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ABSTRACT

BACKGROUND AND PURPOSE: With >473,000 annual emergency department visits for children with traumatic brain injuries in the
United States, the risk of ionizing radiation exposure during CT examinations is a real concern. The purpose of this study was to assess the
validity of rapid MR imaging to replace CT in the follow-up imaging of patients with head trauma.

MATERIALS AND METHODS: A retrospective review of 103 pediatric patients who underwent initial head CT and subsequent follow-up
rapid MR imaging between January 2010 and July 2013 was performed. Patients had minor head injuries (Glasgow Coma Scale, >13) that
required imaging. Initial head CT was performed, with follow-up rapid MR imaging completed within 48 hours. A board-certified neuro-
radiologist, blinded to patient information and scan parameters, then independently interpreted the randomized cases.

RESULTS: There was almost perfect agreement in the ability to detect extra-axial hemorrhage on rapid MR imaging and CT (k = 0.84,
P <.001). Evaluation of hemorrhagic contusion/intraparenchymal hemorrhage demonstrated a moderate level of agreement between MR
imaging and CT (k = 0.61, P < .001). The ability of MR imaging to detect a skull fracture also showed a substantial level of agreement with
CT (k = 0.71, P < .001). Detection of diffuse axonal injury demonstrated a slight level of agreement between MR imaging and CT (k = 0.154,
P = .04). However, the overall predictive agreement for the detection of an axonal injury was 91%.

CONCLUSIONS: Rapid MR imaging is a valid technique for detecting traumatic cranial injuries and an adequate examination for follow-up

imaging in lieu of repeat CT.

ABBREVIATION: rMRI = rapid MR imaging

ead trauma continues to be a leading cause of death and
disability in children in the United States." Every year,
>473,000 visits to the emergency department are related to brain
injury,” most resulting from minor injuries or falls. Although
most head injuries are classified as mild, approximately 10%—15%
of children sustain a severe one. The incidence of intracranial
injury following minor head trauma is unknown; however, with
increasing public awareness of traumatic brain injury and concus-
sion, there has been a rise in research of minor head injuries.
Methods of diagnosis,‘%’4 hospital admission criteria,”® and re-
turn-to-play criteria”® are a few of the active areas of research.
Children with head trauma, at risk for intracranial injury,
should be initially imaged with CT® because it remains the crite-
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rion standard technique for the evaluation of head trauma.'® Al-
though the incidence of injuries requiring neurosurgical interven-
tion in children with minor head injuries is low, the use of CT for
evaluation has been increasing. The use of CT increased from 13%
to 22% from 1995 to 2003, with a peak of 29% in 2000."" The
decision to obtain neuroimaging for children with minor head
trauma must balance the importance of identifying head injuries
with the risks of CT. There is growing awareness in the medical
community and public of increased cancer risk caused by ionizing
radiation.'” Brenner et al'’ estimated that 170 additional fatal
cancers will develop due to head CT examinations performed in
children younger than 15 years of age in the United States in a
single year. In addition, some children may require sedation to
obtain an adequate CT examination, which can be associated with
as high as a 20.1% chance of an adverse event.'*

MR imaging is an alternative technique that avoids ionizing
radiation exposure altogether and produces high-quality images.
A study with conventional sequences requires long acquisition
times and is susceptible to motion artifacts. The need for sedation
increases the risk to the patient, lengthens the time needed to
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acquire patient images, and further increases the cost of standard
MR imaging.'*"”

Modified MR imaging protocols with reduced acquisition
times have been used successfully in non-neurosurgical pa-
tients,'®'” and rapid MR imaging (rMRI) or “quick-brain” MR
imaging protocols have become an accepted technique to evaluate
and follow patients with hydrocephalus.'®*° Missios et al*" inves-
tigated the use of rMRI in patients without hydrocephalus and
concluded that it was an adequate neuroimaging tool for evalua-
tion and follow-up. The use of rMRI protocols in evaluating pe-
diatric patients with minor head injuries remains to be validated.

As far as we are aware, a systematic search of current literature
did not yield a previous study examining the validity of rMRI in
the imaging of pediatric patients with head trauma. The purpose
of our study was to demonstrate the efficacy of replacing ionizing
CT imaging with nonionizing rMRI for follow-up of patients with
minor head trauma.

MATERIALS AND METHODS

Our institutional review board approved this study, with a waiver
of informed consent. All CT and MR imaging examinations were
performed as a standard of care; the results were retrospectively
reviewed. The study protocol complied with the Health Insurance
Portability and Accountability Act.

Patient Group

Patients evaluated at Westchester Medical Center, a level 1 pedi-
atric trauma center, between January 2010 and July 3013 were
screened for eligibility; inclusion criteria were patients presenting
with minor head injury (Glasgow Coma Scale, >13) who were
evaluated with rMRI performed within 48 hours following an
initial CT. Patients were selected for CT on the basis of regional
emergency department criteria for imaging, and rMRI was com-
pleted at our institution regardless of CT findings.

Imaging Protocol
CT studies performed at our institution used a Brilliance 64—
detector row CT scanner (Philips Healthcare, Best, the Nether-
lands); images were acquired helically and reconstructed into a
contiguous 3-mm axial dataset acquired from the base of the skull
to the vertex. Images obtained at an outside institution were up-
loaded to our system as per our protocol for interpretation of
outside imaging studies. Images obtained from outside institu-
tions used their own protocol for image acquisition; minimum
imaging requirements for outside studies included datasets ac-
quired from the base of the skull to the vertex with contiguous
axial images of =5 mm.

rMRI examinations were performed by using 1.5T (Achieva
1.5T; Philips Healthcare) and 3T (Achieva 3T X; Philips Health-
care) scanners. rMRI sequences included the following: axial sin-
gle-shot T2 fast-field echo EPI: 5-second scanning time; TR, 2000
ms; TE, 25 ms; axial single-shot diffusion-weighted imaging: 35-
second scanning time; TR, 3000 ms; TE, 65 ms; axial single-shot
FLAIR: 45-second scanning time; TR, 12,000 ms; T1, 2850 ms; TE,
135 ms; axial T2 fast-field echo: 35-second scanning time; TR, 550
ms; TE, 15 ms; coronal T2 turbo spin-echo: 35-second scanning
time; TR, 3500 ms; TE, 80 ms. Axial T2 turbo spin-echo (30-
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second scanning time; TR, 3000 ms; TE, 80 ms) may be performed
if desired by the radiologist or MR imaging technologist, with a
total scanning time of 2.5-3 minutes (Fig 1: rMRI sequences
obtained).

Image Interpretation
CT and rMRI studies that met the inclusion criteria were random-
ized, then independently and retrospectively evaluated by a
board-certified radiologist, with added board certification in neu-
roradiology, on a digital PACS workstation. The studies were ret-
rospectively reviewed during a 3-month period from October
2013 to January 2014. The reader was blinded to patient-identify-
ing information and imaging parameters. Furthermore, all CT
and rMRI studies were reviewed independent of one another.
During interpretation, the radiologist evaluated the presence
or absence of the following findings: extra-axial hemorrhage
(subdural, epidural, or subarachnoid hemorrhage), hemorrhagic
contusion/intraparenchymal hemorrhage, calvarial fracture,
and/or diffuse axonal injury. The radiologist was also asked to
comment on the presence of motion degradation.

Statistical Evaluation

We performed statistical evaluation of the data by using commer-
cially available statistical software (SPSS; IBM, Armonk, New
York). Cohen k statistics** were performed to determine whether
there was agreement between the 2 imaging modalities as to the
presence or absence of extra-axial hemorrhage, hemorrhagic con-
tusion/intraparenchymal hemorrhage, fracture, and/or diffuse
axonal injury. Positive and negative percentage agreement and
overall percentage agreement of the findings on CT and rMRI
were also analyzed.

RESULTS

A total of 103 pediatric patients presenting with minor head
trauma (presenting Glasgow Coma Scale, >13) underwent rMRI
following initial CT as per regional head trauma injury criteria.
Two patients were excluded because the rMRI was performed
following surgical intervention for intracranial hemorrhage. The
mean age of the 101 subjects was 6 years (range, 0—19 years); there
were 57 males (55%) and 46 females (45%). The most common
mechanism of injury was a fall. rMRI was performed within 48
hours of arrival at our institution and CT imaging; the average
time between initial CT and follow-up rMRI was 19 hours. No
patient received anesthesia for the study.

On review of the imaging, 24 patients had some degree of
motion degradation on rMRI compared with only 7 patients on
CT. Only 4 patients had evidence of motion degradation on both
CT and rMRL The degree of motion artifacts on the examinations
was mild to moderate and not enough to require exclusion from
the study because the studies were deemed diagnostic. Overall, the
correlation of traumatic findings between initial CT and rMRI
was k = 0.73 (P < .001; 95% CI, 0.88—-0.94). This indicates a
substantial agreement in findings between imaging modalities
(Table 1). An overall percentage agreement of 92%, positive per-
centage accuracy of 91%, and negative predictive accuracy of 94%
further demonstrated this agreement.

When one looks at subtypes of injuries, the ability to detect



FIG1. Sample images from a routine rMRI examination. Axial single-shot T2 fast-field echo echo-planar (A), axial single-shot diffusion-weighted
(B), axial single-shot FLAIR (C), axial T2 fast-field echo (T2*) (D), coronal T2 TSE (E), and axial T2 TSE (F) images.

Table 1: Presence of a positive image finding following minor
head injury®

Table 2: Presence of extra-axial hemorrhage following minor
head injury®

Positive
Scan cr
Findings Negative Positive Total
rMRI
Negative 22 10 32
Positive 1 68 69
Total 23 78 101

? k measure of agreement, 0.728; P < .001; standard error, 0.075; overall percentage
agreement, 92%; positive percentage agreement, 91%; negative percentage agree-
ment, 94%.

extra-axial hemorrhage (epidural, subdural, subarachnoid hem-
orrhage) on CT and rMRI was comparable, with a k = 0.84
(P <.001;95% CI, 0.74—-0.95). With an overall percentage agree-
ment of 92% and a positive percentage agreement of 91% and a
negative percentage agreement of 94%, the ability to detect extra-
axial hemorrhage on rMRI was almost in perfect agreement with
findings on CT (Table 2).

Although there was substantial agreement between rMRI and
CT on the presence of hemorrhagic contusion/intraparenchymal
hemorrhage (Table 3), the correlation was not as great as that for
the presence of extra-axial hemorrhage, with k = 0.61 (P <.001;
95% CI, 0.42—0.80). However, when we looked at the results,
there was a high positive predictive agreement of findings on
rMRI (93%), with a high overall percentage agreement (87%).

Extra-Axial cr

Hemorrhage Negative Positive Total

rMRI
Negative 44 5 49
Positive 3 49 52
Total 47 54 101

 k measure of agreement, 0.841; P <0 .001; standard error, 0.054; overall percentage
agreement, 92%; positive percentage agreement, 91%; negative percentage agree-
ment, 94%.

Table 3: Presence of a contusion/intraparenchymal hemorrhage
following minor head injury®

CcT
Contusion Negative Positive Total
rMRI
Negative 74 1 75
Positive 12 14 26
Total 86 15 101

@ k measure of agreement, 0.609; P < .001; standard error, 0.095; overall percentage
agreement, 87%; positive percentage agreement, 93%; negative percentage agree-
ment, 86%.

The negative percentage agreement was also high at 86%. It ap-
pears that rMRI detects more contusive changes than initially seen
on CT and may be more sensitive in detecting intraparenchymal
blood.
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A similar finding was noted when looking at the presence of
diffuse axonal injury (Table 4). There was only slight agreement
for the presence of axonal injury between rMRI and CT with k=
0.15 (P = .04; 95% CI, —0.15-0.45). However, the overall per-
centage agreement was 91%, and the negative percentage agree-
ment was 92%. The positive percentage agreement was only 50%,
with 8 cases in which rMRI-suspected axonal injury was not seen
on CT. The relatively low positive percentage agreement may be
secondary to increased sensitivity to this injury type with the use
of rMRI, especially because only a single case had a description of
positive axonal injury seen on CT that was not seen on rMRI.

Even though it was predicted that CT would be more reliable
in detecting skull fractures compared with rMRI, this reliability
was not demonstrated (Table 5). The reliability of rMRI to detect
skull fractures was found to be k = 0.71 (P < .001; 95% CI,

Table 4: Presence of diffuse axonal injury following minor head
injury®

Diffuse

Axonal <l

Injury Negative Positive Total
rMRI

Negative 91 1 92

Positive 8 1 9

Total 99 2 101

? k measure of agreement, 0.154; P = .039; standard error, 0.153; overall percentage agree-
ment, 91%; positive percentage agreement, 50%; negative percentage agreement, 92%.

Table 5: Presence of a skull fracture following minor head injury®

Skull Sl
Fracture Negative Positive Total
rMRI
Negative 44 12 56
Positive 3 42 45
Total 47 54 101

@ k measure of agreement, 0.705; P < .001; standard error, 0.069; overall percentage
agreement, 85%; positive percentage agreement, 78%; negative percentage agreement, 94%.

0.56—0.84), indicating substantial agreement. The overall per-
centage agreement was 85%, with a negative percentage agree-
ment of 94% and a positive percentage agreement of 78%. In 12
cases, rMRI failed to detect a skull fracture seen on CT. None of
these cases necessitated neurosurgical intervention.

DISCUSSION

The results of this study demonstrate that rMRI can detect trau-
matic injuries with a similar sensitivity and specificity compared
with CT in the setting of minor head injuries. This finding was
particularly true in the detection of extra-axial hemorrhage and
intraparenchymal contusion (Fig 2; extra-axial hemorrhage). In
the case of intraparenchymal hemorrhage, only a single patient
had a positive finding that was not detected on rMRI. Conversely,
however, 12 patients had contusive changes identified on rMRI,
which were not seen on CT. This finding may simply be a reflec-
tion of the ability of the rMRI sequences to detect the presence of
blood with increased sensitivity (Fig 3; left temporal lobe contu-
sion not seen on CT but visualized on follow-up rMRI). We found
that the T2 fast-field echo EPI sequence was most useful in appre-
ciating acute blood products due to the susceptibility effects from
deoxyhemoglobin. The coronal T2 TSE was also particularly use-
ful for detecting smaller convexity blood products and traumatic
brain injury at the inferior frontal lobes.

While it had been previously thought that rMRI would be
insensitive for detecting skull fracture,”” our study did not reflect
that supposition. Of the 101 patients, only 12 had a skull fracture
found on CT that was not identified on rMRI. However, as with
other clinical studies, none of these skull fractures required surgi-
cal intervention (Fig 4; fracture, CT and rMRI).** The fractures
not identified on rMRI typically were nondepressed skull frac-
tures. Although these fractures were not identified on rMRI
when the reader was blinded to the initial CT, when they were
retrospectively reviewed with the initial head CT, most fractures

were identified as in the case shown in Fig 4F, -G.

FIG 2. An 8-year-old child who fell from a bike. Initial noncontrast head CT shows a left epidural hemorrhage (A). Follow-up rMRI axial T2 TSE
shows interval-increased size of the left epidural hemorrhage (B). Follow-up rMRI axial T2 TSE shows interval craniotomy and evacuation of the

left epidural hemorrhage (C).
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FIG3. Al6-year-old pedestrian struck by an automobile. Negative noncontrast CT of the head (A), axial single-shot FLAIR (B), and coronal T2 TSE

(C) demonstrate a small left temporal lobe contusion.

FIG 4. Axial noncontrast head CT (A) demonstrates a right frontal bone fracture. On the same patient, a right frontal extra-axial hemorrhage
with fracture is present on the axial T2 TSE (B) and coronal T2 TSE (C). Axial noncontrast head CT (D) shows an occipital fracture with a
corresponding fracture seen on the axial T2 TSE sequence (E). Axial noncontrast head CT (F) shows the right occipital fracture. The fracture was
not identified prospectively on rMRI; however, it can be identified retrospectively on rMRI (G) when read in conjunction with the initial head CT.

In the detection of diffuse axonal injury/shear injuries, there
was a very clear difference between rMRI and CT. Although a
significant correlation and a high negative percentage agreement
were found, there was a comparatively low positive percentage
agreement, with 8 cases having a positive rMRI interpretation
compared with CT. This finding as in the case of detection of

contusive injuries, may simply reflect the higher sensitivity of MR
imaging to these injuries, as previously demonstrated in other
studies.””** The time delay between initial CT and follow-up
rMRI could also result in increased conspicuity of axonal injury
due to interval blossoming. Additionally, DWI and FLAIR imag-

ing may be more sensitive for the detection of diffuse axonal in-
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FIG 5. A15-year-old adolescent involved in an all-terrain vehicle rollover. Axial noncontrast head CT images (A—D) demonstrate no abnormal
finding. The axial single-shot FLAIR images (E-H) demonstrate multiple foci of abnormal signal in the frontal white matter and genu of the corpus

callosum, compatible with diffuse axonal injury.

jury and parenchymal contusion compared with CT. An example
of the increased sensitivity of FLAIR imaging to detect diffuse
axonal injury is demonstrated in the case example shown in Fig 5,
in which a pediatric patient with a minor head injury demon-
strated multiple FLAIR signal changes not detected on CT (Fig 5;
axonal injury, CT and rMRI).

Most reports have focused on the use of rMRI in the evaluation
of hydrocephalus; however, other disorders may also be success-
fully imaged with this technology. CT has increasingly become
part of the routine algorithm in the setting of trauma, particularly
given its speed of acquisition. In this population, rMRI has been
primarily used for follow-up imaging,*' even though the sensitiv-
ity and specificity of rMRI for various findings that influence the
medical and surgical management of cranial trauma have yet to be
firmly established. Previous studies that have looked at the use of
MR imaging in patients with trauma have focused on prognosti-
cation® and, as such, have included full-sequence studies, often
completed several weeks after the injury. A strength of our study is
the short duration between the 2 modalities, with an average time
between the acquisition of CT and rMRI of 19 hours, with the
longest duration <48 hours.

Only one other study has attempted to validate the use of rap-
id-sequence MR imaging techniques as an alternative to CT in
select patients with traumatic brain injury.>> However, this study
was limited to 30 patients, often with worse presenting levels of
injury, in whom the authors admit that an MR imaging may have
been performed to allow prognostication or to find injuries not
seen on CT that could explain the severity of neurologic injury.
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However, similar to our findings, MR imaging seemed to detect
intracranial injuries with similar accuracy compared with CT and
had a higher accuracy in detecting diffuse axonal injuries.

No consensus exists on the clinical relevance of focal post-
traumatic findings on neuroimaging studies in minor head
trauma; most studies have demonstrated a correlation between
intracranial hemorrhage on admission head CT with acute and
long-term neuropsychiatric deficits.”’ > The disadvantages of
CT, including degradation of image quality due to beam-harden-
ing effects and displacement of the CT signal near metal objects,
bone, calcifications, and high concentrations of contrast, limit the
accurate assessment of brain injury. Furthermore, CT examina-
tions performed within 3 hours of trauma may not show mature
intracranial damage, thus underestimating the extent of injury.”*
Full-sequence MR imaging at both 1.5T and 3T has shown a
higher sensitivity for focal, small traumatic intracranial lesions
and diffuse axonal injury. More recently, these injuries have been
shown to improve outcome prediction following minor head in-
jury.’® In a similar manner, higher sensitivity to detect these inju-
ries in rMRI studies may allow better outcome prediction.

rMRI brain imaging allows acquisition times around 2—3 min-
utes, which obviates sedation or anesthesia in the pediatric pa-
tient. Motion degradation is of obvious concern when obtaining
full-sequence MR imaging: In rMRI sequences in our series, 24
patients had some degree of motion artifacts on their imaging
studies, compared with only 7 such cases on CT. However, despite
this finding, imaging quality was adequate to reach the high level
of percentage agreement seen in our study. The fastest rMRI se-



quence, the single-shot T2 fast-field echo EPI acquired in <5
seconds, is almost never degraded by motion artifacts.

Decreasing the peak voltage and effective milliampere-second
settings, using iterative reconstruction algorithms, and limiting
the imaging area can reduce the radiation dose of a single CT
examination. However, avoiding ionizing radiation altogether in
the pediatric population is ideal. Many institutions across the
United States have an rMRI protocol in place to image patients
with shunted hydrocephalus. However, this technology is likely
underused. The lack of emergency access to MR imaging facilities,
lack of staffing during nights and weekends, and the inability to
obtain reimbursement from third-party payers are some of the
common reasons given for its underuse.?’ Despite these obstacles,
we have demonstrated that images can be obtained in a timely
manner, and no patient had a missed lesion requiring emergency
intervention. This finding is similar to that in a previous study in
which 64 patients with minor head injury underwent initial eval-
uation with rMRI and had no clinically significant missed le-
sion.”" In our study, approximately 85% of head CTs were per-
formed between 6 aM and 10 pMm, when an in-house MR imaging
technician is available. Thus, on the basis of this study of validity,
a significant dose reduction in ionizing radiation could be
achieved.

Our study has limitations. Initial CT scans of many patients
were performed at an outside facility, with variable imaging tech-
niques. One of the outside CTs, limited by motion artifacts, had
no evidence of hemorrhage; however, hemorrhage was present on
the subsequent rMRI performed at our institution. The time in-
terval between imaging modalities may have also allowed evolu-
tion and increased conspicuity of contusions and shear injuries
and an increased amount of bias. However, compared with other
series, the time interval between modalities was significantly
shorter.

Although only a history of trauma was provided to the inter-
preter in our study, the reader could assume that the studies in-
cluded within the criteria had a high probability of positive find-
ings given that a follow-up rMRI examination was indeed
performed. However, for researching the validity of rMRI as an
imaging technique, our institutional policy was to image all pa-
tients presenting primarily to our institution with minor head
injuries with both CT and rMRI regardless of CT findings, assum-
ing the patient met the criteria for imaging. This policy was not
necessarily followed for those individuals transferred from re-
gional institutions, who were transferred because of a positive CT
finding. The radiologist interpreting the rMRI was blinded to im-
ages and the final report of the corresponding initial CT. How-
ever, in actual clinical practice, the initial CT scans are used for
direct comparison during interpretation of rMRI. The availability
of a comparison CT may further improve the diagnostic yield of
the rMRI examination in actual clinical workflow.

CONCLUSIONS

rMRI is an adequate imaging technique for the follow-up of pe-
diatric patients with minor head trauma. The use of rMRI could
significantly reduce radiation exposure in the pediatric
population.
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