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Background-—The purpose of this study was to define the incidence, imaging characteristics, natural history, and prognostic
implication of corticospinal tract Wallerian degeneration (CST-WD) in spontaneous intracerebral hemorrhage (ICH) using serial MR
imaging.

Methods and Results-—Consecutive ICH patients with supratentorial ICH prospectively underwent serial MRIs at 2, 7, 14, and
21 days. MRIs were analyzed by independent raters for the presence and topographical distribution of CST-WD on
diffusion-weighted imaging (DWI). Baseline demographics, hematoma characteristics, ICH score, and admission National Institute
of Health Stroke Score (NIHSS) were systematically recorded. Functional outcome at 3 months was assessed by the modified
Rankin Scale (mRS) and the motor-NIHSS. Twenty-seven patients underwent 93 MRIs; 88 of these were serially obtained in the first
month. In 13 patients (48%), all with deep ICH, CST-WD changes were observed after a median of 7 days (interquartile range, 7 to
8) as reduced diffusion on DWI and progressed rostrocaudally along the CST. CST-WD changes evolved into T2-hyperintense areas
after a median of 11 days (interquartile range, 6 to 14) and became atrophic on MRIs obtained after 3 months. In univariate
analyses, the presence of CST-WD was associated with poor functional outcome (ie, mRS 4 to 6; P=0.046) and worse motor-NIHSS
(5 versus 1, P=0.001) at 3 months.

Conclusions-—Wallerian degeneration along the CST is common in spontaneous supratentorial ICH, particularly in deep ICH. It can
be detected 1 week after ICH on DWI and progresses rostrocaudally along the CST over time. The presence of CST-WD is
associated with poor motor and functional recovery after ICH. ( J Am Heart Assoc. 2013;2:e000090 doi: 10.1161/JAHA.113.
000090)
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W allerian degeneration (WD) refers to the pathological
process of secondary degeneration of axons and

myelin sheaths that occurs distal to the site of acute injury to
the nerve cell body or proximal axon. It was first described
histopathologically by Waller in 1850.1 In the brain, WD

occurs after a variety of insults including ischemic stroke,
multiple sclerosis, traumatic brain injury, and intracerebral
hemorrhage (ICH).2–7

Wallerian degeneration in the brain is most commonly
identified along the corticospinal tract (CST) but can also occur
along other white matter tracts including the corpus callo-
sum.8,9 Histopathologically, WD begins in the first week after an
acute brain injury and progresses through several pathologi-
cally distinct stages over the next 3 to 6 months.10 In its early
stage, cessation of membrane energy-dependent transport
leads to cytotoxic edema and increased intracellular water.
Newer magnetic resonance imaging (MRI) sequences such as
diffusion-weighted imaging (DWI) and diffusion tensor imaging
(DTI) are exquisitely sensitive to altered tissue water content
and can therefore identify WD quite early.11–15 The early stage
of CST-WD can be detected on DWI as areas of reduced
diffusion along the CST-WD and on T2 and FLAIR (fluid
attenuated inversion recovery) as hyperintense (bright) areas
in the same location.2,5,6,13
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Spontaneous ICH affects about 1 million people worldwide
annually and is associated with a higher mortality and worse
functional outcome than ischemic stroke. Functional outcome
after stroke is highly dependent on the degree of motor
recovery. Early identification of patients who are likely to have
limited motor recovery is useful, not only for prognostication,
but also for appropriate patient selection into neurorecovery
and acute rehabilitation trials. Histologically, WD of the white
matter tracts in adults is irreversible because of limited
neuronal capacity for repair and regeneration.10,11 Therefore,
an association of CST-WD with poor motor recovery is
plausible, and CST-WD may in fact serve as a surrogate
imaging marker for poor functional recovery after ICH, similar
to what is known in pediatric and ischemic stroke patients.16–22

To our knowledge, the natural history and prognostic implica-
tions of CST-WD in ICH patients have not been systematically
studied.

In this report, we describe the incidence, MR imaging
characteristics, temporal profile, and prognostic implication of
CST-WD in a prospective cohort of 27 consecutive patients
with spontaneous supratentorial ICH using serial multimodal-
ity MRI. We hypothesized that patients with MRI evidence of
CST-WD would be more likely to have poor motor recovery
and worse functional outcomes than patients without
CST-WD.

Methods
After our institutional review board approval, consecutive
patients with supratentorial spontaneous ICH of ≥5 and
<100 cm3 with symptom onset <24 hours before admission
and a Glasgow Coma Scale (GCS) score of ≥6 were
prospectively enrolled after obtaining informed consent from
a patient or designated surrogate.23 Exclusion criteria
included the inability to undergo MRI because of metallic
objects or unstable medical condition, systemic disease with
a life expectancy <3 months, hematoma evacuation, recom-
binant factor VIIa administration, intraventricular hemorrhage
(IVH) with a Graeb score of ≥8 and ICH due to known or
suspected coagulopathy or underlying structural lesion.

Clinical Data
Patients were medically managed according to the contempo-
raneous AHA guidelines for ICH management.24 Demographic
and laboratory data were collected prospectively. Patients’
GCS, ICH score, and National Institute of Health Stroke Score
(NIHSS) were collected on admission. Functional outcome
scales including modified Rankin Scale (mRS), Barthel index
(BI), extended Glasgow outcome scale (eGOS), and NIHSS were
prospectively collected at 3 months by clinic follow-up or
telephone interview.

Imaging Protocol
All patients underwent a baseline noncontrast head CT. Serial
MR imaging was performed at prespecified time intervals on a
1.5-T GE Signa Horizon NV/i scanner (EXCITE III) equipped
with cardiac-enhanced gradients (40 mT/m): 48�12 hours,
7�1 days, 14�2 days, and, when feasible, 21�3 days after
ICH onset. MRI scans were characterized by the following
parameters: T1 localizer, axial T2, gradient recall echo (GRE;
repetition time/echo time=550/30 ms, 24 contiguous
sections, 2569256 matrix, field of view=24 cm, 5-/1.5-mm
slice thickness/gap), spin echo echo-planar imaging DWI
(2569256 acquisition matrix; field of view=24 cm; 5-/1.5-mm
slice thickness/gap; 20 to 23 contiguous sections; x, y, and z
axes averaged; b=0 and 1000 seconds/mm2; repetition
time/echo time=6000/72 ms) with corresponding apparent
diffusion coefficient (ADC) maps, fast spin-echo FLAIR imag-
ing (repetition time/echo time=8802/120 ms, 24 contiguous
sections, 5129512 matrix, field of view=24 cm, slice thick-
ness per gap=5/1.5 mm), 3-dimensional time-of-flight MR
angiography and T1 postgadolinium sequences.

Image Analysis
Hematoma volumes were measured on the admission CT and
the FLAIR sequence of the initial MRI with strong correlation
between these volumes (r2=0.93).23 Hematomas were classi-
fied as lobar or deep. Two experienced and board-certified
neuroradiologists and 2 board-certified stroke neurologists
independently reviewed DWI, ADC, T1, T2, FLAIR, and GRE
sequences on all MRIs for the presence of CST-WD along the
posterior limb of the internal capsule, cerebral peduncle, pons,
and medulla. Signal changes on DWI attributed to WD were
defined as areas of reduced diffusion (hyperintensity on b1000
and decreased intensity on ADC), on ≥2 consecutive levels (eg,
posterior limb of internal capsule and peduncle or peduncle and
pons) along the CST, in the absence of hemorrhage on the
corresponding CT slices, FLAIR, T1, and GRE sequences. The
DWI and ADC sequences were evaluated together, similar to
what is practiced in routine clinical MRI interpretation. When
there was ICH extension into the posterior limb of the internal
capsule, WD was identified along the CST caudal to the ICH
extension. Perihematomal edema was distinguished from WD
by the absence of restricted diffusion on ADC in the former. The
timing, appearance, and duration of persistence of CST-WD-re-
lated signal changes on DWI, ADC, T2, and/or FLAIR were
recorded for each patient. The corpus callosum was also
evaluated for WD changes using similar definitions on DWI/
ADC. When available, late (>3 months) MRIs were also
reviewed for atrophy in the same areas that previously
demonstrated WD-related restricted diffusion or T2 changes
in the CST-WD or corpus callosum.
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Outcomes
Poor functional outcome was categorized as follows: mRS, 4
to 6 versus 0 to 3; BI, <60 versus ≥60; eGOS, <4 versus ≥4;
NIHSS, 0 to 8 versus 9 to 19 versus ≥20; and motor-NIHSS
scores, 3 or 4 on either arm or leg versus 0 to 2 on both arm
and leg.18

Statistical Analysis
Interrater reliability for the presence of WD was assessed with
a kappa statistic. A kappa >0.8 was considered almost
perfect or excellent.25 The Mann–Whitney U test was used to
compare medians, the t test to compare means, and Fisher’s
exact test to compare proportions. Associations between
functional outcome and common ICH outcome predictors
including age, ICH location, ICH volume, history of hyperten-
sion, IVH, admission GCS, admission NIHSS, ICH score and
CST-WD were tested. All statistical tests were 2 tailed, and
the level of significance was defined at a<0.05. IBM SPSS
version 20 was used for statistical analysis.

Results

Demographics
Twenty-seven patients with spontaneous supratentorial ICH
were included in this study from 32 eligible patients. Reasons
for exclusion were: 1 each due to spinal deformity precluding
MR imaging, surgical hematoma evacuation due to deteriora-
tion, and withdrawal of care <7 days and 2 due to hospital
discharge <7 days. Of these 5 excluded patients, 3 had lobar
ICH. The excluded patients were similar to our final cohort,
with a mean age of 64�18 years and a median ICH score of 1
(0.75 to 3).

A total of 93 MRIs with DWIs were available for analysis, of
which 88 were obtained in the first month after ICH at the
following times (median [interquartile range]): MRI #1 (n=27)
at 29 hours (17.5 to 43.8 hours), MRI #2 (n=27) at 7.2 days
(6.6 to 8.5 days), MRI #3 (n=22) at 13.9 days (13 to 16 days),
and MRI #4 (n=12) at 22.1 days (19.7 to 24.1 days). Some of
the reasons for not getting the third and/or fourth MRIs were
hospital discharge (n=11), death within the first month (n=1),
withdrawal of consent (n=1), and refusal to undergo further
MRIs (n=2). Five late MRIs (3 deep and 2 lobar ICH) were
obtained, of which 4 were at 3 months and 1 was at 2 years.
Patients who had only 2 MRIs were similar to those who
received >2 MRIs with the exception of admission NIHSS (5
versus 12, P=0.07). All studies were of adequate quality for
interpretation.

All patients were diagnosed as having a primary supraten-
torial ICH after a standardized diagnostic workup that

included a detailed medical history, laboratory work including
toxicology, and an echocardiogram. MR angiography was
performed in all patients. Contrast angiography or CTA was
performed in selected patients on the basis of clinical
suspicion. Seventeen patients (63%) had deep ICH (Table 1).
The topography of the lobar hematomas was temporoparietal
(4), frontal (2), parieto-occipital (2), and parietal (2). Extension
into the motor cortex was seen in the 3 patients with either a
parietal or frontal hematoma.

Spatial Profile of Corticospinal Tract Wallerian
Degeneration
Thirteen patients (48%) exhibited CST-WD. Interrater reliability
for the presence of CST-WD on DWI/ADC was excellent, with
a kappa statistic of 0.82 (95% CI, 0.76 to 0.88) and an
absolute agreement of 91%. All 13 patients with CST-WD had
deep ICH versus 29% (4 of 14) of those without CST-WD
(P<0.0001). Of the 17 patients with deep ICH, 13 (76%) had
CST-WD. Extension of deep ICH into the posterior limb of the
internal capsule was seen in 13 patients (76%), of whom 9
(69%) had CST-WD below the caudal extent of ICH extension.
CST-WD was seen at the following levels in order of
frequency: ipsilateral cerebral peduncle (n=13), posterior limb
of the internal capsule (n=11), pons (n=6), and medulla (n=2)
(Figure 1).

Temporal Profile of Corticospinal Tract Wallerian
Degeneration
Wallerian degeneration was not observed on the initial MRI
in 6 of the 13 patients (46%) who eventually showed
CST-WD. The DWI changes of CST-WD were first identified in
the posterior limb of the ipsilateral internal capsule at a
median of 7 days (interquartile range [IQR], 7 to 8 days),
followed by the cerebral peduncle at a median of 7 days
(IQR, 4 to 8 days) and in the medulla at around 2 weeks
(IQR, 14 and 16 days) (Figure 2). In patients with CST-WD
identified at multiple levels, changes in the caudal portions
of the CST were observed later (median, 8 days; IQR, 7 to
10 days) than in the proximal portions (median, 7 days; IQR,
5 to 8 days).

Imaging Characteristics of Corticospinal Tract
Wallerian Degeneration
Corticospinal tract WD was first appreciated as high signal
intensity (ie, bright) on DWI and as corresponding hypointen-
sity (ie, dark) on ADC. Reduced diffusion on ADC lasted for a
median of 11 days (IQR, 8 to 12 days) before becoming
hyperintense. T2/FLAIR showed hyperintensity in the same
areas at a median of 11 days (IQR, 6 to 14 days) in 12 of 13
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patients. None of the patients in this cohort had CST-WD
identified first on T2/FLAIR in the later MRIs without it being
already evident on DWI/ADC.

Three patients with deep ICH who had acute CST-WD DWI
changes had a follow-up MRI at >3 months. In these patients,
there was persistent T2 hyperintensity, particularly in the
cerebral peduncle with ipsilateral peduncular atrophy.

Corpus Callosum Wallerian Degeneration
Three patients with lobar ICH (2 parieto-occipital and 1 parietal)
had reduced diffusion on DWI/ADC at a median of 9 days in the
splenium of the corpus callosum (Figure 3). One of these
patients had an MRI at >3 months, and this showed persis-
tent T2 hyperintensity in the splenium with splenial atrophy.

Table 1. Baseline Demographics of 27 ICH Patients Grouped by Those With and Without Corticospinal Tract Wallerian
Degeneration on MRI

Patient Characteristics WD in the CST (n=13) No WD in the CST (n=14) P Value

Age (y), mean 55 65 0.082

Women 31% 29% 1

Deep ICH, n=17 100% 29% <0.0001

ICH etiology

Hypertension 100% 64% 0.041

Cerebral amyloid angiopathy 21%

Unknown 15%

Median ICH volume (cc) 31 (18 to 50) 25 (16 to 52) 0.65

IVH extension 46% 7% 0.03

Location of WD

Internal capsule 11 (85%)

Cerebral peduncle 13 (100%)

Pons 6 (46%)

Medulla 2 (15%)

Corpus callosum* 3 (21%)

Admission GCS, median (IQR) 12 (9.5 to 15) 15 (13 to 15) 0.44

Admission NIHSS, median (IQR) 17 (12 to 22) 8 (6 to 12) 0.002

No. of MRIs/patient, median (IQR) 3 (3 to 4) 3 (2 to 4) 0.28

Timing of MRIs, median (IQR)

MRI #1 (in hours), n=27 29 (18 to 41) 32 (17 to 46) 0.68

MRI #2 (in days), n=27 7 (6.8 to 8.1) 7 (6 to 9) 1.0

MRI #3 (in days), n=22 14 (13 to 15) 15 (14 to 18) 0.13

MRI #4 (in days), n=12 21 (19 to 23) 25 (21 to 26) 0.15

Three-month outcome, median (IQR)

NIHSS 10 (8 to 11) 5 (2 to 19) 0.17

NIHSS (0 to 8/9 to 19/≥20) 31%/69%/0% 71%/7%/21% 0.001

Modified Rankin score 4 (4 to 4) 3 (2 to 5) 0.42

Modified Rankin 4 to 6 85% 43% 0.046

eGOS ≥4 2 (17%) 8 (57%) 0.051

Barthel index 30 (20 to 50) 73 (0 to 100) 0.25

Barthel index <60 10 (77%) 7 (50%) 0.24

Motor-NIHSS 5 (3 to 6) 1 (0 to 2) 0.001

WD indicates Wallerian degeneration; CST, corticospinal tract; ICH, intracerebral hemorrhage; MRI, magnetic resonance imaging; IVH, intraventricular hemorrhage; GCS, Glasgow Coma
Scale; NIHSS, National Institute of Health Stroke Score; eGOS, extended Glasgow outcome scale; DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficient.
*Three patients with lobar ICH (2 parieto-occipital and 1 parietal) had DWI/ADC changes of presumed wallerian degeneration in the splenium of the corpus callosum.
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Functional Outcome in Patients With
Corticospinal Tract Wallerian Degeneration
At the 3-month follow-up, patients with CST-WD had a trend
(though not statistically significant in this sample size) for
worse median BI scores (30 [20 to 68] versus 72 [33 to 98],
P=0.251) and a higher proportion of patients with BI <60 (77%
versus 50%, P=0.236). Motor-NIHSS was significantly differ-
ent between groups (5 versus 1, P=0.001). The results of
univariate analyses are shown in Table 2. The presence of
CST-WD was associated with worse functional outcomes
including mRS 4 to 6 (85% versus 43%, P=0.046) and eGOS
≥4 (17% versus 57%, P=0.051).

Discussion
In this report we describe the incidence, spatial and temporal
evolution, and prognostic significance of CST-WD in 27
patients with supratentorial primary ICH who underwent serial
MR imaging at predefined times during the first month after
ICH. We observed that CST-WD was detected on DWI/ADC as
early as the first week after ICH, particularly in the rostral
portion of the CST in 48% of our cohort, all of whom had deep
ICH. Most importantly, the presence of CST-WD was associ-
ated with poor functional outcome on the 3-month mRS.

The CST-WD was evident on DWI/ADC only in patients
with deep ICH. The association of CST-WD with IVH is likely
because of this being a surrogate maker for deep ICH.
Although it would have been reasonable a priori to exclude

patients with ICH topography away from the CST or the
motor cortex because of a low chance of damaging CST
motor fibers, we chose not to do this, as the data on who
develops CST-WD after ICH are scarce. For example, lobar
ICH, despite being of reasonable size and extending into the
motor cortex in 3 of our patients, did not produce CST-WD
changes on DWI/ADC in our cohort. This observation differs
from observations in acute ischemic stroke involving the
MCA territory, where CST-WD has been reported even with
moderate-sized strokes.13,18 We hypothesize that the lobar
ICHs in our cohort (median volume, 44 cc) may not have
been extensive enough to injure a sufficient number of cell
bodies/axons to produce signal changes on DWI/ADC in
the CST. Alternatively, we may have missed subtle changes
that may be detected by a more sensitive technique such
as DTI. The importance of location is underscored by the
finding that ICH volume itself was not associated with
CST-WD.

Wallerian degeneration of the splenium has been described
in the literature from pathological studies and DTI in patients
with destructive lesion of the cerebral hemispheres (eg,
middle cerebral artery stroke).26,27 We postulate that the
splenial reduced diffusion in the acute stage after lobar ICH is
consistent with WD of the corticocallosal fibers that connect
the temporal and parietal lobes to the splenium. This again
underscores the importance of the location of ICH (ie, deep) in
causing CST-WD.

We used routine DWI/ADC sequences to detect CST-WD
(as opposed to using, for example, DTI or quantitative ADC

Figure 1. Wallerian degeneration (WD) in the corticospinal tract. Diffusion-weighted imaging (DWI) and corresponding apparent diffusion
coefficient (ADC) maps in 3 patients with WD along the corticospinal tract. Early on, WD appears bright on DWI and dark on ADC (ie, reduced
diffusion). WD along the corticospinal tract, typically observed in deep hemorrhages, is shown in the internal capsule (A), the cerebral peduncle
(B), the pons (C), and the medullary pyramid (D).
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analyses), as this sequence is readily available on routine
clinical MRIs and can be interpreted by clinicians without
requiring sophisticated quantitation of ADC parameters.18 The
DWI/ADC changes of CST-WD were easy to detect visually
and highly reproducible among independent raters.

The relative straightforwardness of visually detecting
CST-WD in ICH attests to the exquisite sensitivity of DWI to
cytotoxic edema occurring in early WD (within the first week)
from focal axonal swelling because of cessation of
energy-dependent transport.11,28,29 In a recent article, a
decrease in axonal neurofilament staining due to WD was
seen as early as 1 to 3 days along the ipsilateral CST with a
corresponding DWI hyperintensity/ADC reduction in a rat

model of unilateral cortical/subcortical ischemic insult.29 This
supports the notion that early DWI/ADC changes along the
CST do indeed correspond to early stages of WD. The
variation in reports in the literature of CST-WD producing
reduced versus facilitated diffusion on DWI/ADC is likely a
result of variability in timing of the MRI.30–32

It is important that CST-WD changes on DWI in patients
with spontaneous ICH are not confused with ischemia, tissue
compression, or spread of perihematomal edema along the
white matter tracts.33 The DWI changes along a well-defined
tract (ie, CST),34 nonconformation to a single vascular
territory, and the rostrocaudal progression along the CST
over time should help to avoid misinterpretation.

Figure 2. Spatial and temporal evolution of Wallerian degeneration in a single patient. Serial diffusion-weighted imaging magnetic resonance
images (MRIs) are shown for a single patient with a putaminal hemorrhage, obtained 2 days, 1 week, and 2 weeks after symptom onset.
Corresponding fluid attenuated inversion recovery (FLAIR) sequences are shown at 3 months. A, Internal capsule. B, Cerebral peduncle. C, Pons.
D, Medulla. Restricted diffusion appears along the ipsilateral corticospinal tract at 1 week in the posterior limb of the internal capsule, cerebral
peduncle, and pons (arrows). At 2 weeks restricted diffusion appears in the medullary pyramid (arrow). At 3 months, areas that previously showed
restricted diffusion are hyperintense on FLAIR and have undergone atrophy (arrows).
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In neonatal and adult ischemic stroke, early CST DWI
changes correlate with the degree of long-term motor and
functional recovery.16–22,35,36 Similarly, in our ICH cohort, the
presence of CST-WD was associated with worse 3-month
motor outcome on motor-NIHSS and worse functional
outcome on mRS and eGOS. Given the sample size in this
cohort, we are unable to definitively conclude whether these
associations are independent of known ICH prognostic factors
such as age and hematoma volume.

A potential limitation of this study is also the nonavail-
ability of all 4 MRIs in all patients. Five patients had only
the first 2 MRIs (3 lobar, 2 deep), but there was no
difference in the timing of these MRIs from that of the rest
of the cohort. We acknowledge that we may have missed
DWI changes in CST-WD or the corpus callosum, particularly
if the early DWI changes were subtle.7 We think that this
scenario is less likely because we did not observe any
CST-WD changes on T2/FLAIR in the rest of the patients
who had more longitudinal MRIs without already having
identified these changes initially on DWI. Further, of the 5
patients who had only 2 MRIs, 3 had lobar ICH. As
mentioned previously, none of the lobar ICH had CST-WD
despite extension of the ICH in the motor cortex. However,
we may have missed corpus callosum WD in the lobar ICH
patients with only 2 MRIs.

The strengths of our study are its prospective design with
systematic, serial MR imaging in patients with primary ICH
who are likely to survive to hospital discharge. Limitations
include the modest sample size, fewer MRIs after the first
2 weeks, the lack of quantitative MRI analyses, and the
absence of concurrent pathology. Despite these limitations,
we found that CST-WD can be easily detected by routine MRI
1 week after spontaneous ICH, and this is associated with
poor motor and functional recovery after ICH.

Figure 3. Wallerian degeneration in the corpus callosum. Diffu-
sion-weighted imaging (DWI) and corresponding apparent diffusion
coefficient (ADC) map in a patient with a large parieto-occipital lobar
intracerebral hemorrhage, showing reduced diffusion (bright on DWI
and dark on ADC) in the splenium of the corpus callosum from
Wallerian degeneration.
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Conclusions
In summary, CST-WD is common after primary supratentorial
ICH, especially in those with deep ICH, and can be readily
detected early, by the end of the first week on routine DWI/
ADC sequences. In adult ICH, CST-WD is an underappreciated
finding. The presence of CST-WD is a marker for poor motor
recovery and functional outcome, and its routine detection in
ICH patients may facilitate prognostication and patient
selection for neuroprotection and rehabilitation trials. Future,
larger studies will be needed to determine if CST-WD as
detected on routine MRI offers independent prognostic
information for functional outcome.
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