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Purpose:

Materials and
Methods:

Results:

Conclusion:

To determine if magnetic resonance (MR) imaging metrics
can estimate primary motor cortex (PMC) motor neuron
(MN) density in patients with amyotrophic lateral sclero-
sis (ALS).

Between 2012 and 2014, in situ brain MR imaging was
performed in 11 patients with ALS (age range, 35-81
years; seven women and four men) soon after death
(mean, 5.5 hours after death; range, 3.2-9.6 hours). The
brain was removed, right PMC (RPMC) was excised, and
MN density was quantified. RPMC metrics (thickness, vol-
ume, and magnetization transfer ratio) were calculated
from MR images. Regression modeling was used to esti-
mate MN density by using RPMC and global MR imaging
metrics (brain and tissue volumes); clinical variables were
subsequently evaluated as additional estimators. Models
were tested at in vivo MR imaging by using the same im-
aging protocol (six patients with ALS; age range, 54-66
years; three women and three men).

RPMC mean MN density varied over a greater than three-
fold range across patients and was estimated by a linear
function of normalized gray matter volume (adjusted R?
= 0.51; P = .008; <10% error in most patients). When
considering only sporadic ALS, a linear function of nor-
malized RPMC and white matter volumes estimated MN
density (adjusted R? = 0.98; P = .01; <10% error in all
patients). In vivo data analyses detected decreases in MN
density over time.

PMC mean MN density varies widely in end-stage ALS
possibly because of disease heterogeneity. MN density can
potentially be estimated by MR imaging metrics.

©RSNA, 2018
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myotrophic lateral sclerosis (ALS)
is a progressive motor neuron
(MN) disease occurring mostly
sporadically, with approximately 10%
of cases classified as familial (1). Upper
and lower MN loss are hallmarks of the
pathologic structural changes in ALS.
Whereas neurologic examination can
reveal upper MN deficits, classic upper
MN signs can be difficult to detect (2)
and there is a recognized need for bet-
ter methods to demonstrate upper MN
degeneration (3). Current and recently
developed upper MN assessment tech-
niques have been reviewed by Huynh et
al (3). Because upper MN loss can only
be measured after death, the correlation
between clinical upper MN assessment
and upper MN loss, to our knowledge,
is not known. Primary motor cortex
(PMC) layer-5 pyramidal neuron den-
sity is reduced in patients with ALS
compared with control participants
(4). On the basis of the heterogeneous
disease course, it is likely that MN loss
varies significantly between patients.
Previous work demonstrated mag-
netic resonance (MR) imaging abnor-
malities in ALS patients (on T2-weight-
ed, fluid attenuated inversion recovery,
and T2*- and susceptibility-weighted
MR images [5-8]), but the correspond-
ing underlying pathologic structure is
not well characterized. T1 rate ratios
between gray matter and subcortical
white matter were found to be lower
in PMC compared with other cortical
regions in brains with ALS (9). The cor-
responding pathologic findings featured
relatively high astrocyte density in PMC
with relatively low astrocyte density in
the adjacent subcortical white matter
compared with primary visual cortex
(9). Regional PMC atrophy quantified

Implication for Patient Care

® Brain MR imaging measurements
can potentially help to estimate
upper motor neuron density and
loss over the course of amyo-
trophic lateral sclerosis and may
be useful to consider before initi-
ation of therapy or enrollment of
clinical trials and for monitoring
disease progression.

on MR images is associated with symp-
tom onset location (10,11) and is more
widespread in patients with ALS who
have cognitive impairment (12), includ-
ing those with frontotemporal dementia
(12,13). Atrophy is more pronounced in
patients with faster disease progression
(14) and becomes more widespread
with time (15). Magnetization transfer
ratio is decreased in the PMC of pa-
tients with ALS compared with control
participants (16). Combined analysis of
magnetization transfer ratio and voxel-
based morphometry revealed clusters
of combined atrophy and magnetiza-
tion transfer ratio reduction in motor-
related cortical areas (17). Despite the
sparse knowledge of the ALS pathologic
structure underlying these MR imaging
abnormalities, the relationships be-
tween MR imaging metrics and disabil-
ity support the use of MR imaging to
help monitor disease progression.

Although MR imaging predictors
of disease progression have been pro-
posed (18,19), understanding how MR
imaging changes reflect upper MN
density would potentially allow for
specific evaluation of this hallmark fea-
ture of ALS. We hypothesized that a
linear function of MR imaging metrics
(ie, cortical thickness, tissue volumes,
and magnetization transfer ratio that
may reflect microstructural abnormal-
ities [16]) calculated from postmortem
brains with ALS could estimate the
MN density quantified from immu-
nohistochemical staining for neurons
in the PMC of the same brains. The
purpose of this feasibility study is to
determine if MR imaging metrics can
estimate PMC MN density in patients
with ALS.

Materials and Methods

Participants

This Health Insurance Portability and
Accountability Act-compliant prospec-
tive study was approved by the insti-
tutional review board and written in-
formed consent was obtained from all
participants. Eligibility required a diag-
nosis of ALS according to the revised El
Escorial criteria (20) by the neurologist

(E.P.P., with 26 years of experience in
clinical neurology). Between August
2012 and September 2014, in situ brain
MR imaging and rapid autopsy of the
brain and spinal cord were performed
consecutively in 12 patients with ALS
in the hospital setting of our institu-
tion. One patient was omitted from
this study to spare the tissue for future
analyses of their rare mutation. The
11 remaining patients (mean age, 60
years; age range, 35-81 years), with av-
erage death-to-MR imaging interval of
5.5 hours (range, 3.2-9.6 hours) and
average MR imaging-to-tissue-fixation
interval of 2.3 hours (range, 1.7-2.9
hours), were included in the study
(Table 1). An in vivo cohort of six pa-
tients with ALS, all of whom were dif-
ferent patients from the postmortem
cohort (mean age at baseline, 60 years;
age range, 54-66 years; Table 2), who
had undergone at least two MR exam-
inations on the same MR system with
the same acquisition as the postmor-
tem MR examination was used to test
the PMC MN density models.

MR Imaging and Analysis

MR images of the brain were ac-
quired on a 3-T imager (Magnetom
Trio; Siemens Healthineers, Erlangen,
Germany). Table El1 (online) spec-
ifies sequence parameters. Automatic

hitps://doi.org/10.1148/radiol.2018162967
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Table 1

Demographic and Clinical Features of
Postmortem Patients with ALS

Parameter Result
No. of patients 11
Sex

No. of female patients 7
No. of male patients 4
Diagnosis
No. diagnosed as sporadic 6
ALS
No. diagnosed as familial 5
ALS
Mutation
No. with C9orf72 mutation 1
No. with superoxide 3

dismutase 1 mutation
No. of familial ALS withan 1
unidentified mutation
Onset site
No. with upper limb onset 4
No. with lower limb onset 4
No. with bulbar onset 3

Mean age at symptom 57 (33-79)
onset (y)
Mean disease duration (y) 3.0(0.7-9.9)
Mean age at death (y)
Female patients 61 (35-81)
Male patients 59 (46—66)
Mean death-to-MR imaging 5.5 (3.2-9.6)
interval (h)
Mean MR imaging-to-tissue- 2.3 (1.7-2.9)
fixation interval (h)
Mean death-to-tissue-fixation 7.9 (6.1-12.2)

interval (h)

Note.—Data in parentheses are range.

cortical reconstruction and volumetric
segmentation were performed on T1-
weighted magnetization-prepared rapid
acquisition gradient-echo MR images
with 0.94-mm isotropic voxel size by us-
ing software (Freesurfer; http://surfer.
nmr.mgh.harvard.edu/) (21-27). All
volumes were normalized to total in-
tracranial volume. Right PMC (RPMC)
was automatically segmented sepa-
rately from the left by Freesurfer. Ad-
ditionally, normalized brain and tissue
volumes were automatically calculated
by using SIENAX (part of FSL soft-
ware; FMRIB Software Library, http://
Sfsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA/)
(28,29). RPMC average magnetization

Demographic and Clinical Features of
In Vivo Patients with ALS

Parameter Result

No. of patients 6
Sex

No. of female patients 3

No. of male patients 3
Diagnosis

No. diagnosed as sporadic ~ 4*

ALS

No. diagnosed as familial ALS 2

Mutation

No. with C9orf72 mutation 3
No. with superoxide
dismutase 1 mutation
No. of familial ALS withan 0
unidentified mutation
Onset site

o

No. with upper limb onset 3
No. with lower limb onset 0
No. with bulbar onset 3
Mean age at symptom onset (y) 59 (52-54)
Mean disease duration at 1.2(0.7-1.7)
baseline (y)
Mean interval between baseline 0.7 (0.4-1.1)

and last scan (y)

Note.—Data in parentheses are range.
* One case of sporadic ALS had the C9orf72 mutation.

transfer ratio was calculated by using
the MINC Tool Kit (https://www.mc-
gill.ca/bic/software/minc/minctoolkit
[30]; Appendix E1 [online]).

Tissue Collection, Inmunohistochemistry,
and Analysis

Immediately after postmortem MR im-
aging, the brain was removed. RPMC
was excised and cut into five or six (de-
pending on PMC length) approximately
2-cm-thick slices, and the superior as-
pect was inked. Slices 1 (superior PMC
subregion), 3 (middle PMC subregion),
and 5 (inferior PMC subregion) were
fixed in 4% paraformaldehyde for 2.5
days. Slices 2, 4, and 6 were snap-fro-
zen and not analyzed in our study.
Histopathologic quantification was
performed by wusing a stereologic-
based approach. RPMC was sampled
at approximately 4-cm intervals along
the superior-inferior axis, slices were
cut 30-wm thick and immunostained

with HuR mouse monoclonal antibody
(1:1000 ratio; Santa Cruz Biotechnol-
ogy, Dallas, Tex) (31). Details are pro-
vided in Appendix E1 (online).
Immunostained slides were dei-
dentified and digitized. Regions of
interest within layer-5 RPMC were
selected for neuron density quan-
tification. An average of eight re-
gions of interest were selected per
each PMC subregion (ie, supe-
rior, middle, inferior) per patient.
Layer-5 RPMC neuronal density was
quantified for each region of inter-
est with automated and validated in-
house software (ImageJ version 1.47
from Java 1.6.0_24, 64-bit version;
National Institutes of Health, Bethes-
da, Md) algorithm that uses the Parti-
cle Analysis tool in Fiji (32) and iden-
tifies neurons on the basis of size and
shape criteria. Details are described
in Appendix E1 (online). For each
patient, mean MN density was cal-
culated for each RPMC subregion by
averaging the layer-5 neuronal density
calculated for each relevant region
of interest. Overall RPMC mean MN
density was calculated by averaging
over the subregions (ie, MND

RPMC

lMNDRP;WCi + MNDRPJWCm + MNDRPJ\]CS
MND,,,..1/3, where MND,,, .. is MN

density of the inferior RPMC, MN-
Dovic i MN density of the middle
RPMC, and MND,, . is MN density

of the superior RPMC).

Analysis of the in Vivo Cohort

To demonstrate how MR imaging es-
timation of PMC MN density could
monitor disease, we analyzed the in
vivo cohort. In addition to quantify-
ing change in PMC MN density, we
also estimated neuronal loss, which
can occur because of loss of MN
density and/or atrophy. Percentage
neuronal loss was estimated as 100
- ({1 + (%AMN,,/100)] 1 +
(%spPMC,,... /100)]} — 1), where
%AMNdensity is the percentage change
in estimated PMC MN density and
%APMC,.. .~ is the percentage
change in average PMC thickness.
Change in PMC MN density and per-
centage neuronal loss were calculated
and expressed relative to the time
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interval between MR imaging ses-
sions. All patients underwent two MR
examinations except for one patient
who underwent three examinations.
For this patient, we calculated over
the first and last examinations. Tissue
was available, 0.6 years after the last
in vivo MR imaging, from one patient
in the in vivo cohort, which was im-
munostained and quantified similarly
to the postmortem cohort. For this
patient, postmortem MR imaging was
performed by using a different imag-
ing system and was not included in
this study.

Statistical Analysis

Statistical analyses were performed
by using statistical software (R ver-
sion 3.2.1, R Foundation for Statistical
Computing, Vienna, Austria; and RStu-
dio version 0.99.467, RStudio, Boston,
Mass).

Initial analyses tested for signif-
icant differences (P < .05) between
RPMC subregions in mean MN den-
sity, associations between RPMC mean
MN density and clinical variables, and
correlation between RPMC mean MN
density and MR imaging metrics for
familial and sporadic ALS (Appendix
E1 [online]).

To determine whether RPMC MR
imaging metrics could estimate RPMC
mean MN density, an iterative unbi-
ased procedure to find the best linear
model considered the following three
RPMC metrics, chosen because they
were RPMC-specific MR imaging met-
rics that quantified aspects of tissue
structure, which we hypothesized to
be related to MN density: normalized
volume of RPMC, average thickness
of RPMC, and average magnetization
transfer ratio (Appendix E1 [online]).
A maximum of two RPMC MR imaging
metrics were included in the model.
An iterative procedure tested all possi-
ble linear models, and the best model
featured the lowest error, quantified
by the following: the mean absolute
percentage error, in which percentage
error was defined as the percentage
difference between the MR imaging-
based estimate of RPMC mean MN

density and the measurement from

quantification of immunostaining; and
the percentage of patients with less
than 10% absolute percentage error.

To determine if global MR imaging
metrics or RPMC MR imaging met-
rics or including clinical variables im-
proves estimation of MN density, we
performed a similar iterative approach
(Appendix E1 [online]). Models in-
cluded a maximum of two estimators,
each chosen from global MR imaging
metrics (nine were considered be-
cause they quantified aspects of tissue
structure of the entire brain, all gray
matter, all white matter, all cerebral
neocortex, or all PMC), RPMC MR
imaging metrics, or clinical variables
(nine were considered because they
consisted of a small basis set of clinical
information: sex, familial ALS or spo-
radic ALS, onset site, age at symptom
onset, disease duration, and presence
or absence of superoxide dismutase
1 mutation or C9orf72 mutation or
either).

PMC Mean MN Density Measured from
Immunostaining

A repeated measures analysis of var-
iance revealed that RPMC mean MN
density did not significantly differ be-
tween the PMC subregions, and there-
fore all subsequent analyses were per-
formed by using overall RPMC mean
MN density. RPMC mean MN density
varied across patients, spanning a
more than threefold range (mean, 174
neurons per square millimeter * 60
[standard deviation]; range, 66-2535
neurons per square millimeter; Fig 1a).
RPMC mean MN density was not
found to be significantly different
when comparing men versus women,
familial ALS versus sporadic ALS, or
bulbar versus limb onset (upper-limb
onset was not significantly different
from lower-limb onset). RPMC mean
MN density was significantly higher
(P = .003) in the patients with either
C9orf72 or superoxide dismutase 1
mutation (mean, 226 neurons per
square millimeter) compared with
the group of patients with neither

of these mutations (mean, 145 neu-
rons per square millimeter) (Fig
1b). Age at onset, age at death, or
disease duration did not show signif-
icant linear correlation with RPMC
mean MN density. To confirm that
postmortem delay did not affect our
results, we calculated the linear cor-
relation between the death-to-fixation
interval and RPMC mean MN density
and it was not significant.

Estimating RPMC Mean MN Density in All
Patients

Figure 2 shows examples of layer-3
RPMC regions of interest from im-
munostained tissues in the different
PMC subregions of a patient with low
RPMC mean MN density and one with
high RPMC mean MN density (Fig 2a).
RPMC MN density can be estimated by
using a linear function of normalized
volume of RPMC (adjusted R* = 0.31;
P = .04; mean absolute percentage er-
ror, 24%). The use of a global MR im-
aging metric improved estimation, and
RPMC MN density was best estimated
by MR imaging with a linear function
of normalized gray matter volume (ad-
justed R%> = 0.51; P = .008; mean ah-
solute percentage error, 19%; Fig 2b,
2c¢; Table 3). This equation estimated
RPMC mean MN density with a less
than 10% error in seven of the 11 pa-
tients with ALS (64%). Adding mag-
netization transfer ratio metrics did
not significantly improve estimation of
RPMC MN density.

When clinical variables were tested
to improve estimation of RPMC mean
MN density, the best linear model was a
function of normalized brain volume and
mutation status (ie, whether the patient
had either superoxide dismutase 1 or
C9orf72 mutations; adjusted R? = 0.77;
P = .004; mean absolute percentage er-
ror, 14%), which was not statistically
significantly better than with the MR
imaging—only linear function of normal-
ized gray matter volume. To confirm that
postmortem time at imaging did not af-
fect our results, we calculated the linear
correlation between the death-to-MR
imaging interval and MR imaging white
matter signal-to-noise ratio, gray matter
signal-to-noise ratio, and white matter
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Figure 1:  Primary motor cortex (PMC) mean motor neuron (MN) density measured by using immunostaining. (a)

Histogram of right PMC (RPMC) mean MN density in all postmortem patients with amyotrophic lateral sclerosis (ALS)
quantified from immunostaining. (b) RPMC mean MN density is significantly lower in sporadic ALS compared with ALS
with the superoxide dismutase 1 or C9orf72 mutations.

and gray matter contrast-to-noise ratio,
and none of them were significant.

Estimating RPMC Mean MN Density in
Sporadic and Familial ALS

To better understand why estimation
of RPMC MN density by MR imag-
ing yields greater than 10% error in
a minority of patients, we examined
the linear correlation between RPMC
MN density and MR imaging metrics
in sporadic ALS and familial ALS
separately. In sporadic ALS, RPMC
MN density was significantly corre-
lated with normalized brain volume,
normalized gray matter volume, nor-
malized white matter volume, and
normalized volume of RPMC (r =
0.81-0.93; P = .007-.049). In famil-
ial ALS, RPMC MN density was not
significantly correlated with any of
the MR imaging metrics, only with
disease duration (r = —0.90; P = .04).

When the patients with sporadic
ALS are considered separately from
the patients with familial ALS, RPMC
MN density can be estimated by using
a linear function of normalized vol-
ume of RPMC (adjusted R? = 0.58; P
= .049; mean absolute percentage er-
ror, 8%). The inclusion of a global MR

imaging metric improved estimation;

RPMC MN density was best estimated
by MR imaging with a linear function
of normalized volume of RPMC and
normalized white matter volume (ad-
justed R? = 0.98; P = .01; mean ab-
solute percentage error, 1.5%; Fig 3,
Table 3). This equation estimated
RPMC mean MN density with less
than 10% error in all patients with
sporadic ALS. When clinical variables
were tested for improving estimation
of RPMC mean MN density, the best
linear model was a function of nor-
malized brain volume and onset loca-
tion (ie, limb or bulbar; adjusted R?
= 0.98; P = .009; mean absolute per-
centage error, 0.9%), which was not
significantly better than with the MR
imaging—only linear function.

Because of the small size (n = 5)
and large heterogeneity (three different
mutations) of the familial ALS group,
developing a separate equation for es-
timating RPMC MN density in familial
ALS was not reasonable. Use of the lin-
ear function of normalized gray matter
volume (developed for use in both spo-
radic ALS and familial ALS) to estimate
RPMC density in familial ALS yielded
mean absolute percentage error of 35%
with less than 20% error in three of five
patients with familial ALS.

Use of Biomarkers of PMC MN Density
and MN Loss to Monitor ALS

When estimating PMC MN density
with a linear function of normalized
gray matter volume (the best model
when evaluating sporadic ALS and fa-
milial ALS together), loss of MN den-
sity over time was detected in two of
the six patients (33%; one patient with
sporadic ALS with the C9orf72 muta-
tion; one patient with sporadic ALS
with no known mutation) and MN loss
over time was detected in four of six
patients (66%; one patient with spo-
radic ALS with the C9orf72 mutation;
two patients with sporadic ALS with
no known mutations; and one patient
with familial ALS with the C9orf72
mutation). When estimating PMC
MN density in patients with sporadic
ALS with a linear function of normal-
ized volume of RPMC and normalized
white matter volume (the best model
when evaluating only sporadic ALS),
loss of MN density and MN loss over
time were detected in all patients with
sporadic ALS (even sporadic ALS with
the C9orf72 mutation) (Fig 4). Im-
munostained tissue was available for
the patient with sporadic ALS and
the C9orf72 mutation, revealing that
the linear function of normalized gray

Radiology: \olume 287: Number 3—June 2018 = radiology.rsna.org

959



Radiology

NEURORADIOLOGY: Upper Motor Neuron Density in Patients with Amyotrophic Lateral Sclerosis

Chen et al

ALS patient with low MND,pyc
non !.v “‘. ‘.‘.- e ‘n'.i.‘J. S .‘ G g - CNE @ /’@)
s RN VR Koo il o | 3L ‘ . dlt 4 ‘\1 [0 4
L% . ¥ - [, o ‘. ' 4 . 4 e 3
: : ~.'.' L % :U‘.‘QA l 3: 41 :x % t?‘.m y g% 200 B ®

AR TS L Aot N Mee Ko AV of o
57 WA SR YOAS S DR SR e o ©
ALS patient with high MNDiewc ° > 00 o
S8 R RS, EAE *";“‘f- 7 a’: A ‘Q’Q /’/
R AT 5|
oy B L=
i < ol
0 100 200
rPMC mean MN Density
(number/mm?)

Figure 2:  Estimating right primary motor cortex (PMC; RPMC) motor neuron (MN) density in all patients with amyotrophic
lateral sclerosis (ALS) by using MR imaging. (a) Examples of layer-5 regions of interest from HuR immunostaining of RPMC, dig-
itized at magnification 20X, from two different patients with ALS. Top: female patient with sporadic ALS with lower limb onset at
64 years old and a 9.9-year disease duration. RPMC mean MN density: 89 neurons per square millimeter in the superior RPMC
(left), 86 neurons per square millimeter in the mid RPMC (center), 166 neurons per square millimeter in the inferior RPMC
(right). Bottom: female patient with familial ALS (superoxide dismutase 1) with lower limb onset at 49 years old and

2.1-year disease duration. RPMC mean MN density: 269 neurons per square millimeter in the superior RPMC (left), 233 neu-
rons per square millimeter in the mid RPMC (center), 182 neurons per square millimeter in the inferior PMC (right). Scale bars,
0.1 mm. (b) Automated normalized gray matter volume segmentation obtained from SIENAX (FMRIB Software Library) analysis
of T1-weighted MR imaging from the same patients as in a. Normalized gray matter volume, 648 317 mm? (top); normalized
gray matter volume, 825076 mm? (bottom). (¢) RPMC mean neuronal density in 11 patients with ALS estimated by y = (—238)
+ (5 - NGMV), where NGMV is normalized gray matter volume yielded by SIENAX divided by 10000 for ease in visualizing the

equation. The dotted line designates perfect prediction. F = patients with familial ALS; MND = MN density; MND

density in the RPMC.

matter volume (for estimating MN den-
sity in all patients with ALS) underesti-
mated MN density at 7 months before
death by more than 38% and that the
linear function of normalized volume
of RPMC and normalized white mat-
ter volume (for estimating MN density
in sporadic ALS) underestimated by
greater than 12%, which reinforced

the difficulty of estimating MN density
in patients with ALS with mutations.

Loss of upper MNs is a pathologic hall-
mark of ALS that is difficult to quan-
tify during life. A validated imaging
biomarker of upper MN density would

=MN

PMC

improve monitoring of disease pro-
gression, screening for clinical trials,
and assessment of therapeutic efficacy.
Whereas studies of patients with ALS
have shown decreased MN density and
MR imaging abnormalities in PMC, MR
imaging metrics have not been analyzed
to estimate PMC MN density in ALS. In
our study, we quantified RPMC layer-5
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Table 3

Statistical Model Parameters for Estimating PMC MN Density

PValue
Coefficient Estimate Standard Error tValue (>1th*

All patients with ALS

Intercept 5.e-16 0.212 0 >.999

NGMV 0.745 0.222 3.355 .008
Only patients with sporadic ALS

Intercept 0.006 0.045 0.122 914

TPMC,.,, 0.588 0.092 6.381 .024

NWMV 0.452 0.056 8.090 .015

rPMC_:NWMV 0.234 0.097 2.403 138

volume’

Note.—Normalized gray matter volume and normalized white matter volume are obtained from SIENAX (FMRIB Software
Library). NGMV = normalized gray matter volume, NWMV = normalized white matter volume.

* > |tl is the probability of observing any value larger than &

mean neuronal density on immunos-
tained tissue and analyzed in situ brain
MR imaging from the same patients
with ALS. We found that RPMC MN
density spanned a greater than three-
fold range across patients. A linear
function of MR imaging—derived nor-
malized gray matter volume estimated
RPMC MN density with low error in
most patients. A linear function of nor-
malized volume of RPMC and normal-
ized white matter volume estimated
RPMC MN density with low error in
all patients with sporadic ALS. To dem-
onstrate how biomarkers of PMC MN
density and MN loss could be used to
monitor disease, we analyzed an in vivo
cohort, detecting loss of MN density
and MN loss over time.

Initial analyses to determine if any
clinical variables explained the wide
range of RPMC mean MN density
measured by immunostaining revealed
only a single significant finding: that
patients with ALS with either C9orf72
or superoxide dismutase 1 mutation ex-
hibited significantly higher MN density
compared with patients with neither
mutation. The group sizes are too small
to allow speculation on the mechanism
underlying this observation.

Linear modeling was performed by
using an unbiased iterative method to
determine if MR imaging metrics could
estimate RPMC mean MN density. Ini-
tially, we tested if MR imaging metrics
specific to RPMC could estimate RPMC

MN density in all patients with ALS.
Despite the small set of candidate pa-
rameters, the strength of this model is
that it does not include information on
mutation, which requires costly genetic
testing, and patient recall of family his-
tory and details pertaining to the onset
of symptoms. We found that a linear
function of normalized volume of RPMC
was able to estimate RPMC MN den-
sity, albeit with a relatively high aver-
age error. It was therefore assessed
whether global MR imaging metrics or
a limited set of clinical variables could
improve estimation. Analyses yielded
an improved model, estimating RPMC
MN density with a linear function of
normalized gray matter volume. Advan-
tages of this model include low error
in most patients, no clinical variables,
and the calculation of normalized gray
matter volume from analyzing only the
T1-weighted MR images. This implies
that upper MN density in a living pa-
tient with ALS could be estimated from
a short MR imaging visit followed by au-
tomated analysis.

We observed relatively high error
by using the linear function of nor-
malized gray matter volume to model
RPMC mean MN density in some pa-
tients with ALS, and testing in vivo
data suggested that the model may lack
sensitivity. Adding clinical variables did
not significantly improve estimation.
Statistical analyses revealed that brain
MR imaging metrics correlated strongly

with RPMC MN density in sporadic
ALS but not in familial ALS, which led
us to formulate a separate model for
sporadic ALS. This approach allowed us
to achieve better estimation of RPMC
MN density by MR imaging in sporadic
ALS. Because approximately 90% of all
ALS is sporadic ALS and there is pres-
ently no means of quantifying upper
MN density, we believe that having a
validated imaging biomarker of upper
MN density in sporadic ALS is helpful.
Whereas the size and heterogeneity of
the familial ALS group prohibited for-
mulating a separate equation for esti-
mating MN density in familial ALS, the
linear equation of normalized gray mat-
ter volume formulated for all patients
with ALS performed relatively well for
most patients with familial ALS.

There are limitations to this study
that need to be considered to inter-
pret the data. The relatively small and
heterogeneous patient group is a limi-
tation; this study has to be considered
to be an initial feasibility study. Having
many candidate estimators (ie, RPMC
MR imaging metrics, global MR imag-
ing metrics, and clinical variables) to
model a small group is a limitation. To
avoid overfitting, we allowed only two
estimators to be included in the model.
Models on the basis of small heteroge-
neous populations would be expected to
overestimate errors. When considering
all postmortem patients with ALS, our
estimation equation exhibited an av-
erage error of 19%, which suggested
that average error may be lower when
analyzing a larger group. Although an-
alyzing the sporadic ALS subset exac-
erbated the group size problem, the
heterogeneity was minimized, which al-
lowed us to achieve 1.5% average error
for MR imaging estimation of MN den-
sity in sporadic ALS. Another limitation
is that the upper MN density estimation
equations were derived from analyses
of MR examinations and tissues ob-
tained from end-stage patients and
may not be generalizable to evaluating
early-stage ALS. Even more generally,
results obtained by analyzing an inde-
pendent set of MR examinations are
expected to be less accurate. To evalu-
ate the challenge of estimating changes
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Figure 3:  Estimating right pri-
mary motor cortex (PMC; RPMC)
motor neuron (MN) density in
patients with sporadic amyo-
trophic lateral sclerosis (ALS) by
using MR imaging. (a) Examples
of layer-5 regions of interest from
HuR immunostaining of RPMC,
digitized at magnification of 20X,
from two different patients with
ALS. Female patient with sporadic
ALS with lower limb onset at 64
years old and 9.9-year disease
duration; RPMC mean MN
density: 89 neurons per square
millimeter in the superior RPMC,
86 neurons per square millimeter
in the mid RPMC, 166 neurons
per square millimeter in the
inferior RPMC (left). Male patient
with sporadic ALS patient with
lower limb onset at 61 years old
and 4-year disease duration;
RPMC mean MN density: 178
neurons per square millimeter in
the superior RPMC, 174 neurons
per square millimeter in the mid
RPMC, 170 neurons per square
millimeter in the inferior PMC
(right). Scale bars, 0.1 mm. (b)
Automated RPMC segmentation
obtained from Freesurfer (http.//
surfer.nmr.mgh.harvard.edu/)
and normalized white matter
volume segmentation from
SIENAX (FMRIB Software Library)
analyses of T1-weighted MR im-
aging from the same patients as
in a. Normalized volume of RPMC,
0.004; normalized white matter
volume, 667 523 mm3 (left).
Normalized volume of RPMC,
0.008; normalized white matter
volume, 702866 mm3 (right).

(c) Graph shows RPMC mean
neuronal density in six patients
with sporadic ALS estimated by
the following equation: y = (471)
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Estimated change
in MN density

1%

Estimated MN
loss

-9%

2.4 yrs Pre-Mortem

1.3 yrs Pre-Mortem

Figure 4 Monitoring change in MN density and MN loss in vivo. In vivo T1-weighted MR imaging from
female patient with sporadic ALS with bulbar onset at 57 years old. The MR examinations were acquired at

disease duration of 1.2 years and 2.3 years.

in upper MN density and loss of MNs
in an independent set of patients with
early stage ALS, we analyzed an in vivo
cohort. In this cohort, MR imaging was
performed approximately 14 months
after disease onset with follow-up MR
imaging approximately 8 months later.
The linear models detected decreases
in MN density and MN loss, which sug-
gested that the models are sensitive to
pathologic changes in living patients
with ALS. We prospectively limited the
equation estimating upper MN density
to be linear and will explore to nonlin-
ear equations with availability of larger
datasets. To facilitate the translation
of our results to clinical trials, we pro-
spectively limited our postmortem MR
image acquisition to include the iden-
tical sequences routinely used in living
patients. The added value of more ad-
vanced quantitative imaging metrics or
potential advantages of 7-T MR imaging
will be assessed in the future.

In conclusion, MR imaging and im-
munostaining of brains from patients
with ALS reveals that a linear function
of MR imaging-derived measurements
may estimate upper MN density. Immu-
nostaining of the RPMC from patients
with ALS demonstrates variability in
MN density at end-stage disease, which
suggests that monitoring PMC MN
density throughout the disease course
may reveal heterogeneity important
to understanding disease progression.

This feasibility study demonstrates that
RPMC mean MN density can be esti-
mated by using a linear function of MR
imaging metrics calculated from the
automated analysis of T1-weighted MR
imaging, yielding estimates within 1.5%
of standard results from quantification
of immunostained tissues in sporadic
ALS and less than 20% error in most
patients with familial ALS. We also
demonstrate how imaging biomarkers
of PMC MN density and MN loss could
potentially be used to monitor disease
by detecting loss of MN density and MN
loss over time in an in vivo cohort. Es-
timation of PMC MN density and MN
loss by using MR imaging should be use-
ful for monitoring disease progression,
screening for clinical trial enrollment,
and evaluating therapeutic efficacy.
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