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Abstract

Introduction Cerebral fat embolism syndrome (CFES)
mimics diffuse axonal injury (DAI) on MRI with vasogenic
edema, cytotoxic edema, and micro-hemorrhages, making
specific diagnosis a challenge. The objective of our study is
to determine and compare the diagnostic utility of the con-
ventional MRI and DTI in differentiating cerebral fat embo-
lism syndrome from diffuse axonal injury.

Methods This retrospective study was performed after
recruiting 11 patients with severe CFES and ten patients
with severe DAI. Three trauma radiologists analyzed con-
ventional MR images to determine the presence or absence
of CFES and DAI. DTI analysis of the whole-brain white
matter was performed to obtain the directional diffusivities.
The results were correlated with clinical diagnosis to deter-
mine the diagnostic utility of conventional MRI and DTI.
Results The sensitivity, specificity, and accuracy of conven-
tional MRI in diagnosing CFES, obtained from the pooled
data were 76, 85, and 80 %, respectively. Mean radial
diffusivity (RD) was significantly higher and the mean
fractional anisotropy (FA) was lower in CFES and differen-
tiated subjects with CFES from the DAI group. Area under
the receiver operating characteristic (ROC) curve for con-
ventional MRI was 0.82, and for the differentiating DTI
parameters the values were 0.75 (RD) and 0.86 (FA),
respectively.

U. K. Bodanapally (0<)) - K. Shanmuganathan -

N. Saksobhavivat - C. W. Sliker - L. A. Miller + A. Y. Choi -

S. E. Mirvis + J. Zhuo *+ M. Alexander

Department of Radiology, University of Maryland Medical Center,
228 Greene Street,

Baltimore, MD 21201, USA

e-mail: ubodanapally@umm.edu

Conclusions There is no significant difference between di-
agnostic performance of DTI and conventional MRI in
CFES, but a difference in directional diffusivities was clearly
identified between CFES and DAL
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Introduction

Fat embolism syndrome is extremely common after long-
bone fractures, but a clinically significant syndrome is
manifested in only 0.9-2.2 % of cases [1, 2]. Fat embolism
syndrome with neurological manifestations is termed cerebral
fat embolism syndrome (CFES) and occurs in up to 60 % of
such patients [3, 4]. CFES usually occurs after skeletal trauma
in the presence of intravascular fat in the pulmonary and
systemic circulation. The syndrome is characterized by clear
signs and symptoms [5]. The patient may present with focal
neurological signs or generalized encephalopathy varying
from drowsiness and confusion to coma [6]. The full
neurologic manifestations of fat embolism syndrome usually
develop after respiratory insufficiency [4]. Occasionally,
the sole manifestation of fat embolism syndrome may be
neurologic [7].

MRI is considered the procedure of choice for diagnosing
CFES. Specific lesions may present as scattered or confluent
areas of vasogenic edema on T2-weighted images [8—10],
which may be due to the breakdown of the blood—brain
barrier induced by free fatty acids (FFAs), and/or cytotoxic
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edema on diffusion weighted images (DWI) consistent with
microembolic infarcts and multiple petechial hemorrhages
on susceptibility-weighted images (SWI). These lesions
usually involve the deep white matter, basal ganglia, corpus
callosum, cerebellar hemispheres, and watershed areas [11].

CFES mimics DAI on MRI with similar imaging mani-
festations of vasogenic edema, cytotoxic edema [9, 10, 12],
and micro-hemorrhages, making specific diagnosis a chal-
lenge. Because of the treatment implications and risk strat-
ification, it is important to differentiate CFES from DAL
Human brain autopsy has shown both axonal and myelin
injury in CFES with injured axons surrounded by damaged
and ballooned myelin sheaths [13]. With these histologic
findings of axon and myelin pathology, DTI may offer a
potential means to evaluate the extent of axon and myelin
pathology and assist in differentiation of the two clinical
entities.

The purpose of our study was to investigate the diagnostic
value of both conventional MRI as well as DTT in differenti-
ating CFES from DAL

Materials and methods

This retrospective study was compliant with the Health
Insurance Portability and Accountability Act and permis-
sion was obtained from our institutional review board. The
study was conducted at a Level I Trauma Center. The
inclusion criteria for this study were (a) presence of clinical
signs or symptoms compatible with the diagnosis of fat
embolism syndrome according to the Gurd’s criteria [14],
(b) patients without a history of loss of consciousness after
injury (c) normal admission head CT, (d) admission GCS of
15 or 11T (T = tracheal intubation), (some of the patients
were intubated for non-neurologic multi-organ trauma
and/or pain control in multiple extremity fractures), and a
latent, moderate to severe deterioration of GCS to <6T. The
patients who were intubated, were included only after doc-
umentation of a GCS of 15 after resuscitation and tracheal
extubation, (e) acquisition of DTI as part of the MRI proto-
col of the brain (<18 days after trauma), (f) age >18 years
and older, regardless of sex. Selection criteria b, ¢, and d
were used to exclude the possibility of an underlying sig-
nificant traumatic brain injury such as DAI All the patients
had admission head CTs due to the practice pattern at our
trauma center, rather than based on clinical evaluation and
guidelines for imaging.

Comparison group Ten age, gender, and time to imaging
matched patients with moderate to severe DAI (post resus-
citation GCS <6T) with diffuse micro-hemorrhages com-
prised the comparison group. Patients with long bone
fractures, cortical contusions, and those with deteriorating
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GCS with a latency period were excluded. We did not select
patients with bone fractures in DAI group to exclude the
possibility of a rare but real possibility of an associated
subclinical or overt CFES.

Reference standard for diagnosis of CFES

An independent reviewer (UB) with 6 years of experience in
trauma radiology confirmed CFES based on the presence of
the radiological (Table 1; Fig. 1) and clinical criteria (Gurd’s
criteria for fat embolism). CFES patients without micro-
hemorrhages on MRI were excluded from the study. This
reviewer was not involved in subsequent blinded review,
quantitative analysis, or qualitative analysis of the data set.

MRI protocol and image analysis
MR imaging

All imaging was performed on a 1.5 T Avanto scanner
(Siemens Medical Solutions; Erlangen, Germany) with par-
allel imaging capability. All participants received an MRI
scan according to our standard head trauma protocol. The
protocol consists of both structural and functional scans.
Structural images consisted of axial T2 using turbo spin
echo (TE./TR/ETL=113/5,900 ms/15, 5 mm slices with
1 mm inter-slice gap, 0.6x0.4 mm in-plane resolution),
FLAIR (TE./TUTR/ETL=102/2,500/8,000/13 ms, 5 mm
slices with 1 mm inter-slice gap, 1.2x0.9 mm in-plane
resolution), volumetric T1 (TE/TR=4.76/11 ms with 20°
flip angle, 1x1x2 mm voxels), and SWI (TE/TR=
40/50 ms with 25° flip angle, 0.5x0.5x2 mm voxels).
DTI images were obtained using a double spin-echo
echo-planar imaging technique over a 23 cm (FOV), at
an in-plane resolution of 1.79x1.79 mm and a slice
thickness of 2 mm (three averages; TE/TR of 95/11,200 ms,
parallel imaging acceleration factor of 2). A total of 68
axial images were acquired to cover the brain from the
apex to the skull base. Diffusion gradients were sensitized
in 6 or 12 collinear directions at an effective b value of
1,000 s/mm?.

Image processing and analysis

Independently and blinded to clinical information, three
trauma radiologists (KS, LM, and NS) with 20, 8, and
1 years of experience reviewed the conventional MR images
of the study group and comparison group. The reviewers
assessed and recorded the presence of various MRI signs of
CFES as listed in Table 1. Based on the MRI signs along
with the pattern and distribution of edema and micro-
hemorrhages, the reviewers indicated the presence or ab-
sence of CFE and DAL
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Table 1 MRI signs of CFES that help in differentiation from DAI

Nonspecific signs

Specific signs in CFES differentiating it from DAI (Fig. 1)

Confluent or scattered areas of vasogenic edema

Micro-hemorrhages are more numerous and confluent extending into digitate

white matter with frequent involvement of gray matter

Confluent or scattered areas of cytotoxic edema

Micro-hemorrhages in the white matter > gray matter
of cerebrum and cerebellum

Edema, both vasogenic and cytotoxic is more extensive

Micro-hemorrhages are significantly smaller in size

The DTI images were exported offline and processed using
FDT (FMRIB Diffusion Toolbox, FMRIB, Oxford, UK).
Images were first corrected for eddy-current-induced image
distortion, after which the brain parenchyma was extracted
using brain extraction tool available within FSL (FMRIB
Software Library, Oxford, UK), and the diffusion tensor was
estimated for each voxel [15, 16].

The fractional anisotropy (FA) maps of all patients were
first spatially normalized to the standard MNI (Montreal
Neurological Institute) space, and then segmented into gray
matter, white matter, and CSF maps using SPM5 (Wellcome
Department of Imaging Sciences; University College London,
UK). Segmented images were visually inspected to confirm

accuracy of white matter segmentation results. A tissue prob-
ability threshold of 0.75 was used to generate binary masks for
each tissue type, which were then used to generate histograms
of whole brain white matter mean diffusivity (ADC), frac-
tional anisotropy, axial diffusivity (AD) and radial diffusivity
(RD) values. Corresponding mean values were then
determined.

Statistical analysis
Results from the three radiologists were pooled and com-

pared with the reference standard for CFES. The sensitivity,
specificity, and accuracy of conventional MRI in diagnosing

Fig.1 Examples for conventional images (FLAIR/DWI/ADC/SWI) of

DAI and CFES. a Images of a patient with DAI with multiple hemor-
rhages, with both cytotoxic and vasogenic edema in the splenium of the

corpus callosum. b Images of a patient with CFES with diffuse pete-
chiae, cytotoxic edema, and vasogenic edema after 5 days of admission
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CFES and for each of the specific MRI signs of CFES
were calculated. Simple interactive statistical analysis
(HDS Epimax Table Calculator; Health Decision Strategies
LLC, Princeton, NJ) was used for these calculations.
Individual radiologist performance was calculated by using
prediction profilers.

DTT analysis was conducted using Welch ¢ test for un-
equal variances. For comparisons between each group,
Welch ¢ test was used to assess the difference in AD,
ADC, RD, and FA for the whole brain white matter in the
two comparison groups. A p value of less than 0.05 was
accepted as a statistically significant difference. Statistical
analysis was performed using JMP Software (SAS Institute,
Cary, NC. versions 9 and 10). Receiver operating characteris-
tic curve analysis was used to evaluate the usefulness of
conventional MRI and DTI measurements.

Results
Demographics

A search of the trauma registry using ICD-9-CM diagnostic
code 958.1 for fat embolism syndrome from October 2006
to April 2012 yielded 19 patients. The list is cross-matched
with our MRI database, which consisted of 17 patients. Two
patients without micro-hemorrhages in the brain parenchy-
ma, and four patients with associated traumatic brain injury
diagnosed at the time of admission based on GCS were
excluded from the study. The medical records of the
remaining 11 patients were reviewed for confirmation of
CFES based on diagnostic criteria, and constituted our study
group. Only four out these 11 patients were prospectively
diagnosed as CFES, the rest of the seven patients were
misdiagnosed as DAI (sensitivity of 36 %). DTI analysis
was performed in ten of the 11 patients. One patient had a
follow-up study along with DTI acquisition. All 11 patients
had a GCS of 15 or 11T at the time of admission. MRI of the
brain was performed in these patients for interval change in
mental status along with deteriorating GCS. Demographic,
clinical, and imaging characteristics of the study group and
comparison group are given in Table 2.

Table 3 Correlations between diffusion parameters in patients with
CFES and DAI group

Groups CFES, 95 % DAL 95 %

compared CI (um?/ms) CI (um*/ms)

AD 1.02 (0.99-1.06) 1.03 (0.97-1.08)
p=0.93

ADC 0.75 (0.72-0.79) 0.72 (0.68-0.76)
p=0.19

RD 0.62 (0.59-0.65) 0.58 (0.54-0.61)
p=0.03

FA 0.32 (0.3-0.35) 0.37 (0.35-0.39)
p=0.002

Welch ¢ test was used to assess the difference in directional diffusiv-
ities, and statistically significant differences (»<0.05) are highlighted
in bold

The sensitivity, specificity, and accuracy of conventional
MRI in diagnosing CFES obtained from the pooled data are
76, 85, and 80 %, respectively. Various specific signs helped
the radiologists in making the correct diagnosis. Innumerable
micro-hemorrhages with extensive distribution extending into
digitate white matter with frequent involvement of gray matter
(sensitivity, 74 %; specificity, 71 %; accuracy, 72 %; and p=
0.007), extensive cytotoxic and vasogenic edema were found
in CFES (sensitivity, 89 %; specificity, 92 %; accuracy, 90 %;
and p=0.002). Size of the hemorrhages helped in differentiat-
ing CFES from DAI, with punctate hemorrhages favoring
CFES (sensitivity, 84 %; specificity, 81 %, accuracy, 82 %;
and p<0.001), while coarse hemorrhages favored DAI (sensi-
tivity, 92 %, specificity, 78 %; accuracy, 86 %; and p=0.0006).
There was no statistical difference in corpus callosum involve-
ment by the micro-hemorrhages between CFES and DAI. The
performances of the three radiologists were calculated using
the prediction profilers. The probability of predicting CFES
based on conventional MRI features were 87, 77, and 80 %,
respectively.

Group differences in DTI parameters

Table 3 summarizes the DTI parameters of the whole brain
white matter. The DAI group is correlated with the CFES

Table 2 Characteristics of pa-

tients in the study group (CFES) Characteristic

Study group, no. (n=11) Comparison group (n=10)

and the comparison group
(DAI), who underwent
diffusion-tensor images as
part of MRI of the brain
(<18 days after trauma)

Age, mean (range), year
Sex (M/F)

GCS on admission

GCS at MRI, Mean (range)

Time to MRI after admission,
mean (range), day
Number of patients with fractures

36 (19-57) 38 (20-53)
8:3 7:3

GCS 15-seven; GCS 11T-four GCS <6T
5T (3T-6T) 5T (3T-7T)
7(2-13) 5 (1-16)

11 (unilateral femur, 8; 0

bilateral femur, 2; tibia, 4; others)

GCS Glasgow Coma Scale
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group and the respective p values are shown. The statisti-
cally significant variables are shown in bold.

Increased RD and decreased FA as predictors of CFES

The mean RD has a higher value in the study group and
differentiated subjects with CFES (RD-0.62 um”*/ms) from
DAL subjects in the comparison group (RD—0.58 pm?*/ms,
p=0.03; Fig. 2a). Similarly, the mean FA differentiated sub-
jects with CFES (FA=0.32 um*/ms) from those without CFES
in the comparison group (0.37 um?/ms, p=0.002; Fig. 2b).

One follow-up study, which was not included in the
analysis showed a progressive increase in RD to 0.696
(day 19) from 0.668 (day 12). However, the FA had also
increased to 0.283 from 0.278 along with an increase in AD
(1.02 to 1.068) and ADC (0.785 to 0.82).

Receiver operating characteristic curve analysis
The ROC AUC for conventional MRI and the significantly

different DTI parameters were 0.82, 0.75 (RD), and 0.86
(FA), respectively. The individual threshold scores for RD

Fig. 2 Scatterplot of a RD, b a
FA, for patients with CFES and 0.7
DAL Data points = individual
diffusivities (mm?/s), horizontal
lines = associated 95 %
confidence intervals 065 -
06
>
o
(]
o
0.55 -
0.5
0.45 T
CFES DAl
b
0.425
0.4
0.375
; e
o= 0.35 4
[T
0.325
0.3
0.275 T
CFES DAl
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and FA were 0.604 and 0.35 pm?*/ms. Due to the correlation
between RD and FA values, there was little additional im-
provement in AUC by adding the two significantly different
measures.

Figure 3 shows the ROC curve for the conventional MRI
(3a) and the DTI measurements (3b and 3c). The AUC for
mean FA and conventional MRI indicates a good ability of
both these tests to correctly discriminate the patients with
and without CFES. Mean RD has a fair ability for such
discrimination.

There was no statistically significant difference between
the performance of DTI (FA) compared to the conventional
MRI assessment (p>0.05).

Discussion

In this study, we systematically analyzed the usefulness of
conventional MRI and DTI in differentiating CFES from
DAI. We found that using conventional MRI findings, the
sensitivity was 76 %, specificity 85 %, and accuracy of
80 %. The mean AUC was 0.82. However, the prospective
diagnostic sensitivity was much lower for CFES (sensitivity
of 36 %); the majority of patients were misdiagnosed as
DAI The significant improvement in the performance is
likely from the inherent bias of the retrospective nature of
the study. The incidence of severe CFES with MRI mani-
festations of micro-hemorrhages is a rare disease entity with
less than 20 cases identified during the study period of
6 years. This may have limited the experience and aware-
ness of the radiologists to identify CFES on MRI, hence
may have rarely considered this disease in the differential
diagnosis for micro-hemorrhages during the prospective
evaluation. But in our retrospective study, the reviewers
were made aware of the radiological features and they
systematically used the given signs in differentiating CFES

from DAL Using DTI analysis, the ROC curves for diag-
nosing CFES yielded an AUC value of 0.745 for RD and
0.864 for FA values. There was no statistically significant
difference between the performance of DTI (FA) compared
to conventional MRI in differentiating patients with the
presence or absence of CFES in acute and early subacute
stages.

The typical findings of CFES at autopsy include
diffuse petechiae and ischemic lesions predominantly
involving the white matter, with less frequent involve-
ment of gray matter [13]. The ischemic lesions are
described as anemic lesions, and are identified as irreg-
ular, often spongy areas containing eosinophilic swollen
axis cylinders surrounded by ballooned myelin sheaths
varying in size from 1-4 mm [13]. Experimental studies
have demonstrated an early onset of vasogenic edema
invoked by histotoxic effects of FFAs, causing severe
vasculitis leading to blood-brain barrier breakdown,
vascular rupture, and petechiae [17]. Similar studies have
demonstrated the appearance of cytotoxic edema, attributed to
small vessel occlusion by fat droplets resulting in ischemic
lesions [18].

The increase in RD found in our study may be related to
damaged and ballooned myelin sheaths surrounding the
axons found at autopsy in decedents with CFES. Increased
RD in CFES compared to DAI likely reflects an early onset
of myelin damage in CFES, which can be explained by
the FFA-induced inflammatory response as shown in exper-
imental studies [17]. The invasion of macrophages may result
in active demyelination and myelin thinning. In contrast, RD
is expected to remain unchanged in the acute phase of DAI
due to absent or minimal loss of myelin sheaths, followed by a
gradual increase in RD as myelin thinning along with active
demyelination by macrophages progresses during the sub-
acute phase [19]. A significant reduction of FA in CFES,
compared to DAL, is expected due to an increase in RD, which

a b c
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Fig. 3 ROC curves of a conventional MRI and b RD and ¢ FA determining the presence or absence of CFES in the study group and comparison

group
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reduces barriers of diffusion perpendicular to the predominant
fiber direction of the axons. There was no difference in AD
and ADC values between the two comparison groups. It has
been shown that a decrease in AD is expected due to extensive
axonal injury with modest reduction in ADC during the acute
phase of DAI [19]. Similarly, the presence of injured axons
evident at autopsy in decedents with CFES may explain
decreased AD and ADC values in these patients. In addition,
with the presence of extensive ischemic lesions in CFES, one
would expect a disproportionate reduction in ADC and AD
values when compared to DAI, but a concomitant vasogenic
edema may have caused pseudo-normalization of these values
and may explain the rather modest reduction of these values
[20, 21].

Retrogression of cytotoxic edema and the embolized
lesions on MR images have been demonstrated and
supported by many studies [18]. Light and electron micros-
copy have shown most lesions resolve after 3 weeks with
only focal residual lesions due to infarction and demyelin-
ation [18]. These mechanisms can explain the DTI findings
in the follow-up study performed in one patient, where AD
and ADC continued to increase due to the progressive
increase in vasogenic edema [20, 21]. This is demonstrated
on MRI by a progressive increase in T2-weighted effects
causing increased signal intensity on FLAIR and DWI. The
ADC maps, however, showed increasing T2 shine through
as the cause of increased signal intensity on DWI. The
progressive increase in RD can be explained by continued
demyelination and an increase in FA due to the effect of
increasing AD.

Our observations clearly showed a difference in DTI
parameters between CFES and DAI but use of these pa-
rameters has the same diagnostic performance as that of
conventional MRI.

The major limitations of our study were the retrospective
nature and the small sample size of CFES, though largest to
date. The other limitations involve time variations between
the injury, symptom onset, and acquisition of MRI.
Variable time span between admission and MR acquisi-
tion may be due to varying latency of CFES manifes-
tations, insidious presentation, most notable for its
evolving pulmonary, and cerebral and cutaneous mani-
festations with full neurologic manifestations usually
developing after respiratory insufficiency. Other factors
also have important role in etiology of CFES, which
include the time to orthopedic intervention, type of the
procedure etc. These time variations and differences in
age and sex may have influenced the DTI parameters,
although time to imaging after trauma and age and sex
were matched between the study population and the
comparison group. Due to a small sample size and a
very small dynamic range of GCS scores (one patient
with 3T and rest with either 5T or 6T) in the patients

with CFES, we could not calculate the correlation be-
tween the DTI parameters and GCS scores at MRI scan
time.

Conclusion

This study is the first attempt to use DTI imaging in evalu-
ation of CFES. Although there was no significant difference
in diagnostic performance of DTI and conventional MRI in
CFES, it clearly identified the changes in directional diffu-
sivities that differentiated them from DAI. The changes in
DTI parameters may help in understanding the histological
differences between the two clinical entities. The increased
RD and decreased FA may be due to early onset of myelin
damage in CFES compared to DAI. The absence of signif-
icant decrease in ADC and AD may be due to the presence
of concomitant parenchymal vasogenic edema, in spite of
severe diffusion weighted effect on DWI corresponding to
cytotoxic edema. DTI yields quantitative parameter providing
a more objective measure of severity and prognostic informa-
tion concerning likely clinical outcomes in various neurologic
disorders. It may provide similar information in CFES. The
ideal study to evaluate the DTI parameters in mild and
moderate forms of CFES and to correlate the values with
clinical outcomes would be a prospective controlled study
with a large sample size.
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