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Abstract

Background In amyotrophic lateral sclerosis (ALS), the involvement of lower motor neuron is well defined by electromyo-
graphy, whereas a reliable marker of upper motor neuron (UMN) damage still lacks. Aim of the study was to estimate the
role of transcranial magnetic stimulation (TMS)-induced motor-evoked potentials (MEPs) as marker of subclinical UMN
involvement.

Methods Clinical evidence of UMN damage was prospectively compared to MEPs in 176 ALS patients diagnosed between
2011 and 2014, and classified according to existing diagnostic criteria. Finally, we evaluated the appearance of clinical UMN
signs and the level of diagnostic certainty in ALS after 1 year of follow-up.

Results At presentation, abnormal MEPs were found in 80% of patients with clinical evidence of UMN damage and in 72%
of patients without clinical involvement of UMN. Among these latter, 61% showed appearance of UMN clinical signs after
1 year. Approximately 70% of patients with clinical lower motor neuron (LMN) phenotype showed MEP abnormalities,
while they were considered not classifiable ALS according to Airlie house or Awaji criteria. Furthermore, abnormal MEPs
in absence of clinical UMN signs at baseline were found in 80% of spinal ALS that after 1-year developed UMN signs at
limbs, compared to 50% of bulbar ALS.

Conclusions TMS is a reliable marker of subclinical UMN damage particularly among LMN phenotype and ensure an early
ALS diagnosis in ~ 70% of such cases.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegener-
ative disease characterized by upper (UMN) and lower motor
neurons (LMN) damage. Given the clinical heterogeneity
and the prevalence of atypical phenotypes, the diagnostic
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delay from symptom onset in ALS is commonly 12 months
[1].

The diagnosis of ALS is primarily clinical, and requires
the careful exclusion of ALS-mimic syndromes [2]. Electro-
physiological studies, especially needle electromyography,
can recognize LMN involvement based on the evidence of
either active or chronic denervation and fasciculation poten-
tials, even in the early stage of the disease [3]. Therefore, to
improve the diagnostic power of clinically based El Escorial
criteria (EEC) [2], electromyographic (EMG) features have
been incorporated in Airlie house criteria (AHC) and more
recently in Awaji criteria (AC), that consider EMG signs
equal to the clinical evidence of LMN impairment [4-6].

On the other hand, the lack of a reliable marker of UMN
damage beyond the clinical evidence still remains a critical
issue. Transcranial magnetic stimulation (TMS)-induced
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motor evoked potentials (MEPs) represents a non-invasive
method for assessing central motor pathway damage during
the course of ALS [7]. Although TMS has been considered
as a sensitive test for UMN involvement in ALS, there is
still no consensus on its sensitivity, especially for patients
without or with doubtful UMN signs [8].

The aim of this study is to evaluate the feasibility in using
TMS alterations indicative of UMN impairment in clinical
practice in a cohort of ALS patients, to improve the diagnos-
tic certainty level of ALS.

Materials and methods
Patients’ selection

We prospectively evaluated 176 incident patients with a
diagnosis of sporadic ALS referring at our ALS tertiary
center from the Apulia ALS registry [9] in the period 1 Janu-
ary 2011-30 December 2014.

ALS diagnosis was confirmed in all patients after exclu-
sion of mimicking diseases. All patients underwent clinical
evaluation by a neurologist of the ALS team using a stand-
ardized search for UMN and LMN signs in the four clinical
region defined by ALS clinical criteria of El Escorial [2].
In particular, increased or clonic tendon reflexes, spasticity,
pseudobulbar features, clonic jaw, gag reflex, exaggerated
snout reflex, forced yawing, loss of superficial abdominal
reflexes, Hoffmann reflex and extensor plantar response were
considered as signs of UMN involvement [2]. The presence
of one or more of the aforementioned signs in one body
region was considered as clinical indicator of UMN involve-
ment [2].

All patients were classified according to available diag-
nostic criteria (EEC, AHC, and AC) at baseline and accord-
ing to EEC criteria at 1-year follow-up visit. For the purpose
of the study at baseline, we included patients classifiable as
definite, probable, possible, and suspected ALS according to
EEC. Paraclinical evaluation included EMG, nerve conduc-
tion studies (NCS), TMS, MRI of the brain and spinal cord,
hematological and cerebrospinal fluid analyses. All patients
underwent MRI of the brain and spinal cord. CSF analysis
was performed in carefully selected patients to fully exclude
other diagnosis (~ 40% of cases).

At time of TMS, all patients assumed riluzole from at
least 1 month, and/or other ion channel targeted drugs (as
pregabalin, gabapentin, or some antiarrhythmic or antihyper-
tensive drugs), without any suspension of the drugs during
the study period. No patient did not undergo TMS for intol-
erance, biomedical devices, or history of seizures. For the
design of the study, a second clinical evaluation was consid-
ered after 1 year from the presentation. No patient was lost at
1-year follow-up and and no alternative diagnosis was given
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at that time. The study was approved by the Interregional
Independent Ethical Committee of “Azienda Ospedaliero-
Universitaria of Bari”-Italy. Written informed consent was
obtained by subjects participating in the study.

Electrophysiological investigation

NCS and needle EMG were performed at presentation
according to established techniques by experienced neuro-
physiologists [10]. Special attention was given to the detec-
tion of fasciculation potentials. In all patients, four body
regions were sampled with EMG (bulbar, cervical, tho-
racic, and lumbosacral) and in EMG reports, the number of
affected regions according to AHC and AC were recorded
[4, 5]. Motor conduction studies and F waves were evalu-
ated on ulnar and median nerves for upper limbs and tibial
and peroneous nerves on lower limbs. Sensory conduction
studies were performed bilaterally on median nerve at upper
limbs and sural nerve at lower limbs.

A Magstim super rapid (2 T peak magnetic field) mag-
netic stimulator was used for MEPs. Stimulation was per-
formed with a focal coil, butterfly shaped (inner diameter
35 mm and outer diameter 190 mm), at the right and left
hemispheres above motor areas of hand—foot contralateral
to each limb studied, while cervical nerve roots and lumbar
plexus ipsilateral to the limb studied. Target muscles were
the first dorsal interosseous muscle at upper limbs and the
anterior tibial muscle at lower limbs. MEPs were recorded
with monopolar 12 X 0.25-mm diameter Ag/AgCl surface
electrodes placed on both first interosseous (belly—ten-
don montage) and tibialis anterior muscles (belly—bone
montage). Signals were amplified, stored, and analyzed
with a E.B. Neuro-B.E. Light device. Filter settings were
10 Hz-2 kHz. For the recording at upper limbs, cortical
stimulation was performed placing the magnetic coil over
the brain central areas; the magnetic coil was placed over the
vertex for the lower limbs, shifting it more frontally until a
maximal response was elicited. Stimulation was performed
first at rest, instructing the patient to not activate the target
muscle, and then activating the target muscle by minimal
voluntary contraction. Cervical stimulation was performed
with the magnetic coil placed laterally to the spinal proces-
sus C6 for upper limb and L5 for lower limb, with the rim of
the coil next to the spinal processus. For each stimulation,
the position of the magnetic coil and the intensity of the
stimulus were adjusted (when necessary up to the maximum
output of the stimulator) to maximize the amplitude of the
evoked response, then at least five responses according to
MEPs reliability were recorded. Central motor conduction
time (CMCT) to each target muscle was calculated by sub-
tracting the latencies upon cervical or lumbar stimulation
from the latencies upon cortical stimulation. Absolute MEPs
were recorded bilaterally according to the guidelines of the
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International Federation of Clinical Neurophysiology [11].
MEPs were interpreted by experienced neurophysiologists,
blinded for clinical data of the patients (G.I. and S.Z.) with
an inter-rater agreement of 90%. In this study, bulbar region
was not examined by TMS.

Motor latency, amplitude, and central motor conduction
time (CMCT) were measured. Cortical silent period was not
included in this study as all patients were treated at time of
TMS with ion channel targeted drugs (above reported) that
may interfere with this parameter. The following electro-
physiological features of the UMN function were consid-
ered to be abnormal (Fig. 1) (1) absent or unreliable MEPs
(Fig. 1a, b), when no motor potential was clearly recogniz-
able at the motor cortex after superimposition of at least ten
traces obtained using the maximal output of the stimulator,
with normal MEPs following stimulation of motor roots;
(2) increased CMCT. In particular, the latency and CMCT
were considered abnormal if longer than 18 ms at legs and
8 ms at arms (Fig. lc, d), based on the mean+2.5 SD of
healthy control group (.70 subjects), matched for sex, age
and body height (according to Claus) [12]. Absolute MEPs
alterations were defined asymmetric either when unreliable
MEP and delayed CMCT were unilateral or when CMCT
difference between left and right was > 1.5 ms at upper limbs
and >2 ms at lower limbs.
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Statistical analysis

Demographic and clinical variables were expressed as mean
(= SD) or frequencies for continuous and categorical varia-
bles. Comparisons between categorical variables were made
by Chi square test. Sensitivity, specificity, and predictive val-
ues were analyzed. Statistical analysis was performed with
IBM SPSS statistics data editor version 22.

Results

Demographic and clinical features of ALS patients are
shown on Table 1. Male/female ratio was 1:3. Spinal onset
was more frequent than bulbar onset. Median onset diag-
nosis interval was 13.2 months. At baseline, patients were
classified according to the different three existing ALS diag-
nostic sets of criteria (EEC, AHC, and AC) (Table 2). Using
the EEC criteria, 19% of patients were classified as definite,
34% as probable, 24% as possible, and 23% as suspected
ALS, actually LMN phenotype. According to AHC criteria,
four patients shifted from possible ALS to “probable-labora-
tory supported” ALS. Finally, applying the AC criteria, the
number of definite and probable ALS diagnosis resulted to
be similar to AHC. The forty suspected ALS were not clas-
sifiable using both AHC and AC criteria.
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Fig. 1 On the left, poorly reliable cortical MEPs from the right first interosseous (a) and left tibial anterior (b). On the right, cortical MEP (distal
latency 29.6 ms, ¢) and peripheral MEP (15 ms, d) from left first interosseous, with delayed central motor conduction time (14.6 ms)
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Table 1 Demographic and
clinical data of patients at
presentation

ALS patients
n 176

Age at presentation, median (range), years

Male/female

Bulbar/spinal onset

Disease duration from symptom onset to diagnosis, median (range), months
Disease duration from symptom onset to presentation, median (range), months

Follow-up clinical evaluation, median (range), months

60.8 (17.7-86.0)
101/75

43/133

13.21 (0.9-30.78)
12.81 (2.0-26.40)
13.2 (8.9-15.3)

Table 2 Distribution of patients

AHC at presentation AC at presentation EEC at
n of patients n of patients 1-year
follow-up

n of patients

" . : - Diagnostic category EEC at
according to different diagnostic .
o . presenta-
criteria at presentation and tion
according to El Escorial criteria
n of
after 1 year of follow-up patients
Definite 33
Probable 60
Probable lab supported  /
Possible 43

Suspected/unclassifiable 40

33 34 81
60 64 48
4 / /

39 38 26

40 Unclassifiable as ALS 40 Unclassifiable as ALS 21

EEC El Escorial criteria, AHC Airlie house criteria, AC Awaji criteria

We found that 78% (138 out 176) of patients had abnor-
mal MEPs in at least one limb: 57% of patients (n=100)
had unreliable MEPs and 36% (n = 63) had delayed CMCT.
Considering just patients with abnormal MEPs (n=138),
delayed CMCT was prevalent at upper limbs (38%, n=52)
than at lowers (19%, n=26), whereas unreliable MEP was
more frequent in lower limbs (69%, n=95) than in upper
(39% n=48). Delayed CMCT and unreliable MEPs were
asymmetrical in ~ 30% of cases (n=41 in upper and 45
in lower limbs, respectively); asymmetrical delayed CMCT
was more common in upper limbs [23% (n=232)] than in
lowers [11% (n=15)], whereas no difference was found in
asymmetrical unreliable MEPs distribution among limbs.

When we compared the clinical evidence of UMN
impairment at limbs with TMS data, more than 80%
(n=102/126) of patients with clinical UMN signs at limbs
at presentation had concomitant abnormal MEPs in the
same region; on the other hand, more than 70% (n=36/50)
of patients without clinical UMN evidence at limbs had
abnormal MEPs (X>=1.7, p=ns, Table 3). Approximately
60% of patients without any clinical UMN signs at limbs
and with MEPs abnormalities at baseline (22 out of 36)
developed clinical UMN signs after 1 year (X>=4.3,
p =0.04), with a positive predictive value of 61%. Finally,
when combining the clinical findings both at baseline and
at follow-up, 90% (124 out of 138) of patients with MEPs
alteration at baseline showed clinical UMN signs at limbs
at 1 year, increasing the positive predictive value to 90%
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Table 3 Distribution of clinical and electrophysiological evidences of
UMN involvement at presentation

Patients with clinical evi- patients without clinical

dence of UMN involve-  signs of UMN involvement
ment at limbs at limbs
(n 126) (n 50)
Patients 102 36
with
abnormal
MEPs (n
138)
Patients 24 14
with nor-
mal MEPs
(n 38)

X*=0.136, p=n.s

(X>=6.6, p=0.01), with a sensitivity of 82% and a speci-
ficity of 42%.

Furthermore, we evaluated TMS findings among 40
cases clinically classified at baseline as suspected ALS
according to EEC, actually LMN phenotype. We found
that 68% (n=27) of these patients had TMS abnormali-
ties, while 32% (n=13) remained purely LMN phenotype.
About one half of suspected ALS showed MEPs abnor-
malities in one region (n=19) and another 20% in two
regions (n=38).

We also performed a comparative analysis of the dis-
tribution of delayed CMCT and waveform abnormalities
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between the LMN phenotype and the group of patients
with UMN signs in at least one region (n=136). Wave-
form abnormalities were less frequent in the group of
patients with LMN phenotype [40% (n=16) versus 62%
(n=84), X%=6, p=0.01], whereas no difference in delayed
CMCT was observed in the two groups of patients [38%
(n=15) versus 36% (n=48)]. LMN phenotype had also
significantly higher delayed CMCT in lower limbs [40%
(6 out of 15)] compared to the group with clinical UMN
signs [10% (5 out of 48), X>=8.3, p=0.02, Table 4]. On
the other hand, the distribution of waveform abnormalities
among limbs did not differ between the two groups (data
not shown).

After 1 year of follow-up, according to EEC, 46% of
patients (n=_81/176) were categorized as definite ALS,
27% as probable (n=48/176), 15% as possible (n=26/176)
and 12% as suspected (n=21/176) (Table 2). Therefore,
~ 70% of LMN phenotype with MEPs abnormalities at
baseline (19 out of 27) developed UMN signs and became
clinically ALS within 1 year.

We also evaluated the occurrence of MEP abnormali-
ties stratifying patients according to the site of symptoms
onset; we found that the proportion of patients presenting
TMS abnormalities in at least one region in the absence
of clinical UMN signs at limbs was similar between spinal
[72% (n=28/39)] and bulbar-onset ALS [71% (n=28/11)].
Among spinal onset-ALS (n.133), more than the 80% of
the cases that developed at 1-year clinical evidence of
UMN sign (n=51/62) presented TMS abnormalities at
baseline in the same region, compared to 50% of bulbar
ALS (11 out of 23).

Discussion

In the present study, we found that TMS shows an overall
high sensitivity (82%) and positive predictive value (90%)
in identifying subclinical UMN involvement in ALS. At
the time of the diagnosis, ~ 70% of our patients presented

Table 4 Distribution of delayed CMCT in upper, lower and four
limbs in patients with abnormal MEPs stratified for phenotype

Patients with Patients with Patients with

delayed CMCT delayed CMCT delayed CMCT
in upper limbs  in lower limbs  in four limbs
37 11 (15)
UMN pheno- 29 5 14
type (48)
LMN pheno- 8 6 1
type (ALS
suspected)
15)
X*=8.3,p=0.02

abnormal MEPs in absence of clinical UMN signs at
limbs. This is a relevant finding since the clinical iden-
tification of UMN signs may be difficult at the beginning
of the disease or in the presence of contemporary LMN
involvement in the same districts [7, 13].

Based on the results of our study, the inclusion of MEPs
in the ALS diagnostic assessment could help to detect pre-
clinical UMN signs and, therefore, to avoid delay in ALS
diagnosis, particularly among LMN phenotype. Indeed,
considering MEPs alterations as indicator of preclinical
UMN damage, the ALS diagnostic category level could
potentially upgrade and interestingly about the 70% of
LMN phenotype could receive a diagnosis of ALS at
baseline, while they remained not classifiable as ALS
according to both AHC and AC. In agreement with this
observation, the large part of cases with LMN phenotype
and abnormal MEP at baseline developed clinical UMN
signs within 1 year.

On the other hand, our data reported a low specificity
of TMS (42%) which has also been indicated by clini-
cal neurophysiologists in the Awaji criteria because of the
specific way EMG data contributed to the diagnosis [14].
Nevertheless, this study is not intended to demonstrate a
high specificity, considering that to date the diagnosis of
ALS still results from the combination of the observa-
tion of clinical progression of signs and symptoms and
the exclusion of other causes. Moreover, the number of
potential false positive in our case series is presumed to
be very low as an alternative diagnosis was ruled out in
all cases after a careful diagnostic work up. The useful-
ness of MEPs in ALS diagnosis among LMN phenotype is
particularly relevant in our case sample. Indeed, the preva-
lence of suspected ALS is ~ 20%, higher than in other
ALS populations and consistent with previous findings in
our historical ALS population-based cohort [15]. In that
study, we observed that the suspected ALS had a median
survival time and a 4-year survival rate not different from
that of definite ALS [15]. Moreover, there are several epi-
demiological data indicating that the disease progression
may not proceed in a manner that leads to the evolution of
patients through all the diagnostic categories and approxi-
mately one quarter of patients with ALS may progress
to death from ALS even though their diagnostic category
did not change [14, 16]. Therefore, a recent consensus
conference sponsored by the International Federation of
Clinical Neurophysiology proposed new indications for
ALS diagnosis criteria. Among the minimum necessary
abnormalities to perform a diagnosis of ALS, the consen-
sus included the observation of lower motor neuron signs
in at least two regions again [14].

In disagreement with a previous study [17], TMS
detected preclinical UMN involvement more frequently
in spinal-onset (80%) than in bulbar-onset (50%) patients,

@ Springer



Journal of Neurology

and this could be related to the lack of examination of
the bulbar region by our routinely TMS. Another possible
explanation of this finding may be the low prevalence (<
30%) at presentation of bulbar UMN signs, which was
consistent with a previous population-based observation
in our region [18]. However, although the clinical evalu-
ation has been performed by an experienced in ALS, the
low frequency of bulbar UMN signs at presentation could
be related to a clinical underestimation, and this suggests
that routinely MEPs should be performed also in bulbar
region to empower the ALS diagnostic certainty.

All these results support that MEP alterations could be
used as a reliable marker of preclinical UMN damage and
could be incorporated into the Awaji criteria or in the new
sets of criteria to allow an early diagnosis and the inclu-
sion in clinical trials [14]. In the present work, we did not
perform a survival analysis, according to distribution of
MEPs abnormalities, even if a possible evolution of the
study will address this topic.

Our study has some limitations, including the already
mentioned lack of bulbar region examination with TMS,
the ALS tertiary center rather than a population-based
cohort design; the lack of EMG and TMS controls after
1 year of follow-up. However, in the absence of serial
EMG and TMS, we revaluated the patients using EEC at
1 year, considering these criteria reliable, because of the
low risk of false positive [19]. Another limitation is the
use of a focal single coil that might reduce the field pen-
etration compared to round or double cone TMS coils,
which in turn may induce higher and wider spread electri-
cal fields in superficial cortical regions, and could have
been preferable particularly for eliciting lower limbs
[20]. Consistently with this observation, about one third
of patients with UMN signs had normal MEPs: this find-
ing could be explained either by the low sensibility of the
TMS with our methodology or by the lack of specificity of
some of the UMN signs, as hyperreflexia or normal deep
tendon reflexes in wasted limb.

We, however, believe that these limitations did not sig-
nificantly biased our results, indicating that TMS has a good
positive predictive value to detect UMN damage early in
the course of the disease. It can be stated that the presence
of altered MEPs in a widespread LMN disease (i.e., two or
more body regions) could be sufficient for the diagnosis of
ALS even in absence of clinical evidence of UMN signs.
This opens to the opportunity that restricted phenotypes of
motor neuron diseases can be included in the diagnosis of
ALS and, where appropriate, enrolled in RCT.
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