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Abstract: White matter (WM) injury and survival after intracerebral hemorrhage (ICH) has received
insufficient attention. WM disruption surrounding the hematoma has been documented in animal
models with histology, but rarely in human ICH with noninvasive means, like magnetic resonance
imaging (MRI). A few human MRI studies have investigated changes in long WM tracts after ICH
remote from the hematoma, like the corticospinal tract, but have not attempted to obtain an unbiased
quantification of WM changes within and around the hematoma over time. This study attempts such
quantification from 3 to 30 days post ictus. Thirteen patients with mild to moderate ICH underwent
diffusion tensor imaging (DTI) MRI at 3, 14, and 30 days. Fractional anisotropy (FA) maps were
used to calculate the volume of tissue with FA > 0.5, both within the hematoma (lesion) and in the
perilesional tissue. At day 3, the percentages of both lesional and perilesional tissue with an FA > 0.5
were significantly less than contralateral, unaffected, anatomically identical tissue. This perilesional
contralateral difference persisted at day 14, but there was no significant difference at day 30. The loss
of perilesional tissue with FA > 0.5 increased with increasing hematoma size at day 3 and day 14. All
patients had some tissue within the lesion with FA > 0.5 at all time points. This did not decrease with
duration after ictus, suggesting the persistence of white matter within the hematoma/lesion. These
results outline an approach to quantify WM injury, both within and surrounding the hematoma, after
mild to moderate ICH using DTI MRI. This may be important for monitoring treatment strategies,
such as hematoma evacuation, and assessing efficacy noninvasively.

Keywords: intracerebral hemorrhage; magnetic resonance imaging; white matter injury; brain edema;
fractional anisotropy maps

1. Introduction

Neural functional compromise post intracerebral hemorrhage (ICH) is devastating, as
it leads to a nearly 40% 1 month mortality [1,2]. ICH can cause mechanical disruption to
white matter (WM), plus secondary injury inflicted by red blood cell lysis and hemoglobin
degradation products [3,4]. Although animal ICH models have implicated iron as a
major mediator of neurotoxicity, specific pathways of injury to WM have not been fully
elucidated [3,5].

Recently, diffusion tensor imaging (DTI) has been used to examine ICH-induced
injury to large WM fiber tracts, e.g., the corticospinal tract (CST) [6]. The application of
DTI in ICH-related injury to WM fibers has, as yet, focused on assessing the correlation
of long-term functional outcome with initial insult. Some animal ICH models have also
applied DTI to assess changes in CST following minimally invasive surgery (MIS) [7]. MIS
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has not shown significant benefit in the human subjects with ICH in a recent randomized
controlled study [8].

A recent study in a porcine ICH model, conducted by the authors, demonstrated
survival of white matter fibers within the hematoma [9]. No other study to date has
evaluated the extent of WM injury within the hematoma and in the surrounding tissue
in human ICH. In a preliminary tractography study we conducted, WM fibers showed
some crossing through the basal ganglia hematoma with steady increase to near normal
symmetry with the contralateral tract over 1 month. This led us to hypothesize that (1) some
WM tracts within the hematoma survive the hemorrhage, and (2) hematoma size affects
the degree of initial perihematomal WM injury and the degree of recovery. Hence, to assess
local injury to WM within the hemorrhage and in the surrounding tissue, we performed
magnetic resonance imaging (MRI) prospectively at multiple times over a period of 1
month after ictus, and developed a novel methodology to quantify WM changes utilizing
existing MRI sequences employed in routine clinical practice.

2. Materials and Methods
2.1. Patients and MRI

This study was approved by our Institutional Review Board. The patients were
prospectively recruited to the study beginning in 2013. The preliminary 3 patients and one
control (normal human subject) formed the pilot data to substantiate two R21 proposals to
NIH to study iron quantification by MRI. Subsequently, since approval for funding of the
R21s in 2017 and 2018, a total of 15 patients have been recruited. Two of these patients and
the first 3 patients did not have DTI sequence acquisition. Hence, thirteen patients meeting
inclusion criteria were consented for participation. Eligible patients (1) were between the
ages of 18 and 85 years old, (2) had acute spontaneous supratentorial hemorrhages, and
(3) were medically and neurologically stable to undergo non-contrast brain MRI at days
3, 14, and 30. Patients were excluded if their hemorrhage was the result of an intracranial
aneurysm, arteriovenous malformation, trauma, hemorrhagic conversion of ischemic
stroke, brain tumor, brain calcification, thrombocytopenia, or coagulopathy, or if they had
bilateral hemorrhages. Additionally, patients with decreased hepatic function (ALT or
AST >2.5× upper limit of normal), patients planning to undergo hematoma evacuation,
patients with an active pregnancy, or patients for whom treatment or life support was being
withdrawn at time of enrollment were also excluded from the study.

Brain MRI exams were performed with a 3T Research system (Ingenia ver 5.7x;
Philips, Amsterdam, The Netherlands), using a 32-channel head coil and standard 3D
T1-weighted, T2-weighted, and fluid-attenuated inversion recovery sequences. White
matter integrity was probed using 32 direction b-values 0–800 s/mm2, single-shot echo
planar imaging (EPI) DTI for generation of fractional anisotropy (FA) maps along with
other diffusion/anisotropy metrics at 1 × 1 × 2.3 mm3 resolution.

2.2. Image Analysis

Images were analyzed using 3D Slicer software (available online: https://www.slicer.
org/, accessed on 4 January 2021). DTI (FA, linear- and planar-anisotropy, ADC eigenvalues
and trace, and b = 0, 800 diffusion-weighted imaging (DWI)) were created and stored in
MetaImage (*.mhd, *.raw) format. In two patients (included in Figure 1), tractography
was postprocessed on DTI images. The directionality of collective eigenvectors of the
CST was assigned a color code (green), and the ipsilateral (blue) and contralateral (green)
were differentiated for visual inspection. The integrity of the white matter was evaluated
using FA maps. FA measurements were used indirectly to reflect changes to white matter,
since it is heavily modulated by the degree of fiber unidirectionality, which varies with
location in the brain. This bias was mitigated using 3D spherical segmentation volumes
on FA maps to encompass the ICH lesion and the same anatomical location within the
contralateral hemisphere. Voxels having an FA volume > 0.5 were used as a simplified
index of directional white matter. Ill-defined voxels assigned values of non-assigned
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nominal (NaN) will, therefore, not interfere with data analysis. Normal and densely
packed white matter fibers are completely isotropic or directional on DTI, having a value
of 1. Other not so densely packed white matter fibers may display lower numbers of
FA, like 0.7–0.9. To include disrupted fibers in the event of a hematoma, FA 0.5 was
thought to be a good comprehensive threshold for calculations and would reflect the
proportion of WM with relatively retained directionality. The bias was further mitigated by
comparing ipsilateral volumes to their contralateral equivalents (difference in contralateral
and ipsilateral volume > 0.5 FA). The radius of the spheres, drawn as areas of interest
within the ICH and within the contralateral hemisphere, ranged between 2.0 and 2.5 cm.
Sphere size was chosen with consideration to the lesion location, size, and surrounding
structures, being careful not to cross the midline. Diameters of the spherical segmentation
volumes were held constant for each subject to quantify evolution over time. The ipsilateral
sphere was divided into lesional (the hematoma itself) and perilesional (defined as the
surrounding tissue of the hematoma up to the edge of the sphere of interest) volumes,
where lesional volume was defined by the boundaries of the lesion (hematoma) using DTI
b = 0 labeled maps and then superimposing those labeled maps on the corresponding FA
series map.

Figure 1. Example of MRI tractography of intracerebral hemorrhage patients. The images are
postprocessed 2D axial images with projected WM fibers in 3D in a cranio–caudal direction. One
patient (age 50s) is shown at day 3 (A and B) and day 30 (C and D) after ictus. Blue fibers are
ipsilateral and green fibers are contralateral to the hematoma. At day 3, there was a general decrease
in the fiber tracts (blue) ipsilateral to the hematoma (shown as * in A) compared to contralateral tracts
(green). However, there was evidence of some white matter fibers crossing the hematoma. At day 30,
the hematoma has largely resolved (shown as # in C) and there was a recovery of the ipsilateral fiber
tracts. (E) MRI tractography of a patient (age 60s) with a larger hematoma (19.4 mL) at day 14. It too
showed evidence of white matter tracts crossing the hematoma.

Apart from the FA volume > 0.5 (milliliters), the following parameters were calculated:
tissue FA volume > 0.5 (percent), and the volume of tissue with FA > 0.5 as a percentage of
the total volume of tissue. For the ipsilateral and contralateral spheres and the lesion, this
parameter was measured directly. For the perilesional zone, it was determined from the
difference between the ipsilateral sphere and the lesion. Further, the difference in expected
and measured tissue with FA > 0.5 in the perilesional tissue was calculated as a measure of
white matter loss. That parameter was: (ipsilateral sphere FA > 0.5 (milliliters) − lesion
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FA > 0.5 (milliliters)) − (peri-lesion volume (milliliters) × contralateral sphere FA > 0.5
(milliliters)/contralateral sphere volume (milliliters)).

2.3. Statistics

All statistical analyses were performed using GraphPad Prism 9 (https://www.
graphpad.com, accessed on 30 May 2021). Normally distributed data are presented as
mean ± standard deviation (SD). A mixed effects model was used to compare FA > 0.5
values in different regions of interest across different time points. Changes in lesional and
perilesional FA > 0.5 over time were analyzed using paired t-tests. The relation between
hematoma size and FA > 0.5 (days 3, 14, and 30) was analyzed by regression analysis.
Regression analyses of the amount of FA > 0.5 tissue lost against hematoma size at differ-
ent time points were compared by analysis of covariance (ANCOVA). Differences were
considered significant at p < 0.05 (two-tailed). Variance components covariance structure
was used based on smallest Akaike information criterion of null models (i.e., no fixed
effects) with various covariance structures. Model results are shown in Supplementary
Table S1. Model 1—which uses all observations but does not adjust for time—shows all
locations were higher than the lesion, though the strongest difference was contralateral
sphere vs. lesion. Results changed little in Model 2, which also adjusted for time. However,
Model 3 introduces an interaction between location and time—positing if the differences
between locations are stronger at certain time points. No significant interaction was ob-
served (p = 0.5222). We have modified our interpretations/conclusions to be that there are
differences by location improvements over time, but that the differences in location remain
the same over time (at least with respect to these 3 early timepoints) (Supplementary
Table S1).

3. Results

All recruited patients had hematomas located in the basal ganglia region, except for
one patient who had a lobar hemorrhage with intraventricular hemorrhage (IVH). DTI data
were acquired on day 3 in 11 subjects, day 14 in 10, and day 30 in 9. Seven patients had DTI
data at all three time points (days 3, 14, and 30). Hematoma sizes ranged between 0.3 and
39 mL. The smaller hematomas had good clinical recovery. Clinical follow-up ranged from
4 months to 2 years 64 days. The larger hematomas were associated with poor outcomes,
with a modified Rankin Scale (mRS) score of 4 in the patient with a 39 mL hematoma at
11 month follow-up. Another patient with a 5 mL hematoma had an mRS of 3 at 6 month
follow-up. All other patients had an mRS of 0–2 at latest follow-up. Two patients with 9
and 19 mL hematomas had to be intubated at onset, but made a good recovery to an mRS
of 0–2 at latest follow-up (Table 1).

Figure 1 shows MRI tractography of two ICH patients. Figure 1A–D show the MRI
tractography of a patient (age 50s) with a 0.3 mL hematoma at days 3 and 30 post ictus.
At day 3, visually, there was evidence of a reduction in white matter tract fiber density
ipsilateral to the hematoma compared to contralateral. Interestingly, some of the visual-
ized ipsilateral WM tracts actually traverse the ICH. By day 30, there was near complete
resolution of the hematoma and an apparent recovery of white matter tract fiber density
ipsilateral to the lesion as grossly visualized. Figure 1E shows the MRI tractography of
a patient (age 60s) with a larger hematoma (19.4 mL) at day 14. It too shows evidence
of white matter tracts crossing the hematoma. These results led us to try to quantify the
presence of organized white matter (here defined as FA > 0.5) both within the hematoma
and around the lesion over time after ictus. The primary goal of the analysis was to analyze
the percentage change between two time points for lesion and peri-lesion volume. The
authors hypothesize that, in a larger sample of patients, it will be useful to analyze the
above data adjusted for covariates like age, gender, and hematoma size; however, given the
small sample in our study, this function was thought not to be scientifically meaningful.

https://www.graphpad.com
https://www.graphpad.com
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Table 1. Demographics and neurological exam results.

Patient Age
(Years)/Gender

Hematoma Size, T2*
(mL) (Day) Onset Neurological Exam Latest Neuro Exam

(Time Since Onset)
Point Change in

Neuro Exam
Latest
mRS

01 60s/F 39.036 (14)

Left facial droop, left
hemiparesis, LUE and LLE

0/5, slurred speech,
NIHSS 17

LUE and LLE 2/5
(11 months) UE: +2, LE: +2 4

02 50s/M 2.354 (14)
Diff. using left hand and
slurred speech, LUE and

LLE 4+/5

Full strength 5/5
(2 years, 64 days)

UE: +1 (full rec.),
LE: +1 (full rec.) 1

03 40s/F 8.932 (3)
Intubated, right side only

localizes, RUE 0/5,
withdraws with RLE 0/5

RLE and RUE 5/5
(16 months)

UE: +5 (full rec.),
LE: +5 (full rec.) 1

04 50s/M 0.308 (3) Left facial asymmetry Facial palsy persisted
(4 months) NA 1

05 60s/M 5.2325 (3)
NIHSS 8, left hemiparesis
and slurred speech, LUE

0/5, LLE 1/5

LUE 1/5 and LL 5/5
(6 months)

UE: +1, LE: +4
(full rec.) 3

07 60s/F 11.4862 (1) Expressive aphasia, RLE 4/5
and R pron drift, mRS 4 5/5 (8 months) LE: +1 (full rec.) 0

08 20s/F 18.9037 (3)
Right-sided hemiplegia,
intubated, RUE and RLE

0/5

RUE 4/5 and RLE 5/5
(56 days)

UE: +4, LE: +5
(full rec.) 2

09 30s/F 5.4602 (3)
Left facial droop and slurred
speech, left hand and arm
weak, LUE 4/5, LLE 5/5

LUE and LLE 5/5
(60 days)

UE: +1 (full rec.),
LE: No change 0

10 70s/F 2.1022 (3)
Seizure at presentation,

headache, mRS 0, aphasia,
no weakness

5/5 (75 days) UE: no change,
LE: no change 0

11 80s/F 6.578 (3)
Left facial droop and

dysarthria, NIHSS 3, mRS
0-2, LUE 4/5, LLE 5/5

LUE 5/5, LLE 4/5
(120 days)

UE: +1 (full rec.),
LE: −1 2

12 60s/M 14.973 (3) mRS 0, 5/5 5/5 - L facial droop
persists (4 months)

UE: no change,
LE: no change 1

13 60s/F 10.8767 (1), 10.8146 (3)
Left-sided hemiparesis,

facial droop, NIHSS 11, mRS
3, LUE 3/5, LLE 4/5

LUE and LLE 5/5
(2 months)

UE: +2 (full rec.),
LE: +1 (full rec.) 1

15 60s/M 13.7747 (1), 12.6063 (3)
Left-sided hemiplegia, trace
withdrawal LUE, triple flex

LLE

LUE 0/5, LLE 2/5,
mRS 4

UE: no change,
LE: +2 4

Abbreviations: LE, lower extremity; LLE, left lower extremity; LUE, left upper extremity; mRS, modified Rankin Scale score; NIHSS, NIH
Stroke Scale; RLE, right lower extremity; RUE, right upper extremity; UE, upper extremity. T2* is a gradient echo MRI sequence which was
used to measure hematoma volume.

Thirteen patients received MRI scans at days 3, 14, or 30. The demographics of
the patients are shown in Table 1. Although initial plans included scans at each time
point, some patients did not receive each scan. The volume of tissue with FA > 0.5 in a
contralateral and an ipsilateral sphere was determined at each time point, with the latter
centered on the hematoma (Figure 2A). The ipsilateral sphere was then divided into the
lesional and perilesional volumes (Figure 2B). The volume with FA > 0.5 was determined
within the lesion, while the perilesional value was calculated from the difference between
the ipsilateral sphere and the lesion (see Methods).

At all three time points, the percentage of the contralateral sphere volume occupied
by tissue with FA > 0.5 was similar across all study patients (~17%; Figure 2C) and greater
than the FA > 0.5 volume within the ipsilateral sphere. The percentage of perilesional
volume with FA > 0.5 at both days 3 and 14 was significantly less than the percentage of
contralateral volume with FA > 0.5: day 3, 8.61 ± 4.42% vs. 16.33 ± 3.77% and day 14,
9.53 ± 5.76% vs. 17.39 ± 4.22% (p < 0.001; Figure 2C). However, comparisons of volume
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with FA > 0.5 in the perilesional region versus the same sized contralateral regions did not
vary significantly at day 30 post ICH. All the ICH volumes examined in this study had
some lesional volume with FA > 0.5 at all time periods. At day 3, the ICH volume with
FA > 0.5 was significantly less than the perilesional volume with FA > 0.5 (3.15 ± 2.47% vs.
8.61 ± 4.42%, p < 0.05; Figure 2C). At days 14 and 30, there was no significant difference
between the percentage of lesional volume and the percentage of perilesional volume
associated with FA > 0.5 (Figure 2C).

Figure 2. Example of analysis of a day 3 fractional anisotropy (FA) map and changes in the amount of tissue with FA > 0.5
ipsi- and contralateral to the intracerebral hemorrhage in patients at different times. (A) On an FA map, a sphere centered
on the lesion (green) was analyzed, along with an identical contralateral sphere (yellow). (B) The ipsilateral sphere is split
into two components, the lesion volume and peri-lesion volume. The lesion volume FA > 0.5 was directly measured, and
the peri-lesion volume was calculated using the difference between the ipsilateral sphere and lesion data (see Methods). All
FA > 0.5 data were expressed as a percentage of tissue volume. (C) Graph showing the percentage of tissue FA > 0.5 for all
of these areas of interest at days 3, 14, and 30. Values are means ± SD; n = 9–11. Using a mixed effects model, significant
differences were seen by location. All pairwise comparisons for location were significant with p < 0.0001 (Bonferroni
adjusted threshold for 6 comparisons = 0.0083) with the exception of ipsilateral sphere vs. peri-lesion (p = 0.26). There
were also improvements over time (p = 0.0053), but no interaction between location and time (p = 0.52). (See Supplemental
Table S1 for full details).

To examine the temporal profile of the ICH-induced injury, changes in the proportion
of lesional and perilesional tissue with FA > 0.5 were calculated in those patients who
received multiple scans (Figure 3). Within the lesion, there was no evidence of a generalized
decrease in the amount of tissue with FA > 0.5 between days 3 and 14 (Figure 3A), or
between days 3 and 30 (Figure 3B). Indeed, only one of eight patients actually showed a
decline in the proportion of lesional volume with FA > 0.5 at day 14 when compared to
day 3, and one of seven patients with imaging at 30 days had a decline in FA > 0.5 lesional
volume when compared to day 14 volumes. Similarly, quantitatively, there tended to be
an increase at both times, although this did not reach significance (p = 0.061 and p = 0.153,
respectively). In the perilesional area, there was marked heterogeneity in the amount
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of tissue with FA > 0.5, with four of eight patients showing a decrease by day 14, and
three of seven by day 30; however, some patients showed marked increases (Figure 3C,D),
such as the patient shown in Figure 1. Understanding the mechanisms underlying that
heterogeneity will be very important.

Figure 3. (Upper panel) Temporal profile of intracerebral hemorrhage-induced injury in patients who received multiple
scans. The graphs show changes in the volume (milliliters) of tissue FA > 0.5 within the lesion between days 3 and 14 (A)
and days 3 and 30 (B), and changes in the volume (milliliters) of tissue FA > 0.5 for the peri-lesion between days 3 and
14 (C) and days 3 and 30 (D). There was no statistical significance between the volume of tissue FA between any of these
days (A: p = 0.061, B: p = 0.153, C: p = 0.961, D: p = 0.351; paired t-tests, two-tailed). (Lower panel) Effect of hematoma size
on intracerebral hemorrhage-induced white matter injury. Contralateral FA > 0.5 tissue was used to obtain the expected
amount (milliliters) of perilesional FA > 0.5 tissue and, from the measured amount of perilesional FA > 0.5 tissue, to calculate
the amount (milliliters) lost (see Methods). Perilesional tissue loss is shown at days 3, 14, and 30 (E, F, and G, respectively)
plotted against hematoma volume (milliliters) at day 3. The amount of FA > 0.5 tissue loss was significantly correlated with
hematoma size at days 3 (p < 0.01) and 14 (p < 0.01), but not at day 30 (p = 0.878). Two patient data points are absent from
graphs F and G, as these patients did not have the initial hematoma size at day 3 available for reference.

The impact of initial hematoma size (determined at day 3) on the evolution of the ICH-
induced injury was examined. Using the contralateral FA > 0.5 to calculate the expected
amount of perilesional tissue with FA > 0.5 allowed the determination of the amount of
such tissue lost after ICH (milliliters). By regression analysis, the amount of FA > 0.5 tissue
lost increased significantly with hematoma size at days 3 and 14 (p < 0.01 at both days;
Figure 3E,F). The two regressions were not significantly different by ANCOVA, suggesting
that the loss of perihematomal tissue with FA > 0.5 was maximal by day 3. However, there
was no significant correlation at day 30 (Figure 3G). The latter may reflect the recovery of
white matter tracts in some patients (e.g., Figure 1).

With respect to the lesion itself, the percentage of the hematoma with FA > 0.5 did
not vary with hematoma size at day 3. At that time, the mean FA > 0.5 (percent) was
3.15 ± 2.47%, and FA > 0.5 (percent) = −0.19 × (hematoma volume) + 4.75 (R2 = 0.179;
n = 11).
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4. Discussion

This study outlines a methodology to quantify perilesional white matter survival/injury
and the persistence of apparent WM within the hematoma after ICH, using serial MRI with
DTI 3–30 days post ictus. The study shows that all but two patients had an mRS score of
0–2 at latest follow-up after ICH. Moreover, in ICH patients, apparent WM fibers (FA > 0.5)
persisted within the lesion for at least 30 days. In addition, initial perilesional WM loss
correlated with hematoma size, but there was considerable variation in how that changed
with time, with some patients showing considerable recovery.

Although clinical outcome should not be given too much weight in such a small
cohort, the case mix shows that some patients with medium-sized hematomas (15–20 mL)
can have varied presentation, even with intubation, but still have good recovery. Neuronal
function, specifically recovery from hemiplegia, can be varied (Table 1). This variation
raises the possibility of different mechanisms at play dictating initial neuronal functional
loss and subsequent recovery for similar sized hematomas. This clinical nuance has not
been critically evaluated to date, as there are no existing imaging or other biomarkers
to assess for and predict functional recovery. The authors believe that the demonstrated
MRI-based assessment of neurotoxicity mediated by iron overload and extent of WM tract
injury may inform assessment of functional loss, and that its tracking over a period of
1 month could provide a prognostic indicator.

DTI is an advanced form of diffusion-weighted imaging of the brain that assesses the
integrity of white matter fibers [6]. There are several publications tracking recovery of
motor function in acute ischemic stroke with DTI. Although the exact mechanism causing
damage to the white matter tracts in the ischemic tissue bed is different from that in the
hemorrhagic bed, motor function recovery following ischemic stroke has been correlated
with improvement in FA values on DTI [10,11]. As has been demonstrated in ischemic
stroke, DTI imaging holds promise for an improved understanding of the natural history
of hemorrhagic stroke. In non-WM brain tissue, the protons and collective eigenvectors are
isotropic (FA = 0) and, hence, are not directional on DTI MRI. In contrast, intact WM fibers
with good directionality are entirely anisotropic (FA = 1). Hence, for the purposes of our
analysis, it was deemed that relatively healthy WM with integrity and good directionality
would have an FA above a 0.5 threshold. Using this threshold, WM was detected within the
hematomas of all patients at 3 days, and it persisted to at least 30 days. There is a possibility
that some structure other than WM might result in an FA > 0.5 within the hematoma.
However, an examination of FA during hematoma formation in vitro reported FA values
of 0.1–0.2 from day 1 to day 56 [12], suggesting this is unlikely. Histology on human ICH
would help to confirm the presence of such intra-hematomal WM.

Due to mass effect, some hematomas are evacuated in routine clinical practice. An
open or minimally invasive surgical evacuation is performed assuming no residual healthy
tissue within the hematoma. Our study suggests the presence of residual WM within the
hematoma at day 3 that is potentially at risk from injury during surgical intervention. The
risk to such tissue may depend on the type of surgical evacuation.

Perilesional WM fibers are disrupted and deranged following an ICH. In a recent study
on mini pigs, Yang et al. [13] demonstrated WM derangement on the ipsilateral hematoma
side compared to the contralateral hemisphere. They correlated the FA values to axonal
number counts on histology. Tao et al. [14] looked at day 4 MRI with DTI in 32 patients
with supratentorial ICH, examining CST FA and comparing to the contralateral normal
side at five slices below the level of the ICH. They found the clinical ICH score to be more
predictive of functional outcome than the relative FA values on DTI [14]. They found no
difference in mean FA between ipsi- and contralateral CST at day 4. They accounted for the
lack of difference to heterogeneity of the population and recommended studies with larger
patient numbers and multiple time-point assessment of DTI parameters. Other studies
demonstrate decreased ipsilateral FA within 5 days of ICH onset [15–18]. Goh et al. [19]
demonstrated the value of depicting perilesional white matter integrated with anatomical
MRI and proposed its utility in assessing WM damage following ICH. The method of FA
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assessment in our study is unique and better normalized to the contralateral side and has
multiple time points over a period of 1 month. In addition, our study is the first of its kind
to demonstrate relatively healthy WM fibers within the hematoma.

Our study found that the percentage of perilesional tissue with FA > 0.5 was signifi-
cantly reduced compared to contralateral at days 3 and 14. The amount of such tissue lost
at those times correlated with initial hematoma volume (Figure 3). At day 30, there was no
such correlation and the percentage of perilesional tissue with FA > 0.5 was not significantly
reduced compared to contralateral. This may reflect an apparent recovery in WM with time
that was noted in some but not all patients (Figures 1 and 3). The cause of this variability
is unknown. It might possibly be explained by different degrees of iron leaching from
both within and around the hematoma. The authors propose to study this aspect in more
detail to evaluate the links between the quantified iron by MRI [20] and the FA > 0.5 tissue
at different times following hematoma onset. We speculate that, when studied in a large
number of human subjects, there may be a correlation between MRI-calculated iron levels
and the extent of WM injury and recovery after ICH. A wider detailed DTI analysis with
whole-brain segmentation could be undertaken to better evaluate changes in WM tracts
remote from the site of hematoma over 1 month following ICH. The authors believe that it
can be well studied in a larger cohort of patients and potentially can be correlated with
cognitive evaluation in a future study. In our cohort, there was only one patient with an
IVH. The authors hypothesize that the pattern of WM disruption in the periventricular
region can be bilateral in IVH, and also needs detailed analysis in a dedicated large cohort
of patients.

This study has several limitations, including the small number of patients and varia-
tions in MRI acquisition (missing time points). However, the authors believe the observa-
tions are significant for future study planning. Such studies would include a large number
of patients with multiple MRI time points to better evaluate the relationship of tissue iron
released from the hematoma and the specific derangement in WM fibers.

5. Conclusions

MRI-based DTI image acquisition provides a noninvasive quantifiable method of
evaluating WM within the hematoma and surrounding tissue in mild to moderate ICH.
Some white matter appears to persist within the hematoma after mild to moderate ICH
for at least 1 month. This should be taken into account in clot evacuation strategies. Our
observations and methodology will also inform future studies with larger patient numbers
designed to assess, noninvasively, the effects of treatment strategies on perilesional WM
injury after mild to moderate ICH.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biom11060910/s1, Table S1: Linear mixed-effects model results.

Author Contributions: Conceptualization, T.L.C., J.J.G., G.X., R.F.K., A.S.P., N.C.; methodology,
T.L.C., G.X., R.F.K., A.S.P., N.C.; software, T.L.C., N.C.; validation, T.L.C., N.C.; formal analysis, all
authors; investigation, T.L.C., G.X., R.F.K., A.S.P., N.C.; resources, T.L.C., A.S.P., N.C.; data curation,
all authors; writing—original draft preparation, all authors; writing—review and editing, N.N.,
T.L.C., G.X., R.F.K., A.S.P., N.C.; visualization, N.N., T.L.C., G.X., R.F.K., A.S.P., N.C.; supervision,
T.L.C., G.X., R.F.K., A.S.P., N.C.; project administration, N.C.; funding acquisition, N.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health, grant numbers NS099684
and NS104663. J.P.T. was supported in part by the National Center for Advancing Translational
Sciences (NCATS) for the Michigan Institute for Clinical and Health Research (UL1TR002240).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Institutional Review Board of the University of
Michigan, HUM00092207 and HUM00067651.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

https://www.mdpi.com/article/10.3390/biom11060910/s1
https://www.mdpi.com/article/10.3390/biom11060910/s1


Biomolecules 2021, 11, 910 10 of 10

Data Availability Statement: Data are available upon reasonable request from the corresponding
author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Broderick, J.P.; Grotta, J.C.; Naidech, A.M.; Steiner, T.; Sprigg, N.; Toyoda, K.; Dowlatshahi, D.; Demchuk, A.M.; Selim, M.; Mocco,

J.; et al. The story of intracerebral hemorrhage: From recalcitrant to treatable disease. Stroke 2021, 52, 1905–1914. [CrossRef]
[PubMed]

2. Wang, J. Preclinical and clinical research on inflammation after intracerebral hemorrhage. Prog. Neurobiol. 2010, 92, 463–477.
[CrossRef] [PubMed]

3. Chaudhary, N.; Gemmete, J.J.; Thompson, B.G.; Xi, G.; Pandey, A.S. Iron—Potential therapeutic target in hemorrhagic stroke.
World Neurosurg. 2013, 79, 7–9. [CrossRef] [PubMed]

4. Chaudhary, N.; Pandey, A.S.; Wang, X.; Xi, G. Hemorrhagic stroke—Pathomechanisms of injury and therapeutic options. CNS
Neurosci. Ther. 2019, 25, 1073–1074. [CrossRef] [PubMed]

5. Hua, Y.; Nakamura, T.; Keep, R.F.; Wu, J.; Schallert, T.; Hoff, J.T.; Xi, G. Long-term effects of experimental intracerebral hemorrhage:
The role of iron. J. Neurosurg. 2006, 104, 305–312. [CrossRef] [PubMed]

6. Chaudhary, N.; Pandey, A.S.; Gemmete, J.J.; Hua, Y.; Huang, Y.; Gu, Y.; Xi, G. Diffusion tensor imaging in hemorrhagic stroke.
Exp. Neurol. 2015, 272, 88–96. [CrossRef] [PubMed]

7. Wu, G.; Wang, F.; Wang, L.; Shi, J.; Yu, H.; Zhang, Y. Minimally invasive surgery for evacuating the intracerebral hematoma in
early stages decreased secondary damages to the internal capsule in dog model of ich observed by diffusion tensor imaging. J.
Stroke Cerebrovasc. Dis. 2017, 26, 701–710. [CrossRef] [PubMed]

8. Hanley, D.F.; Thompson, R.E.; Rosenblum, M.; Yenokyan, G.; Lane, K.; McBee, N.; Mayo, S.W.; Bistran-Hall, A.J.; Gandhi, D.;
Mould, W.A.; et al. Efficacy and safety of minimally invasive surgery with thrombolysis in intracerebral haemorrhage evacuation
(MISTIE III): A randomised, controlled, open-label, blinded endpoint phase 3 trial. Lancet 2019, 393, 1021–1032. [CrossRef]

9. Chen, J.; Koduri, S.; Dai, S.; Toyota, Y.; Hua, Y.; Chaudhary, N.; Pandey, A.S.; Keep, R.F.; Xi, G. Intra-hematomal white matter
tracts act as a scaffold for macrophage infiltration after intracerebral hemorrhage. Transl. Stroke Res. 2020. [CrossRef] [PubMed]

10. Hodgson, K.; Adluru, G.; Richards, L.G.; Majersik, J.J.; Stoddard, G.; Adluru, N.; DiBella, E. Predicting motor outcomes in stroke
patients using diffusion spectrum MRI microstructural measures. Front. Neurol. 2019, 10, 72. [CrossRef] [PubMed]

11. Puig, J.; Blasco, G.; Schlaug, G.; Stinear, C.M.; Daunis, I.E.P.; Biarnes, C.; Figueras, J.; Serena, J.; Hernandez-Perez, M.; Alberich-
Bayarri, A.; et al. Diffusion tensor imaging as a prognostic biomarker for motor recovery and rehabilitation after stroke.
Neuroradiology 2017, 59, 343–351. [CrossRef] [PubMed]

12. Haris, M.; Gupta, R.K.; Husain, N.; Hasan, K.M.; Husain, M.; Narayana, P.A. Measurement of DTI metrics in hemorrhagic brain
lesions: Possible implication in MRI interpretation. J. Magn. Reson. Imaging 2006, 24, 1259–1268. [CrossRef] [PubMed]

13. Yang, Y.; Zhang, K.; Yin, X.; Lei, X.; Chen, X.; Wang, J.; Quan, Y.; Yang, L.; Jia, Z.; Chen, Q.; et al. Quantitative iron neuroimaging
can be used to assess the effects of minocycline in an intracerebral hemorrhage minipig model. Transl. Stroke Res. 2020, 11,
503–516. [CrossRef] [PubMed]

14. Tao, W.D.; Wang, J.; Schlaug, G.; Liu, M.; Selim, M.H. A comparative study of fractional anisotropy measures and ICH score in
predicting functional outcomes after intracerebral hemorrhage. Neurocrit. Care 2014, 21, 417–425. [CrossRef] [PubMed]

15. Kuzu, Y.; Inoue, T.; Kanbara, Y.; Nishimoto, H.; Fujiwara, S.; Ogasawara, K.; Ogawa, A. Prediction of motor function outcome
after intracerebral hemorrhage using fractional anisotropy calculated from diffusion tensor imaging. Cerebrovasc. Dis. 2012, 33,
566–573. [CrossRef] [PubMed]

16. Kusano, Y.; Seguchi, T.; Horiuchi, T.; Kakizawa, Y.; Kobayashi, T.; Tanaka, Y.; Seguchi, K.; Hongo, K. Prediction of functional
outcome in acute cerebral hemorrhage using diffusion tensor imaging at 3T: A prospective study. AJNR Am. J. Neuroradiol. 2009,
30, 1561–1565. [CrossRef] [PubMed]

17. Wang, D.M.; Li, J.; Liu, J.R.; Hu, H.Y. Diffusion tensor imaging predicts long-term motor functional outcome in patients with
acute supratentorial intracranial hemorrhage. Cerebrovasc. Dis. 2012, 34, 199–205. [CrossRef] [PubMed]

18. Yoshioka, H.; Horikoshi, T.; Aoki, S.; Hori, M.; Ishigame, K.; Uchida, M.; Sugita, M.; Araki, T.; Kinouchi, H. Diffusion tensor
tractography predicts motor functional outcome in patients with spontaneous intracerebral hemorrhage. Neurosurgery 2008, 62,
97–103, discussion 103. [CrossRef] [PubMed]

19. Goh, S.Y.; Irimia, A.; Torgerson, C.M.; Tubi, M.A.; Real, C.R.; Hanley, D.F.; Martin, N.A.; Vespa, P.M.; Van Horn, J.D. Longitudinal
quantification and visualization of intracerebral haemorrhage using multimodal magnetic resonance and diffusion tensor imaging.
Brain Inj. 2015, 29, 438–445. [CrossRef] [PubMed]

20. Wei, J.; Novakovic, N.; Chenevert, T.L.; Xi, G.; Keep, R.F.; Pandey, A.S.; Chaudhary, N. Perihematomal brain tissue iron
concentration measurement by MRI in patients with intracerebral hemorrhage. CNS Neurosci. Ther. 2020, 26, 896–901. [CrossRef]
[PubMed]

http://doi.org/10.1161/STROKEAHA.121.033484
http://www.ncbi.nlm.nih.gov/pubmed/33827245
http://doi.org/10.1016/j.pneurobio.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20713126
http://doi.org/10.1016/j.wneu.2012.11.048
http://www.ncbi.nlm.nih.gov/pubmed/23174156
http://doi.org/10.1111/cns.13225
http://www.ncbi.nlm.nih.gov/pubmed/31583834
http://doi.org/10.3171/jns.2006.104.2.305
http://www.ncbi.nlm.nih.gov/pubmed/16509506
http://doi.org/10.1016/j.expneurol.2015.05.011
http://www.ncbi.nlm.nih.gov/pubmed/26015333
http://doi.org/10.1016/j.jstrokecerebrovasdis.2014.12.013
http://www.ncbi.nlm.nih.gov/pubmed/28089093
http://doi.org/10.1016/S0140-6736(19)30195-3
http://doi.org/10.1007/s12975-020-00870-5
http://www.ncbi.nlm.nih.gov/pubmed/33094829
http://doi.org/10.3389/fneur.2019.00072
http://www.ncbi.nlm.nih.gov/pubmed/30833925
http://doi.org/10.1007/s00234-017-1816-0
http://www.ncbi.nlm.nih.gov/pubmed/28293701
http://doi.org/10.1002/jmri.20778
http://www.ncbi.nlm.nih.gov/pubmed/17096394
http://doi.org/10.1007/s12975-019-00739-2
http://www.ncbi.nlm.nih.gov/pubmed/31696415
http://doi.org/10.1007/s12028-014-9999-2
http://www.ncbi.nlm.nih.gov/pubmed/24962895
http://doi.org/10.1159/000338904
http://www.ncbi.nlm.nih.gov/pubmed/22688137
http://doi.org/10.3174/ajnr.A1639
http://www.ncbi.nlm.nih.gov/pubmed/19556354
http://doi.org/10.1159/000341857
http://www.ncbi.nlm.nih.gov/pubmed/23006600
http://doi.org/10.1227/01.NEU.0000311066.03121.B8
http://www.ncbi.nlm.nih.gov/pubmed/18300896
http://doi.org/10.3109/02699052.2014.989907
http://www.ncbi.nlm.nih.gov/pubmed/25518865
http://doi.org/10.1111/cns.13395
http://www.ncbi.nlm.nih.gov/pubmed/32436273

	Introduction 
	Materials and Methods 
	Patients and MRI 
	Image Analysis 
	Statistics 

	Results 
	Discussion 
	Conclusions 
	References

