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ABSTRACT

BACKGROUND AND PURPOSE: Recent advances in spinal cord imaging analysis have led to the development of a robust anatomic template
and atlas incorporated into an open-source platform referred to as the Spinal Cord Toolbox. Using the Spinal Cord Toolbox, we
sought to correlate measures of GM, WM, and cross-sectional area pathology on T2 MR imaging with motor disability in patients
with acute flaccid myelitis.

MATERIALS AND METHODS: Spinal cord imaging for 9 patients with acute flaccid myelitis was analyzed by using the Spinal Cord Toolbox. A
semiautomated pipeline using the Spinal Cord Toolbox measured lesion involvement in GM, WM, and total spinal cord cross-sectional area.
Proportions of GM, WM, and cross-sectional area affected by T2 hyperintensity were calculated across 3 ROIs: 1) center axial section of lesion; 2)
full lesion segment; and 3) full cord atlas volume. Spearman rank order correlation was calculated to compare MR metrics with clinical measures
of disability.

RESULTS: Proportion of GM metrics at the center axial section significantly correlated with measures of motor impairment upon
admission (r [9] � �0.78; P � .014) and at 3-month follow-up (r [9] � �0.66; P � .05). Further, proportion of GM extracted across the full
lesion segment significantly correlated with initial motor impairment (r [9] � �0.74, P � .024). No significant correlation was found for
proportion of WM or proportion of cross-sectional area with clinical disability.

CONCLUSIONS: Atlas-based measures of proportion of GM T2 signal abnormality measured on a single axial MR imaging section and
across the full lesion segment correlate with motor impairment and outcome in patients with acute flaccid myelitis. This is the first
atlas-based study to correlate clinical outcomes with segmented measures of T2 signal abnormality in the spinal cord.

ABBREVIATIONS: %CSA � proportion of cross-sectional area; %GM � proportion of gray matter; %WM � proportion of white matter; AFM � acute flaccid
myelitis; EV � enterovirus; MRC � Medical Research Council; SC � spinal cord; SCT � Spinal Cord Toolbox

After the eradication of wild poliovirus, the clinical syndrome

of spinal motor neuron injury called acute flaccid myelitis

(AFM) nearly disappeared from North America. The reemer-

gence of this syndrome has coincided with the appearance of West

Nile virus in Europe and North America, enterovirus (EV) A71 in

Southeast Asia, and EV-D68 in North America.1,2 In fact, at the

same time that EV-D68 caused widespread outbreaks of respira-

tory illness in the United States in 2014, the number of patients

with AFM spiked.3 The Centers for Disease Control and Preven-

tion noted this association, describing the incidence of AFM in a

subset of patients with acute flaccid paralysis with evidence of

spinal cord (SC) injury.4

More recently, longitudinally extensive SC lesions predomi-

nantly affecting the central GM have been described in children

with AFM during the 2014 EV outbreak.5 These patients reported

acute limb weakness, cranial nerve dysfunction, or both. The

prognosis in such patients is variable, with few predictors of re-

covery aside from the severity of initial paralysis. However, in a

variety of SC pathologies, defining the pattern and extent of signal

abnormality on MR imaging can aid in diagnosis and prognosis.6

The recent development of a standard SC template7—as part of

the Spinal Cord Toolbox (SCT)8—that includes probabilistic maps

of GM and WM9 now makes it possible to quantify the severity of SC

Received May 17, 2016; accepted after revision September 21.

From the Department of Radiology and Biomedical Imaging (D.B.M., J.F.T., M.M.,
Mark Wilson, J.N.), University of California, San Francisco, Zuckerberg San Francisco
General Hospital and Trauma Center, San Francisco, California; Brain and Spinal
Injury Center (J.F.T.), Zuckerberg San Francisco General Hospital and Trauma Cen-
ter, San Francisco, California; Institute of Biomedical Engineering (J.C.-A.), Ecole
Polytechnique Montreal, Montreal, Quebec, Canada; Functional Neuroimaging
Unit (J.C.-A.), CRIUGM, University of Montreal, Montreal, Quebec, Canada; and
Department of Neurology (Michael Wilson), University of California, San Francisco.

Please address correspondence to Jared A. Narvid, MD, University of California,
San Francisco, Zuckerberg San Francisco General Hospital and Trauma Center, 1001
Potrero Ave, Room 1x57, SFGH Box 1325, San Francisco, CA 94110; e-mail:
jared.narvid@ucsf.edu

Indicates open access to non-subscribers at www.ajnr.org

http://dx.doi.org/10.3174/ajnr.A5044

AJNR Am J Neuroradiol ●:● ● 2017 www.ajnr.org 1

 Published December 15, 2016 as 10.3174/ajnr.A5044

 Copyright 2016 by American Society of Neuroradiology.

http://orcid.org/0000-0003-2425-1923
http://orcid.org/0000-0003-3943-5530
http://orcid.org/0000-0002-8705-5084
http://orcid.org/0000-0002-6689-8912
http://orcid.org/0000-0003-3662-9532
http://orcid.org/0000-0002-0802-3958
http://orcid.org/0000-0002-2887-4231


injury.10-12 We aimed to measure the proportion of GM and WM

damage in patients with AFM occurring in association with the

EV-D68 outbreak. We hypothesized that the degree of GM and WM

signal abnormality in these patients would both correlate with sever-

ity of initial symptoms and symptoms at follow-up after hospitaliza-

tion. Although several studies have investigated the association be-

tween GM and WM signal abnormality on MR imaging and disease

severity,13-18 to date, this is first study using this analysis method to

register SCs with abnormal signal to an unbiased average anatomic

template; quantify proportions of GM (%GM), WM (%WM), and

CSA (%CSA) occupied by lesion in the probabilistic template; and

correlate data with clinical outcomes.

MATERIALS AND METHODS
Case Definition
All patients (9 total) admitted to the Benioff Children’s Hospital

at the University of Califronia, San Francisco with AFM were

included in the study. Dates of hospital admission ranged from

February 12, 2012, to February 2, 2015. All patients included in

the study met the clinical case definition of AFM as described by

the Centers for Disease Control and Prevention. Patients were

defined as having acute limb weakness with MR imaging SC ab-

normality. Other infectious causes of AFM were excluded, such as

Guillain-Barré syndrome, West Nile virus, poliovirus, stroke,

transverse myelitis, myasthenia gravis, and botulism. Nasopha-

ryngeal swab, oropharyngeal swab, serum, stool, or CSF samples

were tested for EV RNA by using polymerase chain reaction for all

patients. EV polymerase chain reaction was conducted at ViraCor

for 3 patients, California Department of Public Health—Neuro-

logic Testing and Surveillance Viral & Rickettsial Disease Labora-

tory for 2 patients, Kaiser Permanente Medical Group for 2 pa-

tients, Lucile Packard Children’s Hospital for 1 patient, and

Stanford University Hospitals for 1 patient.

During initial hospitalization, all patients underwent com-

plete neurologic testing. Strength testing was formalized with the

composite Medical Research Council (MRC) Scale for Muscle

Strength scores, using 3 proximal muscles and 2 distal muscles in

the affected limb for a score ranging from 0 –25.19 At follow-up,

MRC strength testing was repeated and recorded. Improvement

in strength was recorded as the numeric difference in MRC score.

Local institutional review board approval was obtained

through the University of California, San Francisco Committee

on Human Research for retrospective review and analysis of pa-

tient clinical information and MR images.

MR Imaging Acquisition Parameters
All MR imaging studies were performed on a 1.5T Genesis

HDxt Signa scanner with software version 15 (GE Healthcare,

Milwaukee, Wisconsin). Axial and sagittal T2 FSE imaging was

performed with the following parameters (presented as

mean � SD from all 9 examinations): TR, 3398.78 ms �

1430.99 ms; TE, 99.04 ms � 12.93 ms; section thickness, 3.33

mm; echo-train length, 18.56 � 3.28. Average native plane

resolution after interpolation of images is (2D to 3D): X, 0.40;

Y, 0.40; Z, 4.17. Additional sequences performed as part of our

routine spine and brain MR imaging protocol were not evalu-

ated for the purposes of this study.

Image Processing
T2-weighted images for 9 patients with AFM were analyzed with

SCT. The FMRIB Software Library v5.0 (FSL; http://fsl.fmrib.ox.ac.

uk/)20 viewer module was used to manually mark the seed points for

analysis. These locations flag the beginning and end regions for

the propagation deformation model to segment the SC.21 During

automatic segmentation, detection of the SC is done in the axial

plane by using the Hough transform. This is followed by propa-

gation of an elliptical triangular tubular mesh built inside the SC.

The tubular mesh is then deformed toward the edges of the SC.21

Results of segmentation accuracy were unsatisfactory because of

the large signal hyperintensity in this cluster of patients. Because

of this, segmentation of normal tissue was done using the SCT

segmentation algorithm. Areas where segmentation deviated

from the SC as a result of hyperintensity were manually adjusted

by creating images of SC voxel locations by using FSL and 2 cen-

terline points to mark the beginning and end axial sections for

registration. Registration to the template took roughly 540 sec-

onds per patient. The SCT automatic pipeline to register, warp,

and extract WM and GM metrics for each SC consisted of (Fig 1):

1) A 3D labels file was created based on the coordinates of the first

(C2–C3) and last (through T6) vertebral level landmarks to be

analyzed by using the SC labeling utility;

2) A 3D mask file was created manually in FSL to identify voxels

within the SC. SC masks were confirmed by 2 radiologists as

identifying only areas within the SC;

3) A combination of affine and nonlinear registrations was done

of the T2-weighted image to the corresponding MNI-Poly-

AMU template. The MNI-Poly-AMU template is an image of

the SC averaged across multiple patients and is used as a reference

point for registration of patient SCs and atlas-based MR signal

quantification.7 Registration was done in 4 steps. In step 1, a non-

linear transformation was estimated to straighten the SC (to

match the MNI-Poly-AMU straight template). In step 2, an affine

transformation was found based on the input labels to match the

vertebral levels between the subject and the template. In step 3, a

2D section-wise registration was done to bring the subject closer

to the template, while ensuring robustness toward pathology by

using the cord segmentation instead of the image, by using the

mean-square metric and smoothing factor of 2. In step 4, local

registration adjustment was made using the B-Spline SyN algo-

rithm with the mean-square metric, gradient step of 0.5, and

smoothing factor of 0, with 5 iterations. The outputs were a T2-

weighted image warped to the template and a template warped to

the T2-weighted image, along with a pair of forward and reverse

deformation fields;

4) The reverse deformation field (template to subject) was then

applied to the WM and GM atlases, projecting them in the

subject space. These warping fields were used to register multipara-

metric data to a common space for quantification of image-derived

metrics;

5) Raw images were thresholded to provide binary ROI of lesion

area for analysis with the WM/GM and SC probabilistic atlases.

Thresholding of images was performed in ImageJ (National In-

stitutes of Health, Bethesda, Maryland),22 with manual percentile

adjustment to segment the lesions from surrounding normal-

appearing SC. Thresholded T2 images were confirmed by 2 neu-
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roradiologists (J.N., J.F.T.) who were blinded to clinical data, seg-

menting only areas affected by lesions. Metrics were extracted by

using the SCT extract metric function. The percentage of lesion

within GM/WM and SC probabilistic atlas voxel space was ex-

tracted as a cumulative partial volume by using the thresholded

MR images;

6) Cumulative partial volume metrics

for GM and WM were extracted

from the lesion axial center, lesion

segment, and full cord atlas volume.

A binary image of lesion area in this

analysis is used to summate the

voxel-wise probabilities occupied by

the lesion per axial section;

7) Spearman rho (r), P values, linear

regression slopes, and intercepts

were calculated by NumPy and

matplotlib in Python. Regression

plots and bar charts were also plotted us-

ing matplotlib; and,

8) To quantify differences in thresh-

olding, binary images, which were

thresholded by each neuroradiolo-

gist, were overlaid by using ImageJ.

Pixels identifying areas of the im-

ages that were different between

the reviewers were summed and di-

vided by total pixels of the axial sec-

tion image. These metrics are re-

ported as the percentile average,

SD, and range of pixel differences.

Atlas-Based Spinal Cord Injury
Assessment
Probabilistic maps containing all cer-

vical levels and extending to T6 were

created for all 9 patients. For analysis

at the lesion center, 2 neuroradiolo-

gists (J.N., J.F.T.) reviewed each SC

image and identified the axial section showing the most signif-

icant T2 hyperintensity, the so-called “lesion center.” In 1 pa-
tient, the lesion center showing the most extensive hyperintensity
could not be analyzed because it was below T6. In this case
(patient 1), the second-most severely affected region was ana-
lyzed. For analysis of the full lesion segment, sagittal T2 images

FIG 1. Steps for registering patient 5 (acute flaccid paralysis) to template. A, Red circles indicate manual marking of anatomic features C1 and C8.
Blue lines indicate axial sections illustrated in far right grid. B, Manual masking of SC centerline was done at each axial section because of signal
hyperintensity interfering with automatic reconstruction of centerline. C, MNI-Poly-AMU T2-weighted template. D, SC straightening using
thin-plate spline interpolation. E, Labeling of vertebral levels after registering to template and warping back to native space. F, Sagittal view of
GM and WM probabilistic atlas after registering to template and warping back to native space. Far right grid, Output of template-based atlas.
Column 1, Automatic vertebral body labeling and SC space. Column 2, Probabilistic masks of WM. Column 3, Probabilistic masks of GM. Column
4, Probabilistic masks of GM and WM overlaid.

FIG 2. MR imaging of patient 1. A, Sagittal plane T2-weighted image centered on lesion. B, Overlay
of binary thresholded image for lesion and T2-weighted sagittal image. C, Axial T2-weighted
image at lesion center. D, Overlay of binary thresholded image for lesion and T2-weighted axial
image.
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were used to identify the starting and ending axial section
where the lesion was involved (Fig 2). In the full cord atlas
volume analysis, the entire length of thresholded SC within the
probabilistic atlases was used. Cumulative partial volumes for
GM, WM, and SC affected by lesion at the center axial section,
full lesion segment, and full cord atlas volume for each patient
are described in Fig 3. A Spearman rank order correlation was
used to determine whether metrics from each lesion analysis
significantly correlated with MRC strength scores or clinical
outcome scores.

Statistical Analysis
Composite MRC for Muscle Strength scores, clinical outcomes

scores, and cumulative partial volumes of the binary thresh-

olded image in probabilistic GM and WM voxel space were

used in a Spearman rank order correlation. P values comparing

patients testing as EV positive and EV negative were calculated

by the Mann-Whitney U test. Furthermore, Mann-Whitney U

tests for medians were used to determine whether GM and WM

cumulative partial volumes were significantly different be-

tween outcome and MRC groups. An independent-samples

Kruskal-Wallis test on GM metrics was used to compare

groups. Spearman rank order correlations were also used to

determine the correlation between the neuroradiologists’ eval-

uation of the center axial section showing the most hyperin-

tensity, the vertebral body with the most hyperintensity, and

the thresholding level necessary to successfully segment the

lesion from surrounding SC space. The Student t test was used

to determine whether the pixel percent differences from

thresholding were significantly different from 0. An � of .05

was considered statistically significant for all tests of associa-

tion. No mathematic correction was made to adjust the � level

for multiple corrections because the comparisons were planned be-

fore data inspection.

FIG 3. First row, Axial T2 image from center of lesion. Second row: Probabilistic GM (orange) and WM (blue) map overlaid on thresholded axial
T2 image from lesion center. Lesion Center indicates %WM and %GM weighted average metrics at axial lesion center. Lesion Segment indicates
%WM and %GM weighted average metrics for lesion segment. Full Cord Atlas Volume indicates %WM and %GM weighted average metrics for
full cord atlas volume. CSA Lesion Center indicates %CSA weighted average metrics at axial lesion center. CSA Lesion Segment indicates %CSA
weighted average metrics at lesion segment.

Clinical description of 9 patients with AFM used in analysis

Patient
No.

Age,
yr Sex

Limb
Weakness

MRC
Composite

Score
Enterovirus
Detected

MRC Score
at Follow-Up Discharge Diagnosis

Days to
MRI

1 3 M Right UE 11 NP swab 2 Disease due to EV 9
2 7 M Bilateral LE 20 None 3 Encephalomyelitis, paraesthesia/hyperestheia 14
3 4 F Bilateral LE 9 None 1 Flaccid paralysis, unspecified 2
4 8 M Right UE 9 NP swab 0 Acute flaccid paralysis 13
5 27 M Bilateral LE 1 Serum 3 Virus-related myelitis 6
6 8 F Left UE 16 None 2 Viral meningitis 11
7 24 M Bilateral LE 24 None 3 Meningomyelitis 5
8 10 M Left UE 18 None 2 Postinfectious mycoplasma transverse myelitis 3
9 2 F Left UE 3 None 1 Hopkins syndrome 1

Note:—LE, lower extremities; NP, nasophyryngeal; UE, upper extremities.
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RESULTS
Clinical Findings
Patients were of age 2–27 years at the time of study, with most

patients being younger than 10 years old (6 male, 3 female). The

patient demographics, discharge diagnosis, MRC composite

score, and clinical outcome rating are detailed in the Table. Addi-

tional presenting symptoms included fever (8 patients), upper

respiratory infection (4 patients), body pain/pruritus/allo-

dynia/abnormal sensation (5 patients), nausea/food intoler-

ance/emesis (3 patients), urinary retention (2 patients), and

ataxia (1 patient). EV polymerase chain reaction of the CSF was

negative in all patients. Nasopharyngeal swabs tested positive

for EV RNA in 2 patients and serum samples for 1 patient

tested positive for EV. One nasopha-

ryngeal swab sample was positively

subtyped as EV-D68. Mean time be-

tween clinical symptoms and MR im-

aging was 6.89 days (interquartile

range, 3–11 days) (Table). Mean clin-

ical follow-up time was 396.33 days

(interquartile range, 262–362 days).

MR Imaging Findings
All patients had SC lesions involving the

central cord GM and some degree of

surrounding WM. Lesions consisted of

well-defined T2 hyperintensity predom-

inantly within anterior horn cells for 6

patients (2, 3, 4, 5, 6, 8) and ill-defined

lesions affecting the entire central SC

GM for 3 patients (1, 7, 9) (Fig 3). In 1

case, ill-defined T2 hyperintensity ex-

tended the entire length of the SC. Pa-

tients with the most longitudinally ex-

tensive hyperintensity throughout both

cervical and thoracic areas had bilateral

flaccid lower extremities. On MR T2 im-

ages, brain lesions were identified in 2

patients. One patient showed hyperin-

tensity in the right frontal lobe. The sec-

ond patient showed brain stem and tha-

lamic edema.

Spinal Cord Analysis
MR SC injury metrics were calculated

for each patient (Fig 3). Measuring at the

center of the lesion (lesion center

section), clinical outcome significantly

worsened as %GM increased (r [9] �

�0.66, P � .05) (Fig 4). Similarly, the

%GM injured showed significant corre-

lation with weakness at initial examina-

tion for both lesion center measurement

(r [9] � �.78, P � .014) and full lesion

segment volume measurements (r [9] �

�0.74, P � .024). There was no signifi-

cant association between %WM injured

and clinical outcome or MRC strength

scores at lesion center or full lesion seg-

ment volume. In full cord atlas volume analysis, neither GM nor

WM significantly correlated with either improvement or initial

weakness. No significant correlation was found between %CSA at

lesion center and clinical outcome (r [9] � 0.03, P � .95) or initial

MRC score (r [9] � �.46, P � .213). Furthermore, cumulative

partial volumes extracted for %CSA at lesion segment did not

significantly correlate with clinical outcome (r [9] � �0.05, P �

.89) or initial MRC score (r [9] � �.25, P � .52). No significant

differences were found between the EV-positive and EV-negative

groups or among clinical outcome groups in the degree of initial

weakness (strength score), extent of GM or WM injury in either

lesion center, or full lesion segment volume.

FIG 4. Scatterplots of numeric outcome of initial strength or improvement in strength MRC
score by %GM or %WM injury (weighted average metric ranking) separated by analysis types
(lesion center and lesion segment).

AJNR Am J Neuroradiol ●:● ● 2017 www.ajnr.org 5



Selection of the axial section showing the most hyperintensity

had good concordance between the 2 neuroradiologists (J.N.,

J.F.T.) (r [9] � 0.60, P � .088). Differences in axial section selec-

tion were mostly caused by several regions showing the same de-

gree of hyperintensity. A strong degree of correlation was found

between the neuroradiologists with regard to the vertebral body of

the most hyperintensity (r [9] � 0.92, P � .001) and with regard

to level of thresholding (r [9] � 0.98, P � .001). Average pixel

differences as a result of thresholding variation between the neu-

roradiologists was 0.86% (SD, 1.87%; range, 0%–5.8%). A

2-tailed t test comparing the percentage difference to 0 showed no

significant difference (P � .19).

DISCUSSION
In the present study, we have used a semiautomated analysis pipe-

line to quantify T2 signal abnormality in the SC of patients diag-

nosed with AFM. More specifically, T2-weighted MR imaging

sequences from 9 patients with AFM were successfully registered

to the recently developed MNI-Poly-AMU SCT. Using SCT, mea-

sures of %GM, %WM, and %CSA pathologic T2 signal hyperin-

tensity were derived after thresholded T2 images segmented rela-

tive to pathologic signal were compared with probabilistic GM,

WM, and SC maps from SCT. The primary aim of this study was

to determine the feasibility and prognostic validity of implement-

ing an atlas-based approach for MR imaging analysis in a popu-

lation of patients with AFM. To this end, the positive correlations

observed between SCT-derived MR imaging metrics of GM pa-

thology and clinical outcome validate this approach. Although

atlas-based analysis techniques have been applied to a variety of

brain pathologies,23,24 this is the first study to implement an atlas-

based approach for study of WM- and GM-specific pathology in

the SC.

Patients with AFM occurring in association with a recent EV-

D68 outbreak were studied because this type of myelopathy dis-

tinctively targets central GM, primarily the anterior horn cells.25

Accordingly, an atlas that allows specific evaluation of GM signal

abnormality would improve our ability to assess degree of injury

and prognosis. In precisely this way, %GM signal abnormality on

a single axial section at the injury center most strongly correlated

with neurologic impairment, whereas statistically insignificant

correlations were seen with measures of %WM and %CSA injury.

This is despite the presence of T2 signal abnormality involving

WM to a varying degree in all patients. These findings are consis-

tent with the presumed underlying pathophysiology of disease in

this cohort of patients, wherein anterior horn cells of SC GM are

particularly vulnerable to enteroviral toxicity and manifestations

of their injury would be expected to best predict outcome.26 Other

acute myelopathies, such as autoimmune demyelinating disease

and traumatic contusion injury, often involve some component

of direct myelin and axonal injury in WM with associated disrup-

tion of functionally significant ascending and descending WM

tracts.23 The relative prognostic significance of GM pathology on

MR imaging in this cohort of patients with AFM reflects the pri-

mary injury mechanism of AFM and highlights the value of seg-

mented evaluation of the SC with distinct GM and WM maps.

The %GM T2 signal hyperintensity on a single axial section at

the most affected level of the injury center (referred to as “lesion

center”) provided the strongest correlation with clinical measures

of motor impairment and recovery. The value of assessing the

transverse extent of T2 abnormality on a single axial section at the

injury center has been similarly demonstrated in the setting of

acute traumatic SC injury and compressive myelopathy,18,27 sug-

gesting that the transverse extent of injury in the SC on MR im-

aging carries significant diagnostic and prognostic information in

a variety of pathologies. This result is significant because it allows

for a more focused, rapid evaluation of the MR imaging findings

centered at the injury center. The full lesion segment volume of

%GM signal abnormality also significantly correlated with initial

motor scores and, to a lesser extent, with improvement. One po-

tential advantage of full lesion segment volume calculation is that

it does not rely upon the subjective determination of the most

severely affected axial section, thus potentially reducing variabil-

ity and making analysis more conducive to a fully automated pro-

cess. When the %GM involvement is calculated relative to the

entire interrogated SC GM volume, the significance of this mea-

sure with motor scores is lost, likely as a result of the dilution of

the pathologic signal within significantly larger volumes of nor-

mal GM when lesions are not longitudinally extensive.

Potential applications for SCT in quantifying SC pathology on

MR imaging are vast and may greatly advance data-driven, unbi-

ased approaches for assessing injury severity and guiding and

monitoring therapy.7,9,11,21,23,28 This proof-of-concept study

demonstrates the prognostic validity of this approach and how

segmented analysis of SC subregions (ie, %GM and %WM) may

reflect the underlying pathophysiology of disease.

Limitations
The intramedullary T2 hyperintensity observed in our patients

often resulted in obscuration of margins between SC and hyper-

intense CSF, thereby precluding completely automated SC seg-

mentation and necessitating manual adjustment for this step. An

algorithm that can robustly and accurately segment the SC in

patient populations with intramedullary T2 hyperintensity would

reduce time and any bias associated with manual segmentation of

the SC. Furthermore, 3T imaging would improve this delineation,

thereby improving automated segmentation. In the current

study, the segmentation and thresholding process were both re-

viewed by fellowship-trained neuroradiologists; however, in or-

der for large throughput analysis of patient SCs with minimal

manual image postprocessing, the propagated segmentation algo-

rithm will need the capacity to propagate through axial sections

with abnormal signal intensity. In addition, nonautomated

thresholding introduces the possibility of error and/or bias during

the image processing. Another limitation in the current study is

that signal abnormality below T6 cannot be analyzed because the

MNI-Poly-AMU template only covers C1–T6 vertebral levels.

This limitation resulted in 1 patient’s most severe axial section

being excluded from analysis and the second-most severe section

being used. This limitation will be overcome with the future re-

lease of the new PAM50 template, which includes the brain stem

and full SC.29 In addition, the existing template was created from

healthy young control patients similar in age to our older patients,

but did not include young children. Finally, power analysis for

this study by using an � of .05, and 9 patients indicates that an r
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value of 0.75 is required to detect a significant difference with a

power of 80%. Because of this, the current study is underpowered

in determining significance for weaker correlations between

atlas-derived quantitative metrics of tissue damage and clinical

outcomes.

CONCLUSIONS
This proof-of-concept study used a recently developed open-

source Spinal Cord Toolbox for atlas-based analysis of T2 signal

abnormality in the SCs of 9 patients with AFM occurring during

the EV-D68 outbreak in the western United States. This cluster of

patients showed distinctive SC lesions of the anterior central GM,

characteristic of EV myelopathy, with variable WM involvement.

An image processing and analysis pipeline was developed to reg-

ister thresholded T2 MR images to the MNI-Poly-AMU template,

enabling calculation of %WM, %GM, and %CSA pathology.

Quantitative measures of %GM signal abnormality on a single

axial section at the most severely affected level of the injury epi-

center were significantly associated with clinical outcome scores

and MRC muscle strength scores, reflecting the underlying patho-

physiology for these patients with AFM. In addition, cumulative

partial volumes of %GM involved in whole lesion segment were

significantly correlated with MRC Muscle Strength scores. %GM-

segmented calculations outperformed %WM and %CSA for pre-

dicting motor outcome. To date, this is the first study to use an

atlas-based approach to quantify T2 measures of pathology in the

SC and correlate extracted metrics with clinical outcomes.
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