
RESEARCH

Translational Stroke Research (2024) 15:893–901
https://doi.org/10.1007/s12975-023-01168-y

	
 Muhammad E. Haque
Muhammad.E.Haque@uth.tmc.edu

1	 Institute for Stroke and Cerebrovascular Diseases and 
Department of Neurology, McGovern Medical School, The 
University of Texas Health Science Center, 6431 Fannin 
Street, Houston, TX 77030, USA

2	 Department of Neurosurgery, McGovern Medical School, 
The University of Texas Health Science Center, Houston, 
USA

3	 Department of Biostatistics and Data Science, School of 
Public Health, McGovern Medical School, The University of 
Texas Health Science Center, Houston, USA

4	 Department of Interventional Diagnostic Radiology, 
McGovern Medical School, The University of Texas Health 
Science Center, Houston, USA

5	 Stroke Research and Mobile Stroke Unit, Department of 
Neurology, Memorial Hermann Hospital, Houston, USA

6	 Department of Neurology, Neurohospitalist and Stroke 
Section, University of Colorado School of Medicine, Aurora, 
USA

Abstract
Deep intracerebral hemorrhage (ICH) exerts a direct force on corticospinal tracts (CST) causing shape deformation. Using 
serial MRI, Generalized Procrustes Analysis (GPA), and Principal Components Analysis (PCA), we temporally evalu-
ated the change in CST shape. Thirty-five deep ICH patients with ipsilesional-CST deformation were serially imaged on 
a 3T-MRI with a median imaging time of day-2 and 84 of onset. Anatomical and diffusion tensor images (DTI) were 
acquired. Using DTI color-coded maps, 15 landmarks were drawn on each CST and the centroids were computed in 3 
dimensions. The contralesional-CST landmarks were used as a reference. The GPA outlined the shape coordinates and we 
superimposed the ipsilesional-CST shape at the two-time points. A multivariate PCA was applied to identify eigenvectors 
associated with the highest percentile of change. The first three principal components representing CST deformation along 
the left-right (PC1), anterior-posterior (PC2), and superior-inferior (PC3) respectively were responsible for 57.9% of shape 
variance. The PC1 (36.1%, p < 0.0001) and PC3 (9.58%, p < 0.01) showed a significant deformation between the two-time 
points. Compared to the contralesional-CST, the ipsilesional PC scores were significantly (p < 0.0001) different only at the 
first-timepoint. A significant positive association between the ipsilesional-CST deformation and hematoma volume was 
observed. We present a novel method to quantify CST deformation caused by ICH. Deformation most often occurs in left-
right axis (PC1) and superior-inferior (PC3) directions. As compared to the reference, the significant temporal difference 
at the first time point suggests CST restoration over time.
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Introduction

Intracerebral hemorrhage (ICH) accounts for 10–20% of all 
strokes and carries the highest disability rates among survi-
vors [1]. After ICH, the primary cause of brain injury results 
from the mechanical force induced by the growing hema-
toma causing brain tissue compression and a significant 
increase in intracranial pressure (ICP) [2–4]. Furthermore, 
the extravasated blood increases toxic components within 
the brain parenchyma, such as thrombin, proteases, and 
hemolysis products, which ultimately lead to increased oxi-
dative stress, neuroinflammation, brain blood barrier (BBB) 
disruption, and edema [5–9].

Among patients with hematoma involving the corticospi-
nal tract (CST), limb impairment remains the primary cause 
of disability [10–12]. Post-ICH physical rehabilitation is an 
integral part of clinical care, but the integrity of CST, the pri-
mary communication pathway between the motor function 
and impaired limb, is rarely evaluated via imaging. Several 
post-ICH imaging studies have shown CST injury and lack 
of tract continuity, yet we have a poor understanding of the 
morphological changes to the CST caused by ICH. There is 
a significant knowledge gap regarding the neuroanatomical 
changes to the CST. To develop better treatments to pro-
mote neurological recovery, we need a better understanding 
of neuroanatomical distortions to the CST.

Non-invasive diffusion tensor imaging (DTI) has emerged 
as a key tool for assessing the microstructural integrity of 
white matter tracts, also known as tractography. It exploits 
both the magnitude and orientation of water molecules dif-
fusion as a tracer to probe tissue integrity [13–16]. However, 
tractography has been criticized for being strongly biased. 
Therefore, the present study leverages a novel concept of 
morphometric analysis, known as Generalized Procrustes 
Analysis (GPA), to evaluate the temporal change in CST 
shape after ICH. GPA is a statistical analysis method used 
to compare the shape of an object by superimposing and 
minimizing the Procruste’s distance or shape differences 
[17–22]. Recently, the morphological difference in shape 
has been used to assess several neurological disorders such 
as Chiari malformation, restless leg syndrome, mesial tem-
poral sclerosis, and aging [23–26]. To the best of our knowl-
edge, this is the first study evaluating the temporal change 
in the CST shape and its association with the hematoma size 
and recovery among patients with ICH.

Methods

Patient Enrollment & Human Protection

This study was approved by the institutional review board of 
the University of Texas Health Sciences Center at Houston 
and by the Memorial Hermann Hospital Office of Research. 
In this retrospective analysis, patients were pooled from the 
3 serial imaging studies of patients with ICH. Two studies 
were prospective observational studies and the third was a 
double-blinded clinical trial testing pioglitazone.

The inclusion criteria for our cohort were spontaneous 
supratentorial ICH, age 18–80 years, baseline hematoma 
volume < 100 mL and National Institutes of Health Stroke 
Scale (NIHSS) < 25, CST involvement, availability of the 
DTI at two-time points. Patients with a brain tumor, trau-
matic brain injury, cerebral aneurysm, arteriovenous mal-
formation, claustrophobia, or metal implantation were 
excluded. A total of 54 patients were screened and 35 ICH 
patients were included. The patient enrollment is summa-
rized in Fig 1.

Neurological and Radiological Assessments

All participants underwent baseline and serial assessment of 
neurological deficits via the NIHSS. Computed tomography 
(CT) or magnetic resonance imaging (MRI) was obtained 
within 6–24 h of ICH onset as part of the standard of care 
without quantitative MRI. The serial MRIs were obtained 
with a median time of 2 (V1 = visit1) and 84 (V2 = visit2) 
days of onset. The qualitative radiological assessment 
included the presence of a mass effect, midline shift, and the 
development of Wallerian Degeneration (WD). The quanti-
tative measurement included changes in hematoma volume 
and the ipsilesional CST shape.

MRI Data Acquisition

Serial images were obtained using two different Philips and 
one GE full-body 3.0 T MRI systems because images were 
obtained both as in and out-patients. Anatomical images 
included both the 2D and 3D T1-weighted (2D = TR/
TE = 600/13 ms, imaging matrix (MTX) = 256 × 256, 
slice thickness = 5  mm; 3D = TR/TE = 8.11/3.74 ms, 
imaging matrix size = 256 × 256 × 180 mm3, slice thick-
ness = 1 mm), fluid-attenuated inversion recovery (FLAIR 
2D TR/TE = 11,002/154 ms, MTX = 256 × 256, Slice Thick-
ness = 5  mm; 3D TR/TE = 4800/129 ms, imaging matrix 
size = 256 × 256 × 180 mm3, slice thickness = 1  mm), 2D 
dual gradient echo (TR/TE1/TE2 = 1000/16/32 ms, MTX 
256 × 256 = slice thickness = 3  mm) and quantitative DTI 
(TR/TE = 9.5  s/66 ms, b-value = 0, 1000  s/mm2, number 
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of gradient orientations = 21, image matrix = 128 128, slice 
thickness = 3 mm). The inpatient DTIs were acquired using 
30 directions.

Image Processing

The DTI image preprocessing was done using FSL (http://
www.fmrib.ox.ac.uk), including image alignments, eddy 
current correction, and skull stripping. The T1-weighted and 
or FLAIR images were registered to a standard brain image 
in MNI (Montreal Neurological Institute template) space. 
The transformation metrics were applied to DTI fractional 
anisotropy and principal eigenvector V1 maps which were 
modulated using linear interpolation to create color-coded 
fractional anisotropy (FA) maps.

Shape Analysis

The lesion’s laterality was flipped to aligned ipsilesional 
and contralesional CST. Using a coronal view of FA color 
maps, 15 mask/regions of interest (ROI) were drawn across 
both ipsilesional and contralesional CST, 15  mm apart, 
originating from pons to cortex at V1 and V2 follow-up 
MRI as shown in Fig 2 C and Fig 2D. A centroid (i.e., the 
median of the volume at three intersecting coordinates) of 
each mask was computed. A control dataset was simulated 
using the contralesional CST centroid and mirrored to the 
ipsilesional hemisphere, which was used as the reference 
shape. For quality assurance, we also compared the centroid 
displacement using the contralesional CST and a white mat-
ter atlas CST template. Overall, using 3-dimensional mea-
surements of the included patients, three sets of data, and 30 

coordinates used to define the CST shape in each patient, 
a total of 9,450 data points were created. The coordinates 
of the shape were determined via centroid and are referred 
to as landmarks. The landmark configuration of all patients 
was subjected to a GPA.

Generalized Procrustes Analysis (GPA)

A GPA was used to align all shapes as closely as possible 
[19]. In the present study, the contralesional CST was used 
as the reference shape. All other shapes in the sample are 
superimposed onto the reference shape via translation, rota-
tion, and uniform scaling. A mean shape is computed from 
the set of superimposed shapes. If the Procrustes distance 
between the mean shape and the initial reference shape is 
non-significant, the mean shape makes a new reference, 
and all patients’ CST shapes are superimposed onto it. The 
resulting shapes in the sample are precisely superimposed 
with minimal distance between all landmark coordinate 
points, and a Principal Component Analysis (PCA) was 
applied.

Principal Component Analysis (PCA)

The Procrustes landmark coordinates were subjected to a 
PCA to ordinate shapes by arranging in Kendall’s shape 
space wherein every possible landmark coordinate point 
was represented by a single point in a multidimensional 
space [21, 27, 28]. The distances between points in the 
shape space correspond to the magnitude of the shape dif-
ferences encompassing all possible variations in the ipsile-
sional tract (as mapped by the initial landmark coordinate 

Fig. 1  Summarize the patient’s cohort in this serial image analysis study
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(n = 3) originated in the external capsule, frontoparietal, or 
frontal lobe. The first MRI (either clinical care or research) 
revealed parenchyma mass effects in all participants with 
85.7% had a midline shift. During the study, 20% of patients 
exhibited the presence of Wallerian Degeneration identified 
by asymmetrical MRI signal abnormality in the brain stems. 
Patients median NIHSS decreased from 13(IQR = 8–16) to 
3(IQR = 1–7) between the two imaging time points. The 
individual patient’s demographic and clinical assessment is 
summarized in Table 1.

Fig-2 A and Fig-2B demonstrate a significant reduction 
(16.37 ± 27.28 to 3.63 ± 5.01  cc, p < 0.0001) in hematoma 
volume and temporal change in the ipsilesional CST shape 
between the two time points after the ICH. Fig-2  C and 
Fig-2D are DTI color maps showing the deformation and 
restoration of the ipsilesional CST shape (superior-inferior 
blue fiber bundle) at baseline and after three months, respec-
tively. The temporal deformation of the ipsilesional CST 
shape coordinate among all patients is summarized inFig-
2E. Compared to the contralesional CST, the baseline ipsile-
sional landmarks (red dots) were displaced or deformed as 
illustrated; however, over time, the CST shape was restored 
(blue dots) to its pre-ICH location. No significant deforma-
tion was noted in the control (green dots) contralesional 
CST over time.

points). The first three principal components i.e., PC1, PC2, 
and PC3 captured shape changes along the left-right, ante-
rior-posterior, and superior-inferior orientation respectively.

Statistical Analysis

The PC scores were subjected to a multivariate analysis of 
variance (MANOVA) to evaluate temporal differences in the 
CST shape variance [22, 29]. Both the GPA and PCA were 
performed using EVAN-Toolbox software (Version 1.75; 
EVAN-Society, e.V). In addition, we used generalized linear 
mixed-effect (GLM) models to associate hematoma volume 
and NIHSS to the first 10 PC scores over time because these 
covered a significantly larger percentage of variance.

Results

Demographics and Clinical Information

Thirty-five ICH patients, 26 men and 9 women with an 
average age of 52.1 ± 9.4 years were serially imaged with 
median MRI time of V1 = 2 (IQR = 1–5) and V2 = 84 
(IQR = 56–101) days of onset. All patients had hematoma 
involving the CST, with 91.1% (n = 32) originating in the 
basal ganglia or thalamus whereas the remaining 8.57% 

Fig. 2  Temporal changes in the hematomal tissues and corticospi-
nal tracts (CST) in a representative patient are shown. A significant 
(p < 0.01) reduction in the hematoma volume between visit-1 (A) and 
visit-2 (B) is shown on a coronal view of a fluid-attenuated inversion 
recovery. The temporal change in the CST is illustrated by DTI color-
coded maps at visit-1 (C) and visit-2 (D). Using principal component 

analysis, an overall change in the ipsilesional and contralesional CST 
shape is depicted in (E) using color code landmarks. At visit-1, the 
ipsilesional CST (red) shape was significantly (p < 0.0001) different in 
shape than the reference mirrored contralesional (green) shape. At visit 
− 2 (blue), the ipsilesional CST exhibited no significant difference as 
compared to the reference CST shape
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minimal superimpose as compared to the reference shape, 
as shown in Fig 3A (red). At the V2, the ipsilesional shapes 
were much closer to each other and better superimposed 
with the reference shape and with no significant difference 
between them.

The multivariate analysis of variance (MANOVA) 
showed that the first three principal components account 
for the majority of variance and are cumulatively respon-
sible for 57.89% of all shape variance. The first principal 

CST Shape Variance

Fig 3 A illustrates the shape change in individual partici-
pants’ ipsilesional CST over time in the first three principal 
spatial component scores. The reference shape (contral-
esional CST) is shown in green, where the coordinates were 
more closely superimposed with minimal distance between 
the coordinates. At the V1, the ipsilesional CST shape’s 
coordinates were more dispersed with larger distances, and 

Table 1  Patient demographics and clinical assessments
Demographic Clinical Profile
No of patients enrolled 35
Gender Male = 26 (74.2%), Female = 9 (25.7%)
Age (years) 52 ± 9.4
Laterality Left = 17 (53.6%), Right = 18 (51.4%)
Median Baseline NIHSS 15 (IQR = 6–17)
Median NIHSS V1 13 (IQR = 8–16)
Median NIHSS V2 3 (IQR = 1–7)
Median Baseline Blood Pressure (mm of Hg) 198/108 (IQR = (198/108–222/133)
V1 Median MRI (days) 2 (IQR = 1–5)
V2 Median MRI (days) 84 (IQR = 56–99)
Radiological Assessment
Average Hematoma Volume (cc) at V1 and V2 16.3 ± 27.2 and 3.63 ± 5.05
Location Basal Ganglia and Thalamus (91.5%)

Frontal, Parietal lobe (8.5%)
Median Midline-Shift 85.7%
Mass Effect 100%
Wallerian Degeneration 20%
IQR = Interquartile Range, BP = Blood Pressure, NIHSS = National Institute of Health Stroke Score, V1 = Visit one, V2 = Visit 2

Fig. 3  Illustrates the temporal changes in ipsilesional CST shape vari-
ance in the first three principal components (P1, PC2, and PC3). Using 
Kendall’s shape space, after principal components analysis, the Pro-
crustes coordinate landmarks are represented as a single point in a 
multidimensional space. The distance between any given point repre-
sents the magnitude of the difference in shape. A illustrates the change 
in ipsilesional CST shape variance in the PC1, PC2, and PC3 at visit-1 
(red) and visit-2 (blue) as compared to the reference shape (green). 
Fig-A illustrates the change in ipsilesional CST shape variance in the 

PC1, PC2, and PC3 at visit-1 (red) and visit-2 (blue), as compared to 
the reference shape (green). The ipsilesional CST shape variance was 
58.3% among the first three principal components’ scores variance. As 
compared to the reference shape, the baseline shape exhibits signifi-
cant differences, which were restored at the follow-up imaging. The 
box plots in B are a quantitative summary of shape variance in the first 
three PCs with significant (p < 0.001) differences in PC1 at the baseline 
variance shape variance in PC1
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no significant difference as compared to the contralesional 
CST. These results are summarized in Table 2.

Also, there was no significant difference when comparing 
the contralesional CST centroid (4.47 ± 1.0  mm) with the 
standard brain atlas-based CST template (4.25 ± 1.1  mm, 
p = 0.62).

Fig-3B illustrates that the PC1 scores of variances were 
temporally significantly different between the two time 
points as well as in the contralateral CST shape. The PC3 
score of variance was also significantly different between 
the two time points whereas no significant difference along 
the PC2 was observed.

component (PC1, left-right) accounts for 36.12% of total 
ipsilesional CST shape variance, whereas the second 
(PC2, anterior-posterior) and third (PC3, superior-inferior) 
are 12.18% and 9.58%, respectively. Significant differ-
ences in shape were observed between V1 and V2 at PC1 
(p < 0.00001) and PC3 (p < 0.01) with the greatest variance 
of F = 18.00 and F = 7.271 respectively. When compared 
to the contralesional CST at V1, a significant difference in 
shape was observed only along PC1 (p < 0.0000), exhibit-
ing the greatest variance F = 24.53, and no significant differ-
ences were observed at PC2 (p = 0.39) and PC3 (p = 0.18). 
However, at V2, all three principal components exhibited 

Table 2  Summary of multivariate analysis of variance (MANOVA)
Visit 1 to Visit 2 Comparison
MANOVA DF Pillai F DEN DF Pr 

(> F)
Time 1 0.28127 8.60960 66 0.0000
Residuals 68

DF Sum Sq Mean Sq F Pr 
(> F)

PC 1    Time 1 0.07003 0.07003 18.00 0.0000
Residual 68 0.26453 0.00389
PC 2    Time 1 0.00039 0.00039 0.204 0.6530
Residual 68 0.13050 0.00192
PC 3    Time 1 0.00991 0.00991 7.271 0.0088
Residual 68 0.09267 0.00136
Visit 1 to Contrlateral Comparison
MANOVA DF Pillai F DEN DF Pr 

(> F)
Time 1 0.29725 9.30550 66 0.0000
Residuals 68

DF Sum Sq Mean Sq F Pr 
(> F)

PC 1    Time 1 0.09912 0.09913 24.53 0.0000
Residual 68 0.27483 0.00404
PC 2    Time 1 0.00107 0.00106 0.722 0.3985
Residual 68 0.10028 0.00147
PC 3    Time
Residual

1
68

0.00231
0.08888

0.00231
0.00131

1.767 0.1882

Visit 2 to Contrlateral Comparison
MANOVA DF Pillai F DEN DF Pr 

(> F)
Time 1 0.06355 1.49300 66 0.2246
Residuals 68

DF Sum Sq Mean Sq F Pr 
(> F)

PC 1    Time 1 0.00252 0.00252 1.004 0.3199
Residual 68 0.17073 0.00251
PC 2    Time 1 0.00017 0.00016 0.134 0.7157
Residual 68 0.08389 0.00123
PC 3    Time
Residual

1
68

0.00265
0.04775

0.00265
0.00070

3.774 0.0562

DF = degrees of freedom; Pillai = Pillai’s Trace test statistic; F = F statistic; DEN DF = The number of degrees of freedom associated with the 
model errors; Pr(> F) = The p-value associated with the F statistic; Sum Sq. = Sum of squares; Mean Sq. = Sum of squares divided by the 
degrees of freedom.
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is further supported by recent animal studies, where using 
histology and myelin basic protein immunohistochemis-
try, the authors showed the presence of white matter fibers 
within the hematoma cavity up to two months of ICH [30]. 
Our findings are also consistent with the study by Nova-
kovic et al. among ICH patients in which they demonstrated 
the presence of white matter within the hematoma that did 
not decrease at 30-day follow-up [30, 31]. In an exploratory 
analysis (unpublished data) we also compared the aver-
age fractional anisotropy (FA), an imaging matric measure 
water molecule diffusion hindrance in fibers, in both the 
ipsilesional and contralesional landmarks. As compared to 
the contralesional, ipsialsional fiber exhibited significantly 
lower FA but temporally no significant change between the 
two time points. Nonetheless, despite the restoration of CST 
shape, there was no significant correlation with changes in 
the neurological deficit scale, the NIHSS. This scale was 
not designed to measure neurological recovery but was the 
only scale available in our cohort. Furthermore, 20% of 
patients exhibited anterograde axonal disintegration and 
demyelination, which hindered recovery. Although Walle-
rian degeneration (WD) represents a cellular phenomenon, 
asymmetric MRI signal intensity in the brainstem outside 
the affected vascular territory and the evidence of cerebral 
peduncle atrophy are considered hallmarks of WD [32–34]. 
In future studies, we plan to utilize domain-specific end-
points, such as the Fugl-Meyer score for upper extremity 
function [35], to further investigate the relationship between 
ipsilesional CST shape and motor function recovery.

Recent advancements in DTI provided a non-invasive 
tool to evaluate the microstructural integrity of white mat-
ter tracts via a direct or probabilistic tractography method. 
Using diffusion tensor tractography (DTT) several studies 
have shown that as compared to the contralesional CST, 
the ipsilesional CST fibers either failed to propagate or 
exhibited significantly lower fibers volume [36–40]. How-
ever, such studies fail to explain whether lower ipsilesional 
CST volume is due to fiber loss or inability to propagate 
because of method limitations. In addition, DTT has been 
strongly criticized for its subjectivity [41]. Thus, to address 
this shortcoming, we incorporate a novel non-invasive 
quantitative morphometric method to predict and evaluate 
post-stroke recovery. Although in this study we used DTI 
colormap to place landmarks, however, we do not have to 
have a DTI colormap for this kind of analysis.

The application of geometric morphometrics, either 
using thin-plate spline deformation or Procrustes analysis 
methods, has proven as a viable tool for assessing mul-
tiple neurological disorders. For instance, the change in 
putamen shape has been used as an early biomarker of 
Parkinson’s disease onset, whereas an altered corpus cal-
losum morphometry has been associated with restless leg 

CST Shape Variance and Recovery

The GLM indicated that hematoma volume and NIHSS 
are positively correlated over time whereas PC1 and PC2 
exhibited a significant (p < 0.05) negative correlation only 
with hematoma size and not correlated with the NIHSS. 
These results are summarized in Table 3.

Discussion

The present study utilized the landmark-based geometrical 
morphometric method to evaluate the temporal changes in 
the ipsilesional CST shape and its association with hema-
toma volume and patient’s neurological deficits after ICH. 
We used Procrustes analysis to evaluate the change in CST 
shape after ICH. Unfortunately, high spatial resolution MRI 
is not routinely integrated as part of a patient’s standard of 
care, resulting in substantial gaps in our understanding of 
neuroanatomical damage and potential neurorestoration of 
specific brain structures. Through serial MRI and the Pro-
crustes analysis, we demonstrated a significant change in 
the ipsilesional CST shape at the initial time point, which 
subsequently reverted to its original shape following hema-
toma and edema resolution. We speculate that the resulting 
mass effect and increase in ICP, as well as the perihemato-
mal edema growth, were responsible for the CST deforma-
tion at the first time point. The restoration of the ipsilesional 
CST shape indicated that the fibers were either displaced 
or compressed from their natural location during the acute 
phase, as shown both quantitatively through DTI color-
coded maps and quantitatively via PCA. This phenomenon 

Table 3  A summary of association among hematoma volume, time, 
NIHSS, and PC scores
The Fixed Effect of Hematoma Size

Estimate Std. 
Error

t value Pr(>|z|)

(Intercept) -8.979 0.168 -53.533 0.000
Time V1 10.947 0.184 59.602 0.000
Time V2 9.831 0.163 60.169 0.000
PC 1 -2.814 1.283 -2.194 0.028
PC 2 -5.836 2.556 -2.284 0.022
PC 3 -4.169 2.828 -1.474 0.140
The Fixed Effect of NIHSS

Estimate Std. 
Error

t value Pr(>|z|)

(Intercept) -9.221 0.117 -78.610 0.000
Time V1 11.744 0.176 66.698 0.000
Time V2 10.648 0.152 69.941 0.000
PC 1 0.828 1.131 0.732 0.464
PC 2 0.268 1.758 0.153 0.879
PC 3 -0.270 2.070 -0.130 0.896
Pr (>|Z|) statistically significant at the significance level of 0.05
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