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BACKGROUND: The dynamics of blood clot (combination of Hb [hemoglobin], fibrin, and a higher concentration of aggregated
red blood cells) formation within the hematoma of an intracerebral hemorrhage is not well understood. A quantitative
neuroimaging method of localized coagulated blood volume/distribution within the hematoma might improve clinical decision-
making.

METHODS: The deoxyhemoglobin of aggregated red blood cells within extravasated blood exhibits a higher magnetic
susceptibility due to unpaired heme iron electrons. We propose that coagulated blood, with higher aggregated red blood cell
content, will exhibit (1) a higher positive susceptibility than noncoagulated blood and (2) increase in fibrin polymerization—
restricted localized diffusion, which can be measured noninvasively using quantitative susceptibility mapping and diffusion
tensor imaging. In this serial magnetic resonance imaging study, we enrolled 24 patients with acute intracerebral hemorrhage
between October 2021 to May 2022 at a stroke center. Patients were 30 to 70 years of age and had a hematoma volume
>15 cm® and National Institutes of Health Stroke Scale score >1. The patients underwent imaging 3x: within 12 to 24 (T1),
36 to 48 (T2), and 60 to 72 (T3) hours of last seen well on a 3T magnetic resonance imaging system. Three-dimensional
anatomic, multigradient echo and 2-dimensional diffusion tensor images were obtained. Hematoma and edema volumes
were calculated, and the distribution of coagulation was measured by dynamic changes in the susceptibilities and fractional
anisotropy within the hematoma.

RESULTS: Using a coagulated blood phantom, we demonstrated a linear relationship between the percentage coagulation
and susceptibility (R*=0.91) with a positive red blood cell stain of the clot. The quantitative susceptibility maps showed
a significant increase in hematoma susceptibility (T1, 0.2920.04 parts per millions; T2, 0.36+0.04 parts per millions; T3,
0.45+0.04 parts per millions; A<0.0001). A concomitant increase in fractional anisotropy was also observed with time (T1,
0.40£0.02; T2, 0.45+0.02; T3, 0.47+0.02; A<0.05).

CONCLUSIONS: This quantitative neuroimaging study of coagulation within the hematoma has the potential to improve patient
management, such as safe resumption of anticoagulants, the need for reversal agents, the administration of alteplase to
resolve the clot, and the need for surgery.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: blood coagulation ® cerebral hemorrhage ® fibrin @ magnetic resonance imaging ® quantitative phase imaging

Correspondence to: Muhammad E. Haque, PhD, McGovern Medical School, The University of Texas Health Science Center at Houston (UTHealth), 6431 Fannin St,
Houston, TX 77030. Email muhammad.e.haque@uth.tmc.edu

Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.123.044343.

For Sources of Funding and Disclosures, see page 1023.

© 2024 The Authors. Stroke is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access article under the
terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and reproduction in any medium, provided that the
original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

Stroke is available at www.ahajournals.org/journal/str

Stroke. 2024;55:10156-1024. DOI: 10.1161/STROKEAHA.123.044343 April 2024 1015


https://www.ahajournals.org/journal/str
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.123.044343
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-1453-5618
https://orcid.org/0000-0003-0465-8400
https://orcid.org/0000-0003-4390-0490
https://orcid.org/0000-0003-2215-1240
https://orcid.org/0000-0002-0115-3354
https://orcid.org/0000-0003-1721-4673
https://orcid.org/0000-0001-5307-5012
https://orcid.org/0000-0001-7538-2849
https://orcid.org/0000-0002-2944-0240
https://orcid.org/0000-0002-5135-1033
https://orcid.org/0000-0001-9926-9840
https://orcid.org/0000-0002-3667-4248
https://orcid.org/0000-0002-9256-7973
https://orcid.org/0000-0003-4637-1790
http://dx.doi.org/10.1161/STROKEAHA.123.044343

CLINICAL AND POPULATION
SCIENCES

Haque et al

Nonstandard Abbreviations and Acronyms

CaCl, calcium chloride

CT computed tomography

FA fractional anisotropy

FM Fugl-Meyer

Hb hemoglobin

HCT homologous contralesional tissues

HE hematoma expansion

ICH intracerebral hemorrhage

LMER linear mixed effects regression

MD mean diffusivity

MRI magnetic resonance imaging

NIHSS National Institutes of Health Stroke
Scale

PHE perihematomal edema

QsMm quantitative susceptibility mapping

RBC red blood cell

tPA tissue-type plasminogen activator

intracerebral hemorrhage (ICH). ICH causes brain

injury directly by tissue compression and mass
effect. The components of extravasated blood also pose
injury to surrounding tissue."® Beyond direct cellular
injury, perihematomal edema (PHE) also causes tissue
compression.'° Animal studies have demonstrated that
the formation of a blood clot within the hematoma is
directly linked to the formation of cerebral edema.'"'3
Thus, there is a dynamic interaction involving coagula-
tion. On the one hand, nonclotted blood results in less
pronounced edema and thus a potentially better out-
come. On the other hand, noncoagulated blood may
lead to hematoma expansion (HE) that can worsen out-
comes.'® Both computed tomography (CT) and magnetic
resonance imaging (MRI) scans are routinely used in the
evaluation of hematoma location, size, and PHE expan-
sion but have not been used to evaluate clot formation
within the hematoma. The ability to evaluate clot forma-
tion in ICH could accelerate clinical intervention in these
patients.

Recent progress in quantitative susceptibility mapping
(OQSM)—an advanced MR image-processing technique—
enabled accurate estimation of iron-induced magnetic
susceptibility (x)."#7'® A blood clot is a combination of
aggregated red blood cells (RBCs), Hb (hemoglobin),
fibrin, platelets, hemosiderin, leukocytes, platelets, and
other damage-associated cellular debris."'® After RBC
lysis, the heme iron oxidation state changes from oxyhe-
moglobin to deoxyhemoglobin followed by an intracellular
or extracellular methemoglobin, and finally, hemosiderin
results in a dynamic signal heterogeneity as hematoma
evolves.'®2! The unpaired iron electrons present in an

The rate of blood coagulation plays a critical role in
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aggregated RBC's deoxyhemoglobin induce magnetic
susceptibility. Therefore, a region with a higher number of
aggregated deoxyhemoglobin molecules of the retracted
clot will exhibit a higher positive susceptibility in com-
parison to the regions with fewer deoxyhemoglobin mol-
ecules. We hypothesized that coagulated blood exhibits a
higher positive susceptibility than liquid blood within the
hematoma and the surrounding PHE (which is made of
predominantly a diamagnetic water molecule) exhibits
negative susceptibility. Furthermore, voxels with coagu-
lated blood will increase localized diffusion hindrance that
is consistent with increase in susceptibility. Previously,
both in vivo and in vitro imaging of hematoma and animal
blood clot phantom has reported a significantly higher
susceptibility.2"?° In this prospective serial MRI study, we
aimed to evaluate the progression of coagulation within
the hematomas of patients with acute ICH to develop a
noninvasive imaging biomarker for coagulopathy.

METHODS

Human Subject Study Institutional Review
Board Compliance

The 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. Written
informed consent was obtained after a thorough discussion
with patients and family members. All methods comply with the
approved study protocol.

Data Availability Statement
Anonymized serial imaging and clinical data used in this study
are available from the corresponding author upon request.

Patient Enrollment and Human Protection

The study was approved by the institutional review board of
the Memorial Hermann Hospital Office of Research and the
University of Texas Health Sciences Center at Houston.
Twenty-four patients with acute spontaneous ICH admitted to
the Memorial Hermann Hospital-Texas Medical Center between
October 2021 and May 2022 were enrolled after a thorough
discussion with patients and family members, and written
informed consents were obtained. The patient's inclusion and
exclusion criteria are described in the Supplemental Material,
and the recruitment flowchart is summarized in Figure S1.

Blood Phantom Imaging

We collected 100 mL of fresh human blood from a healthy
volunteer and prepared 3 phantoms (2 blood and 1 plasma).
Blood was transferred into two 50-mL Falcon tubes with 3.2%
sodium citrate solution as an anticoagulant, and samples were
centrifuged at 5509 for 15 minutes. A mixture of hematocrit
with citrated plasma at the ratio of 7:3 corresponding to 70%
hematocrit was produced in 2 different tubes with 20 mL solid
agarose gel at the base of each tube. An additional 50-mL tube
contains 20 mL of plasma only. Coagulation was initiated using
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2.06% calcium chloride (CaCIQ). Only 1 blood and plasma tube
was coagulated, and a water phantom was used as a control.
The phantoms were imaged, and susceptibility maps were cre-
ated. We also obtained human blood from the blood bank and
prepared five 50-mL blood clot phantoms with 80%, 60%,
40%, 20%, and 10% of RBC, respectively. The phantoms were
imaged, and susceptibility was measured using a region of
interest. A linear association between the %RBC and suscepti-
bility was statistically tested.

After imaging, the blood and plasma clots were removed
from the tube and placed in 10% formalin for 24 hours and
then embedded in paraffin. The clot was cut into b slices with
3-pm thickness and stained with Martius Scarlet Blue and
hematoxylin and eosin as described previously.?*?" The slides
were scanned at the resolution of 0.25 um per pixel using the
MoticEasyScan scanner.

Neurological and Radiological Assessments

All participants were imaged 3x within 12 to 24 (T1), 36 to
48 (T2), and 60 to 72 (T3) hours of last seen well. Diagnostic
CT images were performed within 30 to 60 minutes of arrival
at the hospital as part of the standard-of-care protocols fol-
lowed by the first study-related MRI within 12 to 24 hours. All
baseline (at the time of admission) neurological and clinical
assessments were obtained via medical records that included
blood pressure management, reversal of anticoagulant, inter-
national normalized ratio, Glasgow Coma Scale, National
Institutes of Health Stroke Scale (NIHSS), and radiology diag-
nostic reports. Additional research assessment included serial
Fugl-Meyer (FM) upper extremity and NIHSS whenever pos-
sible and a detailed qualitative radiological assessment that
included a change in mass effects, midline shift, presence of
ischemia, and tissue compression at each follow-up imaging
time point.

Hematoma Coagulation After ICH

Progression of Coagulation and Imaging
Methodology

The rate of coagulation was assessed by measuring the
change in susceptibility within the hematoma and PHE using
QSM. This technique allows a clear delineation between iron
(positive susceptibility) and water/cerebral spinal fluid (nega-
tive susceptibility); such a distinction is not possible using the
change in transverse relaxation rate (also known as R2*). This
is because QSM uses the phase information of the MRI signal
to compute the susceptibility.

We also expected that the progression of coagulation would
increase a hindrance in water molecular diffusion directionality.
This change in diffusion hindrance can be calculated by the ratio
of axial diffusivity/radial diffusivity, known as fractional anisot-
ropy (FA) and an average of axial diffusivity and radial diffusivity
(axial diffusivity+2xradial diffusivity)/3 known as mean diffusivity
(MD), the 2 commonly used diffusion tensor imaging metrics.?®

MRI Imaging

Serial images were obtained on a 3.0T Philips Ingenia system
(Philips Medical Systems, Best, the Netherlands). The image
acquisition parameters, image processing steps, and creation
of QSM are provided in the Supplemental Material. Figure 1
shows a flowchart of image processing steps used to measure
the hematoma and PHE volumes, y, FA, and MD. The image
processing steps involved to create QSM are presented in
Figure S2.

Lesion Volume Measurements and Region of
Interest

The Analyze 12.0 software (Analyze Direct, Inc, KS) was used
to delineate and compute hematoma and PHE volumes on
fluid attenuation inversion recovery images at all 3 time points.

PHASE

Hematoma Edema

Tiw
Registration

MAG

Figure 1. Summary of image
processing steps used to quantify the
images.

The first row (left to right) is fluid
attenuation inversion recovery (FLAIR)
b0 of diffusion tensor imaging (DTI),

and phase and magnitude (MAG) image
of multigradient echo. The second row
shows the segmented hematoma, edema,
and processed fractional anisotropy (FA),
mean diffusivity (MD), and quantitative
susceptibility maps (QSMs). The third

row shows the T1-weighted image

(T1w) registration process to the
parametric maps, segmented hematoma,
perihematomal edema volumes, and
matching contralesional homologous
regions. The last row illustrates the FA,
MD, and QSM values overlaid on a high-
resolution anatomic image.
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Briefly, a seed point was selected within the hematoma to cre-
ate a hematoma mask. The same process was repeated to
delineate the PHE mask. The 2 homologous contralesional tis-
sues (HCTs) regions of interest are referred to as HCT and
HCT2 for matching hematoma and PHE, respectively. The
hematoma and PHE volume masks were saved and used as
region of interest to compute ¥, FA, and MD in both ipsilesional
and contralesional hemispheres.

Statistical Analysis

Ipsilesional and contralesional susceptibility, FA, and MD values
were compared using t tests at the first time point (T1). The
primary analysis to examine change over time was conducted
using linear mixed effects regression (LMER).*® The imaging
and clinical outcomes of interest were analyzed separately in
LMER models adjusting for age, sex, and first MRI time. The
time metric in the analysis was time point (T1, T2, and T3),
treated as a categorical variable. Adjusted means were esti-
mated at each time point, and differences in means for T2
and T3 from T1 were assessed. Exploratory LMER analyses
were conducted to examine the relationship between imaging
and clinical (Glasgow Coma Scale, NIHSS, FM upper extrem-
ity) measures, again adjusting for age, sex, and time at hos-
pital admission but now using duration as the time metric.
Some measures were time invariant (ie, collected only at the
first visit), and their longitudinal effects are estimated from the
interaction with duration. Some covariates were time varying in
the LMER model (ie, collected at all visits). These covariates
were partitioned into between- and within-subject effects, and
the parameters for the 2 effects are the cross-sectional and
longitudinal estimates associated with the clinical outcomes,
respectively.*® Consequently, the key predictors in these mod-
els were the interactions of the time-invariant covariates with
duration or the cross-sectional and longitudinal components
of the time-varying covariates. In all LMER models, random
intercept terms were specified for participants, and maximum
likelihood methods were used for estimation, yielding unbiased
estimates under the assumption that the missing data mecha-
nism is ignorable.®!

RESULTS
Demographics and Clinical Information

Twenty-four patients (14 men and 10 women) with an
average age of 65.8112.4 years with acute ICH were
serially imaged with a median time of 18.7 (T1), 45.6
(T2), and 70.5 (T3) hours of last seen well. Nineteen
patients completed all 3 imaging time points, 1 patient
completed 2 time points, and 4 patients were imaged
only at the first time point. Two patients died after the
first imaging session. The median baseline Glasgow
Coma Scale and NIHSS scores were 14 (interquar-
tile range, 10.6-15.0) and 11 (interquartile range,
6.5—-18.5), respectively. All patients had hypertensive
or anticoagulant-related cerebral hemorrhage with
a median baseline blood pressure of 170/87 (inter-
quartile range, 150/79 to 190/101) mmHg. Twelve
patients had a variable amount of blood extended to

1018 April 2024

Hematoma Coagulation After ICH

the lateral ventricles. All patients exhibited mass effect
with 63% having the involvement of the corticospinal
tract and 46% having midline shift (4 [interquartile
range, 3.0-4.5] mm) measured at the level of septum
pellucidum. The baseline clinical profiles are summa-
rized in the Table.

Blood Phantom Susceptibilities

Figure 2 illustrates qualitative and histological analyses
of human blood clots. Figure 2A shows a T2"-weighted
contrast demonstrating distinct spots of hyperintense
and hypointense signal in a coagulated blood tube (with
CaCl,), whereas a noncoagulated blood tube (without
CaCl,) illustrates homogenous signal attenuation. Fig-
ure 2B illustrates the corresponding susceptibility maps
of each tube. The coagulated blood shows spots with
higher susceptibility as compared with the noncoagu-
lated blood. Both the water and plasma tubes exhibited
negative susceptibility despite one being liquid (water)
and the other being solid (plasma). Figure 2C and 2D
shows a histological analysis of the blood and plasma

Table. A Summary of the Patient’s Demographic and
Clinical Assessments

Demographic and baseline

parameters Clinical profile

No. of patients enrolled 24

Patients completed all imaging 19 (79%)

Sex Male, 14 (58%); female, 10 (42%)
Age, y 65.8+12.4

Laterality Left, 11 (45%); right, 13 (64%)

Patients on antithrombotic
Baseline median GCS
Baseline median NIHSS

7 (29%); plavix, 3; aspirin, 3; eliquis, 1)
14 (IQR, 10.5-15)

11 (IQR, 6.5-18)

170/87 (IQR, 150/79-190/101)

Baseline median diastolic/systolic

BP, mmHg

Median MRI time (from last seen

well), h
First MRI 18.7 (IOR, 13.3-28.2)
Second MRI 45.6 (IQOR, 35.7-52.0)
Third MRI 70.5 (IQR, 61.0-78.6)

Radiological assessment

Baseline (CT) median hematoma 23.3+17

volume, cm?®

Location BG, 37%; thalamus, 33%; FL, 16%;

BG+thalamus, 8%; other, 8%
11 (46%); 4.0 (IQR, 3-4.5) mm
Mass effect 24 (100%)

CST effect 15 (63%)

Presence of ischemia (first MRI) | 4 (17%)

Median midline shift

BG indicates basal ganglia; BP, blood pressure; CST, corticospinal tract; CT,
computed tomography; FL, frontal lobe; GCS, Glasgow Coma Scale; IOR, inter-
quartile range; MRI, magnetic resonance imaging; and NIHSS, National Institutes
of Health Stroke Scale.
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Figure 2. Qualitative and quantitative analysis of human blood clots.

A, T2"-weighted MRI signal contrast in (left to right) water, 70% red blood cells without (RBC WO) calcium chloride (CaCl,) liquid blood,
coagulated plasma with CaCl,, and 70% red blood cells with (RBCW) CaCl, (coagulated blood), respectively. B, Left to Right, The corresponding
quantitative susceptibility map of the tubes in A. Coagulated blood showed pockets of clotted blood distributed throughout the tube with higher
susceptibility. €, A 3-um slice of coagulated blood with Martius Scarlet Blue (MSB)-stained displayed pockets of clots randomly distributed as
seen in MRI. A high-resolution (60x) image of the clot with MSB stain (C, middle) showed the presence of fibrin (red), red blood cells (RBCs;
yellow), and white blood cells (WBCs; blue), whereas hematoxylin and eosin (H&E; C, right) only showed the RBC and WBC. The coagulated
plasma with no RBC (D, left to right) illustrates a 3-pm slice section with no pockets of clotted blood, a high-resolution (40x) MSB, and H&E

stained with fibrin only. QSM indicates quantitative susceptibility mapping.

clots. A single 3-pm-thick slice of blood clot showing
pockets of clots corresponds to high susceptibility on
QSM. The Martius Scarlet Blue stain of the blood clot
shows RBC (yellow) trapped in the fibrin web (red),
whereas plasma clots just show the fibrin web. The cor-
responding hematoxylin and eosin stain of the clot shows
RBCs (red) and WBCs (blue).

The linear relation between the clot's %RBC and
susceptibility with R?=0.914 is presented in the Supple-
mental Material. The FA and MD measurements also
exhibited a positive and negative linear relation with the
%RBC with R? of 0.79 and 0.94, respectively (Figure S3).

Hematoma and PHE Volume

The mean hematoma volume calculated from the
standard-of-care CT scans using the ABC/2 method
was 23.3+17.0 cm?® without adjusting for age. The aver-
age adjusted hematoma volume measured via fluid
attenuation inversion recovery MRI did not significantly
change over time (T1, 189+3.1 cm? T2, 18.6£3.1 cm?;
T3, 18.4%£3.1 cm?® FP=0.38). Hematomas exhibited a
heterogeneous signal intensity depending on the heme
iron oxidation state, cellular compartmentalization, and
hematoma age. The PHE volume significantly increased
over time (T1, 25.3£3.6 cm?® T2, 28.1+3.7 cm?; T3,
32.9+3.7 cm®; P=0.019). There was a positive associa-
tion between PHE and hematoma volumes (coefficient,

Stroke. 2024;55:10156-1024. DOI: 10.1161/STROKEAHA.123.044343

0.91; SE, 0.17; A<0.0001 [95% ClI, 0.57-1.25]), that
is, patients with larger hematoma had larger PHE while
controlling for age. The evolution of hematoma and PHE
is shown in Figure 3 (top row) and box plot. Figure 4Ai
and 4Bi summarizes the temporal changes, respectively.

Rate of Coagulation (Magnetic Susceptibility)

QSMs show that the average hematoma susceptibil-
ity significantly increased over time (T1, 0.29+0.04 parts
per millions [ppm]; T2, 0.36£0.04 ppm; T3, 0.45+0.04
ppm; F<0.0001). The average rate of coagulation
(increase in susceptibility per hour) between T1 and
T2 was 0.0025+0.0041 ppm/h, which increased to
0.0031+0.0043 ppm/h between T2 and T3. The over-
all rate of coagulation was 0.00290+0.0029 ppm/h. As
compared with the hematoma, the HCTs exhibited sig-
nificantly lower susceptibility (T1, 0.0027£0.0038; T2,
0.00049+0.0040; T3, 0.00019+0.0041; A<0.0001) at all
3 time points with no temporal changes over time (P=0.86).

The PHE tissues exhibited an increase in nega-
tive susceptibility (T1, —0.056+0.016 ppm; T2,
—0.068+0.017 ppm; T3, —=0.10£0.017 ppm; P=0.08)
over time. In the HCTs (HCT2), the negative suscepti-
bilities (T1, —0.0072+0.002 ppm; T2, —0.0091+0.003
ppm; T3, —0.008440.003 ppm) were lower than ipsile-
sional, but there was no significant difference between
the 2 regions (P=0.30). The HCT?2 exhibited no
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Figure 3. An illustration of the
temporal coagulation within
hematoma between hyperacute to
acute stages on a representative
patient with intracerebral
hemorrhage.

The first row shows the change in
contrast within the hematoma over time
on a fluid attenuation inversion recovery
(FLAIR) image. The second row displays
quantitative susceptibility maps (QSMs)
at 3 time intervals with a distinct increase
in hypointense negative susceptibility in
the surrounding perihematomal edema
(PHE) at the last time point. The third row
illustrates the change in susceptibilities
within hematoma and PHE over time
overlaid on a T1-weighted image. The
last row is a zoomed hematoma volume
showing the susceptibility gradient within
the hematoma and changes over time.
PPM indicates parts per millions; and ROI,
region of interest.

significant susceptibility change over time (P=0.70). Fig-
ure 3 (second row) shows QSMs illustrating an increase
in susceptibility within hematoma. The poor contrast in
the susceptibility map is due to the ppm scaling window.
Figure 3 (third row is hematoma susceptibility overlaid
on a fluid attenuation inversion recovery, and fourth row
is zoomed hematoma) also shows the spatial distribu-
tion of coagulation within the hematoma. Figure 4Aii and
4Bii is a box plot showing the difference and temporal
change in susceptibility within the hematoma and PHE,
respectively.

FA and MD

In parallel to hematoma susceptibility, the hema-
toma diffusion hindrance via change in directionality
(increase in FA) was significantly (T1, 0.40£0.02; T2,
0.45%0.02; T3, 0.47£0.02; P=0.0086) increased over
time. As compared with hematoma, the matching HCT
exhibited significantly (T1, 0.27+£0.01; T2, 0.26£0.01;
T3, 0.27+£0.01; A0.0001) lesser diffusion hindrance
(lower FA) at all 3 imaging time points and temporally
remained unchanged (P=0.35). The surrounding PHE
exhibited significantly lesser diffusion hindrance (FA:
T1, 0.27£0.01; T2, 0.26£0.01; T3, 0.256+0.01) with
no significant temporal changes either in the PHE
(P=0.25) or matching HCT2 (P=0.85). Figure 4Aiii
and 4Biii shows box plots illustrating the ipsilesional
temporal FA variance within the hematoma and PHE,
respectively.

1020 April 2024

The average MD in the hematoma at all 3 time points
(T1, 676.44£370; T2, 730.6+39.1; T3, 750.1£39.6
x107% mm?/s) was significantly attenuated than the sur-
rounding PHE (T1, 1013.0£30.1; T2, 982.2+30.8; T3,
1022.6+£31.1 x107° mm?/s; A<0.0001). However, the
matching contralesional region (HCT) exhibited signifi-
cantly higher MD (P<0.0001) at all 3 time points. The
matching contralesional (HCT2) PHE exhibited slightly
elevated MD but no significant difference between ipsile-
sional and contralesional MDs. Temporally, both contral-
esional HCT and HCT2 showed no significant change
in MD with a P value of 0.068 and 0.36, respectively.
Figure 4Aiv and 4Biv is a box plot illustrating the ipsile-
sional MD variance within hematoma and PHE over time,
respectively. All the quantifications at each time point are
summarized in Table ST.

Association Between Clinical Assessment and
Imaging Metrics

There was a significant association between the posi-
tive hematomal susceptibility and hematoma volume
(coefficient, =0.0069; SE, 0.0030; P=0.025 [95% CI,
—0.0130 to —0.0009]) and a weak association (coeffi-
cient, 0.0030; SE, 0.0016; P=0.069 [95% CI, —0.00025
to —0.0062]) with the PHE volume. The NIHSS was
strongly associated with both the hematoma (coefficient,
1.24; SE, 0.45; P=0.0097 [95% CI, 0.32-2.16]) and
PHE (coefficient, 1.40; SE, 0.49; P=0.0077 [95% ClI,

Stroke. 2024;55:10156-1024. DOI: 10.1161/STROKEAHA.123.044343
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ity (coefficient, 0.00066; SE, 0.0065; P=0.92 [95% CI,
—0.013 10 0.014]). On the other hand, the acute Glasgow
Coma Scale at admission exhibited no significant asso-
ciation with hematoma volume, susceptibility, and PHE
volume as summarized in Table S1. The serial NIHSS
and FM upper extremity scores also had no significant
association with hematoma volume, susceptibility, and
PHE volume. The association between imaging metrics
and clinical assessments is summarized in Table S2.
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We performed a quantitative MRI study capturing the
dynamic changes of blood coagulation during the acute
stage of spontaneous ICH. We applied QSM and 2 other
neuroimaging markers (FA and MD) to visualize the
coagulated blood distribution within the hematoma and
to quantify localized coagulation. There are no current
methods to measure and visualize clot formation within
an intracerebral hematoma in patients. Conventional
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CT and MRI have been applied to characterize various
stages of hematomas from the acute to chronic stage,
but to date, we have no imaging methods that provide
direct markers of clot formation. QSM along with high-
resolution anatomic images can delineate the heteroge-
neity of coagulum within the hematoma and differentiate
between calcifications and blood, which is not possible
using CT alone.

We believe our data, together with the published
studies by other groups, support that susceptibility is a
noninvasive, quantifiable marker to characterize various
stages of hematoma and blood coagulation in ICH.2223
The blood phantom image analysis shows a direct rela-
tionship between RBC concentration and susceptibility,
which is substantiated by the recent use of diffuse reflec-
tance spectroscopy.?” As compared with the hematoma
susceptibility in patients, the blood phantom susceptibili-
ties were significantly lower, and this result is most likely
due to either slower formation of fibrin mesh or poor
entrapment of RBC and inadequate clot retraction asso-
ciated with less complete contribution. It is worth pointing
out that we noted a significantly higher susceptibility on
top of agarose cushion in the tubes. In addition, hypoin-
tense signals in susceptibility-weighted imaging have
been correlated to RBC-rich clots in ischemic stroke.?6%
Both histology and in vitro imaging of clots have shown a
direct relationship between the clot and RBC concentra-
tion.2*2” The progression of clot formation seen on MRl is
directly related to the concentration of deoxyhemoglobin,
methemoglobin, and hematocrit within the hematoma,
which serve as primary drivers for the observed mag-
netic susceptibility within a hematoma. The susceptibility
within a hematoma also depends on the compartmental-
ization (intracellular versus extracellular) of methemoglo-
bin. Intracellular methemoglobin induces a significantly
higher susceptibility than extracellular sources. This was
further corroborated by Bretzner et al* who reported a
higher R2" (analogous to susceptibility) in rich coagu-
lated blood as compared with poor coagulated blood.

We went further to show that the observed pockets
of high-susceptibility regions seen in MRI within the
hematoma are due to coagulated blood and not due to
pockets of aggregated RBC. Both the blood and plasma
samples with CaCl, exhibited the presence of a clot,
whereas the phantom without CaCl, remained in a liquid
state. Using Martius Scarlet Blue and hematoxylin and
eosin stains, the histology analysis of coagulated blood
is in line with the previous publication by Fitzgerald et
al?” The susceptibility data of coagulated blood revealed
similar pockets of high susceptibilities as previously seen
within the hematoma. Here, the presence of fibrin via
Martius Scarlet Blue stain confirmed that those pockets
of high susceptibilities were not due to aggregated RBC.
Furthermore, the presence of only fibrin in the plasma-
rich clot substantiates the significance of fibrin in the
clot. In addition, we demonstrated that fresh liquid blood
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exhibited minimal susceptibility despite the same RBC
concentration.

Furthermore, we also found a dynamic increase in
diffusion hindrance caused by aggregation of RBC in
the hematoma altering the directionality of water mol-
ecules, resulting in an increase in FA and a decrease in
MD. It should be pointed out that Gupta et al reported
an increase in diffusion anisotropy in brain abscesses
due to neuroinflammatory molecules. However, they
also reported an increase in diffusivity due to abscess,
whereas we reported a decrease in hematoma diffusiv-
ity due to coagulation.3* We speculate that the dynamic
increase of FA and decrease of MD in the hematoma
is not only due to aggregation of RBC but also due to
polymerization of fibrin as shown by the histology of
plasma clot® In hematoma, both of these elements and
platelets are essential for coagulation. Moreover, within
the hematoma in the plasma-rich regions (RBC-deficient
clot), we would not expect a significant temporal increase
in susceptibility but a change in FA and MD.

The increase in susceptibility within the hematoma for
up to 72 hours suggests an increase in clot formation over
time, but there was variation among patients. Similarly,
in blood phantom imaging, Chang et al*® also found an
increase up to 96 hours. Furthermore, in this study, some
patients had significantly higher hematoma susceptibility
at T1. We suspect the difference was due to a faster rate
of coagulation or hematoma age. In previous longitudi-
nal imaging studies of patients with chronic ICH, we did
not observe a significant increase in hematoma suscep-
tibility between 1 and 12 months but rather a significant
decrease between 3 and 12 months of ictus,®® which is
in line with cross-sectional studies by Chang et al and
Champagne et al, who also reported a decrease in hema-
toma susceptibilities in the later stages of hematoma.

We envision several clinical scenarios where knowl-
edge about the localized rate of coagulation within the
hematoma will significantly improve acute management
of patients with acute ICH such as ) reversal/resump-
tion of anticoagulant therapy, (2) a need for continual
aggressive hypertension management to control HE,
(3) decision of surgical hematoma evacuation, and (4)
administration of tPA (tissue-type plasminogen activator)
in patients with clotted blood in the ventricles. It is also
possible that a hyperacute (within 6 hours of last seen
normal) evaluation of QSM may identify patients at risk
of HE. In an exploratory analysis, we compared the tem-
poral changes in hematoma volume and susceptibility in
patients on oral antithrombotic and no oral antithrombotic.
Despite significant sample size limitation and variation,
as compared with the no oral antithrombotic group, the
oral antithrombotic patients exhibited a relatively lower
temporal increase in hematoma susceptibility (0.32+0.1
versus 0.48+0.2 ppm) at 72 hours. These results are pre-
sented in Figure S4. For future applications, we envision
developing an imaging index of susceptibility along with
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measurements from FA and MD to define a threshold for
coagulation and significant clot formation.

Here, we also provided new temporal information
about acute PHE growth over the first 3 days of ICH.
Currently, the mechanisms of edema growth in clot for-
mation are not clear. Coagulation initiates blood retrac-
tion within the hematoma, which might provide additional
extra interstitial space for PHE growth. Furthermore, the
temporal increase in PHE susceptibility suggests a trace
amount of iron or intact RBCs spread from the hema-
toma to the surrounding PHE, which is consistent with
other studies.®” Previously, Venkatasubramanian et al®®
reported that PHE growth ranges from as early as 6
hours to as late as 2 weeks depending on several vari-
ables. We also showed a continual PHE growth between
hyperacute to late acute phase and a trend of associa-
tion with coagulation, which has been reported in animal
studies.’® Lastly, we showed no HE beyond an average
of 18 hours of last seen well, in accordance with prior
reports of HE occurring within 6 hours of onset.®

There are several limitations to this study. We failed
to demonstrate an association between the clinical sta-
tus and neuroimaging-based quantitative measures.
There could be multiple reasons for the failure to observe
this association. While NIHSS was strongly associated
with the hematoma volume, there were no correlations
between NIHSS or FM upper extremity with hematoma
susceptibility because of the limitations of these clinical
instruments. While FM provides a more precise assess-
ment of motor impairment, it is time-consuming and dif-
ficult to perform the test in patients with acute stroke. The
majority of the patients were under the heavy influence of
medications and so failed to perform the test accurately.
In any case, we do not expect significant clinical change
within 72 hours of the onset of ICH. It is possible that such
an association could have been observed had we scanned
the patients over longer periods of time. However, many
patients refused our request to continue to participate in
this study. The sample size is small, and given the large
variability in patient presentation, any association could
have been masked the clinical-radiological association.
We are currently recruiting more patients and follow them
over a longer period of time. We did not image patients
with severe ICH because of neurological and cardiovas-
cular instability. The small sample size along with the vari-
ability in hematoma size and location was another major
limiting factor. Notwithstanding these limitations, in this
preliminary study, we believe that it is feasible to map the
spatiotemporal evolution of the clot that would have an
important role in ICH patient management.

CONCLUSIONS

In conclusion, we present novel imaging measures of coag-
ulation within the hematoma of ICH. We hope our methods
will prove useful to examine the clinical relevance of these
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imaging markers in patient management. For example, clot
formation may be beneficial to limit HE and permit earlier
resumption of anticoagulants. On the other hand, clot for-
mation may be important for hematoma reabsorption. We
hope that these preliminary studies will provide a founda-
tion for a larger study and that imaging markers will be use-
ful in addressing these clinically relevant questions.
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