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ABSTRACT

BACKGROUND AND PURPOSE: Quantitative susceptibility mapping has been shown to assess iron content in cerebral cavernous
malformations. In this study, our aim was to correlate lesional iron deposition assessed by quantitative susceptibility mapping with clinical
and disease features in patients with cerebral cavernous malformations.

MATERIALS AND METHODS: Patients underwent routine clinical scans in addition to quantitative susceptibility mapping on 3T systems.
Data from 105 patients met the inclusion criteria. Cerebral cavernous malformation lesions identified on susceptibility maps were cross-
verified by T2-weighted images and differentiated on the basis of prior overt hemorrhage. Mean susceptibility per cerebral cavernous
malformation lesion (¥esion) Was measured to correlate with lesion volume, age at scanning, and hemorrhagic history. Temporal rates of
change in Xjesion Were evaluated in 33 patients.

RESULTS: Average Xo.ion P€r patient was positively correlated with patient age at scanning (P << .05, 4.1% change with each decade of life).
Cerebral cavernous malformation lesions with prior overt hemorrhages exhibited higher x,..on than those without (P <.05). Changes in
Xiesion during 3- to 15-month follow-up were small in patients without new hemorrhage between the 2 scans (bias = —0.0003; 95% Cl,
—0.06-0.06).

CONCLUSIONS: The study revealed a positive correlation between mean quantitative susceptibility mapping signal and patient age in
cerebral cavernous malformation lesions, higher mean quantitative susceptibility mapping signal in hemorrhagic lesions, and minimum
longitudinal quantitative susceptibility mapping signal change in clinically stable lesions. Quantitative susceptibility mapping has the
potential to be a novel imaging biomarker supplementing conventional imaging in cerebral cavernous malformations. The clinical signifi-

cance of such measures merits further study.

ABBREVIATIONS: CCM = cerebral cavernous malformation; QSM = quantitative susceptibility mapping; Xiesion =

malformation lesion; Xatien: = lesional mean susceptibility per patient

C erebral cavernous malformation (CCM) is a common hem-
orrhagic vascular anomaly of the human brain, affecting >1
million Americans.' Patients with CCM:s are subject to 1%-5%
annual risk and an estimated =30% lifetime risk of hemorrhage,
epilepsy, seizure, and other neurologic sequelae.>* The clinical
consequences of CCM remain unpredictable, and currently there
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mean susceptibility per cerebral cavernous

is no known treatment to alter the course of this disease besides
surgery.

Iron deposition related to hemorrhage within CCM lesions is a
recognized hallmark of disease activity.”” Recently, therapeutic
changes in lesion burden have been found with experimental
drugs in animal models, in which a major phenotypic effect of the
therapy was a decrease in iron deposition in lesions treated by
immunohistochemistry.® Lesional iron was therefore hypothe-
sized to be a marker for disease progression and a relevant thera-
peutic target. It would be essential to determine whether the dis-
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ease severity and beneficial effect on iron can also be quantified by
a method suitable for clinical studies. The current evaluation of
CCM disease burden in humans primarily relies on lesion count
and size with MR imaging, in great part due to the imaging of
susceptibility effects caused by the iron-rich blood breakdown
by-products. Modern MR imaging techniques, such as suscepti-
bility-weighted imaging,® can offer accurate lesion counts’; how-
ever, they lack the ability to quantify lesional iron deposition,
particularly in larger clinically concerning lesions. The continuing
investigation of experimental CCM therapies is in need of a quan-
titative technique for a more accurate and sensitive assessment of
outcomes and a potential biomarker of novel therapies.
Quantitative susceptibility mapping (QSM) is a noninvasive
MR imaging technique that has the potential to estimate lesional
iron content by quantifying the magnetic susceptibility of local
tissues.'™'" The initial feasibility of QSM in CCM was previously
demonstrated in a small cohort of patients.'> Most important,
QSM as a means to quantify lesional iron in CCM was validated by
mass spectroscopy by using excised human lesion specimens.'”
However, to our knowledge, iron burden and its evolution in
relation to disease progression have not been established. Novel
discoveries relating iron content and the clinical features of the
disease and changes in iron accumulation with time will offer
valuable information in understanding the disease pathophysiol-
ogy and assisting in the development of potential interventions.
In this study, we answer those questions by applying QSM to a
large cohort of patients with CCMs as a part of the routine clinical
examination. We tested the following hypotheses: 1) The average
CCM susceptibility per patient is correlated with age, 2) lesions
with previous hemorrhagic events have higher susceptibility, and
3) changes in lesional susceptibility ())son) in @ short time (<2
years) are insignificant in patients who were clinically stable (ie,
asymptomatic, no bleeds); other changes in QSM with time may
reflect new bleeding or recovery from hemorrhage. The goal of
this study was to extend from the initial feasibility'* to explore
QSM for a clinical measure of the disease severity and correlate
lesion-specific behaviors during disease progression.

MATERIALS AND METHODS

Study Design

Clinical features of the CCM disease and prior lesion behaviors
were correlated with QSM-derived iron measurements. A subco-
hort of patients underwent serial QSM measurements, and longi-
tudinal assessment of QSM was correlated with clinical lesion
behavior in these cases. In addition, QSM was spatially correlated
to the T1- and T2-weighted imaging characteristics of lesions
based on blood breakdown products. The iron sources that con-
tribute to the QSM signal are complex. In the context of the pre-
liminary evidence'” that demonstrated that the mean QSM signal
was directly proportional to the actual iron concentration in
CCM lesions by mass spectroscopy, the terms “mean susceptibil-
ity” and “iron concentration” will be used interchangeably in this
article.

Patients
This study enrolled 105 consecutive patients (mean age, 39 years;
range, 3-76 years) scheduled for routine clinical evaluation and
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Clinical information of the included patients

Information
No. of patients included in analysis 95
Mean age at first scan/range (yr) 40/3-76
Male/female 34:61
No. of sporadic/familial CCMs 39/56

MR imaging for CCM disease from February 2012 to December
2014. Inclusion criteria for enrollment were the presence of
known CCM disease and the absence of other unrelated neuro-
logic pathology. The imaging study took place at the University of
Chicago and NorthShore University HealthSystem. Both institu-
tional review boards approved the study, and written informed
consent was obtained from each patient.

A total of 175 scans including follow-up imaging were ob-
tained in 105 patients. Thirty-seven scans (21%) were excluded
from the final analysis due to excessive imaging artifacts because
of motion and/or medical implants and the absence of lesions (eg,
the scan occurred after the lesion was resected). As a result, the
final analysis included 138 scans from 95 patients (96 scans in 69
patients at University of Chicago and 42 scans in 26 patients at
NorthShore University HealthSystem). Among those 95 patients,
33 (22 at University of Chicago and 11 at NorthShore University
HealthSystem) underwent at least 1 follow-up scan. The time be-
tween the repeat scans ranged from 91 to 455 days, with an aver-
age of 359 days.

For cross-sectional analyses, the first QSM of those who had
multiple scans was used. A clinical summary of the included pa-
tients is shown in the Table.

Imaging Environment and Data Acquisition

Imaging was performed on 3T MR imaging systems. Sixty-nine
patients were imaged at the University of Chicago (Achieva;
Philips Healthcare, Best, the Netherlands) with an 8-channel
phased array head coil, while 26 patients were imaged at North-
Shore University HealthSystem (Magnetom Verio; Siemens, Er-
langen, Germany) with a 12-channel phased array head coil (in-
ter-scanner calibration was performed with satisfactory result, see
On-line Appendix). Follow-up scans for patients were obtained
on the same units as the ones used at their initial visits.

A 3D, T2*-weighted, multiecho, spoiled gradient-echo se-
quence was used for QSM data acquisition with the following
common parameters: 8 TEs with uniform spacing, flip angle of
15°, and a parallel acceleration of a factor 2. The following param-
eters are system-specific: Philips Achieva: TE, 5.6-51 ms; FOV,
224 mm; acquisition matrix, 224 X 224; slab-encoding thickness,
1 mm; TR, 66 ms; Siemens Verio: TE, 3.6—45 ms; FOV, 240 mm;
acquisition matrix, 256 X 256; slab-encoding thickness, 1.5 mm;
TR, 55 ms.

Data Reconstruction
QSM images were reconstructed by using a morphology-en-

abled dipole inversion algorithm,'*"?

which generates the lo-
cal susceptibility distribution by inverting the estimated tissue
field map with prior information from the magnitude images.
The tissue field map was obtained by removing the background

field induced by large susceptibility sources (ie, air/tissue in-



terface) from the field map derived from the gradient-echo
phase images.'* Tmage reconstruction was performed locally
on a dedicated workstation (Intel Core i7 2.7 GHz, 16 GB
RAM; Intel, Santa Clara, California) with an average process-
ing time of 8 minutes.

Data Analysis

Extraction of Clinical Parameters. The electronic medical re-
cords of the patients were reviewed by 1 experienced clinician
(with >20 years of experience in the care of CCM), and de-
identified clinical information was collected and stored in a
data base before initiating the correlations. Hemorrhage asso-
ciated with CCM was defined according to the criteria of Al-
Shahi Salman et al.'® Briefly, hemorrhage due to CCM requires
both acute or subacute onset of symptoms accompanied by
imaging evidence of acute or subacute lesional or extralesional
hemorrhage. Cases were classified as familial or sporadic on
the basis of lesion count, family history, and/or identified mu-

tations by using genetic screening.”'°

Inclusion Criteria for Lesion Analysis. Lesions were selected
from the 138 scans with acceptable image quality. Because spo-
radic cases often only contain a solitary lesion, all lesions in spo-
radic cases were included. In familial cases, the number of lesions
can be innumerable with many small punctate lesions. Hence, we
only included lesions with a maximum cross-diameter of =5
mm'” on the corresponding T2-weighted images that were of
higher clinical significance. A total of 407 lesions (64 from 64
scans in 39 patients with sporadic CCM and 343 from 74 scans in
56 patients with familial CCM) were included in the final analysis.

Lesion Susceptibility and Volume Measurements. CCM lesions
appeared hyperintense on the QSM maps and were cross-verified
with SWI and T2-weighted images. Lesion segmentation was per-
formed by using Image] software (National Institute of Health,
Bethesda, Maryland) by experienced scientists and physicians
with high intra- and interobserver consistency demonstrated pre-
viously."® The final ROI defined for each lesion was 3D by aggre-
gating 2D ROI cross-multiple sections. Mean susceptibility (y =
Sxror ! N, where N is the number of pixels within the 3D ROI)
was then calculated per lesion (Xj.so,) and averaged across all
lesions per patient (X,,tient)- Lesion volume was computed as the
product of the total number of pixels in the 3D ROTI and the voxel

size.

Correlation Analyses. We performed correlation analysis be-
tWeen Xjesion (Proportional to lesional iron concentration'”) and a
set of clinical parameters consisting of patients’ basic characteris-
tics and the CCM disease features. Specific parameters from basic
characteristics included patient sex and age at scanning, which
provide an estimation of the duration of lesion presence. Often
lesion genesis can occur before the lesion becomes symptomatic;
we assumed that older patients were more likely to have had the
lesion for a longer duration. Parameters from the disease feature
included lesional volume, sporadic versus familial, and hemor-
rhagic history. In patients with follow-up scans, we assessed
changes with time in Y., in the same lesions.

Mean Susceptibility vs. Patient Age at Scan
0.8+ r=0.28, p='0.008
0.7+ c.
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FIG 1. Lesional mean susceptibility per patient (parts per million) is
positively correlated with patient age at scanning.

Spatial Correlation Based on Conventional MR Imaging Fea-
tures. Spatial correlation of imaging features between QSM and
conventional MR imaging sequences was conducted in 20 ran-
domly selected lesions in our cohort. Each lesion was spatially
segmented by an experienced neuroradiologist (with >20 years of
experience) on the basis of the signal intensity on the conven-
tional T1- and T2-weighted images as different blood breakdown
products.'” We identified 4 types of blood by-products: deoxy-
genated hemoglobin, intra-/extracellular methemoglobin, and
hemosiderin. A category of “unknown” was used to describe all
other depositions within the lesion. The susceptibility of each
blood by-product was empirically determined as high (>1.4
ppm), medium (between 0.6 and 1.4 ppm), or low (<0.6 ppm).
The distribution of susceptibility measurements across different
blood types was analyzed.

Statistical Analysis

The Pearson correlation and Student ¢ test were applied to explore
the correlations and comparisons made between )., and con-
tinuous or dichotomous clinical factors, respectively. The Bland-
Altman plot was used to assess the changes in patients with repeat
scans. Receiver operating characteristic analysis was applied to
express the diagnostic accuracy of QSM identifying lesions with
prior hemorrhages in cases with familial CCM. Statistical analyses
were performed by using GraphPad Prism 4 software (GraphPad
Software, San Diego, California), and all reported P values were
2-sided and were considered statistically significant at P < .05.

RESULTS

Correlations with Patients’ Basic Characteristics

We found a linear, positive correlation between patient age at
scanning and the X, enc (P < .05, Fig 1), suggesting that older
lesions have a higher iron concentration. The average change in
Xpatient Was small (estimated to be 4.8% per decade of life); this
finding may imply a slow, progressive iron deposition. X, en Was
not significantly different between sexes. Furthermore, there was
no correlation between X, ,en, in Symptomatic patients and

years since initial symptom onset.

Correlations with Clinical Features of the Disease

Sporadic and Familial CCM and Lesion Volume. We did not find
a significant difference in X,,,.n. between patients with sporadic
and familial CCM. No correlation was found between X, and
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Lesional Hemorrhagic History (All Patients)
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FIG2. A Mean susceptibility comparison between lesions with and without prior hemorrhages in all patients. B, Mean susceptibility comparison
between lesions with and without prior hemorrhages only in patients with familial CCM. C, Receiver operating characteristics analysis indicates
that QSM is a good differentiator of lesions with and without prior hemorrhage in cases with familial CCM. D, A Bland-Altman plot of the repeat
QSM measurements. Changes in susceptibility were small in clinically stable patients within a short follow-up.

lesion volume, indicating that lesional iron concentration is inde-
pendent of lesion volume.

Hemorrhagic and Nonhemorrhagic Lesions. CCM lesions in pa-
tients with both sporadic and familial CCMs with previous overt
hemorrhages were found to have significantly higher iron concen-
trations. Xjesion 11 26 lesions that previously bled at least once was
significantly higher than that in lesions (n = 277) that had no
history of prior CCM hemorrhages (P < .05, Fig 2A). The 95%
confidence interval for the difference between patients with and
without overt hemorrhage was 0.39—0.50. This result suggests
that CCM lesions with prior symptomatic bleeds have more iron
or iron-containing products.

The difference in 0. between hemorrhagic and nonhem-
orrhagic cases was more prominent in patients with familial CCM
(P < .01, Fig 2B). Considering lesions with prior hemorrhagic
events as the true-positive group and the remaining lesions as the
true-negative group in our data, we performed receiver operating
characteristic analysis as a measure of the overall discriminative
performance of QSM—that is, the overall ability to identify le-
sions with prior bleeds ahead of those without. The area under
curve was 0.83, suggesting that QSM had a good accuracy in iden-
tifying prior hemorrhage of a lesion (Fig 2C).

When we controlled for lesion volume, the difference in y,.qion
was not significant between hemorrhagic and nonhemorrhagic
lesions. This finding suggests that the effect of prior hemorrhages
on lesional iron concentration is mediated, at least in part, by
lesion volume.
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Longitudinal Changes in Lesional Susceptibility

Changes in Xj.;on, Were small among 33 patients in the short term
(mean, 300 = 125 days; median, 360 days). The bias for changes in
mean susceptibility was —0.0003 (95% confidence interval,
—0.06—0.06), shown in the Bland-Altman plot (Fig 2D). Among
the 33 patients, lesions from 20 patients were clinically stable
without historical symptoms (bias = —0.003; 95% CI,—0.064—
0.058); 5 patients had a CCM-related hemorrhage within 6
months before the first QSM (bias = —0.015; 95% CI, —0.033—
0.064); and 8 patients had a CCM-related hemorrhage >6
months before the first QSM (bias = 0.23; 95% CI, —0.044—
0.075). None of the patients experienced a hemorrhage between
their first and second QSM scans. In the same cohort, no signifi-
cant correlation was found between changes in ¥;.;,,, and changes
in lesion volume, indicating that changes in lesional iron concen-

tration can occur independent of changes in lesion volume.

Impact of an Operation and Recent Hemorrhage on QSM
In 1 patient with sporadic CCM (a 41-year-old woman), the le-
sion located in the right frontal lobe was removed surgically be-
fore the second QSM scan. The success of the operation was re-
flected on the QSM image, where only residual iron deposition
was seen at the edge of the old lesion (Fig 3A).

One patient with sporadic CCM (a 28-year-old woman), in
whom the CCM lesion bled 3 months before her first QSM scan in
September, had a rebleed in the same lesion in October. A second
QSM scan was obtained in December, and an increase in both X, qion



A Pre-surgery

1st QSM

FIG 3. Each subfigure exhibits a separate CCM case. A, QSM map
depicts the appearance of a CCM lesion before and after the opera-
tion. B, A colorized QSM map depicting a big increase in iron deposi-
tion in the same CCM lesion in a short time, after 2 recent overt
hemorrhages. C, 3D rendering of a CCM lesion in repeat scans after a
known hemorrhage, depicting the shrinkage in overall lesion volume
during the short-term recovery period in a patient following a hem-
orrhage, but with increased mean susceptibility.

(from 0.1751 to 0.4659 ppm) and lesion volume (from 519 to 932
mm?) was observed (Fig 3B). We suspect that the increase in lesional
iron deposition was related to the 2 overt hemorrhages in such a short
timeframe. One other patient with familiar CCM (a 2-year-old boy)
had a hemorrhage 11 months after the first QSM scan with a second
QSM follow-up 2 months later. However, no significant change was
observed in the lesion that bled (Xiegion, 15t asm = 04966 ppm, first
lesion volume = 3960 MM X\cgion, 2nd osm = 0-4765 ppm, second
lesion volume = 3919 mm?).

One other case worth noting was a 59-year-old patient with
sporadic CCM who underwent her first QSM scan 14 days after
the lesion bled, and a second QSM scan was performed 35 days
after that. Although both the lesion volume and the total suscep-
tibility decreased from 2165 to 1242 mm? and from 1130 to 723
ppm X mm?, respectively (Fig 3C), Xjeqion increased slightly from
0.4298 to 0.4791 ppm. This change suggests that the human body
does not effectively remove the iron products associated with
hemorrhage during the natural recovery progress. Furthermore,
this case illustrates that changes in lesion volume do not necessar-
ily reflect a concomitant change in lesional iron concentration.

9
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w7 QSM Between 0.6 - 1.4 ppm
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FIG 4. Spatial comparison results between QSM and conventional
MR imaging. A, Susceptibility distribution of different blood break-
down by-products within CCM lesions. B, Illustration of blood break-
down by-product identification and correlation with the correspond-
ing QSM measurements. ROIs for different blood by-products are
shown in the T2-weighted image with color (blue, intracellular met-
hemoglobin; brown, intracellular methemoglobin and hemosiderin;
cyan, hemosiderin).

Overall, of the 3 patients with follow-up QSM after recent
hemorrhages in a longitudinal study, 2 had an interval increase in
lesional iron concentrations without an increase in lesion volume
and a third had nearly 2.5-fold increase in lesional iron concen-
tration, with only an 80% increase in lesion volume. This finding
shows that increased iron concentration in CCM lesions can oc-
cur after hemorrhage, independent of lesion volume.

Spatial Correlation with Conventional MRI

All CCM lesions revealed hypointense signal compared with nor-
mal brain parenchyma on QSM. A total of 41 ROIs were identified
from 20 randomly selected CCM lesions, consisting of 9 deoxy-
genated hemoglobin, 8 extracellular methemoglobin, 12 intracel-
lular methemoglobin, 7 hemosiderin, and 5 unknown regions.
The signal intensities for deoxygenated hemoglobin, extracellular
methemoglobin, and intracellular methemoglobin spanned the
full spectrum (low to high) on the QSM images, whereas hemo-
siderin exhibited medium and high intensities, and the unidenti-
fied regions exhibited low intensities (Fig 4A). In particular,
hemosiderin demonstrated the most homogeneous signal distri-
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bution on QSM, while the other blood by-product regions exhib-
ited both homogeneous and heterogeneous signal distributions.
An example of the spatial correlation between QSM and the con-
ventional T1 and T2 images is shown in Fig 4B.

DISCUSSION

Our previous investigation'” demonstrated the proof of concept
that QSM can quantify lesional iron deposition in CCM. In the
current study, we aimed to evaluate the relationship between iron
burden by using QSM and the clinical features of the CCM disease
in a larger clinical population.

Because the total iron content measured by QSM in CCM
lesions is inherently related to the lesion size (ie, larger lesions
contain more iron deposition'?), we sought to assess lesional
mean susceptibility, a measurement proportional to the lesional
iron concentration, as the metric to assess lesional iron burden.
The results have confirmed the hypothesis that lesions in older
patients had higher iron burden. We used age at scanning as an
estimate for the duration oflesion presence because lesion genesis
is unknowable in most cases. Other studies have analyzed bleed
risk and other natural history features on the basis of similar years
of exposure since birth.*° Aging itself may be a factor in this
observation, given the increasing evidence to show that older
brains are associated with increased iron.?" This observation sup-
ports the conservation of mass hypothesis, with QSM signal re-
flecting lesional permeability as demonstrated in a previous
study,'® now also reflected by iron accumulation with time.

No correlation was found between lesional iron concentration
and lesion volume. This finding confirmed our initial observation
in the prior feasibility study.'> Changes in lesional volume and
iron concentration may be 2 independent indicators of different
aspects of disease activities, which will be further examined in a
future prospective longitudinal investigation.

We found that lesions with prior overt hemorrhages were
shown to have a higher iron concentration than those without.
Even though the observation was predominately in cases of famil-
ial CCM, it still indicates that hemorrhages were related to iron
depositions within CCM lesions, and it confirmed that the human
body lacks an effective mechanism to clear the residual iron prod-
ucts from a CCM during recovery. The receiver operating char-
acteristic analysis suggests that QSM might identify prior bleeding
events in cases of familial CCM with a good sensitivity measure.
This aspect of the QSM application is important, especially when
a patient’s medical history is unknown or when patients do not
present for medical evaluation after unknowingly experiencing a
hemorrhage. While the mean iron concentration in bled lesions
was higher than ones without bleeds in cases with sporadic CCM,
it did not reach statistical significance. This outcome may be re-
lated to the small sample size of sporadic bleeds.

Our cross-sectional data showed that the hemorrhagic effect
on the lesional iron concentration was mediated, at least in part,
by lesion volume in cross-sectional observations. This cohort may
not have included a sufficient number of hemorrhagic cases in all
volume strata. Our data from the longitudinal study in patients
with repeat QSM scans after recent hemorrhage showed a mani-
fest increase in lesional iron concentrations independent of le-
sional volume. To fully evaluate whether QSM offers an added
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measure beyond lesion size, a higher number of patients with
hemorrhage with repeat scans are required.

The longitudinal results in cases with repeat QSM studies re-
vealed little temporal change in lesional iron for up to 15 months
in clinically stable lesions (Fig 2D). Lesions included in the anal-
ysis consist of those without any prior hemorrhages and those
with prior hemorrhage in the chronic stage before the first QSM.
In both scenarios, the susceptibility signal within the lesion re-
mained relatively unchanged at short-term follow-up. The obser-
vation of minimum change in stable CCM lesions and increased
susceptibility signal associated with overt hemorrhages may indi-
cate that lesional iron concentration increases only in the presence
of recent bleeds. This hypothesis will be subject to more rigorous
testing in a larger longitudinal study.

We found that there was a large variation (estimated range,
0.4-1.9 ppm) in the susceptibility signal within regions of differ-
ent blood breakdown products (eg, deoxygenated hemoglobin,
intracellular methemoglobin, extracellular methemoglobin). He-
mosiderin, however, consistently exhibited a higher mean suscep-
tibility value (>1.0 ppm). This could be the result of hemosiderin
crystallization generating superparamagnetism.”” The heteroge-
neity and variation of susceptibility values in deoxygenated he-
moglobin, intracellular methemoglobin, and extracellular methe-
moglobin suggest that there might be other contributing
susceptibility sources. Overall, we believe that the spatial distribu-
tion of the lesional susceptibility does offer additional informa-
tion beyond that from conventional MRI, the details of which
require further investigation.

Limitations of this study include lesional iron content, which
may be underestimated due to partial volume effects because
other susceptibility sources such as diamagnetic myelin were not
accounted for. This study was not powered to detect the effects of
lesional iron content in patients recovering from or with recent
bleeds, though the ongoing study is currently accumulating addi-
tional data to power future studies in relation to ongoing CCM
lesion activity. The classification of blood by-products based on
Bradley'® was overly simplified. Differentiating various blood
products was a difficult task, and some ROI regions contained
spatially heterogeneous signal distribution on conventional MRI.
Those regions were likely to contain a variety of blood iron prod-
ucts, and they were classified according to the predominant signal
appearances. In addition, we did not specifically examine cases of
CCM associated with seizures, in which QSM may reflect lesional
epileptogenicity, and this will be addressed in future studies.
While the data in this study were not enough to establish the
clinical utility of QSM, we postulate that QSM may still be used as
a potential imaging biomarker to supplement information from
conventional imaging and to calibrate experimental therapies in
future clinical trials targeted at reducing lesional iron deposition
in CCM.

CONCLUSIONS

We demonstrated in the current study the following: 1) lesional
mean susceptibility was positively correlated with patient age, 2)
lesions with prior symptomatic bleeding have higher mean sus-
ceptibility than those without, and 3) changes in lesional suscep-
tibility were minimal in clinically stable CCM lesions. Addition-



ally, in a limited number of observations, there was a significant
increase in lesional mean susceptibility in association with new
clinical hemorrhage, motivating further the prospective longitu-
dinal investigation already underway. The findings in this study
will be hypothesis-generating for future investigations that will
help guide and design human trials for potential treatments.
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