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Timing of diffusion tensor imaging in the management of a ruptured pediatric

arteriovenous malformation: illustrative case

Jia-Shu Chen, MD,"? David J. Caldwell, MD, PhD,? Joseph A. Falcone, MD,?* Cecilia Dalle Ore, MD,? Vanitha Sankaranarayanan, MS,*
Felix Liu, MS,* Steven W. Hetts, MD,?* Winson S. Ho, MD,?* and Nalin Gupta, MD, PhD?*

"The Warren Alpert Medical School of Brown University, Providence, Rhode Island; and Departments of 2Neurological Surgery, *Pediatrics, and “Radiology and Biomedical

Imaging, University of California, San Francisco, California

BACKGROUND Diffusion tensor imaging (DTI) can characterize eloquent white matter tracts affected by brain arteriovenous malformations (AVMs).
However, DTl interpretation can be difficult in ruptured cases due to the presence of blood products. The authors present the case of a ruptured
pediatric AVM in the corticospinal tract (CST) and discuss how DTI at different time points informed the treatment.

OBSERVATIONS A 9-year-old female presented with a sudden headache and left hemiparesis. She was found to have a Spetzler-Martin grade |l
Supplementary grade | AVM in the right caudate and centrum semiovale, with obliteration and corresponding reduced fractional anisotropy (FA), fiber
density (FD), and tract count (TC) of the adjacent CST on DTI. The patient remained stable and was scheduled for elective resection following a 6-week
period to facilitate hematoma resorption. After 6 weeks, repeat DTI showed part of the nidus within intact CST fibers with concordant improvement in FA,
FD, and TC. Considering the nidus location, CST integrity, and motor function recovery, surgery was deferred in favor of stereotactic radiosurgery.

LESSONS In ruptured AVMs, DTI may initially create an incomplete picture and false assumptions about white matter tract integrity. DTI should be
repeated if delayed treatment is appropriate to ensure informed decision-making and prevent avoidable permanent neurological deficits.

https://thejns.org/doi/abs/10.3171/CASE24225
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Arteriovenous malformations (AVMs) are the leading cause of
spontaneous intracerebral hemorrhage in children.! Additionally, pedi-
atric AVMs are frequently located in eloquent, deep-seated regions
with exclusive deep venous drainage.? As a result, ruptured AVMs in
children can cause substantial morbidity and mortality. Furthermore,
children with untreated ruptured AVMs have an increased risk of
rehemorrhage.® Accurate diagnostic evaluation and well-informed
selection of a treatment modality that appropriately balances the likeli-
hood of AVM obliteration and the risk of postoperative complications
is thus essential.

While microsurgical resection and stereotactic radiosurgery (SRS)
can both cure AVMs, microsurgery offers the possibility of immedi-
ate cure, whereas SRS is less effective for larger lesions and has a
latency period of 1-3 years.*® Although AVM rehemorrhage can occur
during SRS latency, open surgery is associated with greater opera-
tive morbidity and a longer recovery.® For these reasons, SRS is often
recommended for deep-seated lesions or those adjacent to eloquent

structures. Low- and medium-grade AVMs with questionable involve-
ment of eloquent cortex and white matter tracts present unique chal-
lenges in deciding the appropriate treatment modality.”

While diagnostic assessment usually includes magnetic resonance
imaging (MRI) and digital subtraction angiography (DSA), neither
can identify functional white matter tracts and their spatial orientation
relative to the AVM.” Diffusion tensor imaging (DTI) has been used to
visualize fiber tracts and aid in surgical decision-making for eloquent
AVMs.8 However, DTl is difficult to interpret in cases of AVM rupture
because the hematoma displaces surrounding brain anatomy and
creates magnetic susceptibility artifacts that decrease signal intensity
around the AVM nidus.™® Accurate interpretation of DT in the setting
of AVM rupture that properly accounts for shifted anatomy and altered
signal is thus essential to making informed therapeutic decisions and
avoiding treatment-related morbidity.

We describe the case of a child with a ruptured AVM in the corti-
cospinal tract (CST). On initial DTI, it appeared that the hemorrhage

ABBREVIATIONS AVM=arteriovenous malformation; CST = corticospinal tract; CT=computed tomography; CTA=CT angiography; DSA =digital subtraction
angiography; DTI=diffusion tensor imaging; FA =fractional anisotropy; FD =fiber density; MRA =magnetic resonance angiography; MRI=magnetic resonance imaging;
ROI=region of interest; SM = Spetzler-Martin; SRS =stereotactic radiosurgery; Supp =supplementary; TC =tract count; TR/TE =repetition time/echo time.
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had obliterated part of the CST and that the AVM could be approached
surgically without jeopardizing the residual intact fibers. However,
after a recovery period and repeat DTI, it was recognized that the AVM
nidus could not be surgically removed without the risk of damaging the
remaining CST fibers, resulting in postoperative motor deficits. This
case demonstrates that while DTl can be an invaluable adjunct to sur-
gical planning for AVMs, a hematoma in the setting of acute rupture
can influence the appearance of DTI and lead to false assumptions
about important white matter tracts.

Illustrative Case

Initial Presentation

A 9-year-old, right-handed female presented to an emergency
department after waking up with a severe headache associated with
new left hemibody weakness. On initial examination, the patient was
alert and oriented with fluent speech and intact visual fields and acuity.
However, she was hemiparetic on the left with worse upper-extremity
weakness and a lower facial droop. A noncontrast computed tomogra-
phy (CT) scan demonstrated a 2.8 x 4.6 x 3.6-cm intraparenchymal
hematoma in the right putamen and external capsule (Fig. 1A). The
hematoma extended into the corona radiata and centrum semiovale
and exerted 3 mm of leftward midline shift. Subsequent CT angiogra-
phy (CTA) showed a small hyperdensity suspicious for a vascular mal-
formation supplied by the lateral lenticulostriate arteries and drained
by the caudate vein (Fig. 1B and C).

FIG. 1. Imaging of the AVM at the time of initial presentation. A: Axial
noncontrast head CT scan on admission demonstrating acute, right-
sided intraparenchymal hemorrhage at the putamen (red arrow). B: Axial
CTA showing a hyperdensity (yellow arrow) concerning for a vascular
malformation. C: Coronal noncontrast CT scan merged with the
angiogram demonstrating the hematoma (red arrow) as well as the
AVM with lenticulostriate feeders and drainage via the caudate
vein (yellow arrow). D: Right internal carotid artery (ICA) injection
and anteroposterior view during initial angiography demonstrating
a right AVM with deep drainage (yellow arrow).
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Following transfer to our institution, DSA on the same day of pre-
sentation demonstrated a 1.5 x 0.9 x 0.9-cm AVM nidus within the
right caudate nucleus and centrum semiovale. It was supplied by 2
lateral lenticulostriate arteries arising from the proximal anterior M2
and distal M1 segments (Fig. 1D). Venous outflow led from the cau-
date vein into the internal cerebral vein and deep venous system. The
lesion was graded as a Spetzler-Martin (SM) grade Il (< 3 cm, elo-
quent, deep venous drainage), Supplementary (Supp) grade | (age <
20 years) AVM for a total SM-Supp score of IV."

MRI, including magnetic resonance angiography (MRA) and DTI,
was performed using a 3.0-T MR scanner (Ingenia, Philips Healthcare).
DTl was acquired using a single-shot spin-echo echo-planar imaging
technique with the following parameters: repetition time/echo time
(TRITE) of 3730/89 msec, 15 diffusion directions, and a b-value of
1000 sec/mm?. DTl and MRA were fused with MRI sequences through
iPlan 3.0 (Brainlab AG). DTl datasets were corrected for movement
and eddy-current distortions using FSL (University of Oxford)." The
original gradient table was consequently rotated.' Regions of inter-
est (ROIs) were segmented in the cerebral peduncles for tractography
seeding. Dipy software was used to estimate fractional anisotropy
(FA) and for residual bootstrap g-ball fiber tracking.™ The final motor
tracts were manually pruned using TrackVis and then converted to
pixel-wise segmentations on anatomical MR images so that they could
be registered to DSA images using the FSL linear registration tool."
The DTI, DSA, and MR or CT images were fused together using in-
house Python software to juxtapose the anatomy of the AVM nidus,
hematoma, and vasculature with the surrounding white matter tracts.
Imaging confirmed the location and vascular supply of the AVM nidus
and hematoma (Fig. 2A-C). Surrounding white matter tract integrity
on DTI, as defined by FA, fiber density (FD), and tract count (TC),
was reduced on the affected right CST relative to the left (Table 1
and Fig. 2C). The fused CT, DSA, and DTI tracts corresponded to the
quantification by depicting unconsolidated fibers directly adjacent to
the AVM nidus that were suggestive of local obliteration (Video 1 and
Fig. 3A). The patient improved and regained left motor function to a
near-baseline level (4+/5). The patient was discharged and scheduled
for elective microsurgical resection 6 weeks later.™ 6

VIDEO 1. Clip showing the complete axial study of the patient’s
fused brain CT, DSA, and DTl tractography at initial presentation.
A=anterior; P =posterior; R=right. Click here to view.

Follow-Up Presentation

Prior to surgery, DSA and MRI/MRA with DTl (Signa, General
Electric Medical Systems) were repeated to redefine the nidus and
surrounding anatomy for surgical planning. Repeat DTl used the
aforementioned technique but with different parameters (TR/TE of
9000/101 msec, 55 diffusion directions, b-value of 2000 sec/mm?).
This scan used a preoperative MR navigation protocol, whereas the
initial scan used a diagnostic protocol. The integrity measures (e.g.,
FA, FD, and TC) of the affected right CST showed improvement over
time (Table 1 and Fig. 2F), although they remained inferior to those
of the unaffected left CST, which showed no change during the rest
period (Table 1). Concordantly, the right CST was better visualized
on the delayed imaging, and it was clear that the nidus was partially
located and intertwined within the deep white matter, primarily medial
to the CST (Fig. 4). Fusion of DTI, MRI, and DSA confirmed that the
CST fibers were not obliterated and were significantly more consoli-
dated than previously observed (Video 2 and Fig. 3B). As part of the
preoperative planning, we evaluated several possible approaches to


https://vimeo.com/957769152
https://vimeo.com/957769152
https://vimeo.com/957772669

FIG. 2. Immediate and delayed CST and motor cortex appearance on DTI. ROls defined for right (orange) and left (green) CST seeding at the
time of initial presentation on axial T2-weighted MRI (A), as well as the projected fibers in axial (B) and coronal (C) views. The decreased density
of white matter tracts on the injured right compared to the contralateral side is highlighted by the yellow arrow (C). ROls of the right (yellow) and
left (green) CST 2 months after initial presentation (D) and projected fibers in axial (E) and coronal (F) views. The difference in fiber tract density
is less apparent, but still appreciable, at this time and is highlighted again by the yellow arrow (F).

the nidus, but all would have required either traversing intact CST
fibers that were previously thought to be safe to perform an excision
around" or approaching the nidus through a long transcortical route.
It was determined that surgery had an increased risk of additional
motor deficits, and treatment with SRS was recommended. The
patient underwent SRS at a dose of 19 Gy to the 50% isodose line,
with a target volume of 0.49 cm? and a prescription isodose volume
of 0.61 cm?. At the 10-month follow-up after initial presentation, the
patient was clinically stable with effectively full left-sided strength.

VIDEO 2. Clip showing the complete axial study of the patient's
fused brain MRI, DSA, and DTl tractography at follow-up presen-
tation. L=left. Click here to view.

Patient Informed Consent
The necessary patient informed consent was obtained in this study.

Discussion

Observations

The management of ruptured AVMs in children remains a topic of
debate among neurosurgeons and can vary based on individual sur-
geon preferences and experience.”® However, a shared principle in

treatment decision-making for AVMs is to avoid new deficits, particu-
larly involving motor or language function.” While there is substantial
literature describing the evaluation of AVMs that involve the motor
cortex, there has been less investigation into AVMs within the white
matter of motor pathways.'*-? DTI helps demonstrate the anatomical
relationship between the AVM nidus and motor tracts.”??* However,
the integrity of these tracts can be difficult to assess immediately fol-
lowing an intraparenchymal hemorrhage. In this case, we observed
improvements in the ability to quantify and visualize CST integrity

TABLE 1. Immediate and delayed DTI quantification of ipsilateral
and contralateral CST integrity following acute hemorrhagic
rupture of an AVM

Rt Affected Hemisphere

Lt Unaffected Hemisphere

Immediate Delayed Immediate Delayed
MeanFA  0.32+0.09 037+012 054+0.10 0.51+0.04
FD 161.68 199.73 234.35 235.4
TC 6,467 8,988 9,374 10,593

Values are expressed as the mean + standard deviation, unless indicated
otherwise. All values represent the number of tracts per voxel.
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FIG. 3. Axial slices of the patient’s fused structural brain imaging, angiographic studies, and tractography at
initial and delayed presentation. Comparison of the initial CT, DSA, and DTI tractography fusion (A) and
follow-up MRI, DSA, and DTI tractography fusion (B) demonstrate that the CST integrity is more robust
and the fibers are encasing the AVM nidus on the delayed repeat imaging.

on the affected right side 6 weeks following the initial presentation,
although the FA, FD, and TC were not completely restored relative to
those of the contralateral side. The most likely technical explanation
for this is that the single-shot acquisition technique is associated with
magnetic susceptibility artifacts in the setting of acute hemorrhage that

FIG. 4. Delayed axial CST and AVM nidus appearance and spatial
relationship on DTI. The AVM nidus (yellow arrow) is distinctly
embedded within the right CST fibers (purple arrow).
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cause iron-mediated signal intensity drop-off.3%® Some investigators
also report that a greater number of diffusion directions result in bet-
ter quality tractography. It could be argued that the lower number of
directions used during our initial acquisition resulted in reduced image
quality. However, this is less likely to be an issue because the other
parameters (e.g., b-value) were scaled and optimized so that the DTI
data were comparable and equivalent across scans.? In addition, the
FA, FD, and TC of the unaffected left hemisphere were stable across
scans, suggesting that the hematoma, not the parameters, was the
source of the discrepancy. Finally, several studies suggest that after a
certain number of directions (12-16), increasing the number of diffu-
sion directions does not result in any meaningful improvement in DTI
quality.®% QOverall, little is currently known about how the time from
hemorrhagic rupture affects tractography visualization and diffusion
anisotropy, but this case provides evidence that the quality and reli-
ability of DTI findings when using our particular imaging technique
improve over time.?

While still a topic of debate, one current treatment paradigm for
patients with a ruptured AVM but stable or improving functional defi-
cits is to undergo an observation period before definitive treatment so
that functional recovery can be optimized.”'*#” The thought is that the
friability of the parenchyma immediately after rupture can increase
the risk of damaging the surrounding structures intraoperatively and
causing permanent neurological deficits.” Conversely, those in sup-
port of early surgery argue that rupture facilitates better resection by
providing a wider surgical corridor from the hematoma cavity and
spares the patient an extra recovery period from delayed surgery.?
While a large retrospective study demonstrated that surgical out-
comes are not affected by the elapsed time from rupture to surgery,
this case argues that an observation period may provide improved
DTI data, which could modify initial treatment decisions.?” Delaying
surgery and repeating imaging to acquire more accurate informa-
tion may be especially important in cases in which the hematoma
is not life-threatening and the nidus is presumed to affect white mat-
ter tracts, given the association of intervention on white matter tracts



with higher rates of postoperative motor deficits and longer recovery
times.? Further investigation into the temporal relationship between
DTI quality and hemorrhage, as well as whether alternative imaging
techniques can mitigate these limitations, is needed to help guide the
clinical utility and interpretability of DTI in AVMs that involve eloquent
white matter tracts.

Lessons

This case demonstrates that early imaging and tractography of
ruptured AVMs affecting white matter tracts are susceptible to inac-
curacies in characterizing the nature of the AVM nidus and eloquent
pathways. DTl at the time of presentation should be interpreted with
caution to avoid false assumptions about the integrity of potentially
injured white matter tracts. If the patient is a good candidate for
delayed surgical treatment, it would be advantageous to perform
repeat DTI prior to surgery to allow for better-informed treatment
decision-making. This is because new and more reliable information
on the AVM may be elucidated and influence which of the various AVM
treatment modalities are best suited for the patient’s clinical picture.
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