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Abstract

Introduction Rapid MRI with ultrafast T2 sequences can
be performed without sedation and is often used in place
of computed tomography (CT) to evaluate pediatric pa-
tients for indications such as hydrocephalus. This study
investigated the sensitivity of rapid magnetic resonance
imaging (MRI) for detection and follow-up of acute intra-
cranial hemorrhage in comparison to CT, which is com-
monly the first-line imaging.

Methods Patients presenting to a pediatric hospital with
acute intracranial hemorrhage on CT and follow-up rapid
MRI within 48 h were included. Rapid MRI studies
consisted of three plane ultrafast T2 sequences either with
or without axial gradient echo (GRE) sequences.
Identification of hemorrhage on rapid MRI was assessed
by readers both blinded and unblinded to prior CT results.
Results One hundred two acute hemorrhages in 61 patients
were identified by CT. Rapid MRI detection of subdural and
epidural hemorrhages was modest in the absence of prior CT
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for comparison (sensitivity 61-74 %), but increased with re-
view of the prior CT (sensitivity 80—-86 %). Hemorrhage size
was a significant predictor of detection (p<0.0001). Three
plane fast T2 images alone without GRE sequences were poor
at detecting subarachnoid hemorrhage (sensitivity 10-25 %);
rapid MRI with GRE sequences identified the majority of
subarachnoid hemorrhage (sensitivity 71-93 %). GRE mod-
estly increased detection of other extra-axial hemorrhages.
Conclusions Rapid MRI with GRE sequences is sensitive for
most acute intracranial hemorrhages only when a prior CT is
available for review. Rapid MRI is not adequate to replace CT
in initial evaluation of intracranial hemorrhages but may be
helpful in follow-up of known hemorrhages.

Keywords Intracranial hemorrhage - Pediatric head trauma -
Rapid MRI - Ultrafast MRI

Introduction

Suspected intracranial hemorrhage (ICH), usually in the set-
ting of trauma, is a common indication for imaging in the
pediatric population. Computed tomography (CT) is typically
considered the first-line examination for these patients due to
its availability, speed, and excellent sensitivity for acute blood
products [1, 2]. However, CT requires exposure to radiation,
which is of particular concern in the radiosensitive pediatric
population [3]. Additionally, patients with ICH may undergo
follow-up CT to evaluate for progressive hemorrhage, which
results in cumulative radiation exposure. Standard magnetic
resonance imaging (MRI) can effectively evaluate for hemor-
rhage without radiation [4—7], but it is a longer examination
and frequently necessitates sedation in young patients. This
limits access in the emergent setting and carries additional
anesthesia risks.
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Table 1 Hemorrhages detected

by 3-plane T2 rapid MRI SDH/EDH (n=172) SAH (n=20) Contusion (n=10) Total (n=102)
compared with CT

Unblinded rapid MRI 80 % 25 % 90 % 72 %

Blind rapid MRI 61 % 10 % 90 % 54 %

In recent years, rapid MRI techniques (also known as
fast MR, ultrafast MR, quick brain MRI, and MR ventri-
cle exams) have gained increasing popularity for limited
pediatric brain imaging. These studies typically consist of
fast acquisition T2 weighted images, occasionally with
additional sequences, which can be performed quickly
and thus without the need for sedation. These techniques
have proven valuable in certain instances, most notably in
the evaluation of shunted hydrocephalus [8—13].
However, rapid imaging provides limited detail in com-
parison to a full MRI study. Several studies have noted
the limitations of rapid MRI in detection of small lesions,
as well as in evaluation for structural and migrational
abnormalities, and its adequacy for other indications is
uncertain [14—18].

In this study, we examine the sensitivity of rapid non-
sedated MRI for both initial detection and follow-up evalua-
tion of acute ICH in comparison to CT.

Materials and methods
Subjects

This was a retrospective study approved by the institu-
tional review board. All rapid MRI studies performed at
a tertiary pediatric hospital from 2009 through 2013 were
reviewed for a clinical history of acute trauma or hemor-
rhage. Patients with a prior CT, either at our institution or
performed at an outside institution and loaded onto a dig-
ital picture archiving and communications system (PACS)
workstation, within 48 h of rapid MRI were selected.
Patients were excluded in cases of interval neurosurgical
procedure, inadequate CT imaging, or no identifiable
hemorrhage by CT. Demographic data and clinical history
were obtained from the electronic medical record.

Imaging technique

CT technique was variable as images from a variety of institu-
tions were reviewed. All CT scans included non-contrast axial

images from skull base through vertex. Reformatted images,
when available, were also reviewed. Rapid MRI examinations
were performed on either 1.5 Tesla (T) or 3 T scanners
(Discovery 750, HDXT Signa scanners, GE Healthcare,
Milwaukee, Wisconsin; Magnetom Avanto, Aera and Skyra
scanners, Siemens, Erlangen, Germany) and included axial,
sagittal, and coronal single-shot fast spin echo (SS-FSE) or
half-Fourier acquisition single-shot turbo spin echo (HASTE)
sequences for a total scan time of approximately 2—3 min.
Representative parameters for 3 T studies were the following:
matrix size 320x 265, field of view 23 cm, TR2000, TE87,
slice thickness 4-5 mm. Representative parameters for 1.5 T
studies were as follows: matrix size 192 x 180, field of view
20 cm, TR1500, TE78, slice thickness 4-5 mm. Some exams
also included axial gradient echo (GRE) sequences for an ad-
ditional scan time of approximately 1 min with representative
parameters as follows: 3 T: matrix size 320 x 218, field of view
20 cm, TR630, TE20, slice thickness 4-5 mm; 1.5 T: matrix
size 256 % 200, field of view 18 cm, TR729, TE25, slice thick-
ness 4-5 mm.

Image analysis

CT and rapid MRI studies were anonymized, and reviewed by
two board certified pediatric neuroradiologists (M.R. and
A.].). For each rapid MR examination, one reviewer did not
have the prior CT for comparison (blinded) and the other
interpreted the exam in conjunction with the prior CT images
(unblinded). A subset of patients had an optional GRE se-
quence performed in addition to the ultrafast T2 sequences
as a part of the rapid MR protocol and were evaluated
separately.

The presence, type, and size of ICH detected by rapid
MRI were recorded. Hemorrhage categories included sub-
dural hemorrhage (SDH), epidural hemorrhage (EDH),
subarachnoid hemorrhage (SAH), intraventricular hemor-
rhage (IVH), and parenchymal hemorrhagic contusion. In
many instances, hemorrhages were too small to distin-
guish between subdural and epidural, and thus SDH and
EDH were considered together. SDH/EDH hemorrhages
were measured in greatest width in the axial plane. The

Table 2 Hemorrhages detected

by 3-plane T2 rapid MRI with SDH/EDH (n=35)  SAH (n=14)  Contusion (n=9)  Total (n=58)
GRE sequences compared with
CT Unblinded rapid MRI+GRE 86 % 93 % 100 % 90 %

Blind rapid MRI+GRE 74 % 71 % 83 % 76 %

@ Springer



Neuroradiology (2016) 58:793—799

795

Table 3 Hemorrhages missed on

rapid MR by scanner field 1.5 T magnet (73 3.0 T magnet (29
strength hemorrhages) hemorrhages)
Missed hemorrhages by rapid MRI 21 (28 %) 9 (31 %)
(unblinded)
Missed hemorrhages by rapid MRI (blinded) 33 (45 %) 14 (48 %)

degree of motion degradation on CT, rapid T2 MRI, and
GRE sequences was qualitatively assessed with a 4-point
scale (0=none; 1=mild, 2=moderate, 3 =severe).

Statistical analysis

Detection of hemorrhage (dichotomous) served as the primary
outcome of interest for analyses, and degree of motion degra-
dation (range O to 3) served as a secondary outcome measure
of interest. Predictors of interest included the following:
blinded vs. unblinded assessment, type of hemorrhage (ex-
tra-axial, subarachnoid, contusion), presence vs. absence of
GRE sequence, and size of hemorrhage. Analyses employed
a series of chi-squared tests for independence comparing cat-
egorical predictors with categorical outcome(s), McNemar’s
tests for paired data, and Wilcoxon rank-sum tests/Kruskal-
Wallis tests for size and degree of motion score. Results of chi-
squared tests were compared with those of a generalized linear
model (with logit link) for correlated data using generalized
estimating equations since images within patient may be as-
sociated with one another. In determining predictive ability of
size of hemorrhage in detection, analyses involved a logistic
regression model with size as the sole predictor. All analyses
assumed a 5 % level of significance and no corrections were
made for multiple hypothesis tests.

Results

Sixty-one patients met the inclusion criteria of detectable ICH
by CT, rapid MR study was performed within 48 h of CT, and
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Fig. 1 Percent sensitivity (y axis) of rapid MRI for intracranial
hemorrhage compared with CT

there was no neurosurgical intervention during this time.
There were 35 male and 26 female subjects, and the mean
age was 2.4 years (range 1 day—22 years). The most common
indication for imaging was trauma (45 falls, 4 blunt force
objects to the head, 3 birth-related injury, 2 suspected
non-accidental injuries, and 1 motor vehicle accident).
Other indications included seizure (n=3), cavernoma
(n=1), postlumbar puncture headache (n=1), and head-
ache with thrombocytopenia (n=1). The average time in-
terval between CT and MR imaging was 28 h and 43 min
(range 2 h 59 m—46 h 1 m).

Of the 61 rapid MRI exams, 43 exams were performed
at 1.5 T and 18 at 3 T. Thirty-six exams also included
additional GRE sequences, which were analyzed as a sub-
set. There were a total of 102 hyperdense, acute hemor-
rhages detected on CT, including 72 EDH/SDH, 20 SAH,
and 10 parenchymal hemorrhagic contusions. The sensi-
tivity of rapid MRI with ultrafast T2 images alone
(blinded) and with prior CT for comparison (unblinded)
are summarized in Table 1. Hemorrhage detection in the
subset of exams containing GRE sequences in addition to
ultrafast T2 images is summarized in Table 2.

Assuming CT as the gold standard, the overall sensitivity of
ICH detection by rapid MRI T2 images alone was 54 %,
which increased to 71 % with comparison to prior CT
(p=0.0004). Detection was only slightly higher with studies
performed at 3 T, compared with 1.5 T (Table 3), but the
difference was not statistically significant (p=0.7671 for
blinded, p =0.8457 for unblinded).

The overall sensitivity of ICH detection by blinded rapid
MRI with GRE was 76 %, which increased to 90 % for un-
blinded rapid MRI with GRE (p=0.0114). When compared to
rapid MRI without GRE, the addition of a GRE sequence
significantly increased the overall detection rate for both
blinded (54 versus 76 %, p=0.0003) and unblinded readers
(71 versus 90 %, p<0.0001). Hemorrhages detected on rapid
MRI and rapid MRI with GRE sequences for blinded and
unblinded readers are summarized in Fig. 1.

The sensitivity for parenchymal hemorrhage was high,
regardless of GRE sequences or prior CT availability (89—
100 %). Subarachnoid hemorrhage was frequently not de-
tectable by rapid MRI without GRE, even when the prior
CT was available for comparison (sensitivity 25 % unblinded,
10 % blinded), but detection was significantly increased with
GRE sequences (sensitivity 93 % unblinded, p=0.0016, 71 %
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Fig. 2 Probability of EDH/SDH detection compared with hemorrhage
size according to logistic regression model output

blinded, p=0.0067). The sensitivity of SDH/EDH was signif-
icantly higher when the prior CT was reviewed (sensitivity
81 % unblinded versus 61 % blinded, p=0.0010). The addi-
tion of GRE further increased this to 86 %, although this
difference was not statistically significant.

The average size of SDH/EDH by CT was 5.7 mm (range
2-23 mm). The average size of SDH/EDH identified by rapid
MRI was 6.3 mm (unblinded) and 6.8 mm (blinded). The
average size of SDH/EDH missed by rapid MRI was signifi-
cantly lower for both unblinded (mean 3.2 mm, p=0.0015)
and blinded (mean 4 mm, p=0.0010) readers. SDH/EDH size
was a statistically significant predictor of detection for both
blinded and unblinded readers (Fig. 2). Every millimeter in-
crease in size corresponded to an odds ratio for detection of
1.68 [(1.18, 2.39), p=0.0042] for unblinded rapid MRI and an
odds ratio of 1.39 [(1.19, 1.61), p<0.0001], for blinded rapid
MRI.

Two patients also demonstrated IVH on CT. Neither
case was recognized by rapid T2 images alone, but both
were identified with GRE sequences.

Motion degradation, scored from none (0) to severe (3),
was significantly less for CT (mean 0.4) than for rapid MRI
(mean 0.8) and GRE (mean 1.3, Kruskal-Wallis test
p<.0001).

Of the 41 fractures detected by CT, rapid MRI identified
only 11. One patient with hydrocephalus and five patients

Fig. 3 Nine-year-old girl with
epidural hemorrhage. Axial CT
(a), rapid MRI T2 HASTE (b),
and GRE (c¢) images
demonstrating an acute left
epidural hematoma (arrow) with
associated scalp swelling
(arrowheads)
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with mild midline shift were identified on both blinded and
unblinded rapid MRI.

Discussion

Rapid MRI has been considered as an alternative to standard
MRI or CT for evaluation of intracranial pathologies. This is
particularly relevant in children who may require sedation for
full-length MRI and are also more sensitive to the risks of
ionizing radiation from CT. However, there is little data on
the use of these limited exams for indications other than hy-
drocephalus. Interpretation of the literature is also confounded
by variability in both terminology and techniques of rapid
MRI. A recent study by Cohen et al. [19] suggested rapid
MRI may be feasible to evaluate acute pediatric head trauma
in the emergency room setting from a technical and resource
utilization standpoint, but they did not evaluate the sensitivity
of these studies. A prior study by Griffiths et al. [20] compar-
ing rapid MRI with standard MR and CT in the diagnosis of
acute neurologic conditions showed that rapid MRI detected
the majority of intracranial pathology in acute neurosurgical
admissions, with the exception of SAH, but did not describe
the sensitivity for other ICH types. Of note, the rapid MRI
technique in that study consisted of echo planar T1 and DWI
images in addition to single-shot fast spin echo T2 sequences,
but they did not include GRE images. Recently, a study by
Mehta et al. [21] assessed rapid MRI, which included axial T2
FLAIR and DWI images in addition to GRE and multiplanar
ultrafast T2 sequences, for the evaluation of pediatric head
trauma. These investigators found an almost perfect concor-
dance between rapid MR and CT detection of extra-axial hem-
orrhages, although the size of the hemorrhages was not
referenced.

In our series, rapid MRI detected the majority of extra-axial
hemorrhages when GRE sequences were used and the prior
CT was available for review (Fig. 3). The sensitivity for SAH
was poor with T2 images alone, in concordance with the re-
sults of Griffith et al., but significantly improved with the
addition of GRE sequences (Fig. 4). Gradient sequences only
mildly improved detection of SDH/EDH. In many instances,
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Fig. 4 Three-month-old girl with
SAH. Axial CT (a), rapid MRI T2
HASTE (b), and GRE (c¢) images.
Left frontotemporal SAH
(arrows) is only evident on CT
and GRE images. The
hemorrhage is not identified on
rapid T2 images

this may have been due to volume averaging with low signal
of the skull and difficulty distinguishing small extra-axial
hemorrhages from adjacent calvarium or scalp hematoma
(Fig. 5). Rapid MRI detected nearly all parenchymal hemor-
rhagic contusions evident by CT, with or without additional
GRE sequences, presumably due to the sensitivity of T2
weighted images for associated edema (Fig. 6). Overall hem-
orrhage detection did not appear substantially increased in
cases performed at 3 T compared to 1.5 T studies. Although
this could be due to the small 3 T sample size, it is also pos-
sible that higher magnet field strength does not significantly
aid in distinguishing T2 hypointense blood products from ad-
jacent T2 hypointense calvarium in cases of small
hemorrhages.

The overall high sensitivity for ICH by rapid MRI
when used to follow up positive CT findings in our study
is similar to Mehta et al. and lends support to the potential
role of rapid MR for assessment of intracranial trauma.
However, it should be noted that, in our series, the size
of the SDH/EDH was a significant predictor for detection.
Although none of the patients with missed ICH required
neurosurgical intervention, small collections were not re-
liably identified, even when the prior CT was reviewed
for comparison and most fractures were not recognized
by rapid MRI. Rapid MRI would be unlikely to fail to
detect a neurosurgically relevant collection, but in some
instances, such as evaluation for abusive head trauma,
trace hemorrhages may still be of critical importance and
could be missed by this technique. Additionally, although

Fig. 5 Six-month-old girl with
small extra-axial hematoma.
Axial non-contrast CT (a)
demonstrates a small left
temporoparietal extra-axial
hemorrhage (arrow). On T2
HASTE rapid MR (b) and GRE
from rapid MRI (c), the
hematoma is difficult to
distinguish from adjacent
calvarium and subgaleal
hematoma

the SDH/EDH detection was high when the prior CT was
available for comparison, the sensitivity was only modest
in the absence of CT for comparison. This suggests that
although rapid MRI may be helpful in reevaluation of
known ICH documented by prior CT, this technique is
not adequate to replace CT as an initial screening exami-
nation for head trauma.

The utility of repeat imaging of ICH in the absence of
neurologic deterioration has been debated, particularly in pe-
diatric patients where assessment of neurologic status may be
more challenging, but there is also a greater concern for the
effects of cumulative radiation [22—-24]. However, in practice,
repeat head CTs in pediatric patients with ICH appear to be
frequently performed for routine follow up [25, 26]. Rapid
MR could provide a safe modality for reevaluation, without
radiation or anesthetic risks.

There are several limitations to this study. As with
many pediatric studies, the sample size is relatively small.
Patients with interval procedures, such as hematoma evac-
uation, were excluded from the study, creating a bias for
patients with less significant head trauma. There also may
be an unknown selection bias regarding which patients
received rapid MRI follow-up in contrast to those who
had no repeat imaging or follow-up CT. Additionally, this
study assumes CT as the gold standard for ICH and that
hemorrhages did not substantially change in size during
between CT and MR imaging. Progressive hemorrhage or
redistribution of blood products would affect comparisons
between CT and rapid MRI. As only positive CT cases
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Fig. 6 Three-year-old boy with
contusion. Axial CT (a), rapid
MRI T2 HASTE (b), and GRE (c)
images demonstrating an inferior
left frontal parenchymal
hemorrhagic contusion (arrows)

were included, the specificity of rapid MRI and the pos-
sibility that rapid MRI could be more sensitive for some
types of hemorrhage or contusion than CT is cannot be
assessed here. Additionally, rapid MR studies consisted
only of ultrafast T2 and, in some instances, GRE se-
quences. Other fast MR sequences, such as fast FSE
FLAIR images, have been employed in some rapid MR
imaging protocols and could potentially provide superior
detection (21). Thinner (3 mm) slices may also have in-
creased detection, although increasing the slice number
and sequences would result in some increased imaging
time. As noted in the statistical Materials and methods
section, analyses involved simple chi-squared tests; how-
ever, failure to account for potential within-patient asso-
ciation across images may result in misleading statistical
inference and interpretation. To mitigate this limitation,
the simpler, more intuitive chi-squared results were com-
pared with that of the more complex generalized estimat-
ing equation results, and all major inferences and interpre-
tations remained comparable. It should be noted, however,
that the sensitivities reported should be viewed as esti-
mates since observations are not necessarily independent.
In addition, no corrections were made for multiple statis-
tical hypothesis tests since these analyses were deemed
exploratory.

Conclusion

Rapid MRI may be useful as an alternative to CT in the follow
up of known acute ICH in the pediatric population. Non-
sedated rapid MRI sequences demonstrated a high sensitivity
for CT-positive acute ICH when the prior CT was available for
comparison. The addition of GRE sequences significantly in-
creased the detection of ICH and should be included in rapid
MRI techniques for hemorrhage evaluation. However, the
more modest sensitivity of rapid MRI for hemorrhage in the
absence of prior CT and limited detection of very small extra-
axial collections suggests that this technique is not adequate
for initial evaluation of head trauma.
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