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BACKGROUND AND PURPOSE: Developed using a rigorous mathematic framework, Maximum AmbiGuity distance for Phase
Imaging (MAGPI) is a promising phase-imaging technique that provides optimal phase SNR and reduced susceptibility artifacts. We
aimed to test the potential of MAGPI over routinely used SWI in the detection of traumatic cerebral microbleeds in athletes diag-
nosed with mild traumatic brain injury.

MATERIALS AND METHODS: In this prospective study, 10 athletes (18-22 years of age, 3 women/7 men) diagnosed with mild trau-
matic brain injury were enrolled. Brain MRIs were performed using 3T MR imaging at 2 days, 2 weeks, and 2 months after head
trauma. The imaging protocol included whole-brain TI MPRAGE, T2 FLAIR, conventional SWI, and the MAGPI multiecho sequence.
Phase images from MAGPI were put through a previously described SWI process to generate MAGPI-SWI. Conventional and
MAGPI-SWI were assessed independently by a board-certified neuroradiologist for the presence of contusions and cerebral micro-
bleeds. All participants had routine neuropsychological assessment and Visuo-Motor Tests.

RESULTS: At initial assessment, 4 of the participants had visuo-motor performance indicative of mild traumatic brain injury, and 4
participants had a Post-Concussion Symptom Scale score of >21, a threshold that has been used to define moderate impairment.
Cerebral microbleeds were identified in 6 participants on MAGPI-SWI, 4 of whom had evidence of concurrent contusions on FLAIR
imaging. None of these cerebral microbleeds were identified confidently on conventional SWI due to substantial distortion and
susceptibility artifacts.

CONCLUSIONS: Optimal phase unwrapping with reduced susceptibility in MAGPI-SWI can clarify small microbleeds that can go
undetected with routinely used conventional SWI.

ABBREVIATIONS: CMB = cerebral microbleeds; IMPACT = Immediate Post-Concussion Assessment and Cognitive Testing; MAGPI = Maximum AmbiGuity

distance for Phase Imaging; mTBI = mild traumatic brain injury; PCSS = Post-Concussion Symptom Scale; VMT = Visuo-Motor Test

pproximately 75% of patients who sustain traumatic brain
injury have had mild traumatic brain injury (mTBI).
Eclipsing the economic cost of mTBI ($18 billion annually) is the
profound health and social damage altering the lives of dynamic
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individuals: Of 1.2 million patients with mTBI in the United
States each year, 400,000 are children and adolescents, 300,000
are athletes, and 25,000 are members of the military.2

At initial assessment, however, most patients with mTBI have
normal neuroimaging findings due to the subtle nature of trau-
matic changes.” Typical imaging findings in mTBI include nonhe-
morrhagic small contusions and cerebral microbleeds (CMB).*?

Histopathologically, CMB represent focal accumulations of
hemosiderin-containing macrophages with paramagnetic proper-
ties that can result in susceptibility-related signal loss on MR
imaging, best depicted by T2*-weighted sequences or SWL.%®

The introduction of the SWI sequence has resulted in incre-
mental improvement in the detection of CMB compared with
traditional T2*-weighted sequences.”” SWI combines the MR
phase signal, in addition to the magnitude, to improve the con-
trast in the overall image. Despite these recent advances and

improvement in the detection of CMB afforded by the increasing
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Table 1: Data collection schedule

Examination, Procedure Visit 1 Visit 3 Visit 4

Description Duration (Min) (2-3 Days) Visit 22 (2 Weeks) (1.5 Months)

Informed consent 15 X

Demographics questionnaire 5 X

MRI 35 X X X

Visuo-Motor tracking 10 X X X X

ImPACT 25 (10 min for questionnaire Questionnaire X Questionnaire Questionnaire

only) only only only
Total time (min) 75 35 55 55

Note:—X indicates task was performed, for example Visuo-motor tracking was performed in visit 1, 2, 3 and 4.
*Visit 2: additional data collection was performed during a scheduled follow-up at a point in time determined by team of physicians (usually within 1 day from visit 1).

Table 2: Summary of clinical assessment and imaging findings in all 10 participants with

presentation of mTBI

tissue. Normally, the TE for the best
phase SNR is chosen at around

Participant ImPACT FLAIR? sWI¢  MAGPI-swWI¢ TE = 30 ms at 3T, 12
No. (at Visit 2)* PCSS VMT® (Contusions) (CMB) (CMB) - . .

. n o Recently, Maximum AmbiGuity
2 4 38b n _ n distance for Phase Imaging (MAGPI)
3 - 15 - + - + has been developed as a promising
4 + ZOb - ~ - + multiecho phase imaging technique
5 + 63 - - - - that addresses the trade-offs and con-
6 - 4 - + - + 11 . .

7 B 370 N N _ . cerns above.” By adopting a rigorous
8 _ 2] + _ _ mathematic framework (maximum-
9 _ 0 - — — — likelihood), MAGPI has been shown
10 - 34° + + - + to provide optimal phase SNR with

*Plus sign in IMPACT indicates performance indicative of traumatic brain injury.
®Score >21 indicates a threshold that has been used to define moderate impairment.
Plus sign in VMT indicates performance indicative of traumatic brain injury.

9+ indicates positive imaging finding (contusion on FLAIR) and (CMB on SWI or MAGPI-SWI). — indicates absence

of imaging finding. ~ inconclusive evidence of injury on imaging.

use of high-field-strength MR imaging systems and dedicated
imaging sequences such as SWI, our current imaging repertoire
significantly underestimates the true number of CMB, with an
estimated number of false-negative findings in the range of 50%
compared with histopathologic analysis.'"” Therefore, there is a
pressing need for tools enabling more sensitive measurement of
specific mTBI biologic markers.

One of the limitations of SWI is the inherent trade-off in
the choice of the TE, which balances phase-image contrast and
susceptibility-induced signal loss. While longer TEs are prefer-
able to improve the sensitivity for detection of CMB, they
result in increased susceptibility-induced signal-loss artifacts,
which will be problematic near skull base structures.
Techniques have been developed to address this concern:
Multiecho SWI sequences attempt to provide the advantages
of both short and long TEs but have suboptimal phase SNR at
shorter TEs, phase wrapping at longer TEs, and increased
noise due to the larger readout bandwidths required to accom-
modate multiple echoes in a TR."" While magnitude images
have better SNR at shorter TEs and decay at longer TEs quasi-
exponentially, the trade-off is more complex with phase
images. With the MR imaging phase, the phase signal buildup
is small at short TEs, thus yielding a poor phase SNR, even in
the presence of a modest amount of noise. The phase SNR
increases with the TE, reaches a maximum, and falls again as
the magnitude of SNR decay increases the noise in the phase
signal.'' The maximum phase SNR is attained at TE = T2* of
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no phase wrapping and reduced sus-
ceptibility artifacts.

We hypothesized that the improved
phase image quality of MAGPT has the
potential to overcome traditional SNR
trade-offs associated with the SWT pro-
cess. We tested this hypothesis clinically in the context of detection
of traumatic CMB in athletes diagnosed with mTBIL.

MATERIALS AND METHODS

Study Design

This was a longitudinal single-center prospective study that was
approved by the University of Arizona institutional review board.
Ten concussed adult athletes from the University’s Athletics
Department were enrolled after informed consent was obtained.
Participants were then referred to the Athletics Department clinical
team for postconcussion evaluation. Data collection took place at
the following fixed intervals (visits) after head trauma (Table 1): 1)
visit 1 within 2-3 days, 2) visit 2, an additional short data collection
performed during a scheduled routine follow-up after concussion
at a point in time determined by the team of physicians at the
University’s Athletic Department (usually within 1 day from visit
1), 3) visit 3 at 2 weeks, and 4) visit 4 at 1.5 months. The estimated
overall duration for protocol completion per study participant per
visit was approximately 75 minutes (Table 1).

Image Acquisition

Image acquisition was performed using a 3T MR imaging scanner
(Magnetom Skyra; Siemens) during visits 1, 3, and 4 following
head trauma. The imaging protocol included whole-brain T1
MPRAGE, T2 FLAIR, a conventional SWI sequence (TE = 30 ms,
TR = 40 ms, flip angle = 15°, matrix size = 336 x 384 x 112, voxel
size = 0.57 x 0.57 x 1.2 mm’, readout bandwidths = 80 Hz/pixel,



generalized autocalibrating partially parallel acquisition = 2x accel-
eration, acquisition time = 8 minutes 30 seconds), and the MAGPI
multiecho sequence (TE = 9.34, 17.29, 22.19, 27.09, 32.12, 37.56 ms;
TR = 40 ms; flip angle =15°% matrix size = 552 X 608 x 72; voxel
size = 037 x 037 x 2 mm’; readout bandwidths = 220Hz/pixel;
generalized autocalibrating partially parallel acquisition = 3x accel-
eration; acquisition time = 8 minutes 25 seconds). Note that MAGPI
used a high-readout bandwidth to accommodate reading more ech-
oes in the same TR. The acquisition time was kept the same between
the single and multiecho sequences.

MAGPI Postprocessing

MR phase images were reconstructed from channel-uncombined
multiecho complex data according to a prescription described pre-
viously."'* The reconstruction process was performed on a Linux
computer with a GPU and required about 3 minutes to reconstruct
the entire brain volume. The MAGPI phase images were subse-
quently put through the SWT process as previously described."*
The MAGPI-SWI process has the following differences: Because
MAGPI generates channel-combined, phase-unwrapped, de-
noised phase images, we were able to apply the high-pass filtering
required in SWI directly in the phase domain. Therefore, instead
of using the previously homodyne filtering process, we applied a
version of the bilateral high-pass-filtering process introduced pre-
viously."*'* The advantages of such a filter are reduced blooming
artifacts around tissue/bone areas.

Because MAGPI phase images inherently have a higher SNR
than traditional phase images, we multiplied the phase mask
only twice, instead of 4 times as in prior reports, while achieving
contrast similar to that of traditional SWL.'* Multiplying the
mask 4 times increases the contrast to include effects from corti-
cal folds and other deeper gray matter structures. Multiplying
the mask a lower number of times reduces the noise amplifica-
tion associated with this operation.'*

To enable a more direct comparison between the postprocess-
ing steps of MAGPI-SWI and traditional SWI, we performed the
following additional experiment: Using raw data from the MAGPI
sequence, we created high-pass-filtered phase images according to
both the traditional SWI process (as described by Haacke et al'*)
and the MAGPI-SWI process (as described above). The overall
image quality of phase images in terms of delineation of iron-con-
taining structures such as the red nuclei and substantia nigra was
evaluated.

Clinical Assessment

A physician performed routine neuropsychologic assessment
including Immediate Post-Concussion Assessment and Cognitive
Testing (ImPACT questionnaire) and a novel Visuo-Motor Test
(VMT).

ImPACT includes a series of tests used to assess cognitive
functioning, including attention span, working memory, sus-
tained and selective attention time, response variability, nonver-
bal problem-solving, and reaction time. The test also records the
severity of 22 symptoms via a 7-point Likert scale (Post-
Concussion Symptom Scale [PCSS]). All enrolled athletes also
had a baseline (preconcussion) ImPACT test by the University’s
Athletics Department.

In addition, each participant underwent a VMT during every
visit. During this visuomotor task, individuals were asked to
modulate their grip force, as measured by a hand dynamometer,
to match a variable target force, displayed visually on an iPad
(Apple).'® A horizontal line is the target and moves up and down
on the screen in a smooth-but-unpredictable manner. Individuals
control the height of the vertical white bar by squeezing the dyna-
mometer. Participants are asked to track the target for 3 minutes.
Adequate training was provided to each individual before starting
the test. The scores of the ImPACT test and the results of the
VMT were recorded for each participant and used for analysis.

Image Analysis

Image analysis was performed by a board-certified neuroradiolo-
gist who was blinded to the type of SWI studies (conventional
versus MAGPI). FLAIR, MAGPI-SWI, and conventional SWI
source images (not the minimum-intensity-projection images)'”
were available for detection of cerebral contusions and CMB.
Special attention was paid to common areas for cerebral contu-
sions, including the inferior frontal lobe and temporal poles.

In addition, the overall quality of phase images in terms of
delineation of iron-containing structures such as the red nuclei
and substantia nigra was evaluated using a typical 5-point Likert
scale by the same neuroradiologist.

RESULTS

All study participants (18-22 years of age, 3 women and 7 men)
were diagnosed with mTBI by a trained clinician. Participants
completed 4 assessments at 2.2 = 0.8 days (visit 1), 1.7 = 2.1 days
(visit 2), 15.2 = 3.2 days (visit 3), and 44.3 £ 2.9 days (visit 4) af-
ter injury. At the initial assessment, participants had an average
PCSS score of 25.1 = 18.5. Four participants (Nos. 2, 5, 7, and
10) had a PCSS of >21, a threshold that has been used to define
moderate impairment.'® The most commonly encountered
symptom (=3 severity) was fatigue, which was reported by 5 of
the participants. At initial assessment, 4 participants (Nos. 2, 7, 8,
and 10) had VMT performance indicative of mTBI based on a
previously defined threshold.'® The mean PCSS for these 4 sub-
jects was 32.5 *+ 7.85 with 3 having a score of =21.

Two weeks postinjury, participants had an average PCSS score
of 3.0 = 6.0 with most (6 of 10) becoming completely asymptom-
atic at that time. No participants had a PCSS of >21. VMT per-
formance was reduced below the threshold for 2 of the 4
individuals (only Nos. 8 and 10 remained above the threshold).
According to the ImPACT scale, participants 1, 2, 4, and 5
showed signs of injury at this time point compared with baseline,
with participants 2, 4, and 5 showing visual memory deficits, par-
ticipants 1, 3, and 5 showing reaction time deficits, and partici-
pant 1 also presenting with visual-motor speed impairment.

Four participants had suspect areas of contusions on FLAIR
images, evident by small foci of FLAIR hyperintensity (participants
2,3, 6,and 10) (Fig 1). These findings persisted on all 3 imaging ses-
sions. The same 4 participants also had indications of CMB on
MAGPI-SWI, evident by foci of increased susceptibility. Two other
participants (4 and 7) had CMB confirmed on MAGPI-SWI with-
out associated contusions on FLAIR images (Fig 2). None of these
CMB were noticed confidently on conventional SWI due to
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FIG 1. A softball player who had trauma to the forehead and nose (participant 2). The initial Post-
Concussion Symptom Scale score was 38. MR images shown are FLAIR, SWI, and MAGPI-SWI
obtained at 2 days (upper row), 2 weeks (middle row), and 6 weeks (lower row) after head trauma.
There are small contusions in the inferior frontal lobes (arrows on FLAIR). In the same region,
there are small foci of microbleeds on the MAGPI-SWI persistent on all 3 visits (arrows on
MAGRPI). The susceptibility signal on visit 3 (6 weeks after trauma) has slightly decreased. Please
note that these microhemorrhages were exaggerated on the traditional SWI due to skull base—
related susceptibility artifacts and thus were unnoticed. The Post-Concussion Symptom Scale

score was 0 at 6-week follow-up.

substantial distortion and susceptibility artifacts in the region of the
gyrus rectus (Figs 1 and 2). The results of clinical assessment and
imaging findings are summarized in Table 2.

The image quality of the high-pass-filtered phase images in
terms of delineating iron-containing structures was rated consis-
tently higher (median score = 4) on images generated from
MAGPI-SWI versus traditional SWI (median score, 2) (P=.002)
(Fig 3).

DISCUSSION

To the best of our knowledge, this is the first work in which the
advantages of MAGPI over phase-processing methods were eval-
uated in the context of SWI processing. The advantages of
MAGPI over traditional phase-unwrapping and phase-processing
algorithms in the raw phase domain have been previously
reported.''? The superior performance of MAGPI in terms of
phase SNR over other phase-estimation methods was reported in
2016."" Recently, MAGPI was shown to produce more repeatable
and reproducible results than other methods used for phase
unwrapping,'® Taking advantage of these technical improve-
ments, we showed improved clinical performance of MAGPI-
SWI in the detection of CMB compared with the currently used
commercially available SW1.
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CMB can be seen in roughly 30% of
mTBI MR images.* In mTBI, CMB can
be seen in the inferior frontal and ante-
rior temporal lobes where contusions
can commonly occur due to close prox-
imity to the calvaria and skull base. In
cases with a history of more severe
head trauma, CMB may be seen in
deeper structures such as the corpus
callosum and deep white matter tracts,
often in association with diffuse axonal
injury.*®*' Because of the paramagnetic
hemosiderin and ferritin content, CMB
can be detected by MR imaging as
hypointense foci, most notably on T2*-
weighted imaging.

Because the phase of the MR signal
is much more sensitive than its magni-
tude to electromagnetic effects induced
by CMB and iron deposits,”>* SWI
was proposed to use this added sensitiv-
ity in the phase domain to increase the
contrast in the magnitude images."*
SWI typically uses a 3D high-spatial-
resolution gradient recalled-echo
sequence with prolonged TEs to
enhance the susceptibility contrast.
Postprocessing of SWI involves
combining magnitude images with
high-pass-filtered (homodyne) phase
images to enhance the sensitivity
for detecting CMB in comparison
with conventional gradient recalled-
echo.*** Some investigators showed an increase of up to 50%
in the detection of CMB using SWI over gradient recalled-
echo.”? Despite the promise of SWI, compared with postmor-
tem histopathologic analysis, at least half of CMB can still be
missed with premortem clinical MR imaging.'

The contrast of SW1 is limited by the inherent trade-off between
phase noise and phase contrast. Specifically, the SWI phase mask
generated from the high-pass-filtered phase image is repeatedly
multiplied with the magnitude image. As the number of multiplica-
tions increases, the contrast from the phase increases, but so does
the noise contribution. A balance between phase noise and phase
contrast has been reported with around 4 multiplications.'* In addi-
tion to phase noise, other errors that limit the information with
SWI are susceptibility-induced phase-wrapping errors, susceptibil-
ity-induced signal loss, phase-combination errors in parallel imag-
ing, and phase-offset errors in multiecho sequences. It has been
shown that MAGP]I, a recently proposed phase estimation, attains
optimal phase SNR because it optimally combines multichannel
multiecho data in a maximum-likelihood fashion.!’ In fact, in this
work, we observed overall improved image quality and better delin-
eation of iron-containing structures on the high-pass-filtered phase
images from MAGPI-SWI compared with conventional SWI
afforded by a higher SNR and contrast-to-noise ratio obtained with

11,13

MAGPI as reported by prior work using phantom analysis.



We specifically evaluated the performance of MAGPI in  we showed that MAGPI was able to recover clinical information

regions with susceptibility-induced signal loss related to the close  in these regions. In 4 participants who had cerebral contusions
proximity to the skull base such as the inferior frontal and ante-  on FLAIR imaging, we were able to identify CMB with MAGPI-
rior temporal lobes where contusions can commonly occur, and ~ SWI but not with the traditional SWI process (Fig 1). In addition,

FIG 2. A football player who had helmet-to-helmet frontal trauma (participant 7). The initial
postconcussion symptom scale was 37. MR images shown are FLAIR, SWI, and MAGPI-SWI
obtained at 2 days (upper row), 2 weeks (middle row), and 6 weeks (lower row) after head trauma.
There is a microbleed in the left inferior frontal lobe best seen on MAGPI-SWI (arrows). No defin-
itive contusion is visible on FLAIR images. The susceptibility signal on visit 3 (6 weeks after trauma)
has slightly decreased in size and intensity. Please note that this microbleed was exaggerated on
the traditional SWI due to skull base—related susceptibility artifacts and thus less confidently
noticed. The Post-Concussion Symptom Scale score was 0 at 6-week follow-up.

in 2 other individuals without clear
evidence of cerebral contusions on
FLAIR imaging, CMB were identified
on MAGPI-SWI only (Fig 2). Three of
4 individuals who had evidence of
brain injury on VMT (Nos. 2, 7, 8, and
10) and 3 of 4 subjects (Nos. 2, 5, 7,
and 10) who had evidence of moderate
impairment based on PCSS (PCSS >
21) had CMB on MAGPI-SWI. The
clinical and prognostic implications of
CMB and patients’ symptoms in
mTBI are still evolving, and future
work is needed.”**’

Note that the gains observed with
MAGPI-SWI are due not only to
improved phase unwrapping in regions
of large phases but also to improved
phase SNR throughout the image, espe-
cially in regions of signal drop.
Applying phase-unwrapping methods
alone with traditional SWI would have
only modest incremental value in terms
of improving image quality™ for the fol-
lowing 3 reasons: First, phase-unwrap-
ping algorithms do not recover sig-
nal loss due to susceptibility-induced
dephasing. The improved SNR of
MAGPI in such areas is the fundamen-
tal reason behind its improved ability to
detect CMB in this study. Second, the
homodyne processing used with SWI

FIG 3. Magnitude (A) and high-pass-filtered phase images obtained from the MAGPI sequence and processed with traditional SWI (B) and
MAGPI (C) to highlight the potential of MAGPI processing to capture the optimal phase SNR/contrast-to-noise ratio. Note the overall improved
image quality and delineation of structural details seen on MAGPI (C), such as the red nucleus (vertical arrow) and substantia nigra (oblique
arrow).
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reduces the need for phase unwrapping because the high-pass-filter-
ing operation applied in complex domains reduces the dynamic
range of the underlying phase signal.*® Nevertheless, phase unwrap-
ping can be helpful in regions with a large magnetic susceptibility
gradient where the large number of wraps is not resolved with the
homodyne-filter operation alone.*® The susceptibility-induced signal
loss in those regions reduces the efficacy of phase unwrapping, how-
ever. Finally, phase unwrapping often results in inconsistent or
incorrect estimates of the underlying phase, with different algo-
rithms often yielding approximate and inconsistent solutions, each
with their own advantages and disadvantages.'"'”

Our study has several limitations: first, the small sample size
that can limit the power and generalizability of our results.
Second, due to the study design and inclusion of patients with
mTBI, we did not have CMB in deeper structures of the brain
that are usually seen with more severe head trauma, often related
to diffuse axonal injury. Some of our participants had cerebral
contusions near the skull base structures where artifacts are com-
mon. However, having a longitudinal design and 3 sequential
MR imaging studies helped and allowed the neuroradiologist to
resolve any uncertainties about artifacts versus true CMB by
examining the longitudinal data. Another potential limitation of
this study is the absence of histopathology to confirm the true na-
ture of detected CMB, though this is a common limitation related
to a study of this type. The SWI and MAGPI sequences used in
this study had slightly different spatial resolutions. The SWI pro-
tocol is a standard high-resolution protocol used in clinical scans
with a section thickness of 1.2mm to reduce susceptibility arti-
facts. However, the SWT still had substantial susceptibility arti-
facts near the skull base and inferior frontal lobes, which
interfered with the diagnostic ability to confidently detect CMB.
Despite its thicker section (2mm), MAGPI-SWI was able to
achieve improved susceptibility-induced dephasing artifacts
throughout the brain compared with the traditional SWT process.

CONCLUSIONS

Optimal phase unwrapping with reduced susceptibility in MAGPI-
SWI can clarify small microbleeds that can go undetected with
routinely used conventional SW1.
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