 patients. Functional 
outcome was defined by modified Rankin Score (mRS) after 90 days and good outcome 
was defined as mRS 0–2. Predictors of infarct growth were examined by regression 
analysis.

results: Successful reperfusion [odds ratio (OR) 0.17, 95% confidence interval (CI) 
(0.09–0.33)] was the strongest predictor of reduction of infarct growth. Receiving intrave-
nous thrombolysis and a short time span from symptom onset to scanning also reduced 
infarct growth. Occlusion of the internal carotid artery (ICA) intracranially predicted infarct 
growth (OR = 7.29, 95% CI: 2.36–22.53). EVT under general anesthesia and having a 
NIHSS between 10 and 15 were also associated with infarct growth.

Discussion: Failure of reperfusion resulted in an average infarct growth of approximately 
50 ml. Lack of reperfusion generally results in a poor outcome likely due to infarct growth. 
Occlusion of the intracranial ICA and EVT under general anesthesia predicted infarct 
growth, while successful reperfusion, getting intraveneous thrombolysis, and a short 
time span from onset to scan protected against growth. A median infarct size of 52 ml 
best discriminates between a good and a bad outcome.

Keywords: acute ischemic stroke, endovascular therapy, infarct growth, magnetic resonance imaging

INTRODUCTION

For large vessel occlusion (LVO), endovascular therapy (EVT) is now evidence-based treatment, 
with five randomized trials demonstrating a beneficial effect (1–5). The goal of EVT is to prevent 
growth of the infarct core into the threatened penumbra. Given the impact on outcome of final infarct 
volume (6, 7), factors that predict infarct growth are of great importance in acute stroke therapies. 
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In this paper, we examine factors associated with infarct growth 
in a population of EVT patients imaged with magnetic resonance 
imaging (MRI).

Most centers use computed tomography (CT) as imaging 
selection prior to therapy and cannot, therefore, reliably deter-
mine baseline infarct size, a prerequisite for evaluating growth. 
Diffusion weighted imaging (DWI) is the best clinically available 
tool to measure the volume of infarcted tissue in the hyperacute 
phase (8). Since we primarily scan all acute stroke patients with 
LVO with MRI both pre- and posttreatment, we are able to meas-
ure infarct growth on an individual patient level. This informa-
tion provides a unique perspective in evaluating the question of 
factors that affect infarct growth in this population.

MATERIALS AND METHODS

Data from all consecutive patients treated with EVT for anterior 
circulation stoke at our center were collected in the period 
2004–2014. Our selection criteria for EVT were an acute ischemic 
stroke with occlusion of a large vessel. The occlusions treated 
included extracranial internal carotid artery (ICA), intracranial 
ICA occlusion (ICA-T), and the first or second branch of the 
middle cerebral artery (MCA). A cervical ICA occlusion together 
with any intracerebral occlusion is referred to as a tandem occlu-
sion. We excluded patients with infarcts larger than a third of 
the MCA territory estimated by visual inspection. The patients 
had to be in a good medical condition and independently living, 
although comorbid conditions were not specified. The treatment 
window was 6 h from symptom onset; however, 25 (7%) patients 
had unknown onset and were potentially treated outside of the 
6 h window due to a favorable scan. In addition, seven patients 
(2%) had DWI lesion larger than a third of the MCA territory, but 
were treated because of patient specifics (e.g., young age).

Imaging assessment at presentation was made using MRI 
DWI whenever possible. CT was chosen if the patient had a 
contraindication to MRI (e.g., pacemaker), if the patient was too 
unstable (e.g., vomiting, respiratory concerns) or if the patient 
could not fit within the MRI scanner (e.g., obesity, severe cervical 
kyphosis.) The patients were treated with intravenous (IV) tissue 
plasminogen activator (tPA) if there was no contraindication and 
taken directly for EVT without waiting for a clinical response. 
From 2004 to January 2010, treatment was limited to day time, 
but from January 2010, there was 24/7 coverage.

Reperfusion was assessed by the modified thrombolysis in 
cerebral infarction (mTICI) score where 0 denotes no reperfu-
sion, 1 minimal flow past occlusion but no distal reperfusion, 2a 
reperfusion of <50% of the ischemic territory, 2b >50% reperfu-
sion, and 3 signifies full reperfusion of the ischemic territory. 
Successful reperfusion was defined as mTICI 2b or 3 post EVT. 
Clinical outcome was assessed at 90  days using the modified 
Rankin Scale (mRS); good outcome was defined as 90-day mRS 
0–2 (i.e., functional independence).

Infarcts were outlined for the purpose of volume determina-
tion using an in-house semiautomatic program on the acute DWI 
scan, and on the 24-h posttreatment (±6  h) follow-up CT- or 
DWI scan, whichever was present. Delineation of the infarct 
sizes was done by a consensus read by the neurologist (Claus Z. 

Simonsen) and a neuroradiologist (Sanja Karabegovic) blinded to 
the outcome of the patient.

We treated 342 patients with EVT for anterior circulation 
stroke in the time period. For follow-up infarct imaging, 15 scans 
were acquired on an older scanner from which images could 
not be analyzed. Twelve follow-up scans were not done, either 
because the patient was discharged early or was transferred to 
another department. Two patients died before follow-up imaging 
could be done. One scan had such poor quality, that it was not 
possible to accurately delineate the infarct border. Final infarct 
data were available for 312 (91%) patients, of which, 195 were 
MRI scans and 117 CT scans. It was possible to perform MRI 
acutely in 281 patients (82%). In these 281 patients, we examined 
infarct growth and the predictors of growth. Growth was defined 
as CT- or DWI lesion volume on the 24-h scan subtracted by the 
DWI lesion seen on the acute scan before EVT.

The study was conducted with the approval of the local 
Ethical Committee of Central Denmark Region (Journal number 
1-16-02-397-12).

Statistical Analysis
Standard descriptive statistics were used to summarize the 
baseline clinical and imaging variables. The Chi-square test was 
used for categorical variables. The Kruskal–Wallis test was used 
to compare continuous variables. A receiver operator character-
istic (ROC) analysis was done to find the infarct size that best 
predicted non-independence.

Second, we used univariate logistic regression to identify 
potential predictors of growth above 50  ml. To evaluate the 
robustness of the dichotomization of infarct growth, we also per-
formed the analysis with ordered logistic regression with infarct 
growth categorized into three and four groups.

Third, predictors were included in a multiple logistic regres-
sion to examine whether all predictors remained independently 
associated with infarct growth. We replicated the analysis with 
a categorization of infarct growth using logistic regression. 
Analyses were performed using STATA (version 12.0, StataCorp 
LP, College Station, TX, USA) and MedCalc software (version 
14.12.0, Ostend, Belgium).

RESULTS

For the entire cohort of 312 patients, median age was 67 years 
[interquartile range (IQR) 59–75], NIHSS 17 (IQR 13–20), time 
from onset to scan 115 min (IQR 81–180 min), and time from 
scan to groin puncture was 98 min (IQR 67–140 min). Procedure 
time for the 257 patients who achieved reperfusion was 55 min 
(IQR 33–96.25 min).

Figure  1 demonstrates a clear association between final 
infarct size and outcome for the 312 patients with a 24-h scan. 
Lower final infarct size is related to lower mRS. Final infarct sizes 
lower than 50 ml generally result in mRS 0–2, i.e., independent 
living. The median final infarct sizes for the mRS strata (0–6) are 
provided in Table  1. The odds ratio (OR) of achieving a good 
outcome if final infarct was <50 ml was 12.58 [95% confidence 
interval (CI) 7.27–21.77]. An ROC analysis on final infarct size 
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Figure 1 | Final infarct size seen on the 24-h magnetic resonance imaging or computed tomography scan seen as a function of the 90-day modified Rankin Score 
(mRS). The median infarct is shown with a square and the markers denote 95% confidence intervals.

Table 1 | Median final infarct sizes with interquartile ranges 24 h after the stroke 
in the seven modified Rankin scale (mRS) groups.

90-day mRS Number of patients Final infarct (ml)

0 29 10.3 (3.1–22.6)
1 65 16.5 (7.0–33.7)
2 59 34.9 (14.3–72.7)
3 42 59.9 (16.6–108.6)
4 62 104.5 (42.3–150.7)
5 21 77.9 (55.6–134.9)
6 34 96.9 (62.7–215.0)
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and its relation to a good outcome showed that a final infarct 
of 51.6 ml was the best discriminator for a good outcome (mRS 
0–2, sensitivity 84.3%, specificity 70.4%), see Figure 2. With final 
infarct volume larger than 90 ml, the specificity of a poor outcome 
was 95% (Table 2).

Among the 281 patients for whom both an acute DWI MRI 
and a follow-up scan with final infarct volumes were available, 
we found an overall median growth of 19.5 ml (IQR 3.7–66.3 ml). 
The strongest univariate predictor of reduced infarct growth was 
successful reperfusion with OR  =  0.25, CI: 0.15–0.43. Other 
significant univariate predictors were level of occlusion (ICA-T 
occlusion with an OR of 6.23, 95% CI: 2.34–16.60 and extracranial 
ICA with OR 2.59, 95% CI: 1.18–5.65), having an NIHSS 10–15 
(OR = 2.35, 95% CI: 1.29–4.27), EVT performed under general 
anesthesia (OR = 2.26, 95% CI: 1.19–4.27), and receiving IV tPA 
(OR 0.47, 95% CI: 0.27–0.85). None of the vascular risk factors 
(diabetes, smoking, atrial fibrillation, age, or sex) were associated 

with growth. The time spans “onset to scan” and “scan to groin 
puncture” did not reach statistical significance in the univariate 
analysis, but when taking other potential covariates into account, 
“onset to scan” reached statistical significance (Table  3). All 
predictors except for extracranial ICA remained independently 
associated with infarct growth in the multiple regression analysis 
and the OR did not change noticeably (Table 3). Baseline data are 
provided in supplementary table.

Looking generally at infarct growth, the median growth 
among reperfusers (mTICI 2b  +  3) and non-reperfusers was 
12.2  ml (2.1–44.4) and 57.4  ml (12.7–105.0), respectively 
(p < 0.0001). Among M1 occlusions (n = 129), median infarct 
growth among reperfusers (n = 89) was 6.7 ml (0.95–23.07). In 
the non-reperfusers (n  =  40), infarcts grew with a median of 
58.9 ml (12.8–104.5), p < 0.0001.

Since reperfusion was such an important predictor, an analysis 
of growth related to mTICI score was done. A median growth of 
about 60 ml was seen in mTICI 0–1, 30 ml in mTICI 2a and 2b, 
and 7.4 ml in complete reperfusion (mTICI 3). See Figure 3.

We looked at infarct growth from the time span of the first 
acute DWI scan to reperfusion. We assumed that the infarct 
stopped growing when reperfusion occurred. We did a regres-
sion analysis with growth as a function of time from scan to 
reperfusion. The coefficient of this line was 0.19, interpreted as a 
growth of 0.19 ml/min of time elapsing from the first MRI scan 
to the final infarct was established (n = 202). The correlation was 
significant (p = 0.0001). Assuming a brain volume of 1,500 ml 
and a total number of neurons of 23.3 × 109 (9), this calculates 
into a loss of 3.0 million neurons per minute.
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Table 3 | Predictors for infarct growth above 50 ml, n = 268.

Growth 
>50 ml (n)

ORcrude [95% 
confidence 
interval (CI)]

ORadj (95% CI)

Reperfusion
No (ref) 53% (49/92)
Yes 22% (39/176) 0.25 (0.15–0.43) 0.17 (0.09–0.33)

IV tissue 
plasminogen 
activator

No (ref) 46% (29/63)
Yes 29% (59/205) 0.47 (0.27–0.85) 0.40 (0.19–0.84)

Gender
Women (ref) 29% (31/106)
Men 35% (57/162) 1.31 (0.77–2.23) 1.06 (0.52–2.15)

Smoker
No (ref) 34% (63/185)
Yes 30% (24/81) 0.82 (0.46–1.44) 0.66 (0.32–1.37)

Hypertension
No (ref) 34% (46/134)
Yes 31% (42/134) 0.87 (0.52–1.45) 0.79 (0.40–1.58)

Diabetes
No (ref) 31% (74/238)
Yes 47% (14/30) 1.94 (0.90–4.18) 1.60 (0.61–4.18)

Atrial fibrillation
No (ref) 36% (68/187)
Yes 25% (20/81) 0.57 (0.32–1.03) 0.63 (0.28–1.44)

General  
anesthesia

No (ref) 21% (15/72)
Yes 37% (73/196) 2.26 (1.19–4.27) 2.40 (1.07–5.37)

NIHSS
<10 24% (25/106) 1.00 (Reference)
10–15 42% (42/100) 2.35 (1.29–4.27) 2.13 (0.98–4.63)
>15 34% (21/62) 1.66 (0.83–3.31) 1.40 (0.58–3.39)

Location of 
occlusion

M1 26% (33/129) 1.00 (Reference)
Internal carotid 
artery (ICA) 
extracranial

47% (16/34) 2.59 (1.18–5.65) 2.41 (0.84–6.87)

ICA-T 68% (15/22) 6.23 (2.34–16.60) 7.29 (2.36–22.53)
M2 14% (3/21) 0.48 (0.13–1.75) 0.26 (0.05–1.42)
Tandem 34% (21/61) 1.53 (0.79–2.95) 1.89 (0.79–4.54)

Time, onset to  
scan (min)

0.68 (0.45–1.04) 0.52 (0.30–0.88)

Time, scan to  
groin (min)

0.87 (0.55–1.36) 0.63 (0.35–1.13)

Age (years) 1.01 (0.99–1.02) 1.01 (0.99–1.03)

Predictors of dichotomized infarct growth in anterior circulation stroke. Odds ratio (OR) 
describes the risk of growth >50 ml. A number lower than 1 means that the factor 
protects against growth. NIHSS strata was compared to NIHSS 0–9 as a reference. 
Lesion location was compared to M1, which was the most prevalent lesion location.

Table 2 | Specificity of a poor outcome (dependent living or death, i.e., modified 
Rankin scale 3–6) related to infarct size on the 24-h scan.

Infarct greater than (ml) Specificity for poor outcome

50 128/153 = 83.7%
60 133/153 = 86.9%
70 135/153 = 88.2%
80 138/153 = 90.2%
90 145/153 = 94.8%

Figure 2 | A receiver operator characteristics analysis showing the 
sensitivity and specificity of predicting a good outcome on the basis of the 
size of the infarct on the 24-h scan. An infarct <52 ml predicted a good 
outcome with a sensitivity of 84.3% and a specificity of 70.4%.
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DISCUSSION

Knowledge about the relationship between infarct size and long-
term outcome is of value in clinical decision making before treat-
ment, and it will facilitate family discussions regarding prognosis 
after stroke. Our study found a clear association between final 
infarct size and outcome. The best discriminator between living 
independently or not was an infarct size of 51.6 ml. Predictors of 
infarct growth included lack of reperfusion, an ICA-T occlusion, 
having an NIHSS of 10–15, not receiving IV tPA, EVT under 
general anesthesia and a long time span from onset to scan. The 
difference between being reperfused or not resulted in an infarct 
growth of approximately 50 ml. Reperfusion, therefore, seems to 
discriminate between a good or a bad outcome as a consequence 
of the amount of brain tissue that is saved.

Since large final infarcts are related to bad outcomes then it is 
reasonable to assume that if patients already have a large infarct at 
presentation, outcome would invariably be poor and that would 
argue for excluding patients from reperfusion therapy. The ECASS 
1 trial on IV tPA showed no effect of treatment, but if patients 
with larger infarcts (defined as more than a third of the MCA 
territory) were excluded from the study post hoc, there was effect 
of the treatment (10). In the EPITHET trial, a certain pattern on 
the perfusion weighted scan with a very large perfusion lesion was 
termed the “malignant profile” since this pattern was associated 

with a tendency to intracerebral hemorrhage and a bad outcome 
(11). Yoo and colleagues found in a cohort of patients treated with 
EVT that if patients presented with an infarct >70 ml, they all had 
a poor outcome, although this study was performed in a period 
where stroke devices were less effective and reperfusion occurred 
late (6). The same group also found 50 ml as the best discriminator 
between good and bad outcome (12). A more recent study showed 
that the maximal infarct volume patients could present with and 
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Figure 3 | Median growth with interquatile ranges are shown for the 
modified thrombolysis in cerebral infarction groups.
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still achieve a good outcome in 90% of cases was 40  ml (13).  
A relationship between infarct volume and mRS at 90 days was also 
found in the DEFUSE study, even though the infarct sizes seemed 
to be smaller with mRS 3 having a mean infarct size of 40 ml and 
mRS 4 just below 60 ml (14). We found 60 and 104 ml, respectively.

The sentiment that a lesion volume larger than 70 ml invariable 
gives a poor outcome is challenged in a paper by Tisserand et al. 
They find a good outcome on 12/54 (22%) patients that presents 
with an initial infarct >70 ml and attributes it to DWI reversal (15). 
In our material, 16 patients presented with an infarct larger than 
70 ml and 4 (25%) had a good outcome, but only one had an infarct 
volume on the 24-h scan that was smaller than on the acute scan.

Even though final infarct size is an important predictor for 
outcome, there will be outliers with large infarcts that do reason-
ably well. From Table 2, it can be seen that 8 patients had a final 
infarct larger than 90 ml and still had a 90-day mRS of 2 or less. 
The mean age among these patients was 48.5 years, while the 78 
patients with a bad outcome had a mean age of 68.5 (p = 0.0009). 
Age was not related to infarct growth, but seems to modify the 
association between final infarct size and functional outcome. 
This has also been shown eloquently by Ribo et al. They found the 
infarct volume discriminating between good and bad outcome to 
be 49 ml for patients <70 years, 33 ml for patients 70–79 years, 
and only 15 ml for patients 80 or older (16).

A metaanalysis of the five positive EVT trials showed that 
there was no benefit of EVT in large infarcts (ASPECTS 0–5) 
(17) but another analysis from the MR CLEAN study found no 
interaction of infarct size on the treatment effect (18) meaning 
that one cannot exclude that there is a treatment effect on the 
patients presenting with large infarcts. As others, we found that 
as the infarct volume increases, the specificity of a bad outcome 
increases, but even at an infarct size of 90  ml, it is not 100%. 
Research on EVT in these large infarcts is needed.

Reperfusion was the best factor preventing infarct growth. 
These results are in agreement with those obtained by Man et al. 
(19) We found that failure of reperfusion resulted in infarct 
growth of approximately 50 ml. In a comparable analysis, Zaidi 
and colleagues found a mean infarct volume in the recanalized 

vs. non-recanalized of 50 vs. 134  ml, respectively (20), while 
the ESCAPE study found a difference between the recanalized 
and non-recanalized of only 20.5  ml (21). These studies could 
only compare the final infarct between reperfusers and non-
reperfusers not knowing the initial infarct. The strength of our 
study is that we can determine infarct growth in the individual 
patient, since we have acquired MRI DWI on patients before 
treatment. The level of occlusion (22) has previously been shown 
to be significantly related to outcome. All retrospective data have 
shown a relationship with worse outcome and general anesthesia 
(23). However, recent randomized data draw this into question 
(24) and the worse outcome seen after general anesthesia could 
be a result of confounding by indication.

Our study has some weaknesses. For the infarct growth 
analysis, only patients who had an initial MRI were included. The 
follow-up scan was ideally an MRI, but in some instances (often 
in patients with poor medical status), we performed a CT scan. 
The 24-h CT provided a clear delineation of the infarct margins, 
thereby minimizing the risk of mismeasurement. But we did 
not compare patients based on imaging due to the risk of bias 
introduced by the poorer patients in the CT group. Furthermore, 
we generally excluded patients with infarcts larger than a third of 
the MCA territory. Thus, we have no information about infarct 
evolution in this group of patients. The multivariable regression 
model may have been overfitted due to the inclusion of a number 
of potential confounders. However, the model seemed reason-
able since the OR estimates did not change substantially from the 
crude to the adjusted model.

In our analysis of infarct growth over time from the infarct 
measured at the acute scan to the 24-h scan, we found a growth 
of 0.19 ml of brain tissue per minute. This translated into a loss of 
3.0 million neurons per minute, which is somewhat comparable 
to the previous calculated 1.9 million neurons per minute (25).

CONCLUSION

An infarct size larger than 50 ml significantly increases the risk 
of an outcome, where the patient is not independently living, but 
this has to be seen in context of the individual patient. Not achiev-
ing reperfusion means an infarct growth of about 50 ml. Lack of 
reperfusion, ICA-T occlusion, and EVT under general anesthesia 
were associated with infarct growth.
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