
European Journal of Paediatric Neurology 42 (2023) 126–132

Available online 7 January 2023
1090-3798/© 2023 The Authors. Published by Elsevier Ltd on behalf of European Paediatric Neurology Society. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Lesion size and long-term cognitive outcome after pediatric  
stroke: A comparison between two techniques to assess lesion size 

Regula Everts a,d,*, Shana Bertato a, Maja Steinlin a, Nedelina Slavova b,c, Sebastian Grunt a, 
Leonie Steiner a 

a Division of Neuropediatrics, Development and Rehabilitation, Department of Pediatrics, Inselspital, Bern University Hospital, University of Bern, Bern, Switzerland 
b Pediatric Radiology, University Children’s Hospital Basel and University of Basel, Switzerland 
c Institute of Interventional, Pediatric and Diagnostic Radiology, Inselspital, University Hospital, and University of Bern, Bern, Switzerland 
d Department of Diabetes, Endocrinology, Nutritional Medicine and Metabolism, Inselspital, Bern University Hospital and University of Bern, Bern, Switzerland   

A R T I C L E  I N F O   

Keywords: 
Pediatric arterial ischemic stroke (AIS) 
Cognitive outcome 
Lesion size 
ABC/2 
Segmentation 

A B S T R A C T   

Background: There is little consensus on how lesion size impacts long-term cognitive outcome after pediatric 
arterial ischemic stroke (AIS). This study, therefore, compared two techniques to assessed lesion size in the 
chronic phase after AIS and determined their measurement agreement in relation to cognitive functions in pa
tients after pediatric stroke. 
Methods: Twenty-five patients after pediatric AIS were examined in the chronic phase (>2 years after stroke) in 
respect to intelligence, memory, executive functions, visuo-motor functions, motor abilities, and disease-specific 
outcome. Lesion size was measured using the ABC/2 formula and segmentation technique (3D Slicer). Corre
lation analysis determined the association between volumetry techniques and outcome measures in respect to 
long-term cognitive outcome. 
Results: The measurements from the ABC/2 and segmentation technique were strongly correlated (r = 0.878, p <
.001) and displayed agreement in particular for small lesions. Lesion size from both techniques was significantly 
correlated with disease-specific outcome (p < .001) and processing speed (p < .005) after controlling for age at 
stroke and multiple comparison. 
Conclusion: The two techniques showed convergent validity and were both significantly correlated with long- 
term outcome after pediatric AIS. Compared to the time-consuming segmentation technique, ABC/2 facilitates 
clinical and research work as it requires relatively little time and is easy to apply.   

1. Introduction 

Pediatric arterial ischemic stroke (AIS) is an acute cerebrovascular 
injury that occurs when blood supply to the brain is interrupted by a 
blockage in a cerebral artery. Neonatal stroke (birth – 28 days) occurs 
with an incidence of 1 in 4000 live births and is more common than 
childhood stroke (after 28 days of life) reported in 1.3–13 cases per 
100,000 [1]. 

Pediatric AIS may lead to delayed cognitive development or reduced 
cognitive functions within the lower normal range [2–10]. The extent to 
which cognitive long-term sequelae manifest is suggested to depend on 
risk factors such as age at stroke [9], lesion location, presence of epilepsy 
or the size of the lesion [2,11–18] but also on environmental factors, 
such as socio-economic status [19,20]. However, compared to motor 

outcome studies, there is little consensus on the influence of the above 
risk factors on long-term cognitive outcome. In respect to lesion size, 
some studies did not find a significant association between lesion size 
and cognitive outcome [21–23]. Earlier studies have indicated that 
solely lesions greater than 25% of the intracranial volume, or those with 
a diameter of at least 6 cm at the point of maximum expansion, were 
associated with significant cognitive impairment [2,14]. By contrast, 
others reported that small lesions covering only 3% of affected intra
cranial volume can already have an impact on cognitive outcome [11]. 
Further, the development of cerebral palsy was associated with a lesion 
size above 3% of intracranial volume in children after neonatal stroke 
[17]. 

Several neuroimaging methods have been used to determine the 
lesion size such as for example the ABC/2 technique first described by 
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Kwak et al. [24] and validated by Kothari et al. [25] for predicting 
mortality according to intracerebral hemorrhage volume. With the 
ABC/2 technique, the length, width, and depth of damaged brain tissue 
in magnetic resonance images (MRI) is measured in an ellipsoid manner. 
For any imaging slice, the dimensions are measured where the length or 
width are greatest, and their product is then multiplied by the height 
(depth) through which the lesion extends. An ABC/2 assessment is 
rapidly performed but can be inaccurate for calculating the volume of 
relatively large or irregularly shaped lesions [26]. However, the ABC/2 
technique is suggested to be the most reliable geometric formula to 
calculate lesion size after stroke despite some tendency for subjectivity 
[27]. 

Another technique to determine lesion size is the manual segmen
tation of the lesion, which has long been the standard method. Manual 
segmentation involves manually drawing in areas of reduced water 
diffusion on diffusion weighted images (DWI) or of regions of scarred 
brain tissue on T1-weighted images in MRI, layer by layer. This tech
nique requires considerable time, depending on the size and extent of 
the lesion and is prone to some degree of subjectivity. However, the 
meticulous procedure used in segmentation means that lesions are 
measured accurately, regardless of their shape or size. This point argues 
for a higher measurement precision of the segmentation technique 
compared to the ABC/2 method. The question thus arises whether or not 
ABC/2 is a preferable method compared to manual segmentation. 

Therefore the aim of this study was to investigate whether there is a 
difference in the results of the ABC/2 and segmentation method used to 
assess lesion size and whether lesion size measured in the chronic phase 
after AIS (>2 years after stroke) is associated with long-term cognitive 
outcome in patients. We hypothesized that (1) the ABC/2 and segmen
tation method assessed in the chronic phase after pediatric AIS are 
correlated and that (2) lesion size measured in the chronic phase after 
pediatric AIS is significantly correlated with disease-specific outcome 
and long-term cognitive performance such as intelligence, verbal 
memory, verbal fluency, processing speed, executive functioning, and 
visuo-motor functions. Further, we hypothesize that (3) the association 
of ABC/2 in respect to cognitive outcome would be neither inferior nor 
superior to the segmentation method. 

2. Methods 

Demographic, cognitive and neuroimaging data of patients in the 
chronic phase after pediatric AIS were collected from 2014 through 
2017 mono-centrically within the framework of the Hemispheric Reor
ganization (HERO) study [28], a clinical trial that investigated func
tional organization of patients after pediatric AIS at the Children’s 
University Hospital, Inselspital, Bern [9,10,28,30,54]. The HERO study 
was approved by the local ethics committee of the Canton of Berne (KEK 
212/13) and the ethics committee of the Children’s University Hospital. 
Participants older than 18 years, or the parents or guardians of younger 
children, gave their written informed consent. This was done according 
to the Code of Ethics of the World Medical Association (Declaration of 
Helsinki). 

2.1. Study population 

For the HERO study, patients in the chronic stage after AIS (>2 years 
after stroke) were selected from the Swiss Neuropediatric Stroke Reg
istry (SNPSR). The SNPSR is a multicenter, prospective population- 
based registry that registers patients who are diagnosed with stroke 
before 16 years of age [16]. Inclusion criteria of the HERO study were a 
confirmed diagnosis of stroke (according to the initial MRI and/or 
computed tomography in the acute stage of stroke), diagnosis of AIS at 
least 2 years prior to the assessment, and aged between 5 and 16 years 
(in order to participate in the neuropsychological assessment and the 
MRI). Exclusion criteria for the HERO study were active epilepsy, iron 
implants, claustrophobia and behavioral problems that make a study 

MRI scan impossible. 
Twenty-nine patients in the chronic phase after AIS were assessed in 

the framework of the HERO study. Four of these patients were excluded 
from the present study due to missing data of motor and cognitive 
assessment or insufficient image quality (motion artifacts) on T1 
-weighted images. The final sample size for this study thus comprised 25 
patients. Detailed clinical characteristics of the study participants are 
provided in Supplementary Tables S1 and S2. 

2.2. Outcome assessment 

All participants underwent a standardized neurological examination 
performed by a research physician. All tests were conducted by a trained 
neuropsychologist. To obtain a reliable and valid assessment of different 
cognitive domains, an extended and standardized test battery was 
adopted. Details on the tests have been previously published [9,10,17, 
23,29,30]). Raw scores for all tests were transformed into 
age-dependent standard scores (M = 100, SD = 15) according to the 
relevant test manual. 

2.3. Disease-specific and motor outcome 

The Pediatric Stroke Outcome Measure (PSOM) assesses neurological 
impairment after pediatric AIS and is currently the most strongly vali
dated and standardized disease-specific neurological examination for 
pediatric stroke [31,32]. The PSOM consists of the following five sub
scales (1): right and (2) left sensorimotor functioning (3), language 
production and (4) comprehension, and (5) cognition and behavior 
(scores range from 0: no deficit to 10: strong deficit). 

2.4. Cognitive outcome 

The Test of Nonverbal Intelligence – Fourth Edition (TONI-4) was 
applied to assess fluid intelligence [33] as well as general intelligence 
[34] by means of abstract reasoning and problem solving [35,36]. The 
verbal learning and memory test (VLMT) was performed to assess verbal 
learning (word list), verbal recall (half-hour delay) and recognition [37]. 
Verbal fluency was assessed using the verbal fluency test from the Delis 
Kaplan Executive Functioning System (D-KEFS, [40]). To determine 
patients’ processing speed abilities, two of the three processing speed 
subtests from the short version of the Wechsler Intelligence Scale for 
Children – Fourth Edition (WISC– IV) were applied. The results were 
summarized as a short-form index [38]. We used the fifth edition of the 
Beery-Buktenica Developmental Test of Visual-Motor Integration to 
evaluate patients’ visuo-motor functions [55]. 

Executive functioning was examined according to the model of ex
ecutive functions by Myiake et al. [39], which includes inhibition, 
cognitive flexibility, and working memory. Both inhibition and cogni
tive flexibility were assessed using the Color–Word Interference Test 
(CWI) from the D-KEFS [40]. The CWI measures suppressed automatic 
responses, also called inhibition, in accordance with the Stroop effect 
[41]. It also measures the person’s ability to switch back and forth be
tween conditions, which is referred to as cognitive flexibility. Further
more, we measured the patient’s working memory using the subtest 
Letter–Number Sequencing (LNS) from the WISC-IV [38], by asking 
participants to repeat a random sequence of letters and numbers, in both 
alphabetical and numerical order. 

2.5. Neuroimaging 

Neuroimaging was performed in the framework of the HERO study 
and thus in the chronic phase after pediatric AIS (> 2 years after stroke), 
using magnetic resonance imaging. A 3T scanner (Magnetom Verio, 
Siemens, Erlangen, Germany) with a 32-channel phased-array head coil 
at the Inselspital, Bern University Hospital, Switzerland. High-resolution 
anatomical three dimensional T1-weighted images were obtained from a 
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magnetization-prepared rapid acquisition gradient-echo (MP-RAGE) 
sequence. The following parameters were configured for the sequences: 
repetition time (TR) = 2530 ms; echo time (TE) = 2.92 ms; inversion 
time (Ti) = 1100 ms; flip angle (FA) = 9◦; field-of-view (FOV) = 256 mm 
× 256 mm; matrix dimension = 256 × 256; and isotropic voxel reso
lution = 1 mm3. 

For each T1-weighted brain scan, a board-certified neuroradiologist 
determined the lesion’s characteristics, such as exact location 
(anatomical structures: cortical, subcortical or both) and affected side 
(right hemisphere, left hemisphere or bilateral). Lesion size is typically 
determined using diffusion-weighted images (DWI). When it comes to 
research on long-term outcome in the developing child using functional 
imaging, lesion size must be measured on chronic T1-weighted MRI. The 
lesion size determination on the chronic T1-weighted MRI was per
formed by a neuroradiologist (N.S.) while inspecting the initial lesion 
localization using the initial DWI from the acute phase of stroke as a 
baseline measurement. This was done in order to get information on the 
exact lesion localization in case of uncertainty. 

2.5.1. Lesion size quantified with ABC/2 method 
The ABC/2 method to determine the lesion size was performed by the 

neuroradiologist N.S. in accordance with Sims et al. (2009). The images 
were measured on the local Picture Archiving and Communication 
System (PACS) of the Inselspital, Bern. In the sagittal plane, the length 
(A) was measured in the slice where the lesion appeared largest. 
Perpendicular to the length, a second line was drawn at the widest 
dimension (B). To calculate the height (C), the number of slices over 
which the lesion extended was multiplied by the thickness of these slices 
(1 mm). The three measurements were computed according to the 
ellipsoid formula for volumetry: 4/3πrArBrC. The π term was estimated 
as 3, which simplifies the formula in 4/3*3*(A/2)*(B/2)*(C/2) = ABC/ 
2, and the calculated final volumes were converted into cm3. Hence, the 
measured lesion sizes were presented as ellipsoids. 

2.5.2. Lesion size quantified with segmentation method 
Lesion sizes were segmented on the T1-weighted MRI in the chronic 

stage of stroke using the open-source software, 3D Slicer (Version 4, htt 
ps://www.download.slicer.org). The volumetry by segmentation was 
performed by S.B., who was closely supervised by the neuroradiologist 
N.S. (every patient’s data was reviewed separately) by using the 3D 
Slicer editor program, lesions were manually segmented in each layer in 
the axial plane. The traced tissue resulted in individual lesion shapes (in 
contrast to the ABC/2 method). The calculated infarct volumes by 3D 
Slicer in mm3 were converted into cm3. Lesion size quantification on the 
chronic T1-weighted MRI using segmentation was performed while 
inspecting the initial diffusion-weighted images. 

Because of significant variations in whole-brain volumes that depend 
on the age of a child [42], working with absolute lesion size would not 
be meaningful. Therefore, a relative lesion size (in %) was calculated for 
both techniques (ABC/2 and segmentation) with the following formula: 
lesion size (in cm3) divided by total brain volume (in cm3) multiplied by 
100, whereas total brain volume includes everything within the skull, 
including the ventricular system. 

2.6. Statistical analysis 

All statistical analyses were performed using IBM SPSS Statistics 27.0 
for Windows (IBM Corp., Armonk, NY), with the significance level (α) 
set to 5%. Lesion sizes and cognitive data were tested for normal dis
tribution with the Kolmogorov-Smirnov test. Lesion size, disease- 
specific outcome, motor outcome, as well as most of the cognitive var
iables were not normally distributed. Hence, non-parametric tests were 
used where suitable. Absolute lesion size was used only for the investi
gation of the first hypothesis, whereas relative lesion size was employed 
for all further analyses. 

Our first hypothesis assumes that the results from the two volumetry 

techniques are correlated. To test this hypothesis, we estimated the 
relationship between the absolute lesion size assessed with the two 
techniques for evidence of convergent validity and calculated the 
Spearman rank correlation coefficients. Agreement between the results 
of the two techniques was illustrated with Bland & Altmann [43] plots. 

To test for our second hypothesis, namely the association between 
relative lesion size and cognitive outcome, we conducted Spearman rank 
correlation coefficients with Bonferroni correction. If necessary, non- 
parametric partial correlations were performed to reduce the influence 
of a third confounding variable on significant correlations between 
relative lesion size as measured by segmentation and/or ABC/2 and any 
cognitive variable. 

Additionally, we conducted the same correlational analyses to check 
for a possible relationship between relative lesion size and other lesion- 
related variables. Because of the small sample, inferential statistical 
analyses were not performed for some of the lesion-related variables (e. 
g. lesion location and laterality; these two variables were presented 
graphically). A correction for multiple testing was not performed, since 
the four variables considered were generally confirmed in the literature 
as being influencing variables in pediatric AIS and therefore, pre- 
existing assumptions were given [44]. 

3. Results 

3.1. Participants 

Demographic data are summarized in Table 1. 25 patients were 
included in the data analysis (6 neonatal stroke, 19 childhood stroke, 11 
females). Clinical data regarding localization, laterality and etiology of 
stroke, are presented in Tables S1 and S2. Given the small sample size, 
analysis were not perfomed for subgroups, i.e. location, laterality or 
etiology of stroke or age at stroke. 

3.2. Cognitive outcome 

Overall, the cognitive performance was within the normal range, 
however, group means were slightly below the mean scores expected in 
a healthy population (see Table 2). Participants with neonatal stroke (n 
= 6) did not differ in their cognitive performance from participants with 
stroke during childhood (all t < 1.78, all p > .09). There was no sig
nificant association between cognitive outcome and time between stroke 
and chronic MRI (all r < 0.14, all p > .32). 

3.3. Measurement of absolute and relative lesion sizes 

The ABC/2 method identified lesions of less than 1% of the intra
cranial volume in 16 participants, whereas segmentation identified 19 
participants with lesions less than 1% of the intracranial volume. Two 
patients had a large lesion (>3% of the intracranial volume), regardless 
of the measurement technique applied. The segmentation method 
resulted in larger absolute lesion sizes for all patients than the ABC/2 
method (see Table 3). This was also evident when the lesion size was set 

Table 1 
Demographic and Clinical Data of Study Participants.  

Patients after pediatric AIS (n = 25)  

N, Mean (SD) Range 

Neonatal stroke/childhood stroke (n) 6/25  
Age at stroke (in years) 6.31 (5.4) 0.1–15.58 
Age at examination (in years) 14.81 (5.09) 6.08–23.08 
Time between stroke and chronic MRI (in years) 8.49 (3.56) 2.08–15.5 
Disease specific outcome (PSOM) 0.66 (0.93) 0.00–3.5 
Sensorimotor functioning, left (PSOM) 0.14 (0.34) 0–1 
Sensorimotor functioning, right (PSOM) 0.34 (0.59) 0–2 

Note. Values are rounded to two decimal places. SD: standard deviation. 
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in relation to the total volume of the brain (relative lesion size). Par
ticipants with neonatal stroke did not differ in respect to lesion size from 
patients with childhood stroke (all t < − 4.36, all p > .48). There was no 
significant association between lesion size and time passed since stroke 
(all r < 0.08, all p > .68). Detailed results of volumetric analysis are 
shown in Table 3. 

3.4. Relationship between ABC/2 and segmentation method 

There was a significant association between the two lesion tech
niques (df (25), r = 0.878, p < .001) (Fig. 1). When excluding the two 
outliers (two participants with lesions >3% of the intracranial volume) 
the correlation remained strong (df (23),) r = 0.845, p < .001) The 
degree of agreement between the two techniques is illustrated in a 
Bland-Altman plot while differentiating participants with neonatal and 
childhood stroke (Fig. 1). 

3.5. Association between lesion size and cognitive and disease-specific 
outcome 

Disease-specific outcome (PSOM) and processing speed were signif
icantly correlated with the relative lesion size (after Bonferroni correc
tion, see Table 4). Correlation coefficients were higher for the ABC/2 
method than for segmentation method. As analyses showed that age at 
stroke was significantly correlated with lesion size (r = − 0.441, p =
.027), this variable was integrated as a covariate. The correlations be
tween lesion size, PSOM and processing speed remained significant after 
controlling for age at stroke (for both techniques, see Table 5), with no 
differences between participants with neonatal versus childhood stroke 
when it comes to the association between lesion size and outcome. 

4. Discussion 

The present study examined whether there is a difference in the re
sults of two volumetry techniques used to measure the lesion size (ABC/ 
2 and segmentation) and whether lesion size in the chronic phase was 

Table 2 
Cognitive Outcome after Pediatric AIS.   

n Mean (SD) Range 

Intelligencea 25 97.28 (8.33) 84–118 
Verbal memory 

Verbal learningb 25 51.8 (33.16) 3–98 
Verbal recallb 24 47.38 (28.34) 3–98 
Verbal fluency 23 9.39 (3.53) 2–16 

Processing speed (Index)a 25 99.6 (15.14) 65–125 
Executive functions 

Working memoryc 25 8.88 (3.87) 2–16 
Inhibitionc 23 9.39 (3.01) 1–13 
Cognitive Flexibilityc 22 9.73 (3.44) 1–13 

Visuo-motor functions 
Visuo-motor integrationc 24 8.33 (3.23) 2–14 
Visuo-motor coordinationc 24 8.33 (2.58) 4–12  

a Intelligence scale: mean (SD) 100 (+/-15). 
b Percentile: mean (SD) 50 (+/-34). 
c Scaled scores: mean (SD) 10 (+/-3); SD: standard deviation. Values are 

rounded to two decimal places. 

Table 3 
Lesion size Measurements for the ABC/2 and Segmentation method.   

Absolute lesion size (cm3) Relative lesion size (%) 

Mean (SD) Median (IQR) Range Mean (SD) Median (IQR) Range 

Segmentation 22.55 (56.51) 1.65 (0.25–12.92) 0.043–217.2 1.55 (3.81) 0.09 (0.02–0.89) 0.003–15.2 
ABC/2 19.94 (39.9) 4.36 (0.2–18.6) 0.036–169.2 1.39 (2.72) 0.35 (0.01–1.08) 0.003–11.7 

Note. Relative lesion size (in %) was calculated for both ABC/2 and segmentation as follows: absolute lesion size divided by total intracranial volume * 100. SD: 
standard deviation; IQR: interquartile range. Values are rounded to two decimal places. 

Fig. 1. Measurement Agreement Between the ABC/2 Method and Segmenta
tion (white dots indicate lesion size of participants after neonatal stroke, black 
dots represent participants after childhood stroke). 
Note. X-axis: The average of value pairs of absolute lesion size resulting from the 
ABC/2 method and segmentation. Y-axis: the difference of value pairs of ab
solute lesion size between the two volumetry techniques. 
The bold line represents the mean value of the measurement difference. The 
dashed lines mark two standard deviations of the mean and are referred to as 
limits of agreement. 

Table 4 
Association Between Cognitive Variables and Relative Lesion size measured with 
Segmentation and ABC/2.   

N Segmentation p-value (1- 
sided) 

ABC/2 p-value (1- 
sided) 

PSOM 25 0.633 <.001⁂ 0.667 0.000⁂ 

Intelligence 25 − 0.286 0.083 − 0.404 0.023* 
Verbal memory 

Verbal learning 25 − 0.241 0.123 − 0.161 0.222 
Verbal recall 24 − 0.504 0.006** − 0.478 0.009** 

Verbal fluency 23 − 0.429 0.020* − 0.539 0.004** 
Processing speed 

(Index) 
25 − 0.559 0.002⁂ − 0.603 0.001⁂ 

Executive functions 
Working 
memory 

25 − 0.303 0.071 − 0.345 0.046* 

Inhibition 23 − 0.360 0.046* − 0.425 0.022* 
Cognitive 
Flexibility 

22 − 0.232 0.149 − 0.337 0.063 

Visuo-motor functions 
Visuo-motor 
integration 

24 − 0.152 0.240 − 0.225 0.115 

Visuo-motor 
coordination 

24 − 0.363 0.040* − 0.440 0.016* 

Note. Relative volume was calculated for both, ABC/2 and segmentation (%) as 
follows: absolute lesion size divided by total intracranial volume * 100. PSOM =
Disease-specific outcome, higher scores indicate more problems. Values are 
rounded to three decimal places. 
*The correlation is significant if p < .05; **The correlation is significant if p <
.01; ⁂Correlations remained significant after Bonferroni correction if p < .0038. 
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associated with cognitive and disease-specific outcome in patients after 
pediatric stroke. The two techniques showed a strong association and 
reached agreement in particular for small lesions, whereas measurement 
agreement was reduced for larger lesions. Correlation coefficients be
tween lesion size and cognitive functions were comparable for the ABC/ 
2 technique and for the segmentation technique. After correcting for 
multiple comparisons and controlling for the influence of age at stroke 
on lesion size, the correlation between lesion size and disease-specific 
outcome (PSOM), as well as processing speed remained significant. 

4.1. Relationship between volumetry techniques 

The strong correlation between the lesion size resulting from the 
ABC/2 and the segmentation technique supports the convergent validity 
of the two methods [45]. The extent to which these methods were 
consistent in absolute lesion size measurement was evident in the 
Bland-Altman plot. However, two patients with lesions bigger than 3% 
of the intracranial volume, exceeded the upper limit of agreement (see 
Fig. 1). The question arises why the agreement differed considerably in 
larger lesions. An explanation may be found in previous studies which 
suggested that the ABC/2 method tends to overestimate volumes that 
are irregularly shaped, large [26] or in a non-ellipsoid shape [56]. These 
previous results therefore propose that the ellipsoid formula does not 
adequately measure certain lesion characteristics, a notion that is sup
ported by our data. 

Another study included 109 adult patients in the acute phase after 
AIS and presents similar results with strong positive correlations be
tween the ABC/2 method and manual segmentation [57]. As in our 
pediatric study, adult data showed that larger lesion sizes entailed 
stronger discrepancy between the assessment techniques [57]. In a study 
with 38 patients after stroke, investigators compared the reproducibility 
of five different methods to measure lesions size on CT scans. Manual 
tracing of the lesion perimenter was the most reproducible methods 
[58]. 

4.2. Impact of lesion size on cognitive outcome 

Without correction for multiple comparison, lesion size was associ
ated with lower cognitive functions, including verbal recall, verbal 
fluency, inhibition, visuo-motor coordination, processing speed, and 
disease-specific outcome (PSOM). These results held true regardless of 
the implemented volumetry technique and are largely consistent with 
the literature [1,2,4,5,9,10,46–49]. 

After controlling for age at stroke and correcting for multiple com
parison, only disease-specific outcome (PSOM) and processing speed 
were significantly correlated with lesion size (for both techniques). 
Slightly higher effect sizes were found for the ABC/2 method than the 
segmentation technique (Table 5). The question arises why in particular 
disease-specific outcome and processing speed were strongly related to 
lesion size. A possible explanation regarding disease-specific outcome 

might be that performance was measured in different functional do
mains, including sensorimotor functions, language production, 
comprehension, cognition and behavior. For processing speed, its broad 
influence on many cognitive subdomains may explain its strong asso
ciation with lesion size. Processing speed is based upon efficient 
communication between widespread regions of the brain, forming a 
large-scale network [50]. The remaining cognitive domains which were 
measured in this study only showed low to moderate correlations with 
lesion size. 

There is no clear pattern in the literature regarding the influence of 
lesion size on cognitive functions, with some domains suggested to 
relate more closely to lesion size than others [2,9–12,14,15,17]. This 
inconsistency might be due to the fact that a cognitive function may be 
impaired when the structure or the functional network is affected, 
regardless of the exact lesion size [2,10,23,52,53]. Hence, our results 
add further insight into the impact of lesion size on long-term outcome 
after pediatric AIS while showing a relationship between lesion size and 
the pediatric stroke outcome measure (PSOM) and processing speed. 

4.3. Limitations 

The present study has certain limitations to report. First of all, the 
sample size was relatively small and patients were clinically heteroge
neous, with non-normally distributed clinical data for i.e. lesion size, 
lesion location and age at stroke. Therefore, subgroup analysis were 
impossible. Second, a selection bias has to be taken into account when 
interpreting the data since patients who were unable to follow the study 
procedure were excluded. Third, we were unable to perform a statisti
cally appropriate comparison of the differences between correlation 
coefficients or the predictive validity of relative lesion size in respect to 
the two volumetry techniques, because lesion sizes resulting from either 
volumetry technique stemmed from the same patients. Fourth, post- 
stroke treatment, the rehabilitation setting or family ressources may 
be associated with lesion size and long-term outcome and should ideally 
be included in future research. Finally, considering prognosis and 
decision-making about interventions and preventive strategies after 
pediatric AIS, the volumes measured in the present study are relevant 
only to the chronic and not the acute phase after stroke. To draw valid 
conclusions about the predictive value of lesion size in the acute phase 
on long-term outcome, further studies are needed. 

5. Conclusion 

Our work provides insight into the association of the presumably 
rapidly implemented ABC/2 method and the time-consuming but more 
detailed segmentation technique, both frequently used to measure lesion 
size in clinical work and research. The results of the two volumetric 
techniques showed convergent validity, especially for measurements of 
relatively small lesions. Both the ABC/2 method and segmentation 
method were closely related to disease-specific outcome and processing 
speed with comparable correlation coefficients. However, the ABC/2 
technique may be preferable because of its rapid measurement of the 
lesion size. Compared to the time-consuming segmentation technique, 
ABC/2 facilitates clinical and research work as it requires relatively little 
time and is easy to apply. 

Our research contributes to a better understanding of the relation
ship between lesion size and long-term outcome in young patients after 
pediatric AIS. To better understand the implications of our results, 
future investigations could include a larger sample with patients in the 
acute phase after pediatric stroke and implement other volumetry 
techniques, such as i.e. computer-assisted approaches. Given the rise of 
artificial intelligence algorithms, semi-automated and fully automated 
programs likely present the future approach to measure lesion size. 
Samples with greater variability in lesion size and the inclusion of 
additional outcome measures could shed even clearer light on the pre
dictive power of different lesion size techniques on post stroke outcome. 

Table 5 
Controlling for the Influence of Age at Stroke on the Relationship between 
cognitive Variables and Relative Lesion size.   

N Segmentation p-value (1- 
sided) 

ABC/2 p-value (1- 
sided) 

PSOM 25 0.634 <.001⁂ 0.656 0.000⁂ 

Processing speed 
(Index) 

25 − 0.551 0.005** − 0.572 0.002⁂ 

Note. Nonparametric partial correlation coefficients on a selection of variables 
based on previous analyses. Relative volume was calculated for both ABC/2 and 
segmentation (%) as follows: absolute lesion size divided by total intracranial 
volume * 100. PSOM = Disease-specific outcome, higher scores indicate more 
problems. Values are rounded to three decimal places. 
**The correlation is significant if p < .01; ⁂Correlations remained significant 
after Bonferroni correction if p < .0038. 
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