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� Inter-rater variation in the use of diagnostic criteria for amyotrophic lateral sclerosis is high.
� Revised El Escorial and Awaji criteria are complex and might require training for use.
� The Awaji criteria have a positive impact on diagnostic sensitivity in subgroups.

a b s t r a c t

Objective: This study assesses inter-rater agreement and sensitivity of diagnostic criteria for amyotrophic
lateral sclerosis (ALS).
Methods: Clinical and electrophysiological data of 399 patients with suspected ALS were collected by
eleven experienced physicians from ten different countries. Eight physicians classified patients indepen-
dently and blinded according to the revised El Escorial Criteria (rEEC) and to the Awaji Criteria (AC). Inter-
rater agreement was assessed by Kappa coefficients, sensitivity by majority diagnosis on 350 patients
with follow-up data.
Results: Inter-rater agreement was generally low both for rEEC and AC. Agreement was best on the
categories ‘‘Not-ALS”, ‘‘Definite”, and ‘‘Probable”, and poorest for ‘‘Possible” and ‘‘Probable Laboratory-
supported”.
Sensitivity was equal for rEEC (64%) and AC (63%), probably due to downgrading of ‘‘Probable

Laboratory-supported” patients by AC. However, AC was significantly more effective in classifying
patients as ‘‘ALS” versus ‘‘Not-ALS” (p < 0.0001).
Conclusions: Inter-rater variation is high both for rEEC and for AC probably due to a high complexity of
the rEEC inherent in the AC.
The gain of AC on diagnostic sensitivity is reduced by the omission of the ‘‘Probable Laboratory-

supported” category.
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Significance: The results highlight a need for initiatives to develop simpler and more reproducible diag-
nostic criteria for ALS in clinical practice and research.

� 2018 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction the reproducibility of the criteria specified has only scarcely been
Diagnostic criteria for amyotrophic lateral sclerosis (ALS) have
been developed to standardise diagnosis and patient recruitment
in trials. A research group of the World Federation of Neurology
(WFN) devised the ‘‘El Escorial criteria” (EEC) (Brooks et al.,
1994), which were later modified to increase their diagnostic sen-
sitivity as the ‘‘revised El Escorial Criteria” (rEEC) (Brooks et al.,
2000) with the objective of encouraging earlier inclusion in trials
(Ross et al., 1998). The rEEC have been found to have high speci-
ficity, but to lack sensitivity, thus failing to promote earlier patient
inclusion in clinical trials (Traynor et al., 2000; Zoccolella et al.,
2006; Turner et al., 2009). In order to increase the sensitivity of
the diagnostic criteria, an amendment to the rEEC was suggested
by a group sponsored by the International Federation of Clinical
Neurophysiology (IFCN) at a meeting at Awaji-shima, Japan (de
Carvalho et al., 2008). These ‘‘Awaji criteria” (AC) refined the
applied electrodiagnostic algorithm for detection of lower motor
neuron (LMN) involvement to support ALS diagnosis by incorporat-
ing a number of new concepts. The major differences, compared to
the rEEC, were that: (1) clinical and electrophysiological findings of
LMN involvement should have equal significance to determine
involvement of a specific region; (2) the category ‘‘Probable
Laboratory-supported” was rendered redundant; and (3) the
presence of fasciculation potentials in muscles with evidence of
re-innervation should serve as evidence of ongoing denervation,
analogous to the presence of fibrillation potentials and positive
sharp-waves; a feature particularly relevant in cranial-innervated
muscles and in muscles with preserved strength.

The diagnostic sensitivities of rEEC and AC have been compared
in three meta-analyses (Costa et al., 2012; Jang and Bae, 2015;
Geevasinga et al., 2016b), the latter studying individual patient data
from all previous studies. Onemeta-analysis did not favour AC (Jang
and Bae, 2015), but in the two others (Costa et al., 2012; Geevasinga
et al., 2016b), AC demonstrated a higher sensitivity with similar
specificity. AC was particularly favourable in bulbar-onset patients
(de Carvalho and Swash, 2009; Okita et al., 2011) and in patients
with a short-disease duration (between 6–11 months) before inves-
tigation (Geevasinga et al., 2016b). The sameadvantages for ACwere
found in the single multicentre-study so far published comparing
rEEC and AC (Geevasinga et al., 2016a), in which AC gained 12% in
sensitivity, with the same high specificity (99.5%).

In some other studies the positive impact of AC was modest but
increased by the re-inclusion of the ‘‘Probable Laboratory-
supported” category in the AC (Boekestein et al., 2010). The posi-
tive impact of this category was particularly relevant in patients
with limb-onset disease (Geevasinga et al., 2016b). Originally, both
for rEEC and AC, the intention was to include only ‘‘Definite” and
‘‘Probable” cases in clinical trials, but recently it has been shown
that additional inclusion of ‘‘Possible” cases may increase sensitiv-
ity without lowering the specificity (Geevasinga et al., 2016a).

The rEEC and the AC were derived by consensus as research cri-
teria, not as criteria for diagnosis in clinical practice. There are,
however, no formal diagnostic criteria for ALS intended for use in
ordinary clinical practice, and probably due to this lack some
may use the rEEC or the AC for clinical practice.

It is essential that diagnostic criteria for ALS show a high speci-
ficity and sensitivity, and especially that they are reproducible
between raters. In previous studies on sensitivity and specificity,
addressed. Forbes et al. (2001) found good reproducibility regard-
ing ALS versus non-ALS diagnosis between two raters’ classifica-
tions of 65 patients according to the EEC and rEEC, without
significant differences between the two sets of criteria. The aim
of this study was to evaluate inter-rater reliability of rEEC and
AC among raters without previous formal training regarding use
of these classificatory systems. We also compared the sensitivity
and specificity of rEEC and AC among these raters.

2. Methods

2.1. Inclusion

The study was carried out as an international multicentre initia-
tive involving physicians from 11 different centres in Europe and
Israel, prompted by the European multicentre collaboration
ESTEEM (Vingtoft et al., 1995). The participating physicians were
recruited based on their experience in neurophysiology and inter-
est in ALS.

This study included consecutive patients with a clinical suspi-
cion of ALS, referred for electrophysiological investigation at the
participating centres, in order to confirm or refute the clinical diag-
nosis. Patients with any unequivocal alternative diagnosis were
excluded.

Three-hundred-ninety-nine patients (224 men; 163 women; 12
not registered) with a mean age of 63.6 years (SD 12.2) were
included. Two-hundred and ten patients (53%) had spinal-onset,
105 (26%) had bulbar-onset, 9 (2.3%) had axial-onset, and 8
(2.0%) had generalised onset. The region of onset was not estab-
lished in 67 patients (17%). Mean disease duration was
16.3 months (range 2–168 months). Disease duration was less than
12 months for 185 patients, 12 months or more for 208 patients
and unknown for 6 patients.

At least three regions should be tested by concentric needle EMG
as required by the Awaji neurophysiological algorithm. In the cervi-
cal and lumbosacral regions at least two muscles innervated by dif-
ferent roots andnerves shouldbe sampled,while at least onemuscle
should be investigated in the bulbar or thoracic region (de Carvalho
et al., 2008). For each testedmuscle, force on theMRC scale and atro-
phy (0, +, ++, +++) were recorded. In addition, at least three motor
nerves, including at least one in a wasted limb, and at least one sen-
sory nerve in a wasted limb should be tested.

Patient data were anonymised, and each patient assigned a
number. The participating centres obtained permission according
to local ethical requirements.

2.2. Data structure

2.2.1. Clinical data
Clinical data were reported in a standardised format (example in

Supplementary Data). For each of the four regions the presence of
upper motor neuron (UMN) signs (abnormally brisk or irradiating
deep tendon reflexes, spasticity, Hoffman sign, brisk jaw jerk, and
extensor plantar reflex) and LMN signs (weakness, atrophy, fascicu-
lations, andhyporeflexia)were entered. In addition, age, sex, disease
duration, progressive disease, onset region, ALS-FRS and ALS-FRS
bulbar scores, forced vital capacity, and results of diagnostic tests,
especially imaging, as well as medication were noted.
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2.2.2. Electrodiagnostic data
EMG data were presented in predefined forms allowing for flex-

ible entry of the test parameters by the examining centres.
For spontaneous activity, presence of fibrillations, positive sharp

waves, and fasciculations were noted (0, +, ++, +++, ++++) together
with electrophysiological stability of fasciculations (stable/unsta-
ble). For the interference pattern at maximal voluntary contraction,
pattern (full/reduced/discrete/single units/ submaximal/no recruit-
ment), recruitment rate (normal/increased) and amplitude (normal/
increased/decreased/borderline increased or decreased) were
noted, while for motor unit potential (MUP) analysis duration
(normal/increased/decreased/borderline increased or decreased),
amplitude, number of polyphasic potentials (normal/increased/
increased borderline), and stability were noted.

For nerves, motor or sensory conduction velocity, compound
muscle action potential or sensory nerve action potential ampli-
tude, F-wave persistence were noted as normal/decreased/
decreased borderline, while distal motor latency and F-wave
latency were noted as normal/increased/increased borderline. In
addition, presence of conduction block or absence of response
was noted.
2.2.3. Diagnoses
The physicians’ classifications according to the rEEC (‘‘Definite”,

‘‘Probable”, ‘‘Probable Laboratory-supported”, ‘‘Possible”,
‘‘Not-ALS”) and the AC (‘‘Definite”, ‘‘Probable”, ‘‘Possible”, ‘‘Not-
ALS”) were noted on the data sheets.
2.3. Data collection procedure

The data collection procedure is outlined in Fig. 1. Clinical and
electrophysiological data from patients examined according to
the local practice at the submitting centres were entered on stan-
dardised data sheets.

The data sheets were sent electronically to the coordinating
centre (Aarhus University Hospital, Denmark) for data validation.
A total of 465 examination data sheets were submitted from 12 dif-
ferent centres. Of these, 66 were discarded as they did not fulfil the
inclusion criteria, mainly due to EMG performed in two regions
only. Of the examinations used for further analyses, 11 centres
submitted 7, 7, 11, 12, 17, 28, 37, 44, 62, 70, and 104 examinations.

The 399 examinations fulfilling the inclusion criteria were then
reformatted by removing the examiner’s affiliation and diagnostic
classifications and sent to all 11 centres for independent blind eval-
uationwith respect to classification according to rEEC andAC. All the
465 examination submitted 
by 11 centres

66 discarded –not fulfilling 
inclusion criteria

399 data sheets anonymised 
Revised El Escorial and Awaji classifications removed

Sent to 8 physicians for interpretation

399 examinations returned with
8 diagnostic classifications of each patient (in total 3192 interpretations)

49 follow-up not possible

350 cases with clinical follow-up diagnosis
317 with ALS 33 with other diagnoses

Fig. 1. Flowchart of study on inter-rater variation of diagnostic criteria for ALS.
data sheets were returned to Aarhus by eight centres, which gave a
total of 3192 classifications for each of the criteria sets.

A clinical follow-up with respect to final diagnosis, with respect
to ALS or not, was requested for all 399 patients. Follow-up infor-
mation was received for 350 patients as 49 patients were lost to
follow-up.

2.4. Majority diagnoses

A majority diagnosis for each patient was decided as the cate-
gory chosen most often by the eight assessing physicians according
to rEEC and AC in order to assess sensitivity and specificity. If there
was the same number of classifications for two categories, the
category with the highest probability for ALS was arbitrarily cho-
sen, e.g. if there were four classifications of both ‘‘Probable” and
‘‘Possible”, ‘‘Probable” was chosen.

2.5. Statistical analysis

Agreement among raters was assessed by the Kappa coefficient
for multiple raters (Fleiss, 1971). Confidence intervals for Kappa
coefficients were calculated as described by Zou and Donner
(2004). Comparison of two Kappa coefficients was performed by
assessment of the 95% confidence interval for their difference
based on bootstrap with 5000 repetitions.

Sensitivities and specificities for rEEC and AC were compared
with McNemar’s tests, and sensitivities and specificities between
different groups of onset region and disease duration were com-
pared by Chi-squared tests.

Stata version 15 with the additional package ‘‘kaputil” and
Microsoft Excel were used for statistical calculations.

Statistical significance was defined as 5%.
3. Results

3.1. Distribution of classifications

The distribution of the 3192 classifications in the diagnostic cat-
egories of rEEC and AC are shown in Fig. 2. There were more clas-
sifications as ‘‘Definite” (681 vs. 343; Chi2 132.9; p < 0.00001) and
‘‘Probable” (1167 vs. 943; Chi2 35.5; p < 0.00001) using the AC
compared with the rEEC. However, when including the ‘‘Probable
Laboratory-supported” category of rEEC, there were fewer classifi-
cations as ‘‘Probable” using the AC than the rEEC (1167 vs. 1434;
Chi2 46.3; p < 0.00001). Looking at the pooled number of classifica-
tions ‘‘Definite/Probable/Probable Laboratory-supported” there
was a non-significant advantage for AC (1848 vs. 1777; Chi2 3.2;
p = 0.07). There was a non-significant difference of more cases clas-
sified as ‘‘Possible” by AC than by rEEC (781 vs. 717; Chi2 3.6;
p = 0.06). AC was significantly more effective in classifying patients
as ‘‘ALS” versus ‘‘Not-ALS” (698 ‘‘Not-ALS” with rEEC vs. 563 ‘‘Not-
ALS” with AC; Chi2 18.0; p < 0.0001).

3.2. Inter-rater variation on categories

There was a rather large variation among the eight physicians in
the number of cases classified in the different categories both for
rEEC and AC (Table 1). The dichotomy ‘‘Definite/Probable” versus
‘‘Possible/Not-ALS”, reflecting the number of patients possibly
included in a trial, ranged from 142 to 308 patients (35.6–77.2%)
according to the rEEC, and from 157 to 299 patients (39.3–74.9%)
according to the AC. Considering the dichotomy ‘‘Definite/Prob
able/Possible” versus ‘‘Not-ALS”, the variation among the eight
physicians was smaller, from 241 (60.4%) to 338 (84.7%) according
to the rEEC and from 286 (71.7%) to 345 (86.5%) according to the AC.



0

200

400

600

800

1000

1200

Definite Probable Probable Laboratory
supported

Possible Not ALS

sesacfo
reb

mu
N

Rev. El Escorial
Awaji

p < 0.001

p < 0.001

p < 0.001

p = 0.06

Fig. 2. Eight physicians’ classifications of 399 cases referred for ALS according to the revised El Escorial and the Awaji criteria. A total of 3192 classifications were distributed
in five categories for the revised El Escorial criteria and in four categories for the Awaji criteria. Differences between revised El Escorial and Awaji criteria were calculated by
Chi-squared tests (p-values shown).

Table 1
Diagnostic classifications by eight physicians.

Rev. El Escorial Definite Probable Prob. Lab. sup. Possible Not ALS Def/Prob Def/Prob/Poss

N (%) N (%) N (%) N (%) N (%) N (%) N (%)
Physician #1 58 (1,5) 136 (3,4) 49 (1,2) 95 (2,4) 61 (1,5) 243 (6,1) 338 (8,5)
Physician #2 50 (1,3) 137 (3,4) 81 (2,0) 70 (1,8) 61 (1,5) 268 (6,7) 338 (8,5)
Physician #3 50 (1,3) 140 (3,5) 108 (2,7) 38 (1,0) 63 (1,6) 298 (7,5) 336 (8,4)
Physician #4 58 (1,5) 127 (3,2) 123 (3,1) 20 (0,5) 71 (1,8) 308 (7,7) 328 (8,2)
Physician #5 17 (0,4) 93 (2,3) 60 (1,5) 155 (3,9) 74 (1,9) 170 (4,3) 325 (8,1)
Physician #6 41 (1,0) 119 (3,0) 17 (0,4) 137 (3,4) 85 (2,1) 177 (4,4) 314 (7,9)
Physician #7 46 (1,2) 96 (2,4) 29 (0,7) 103 (2,6) 125 (3,1) 171 (4,3) 274 (6,9)
Physician #8 23 (0,6) 95 (2,4) 24 (0,6) 99 (2,5) 158 (4,0) 142 (3,6) 241 (6,0)
minimum 17 (0,4) 93 (2,3) 17 (0,4) 20 (0,5) 61 (1,5) 142 (3,6) 241 (6,0)
maximum 58 (1,5) 140 (3,5) 123 (3,1) 155 (3,9) 158 (4,0) 308 (7,7) 338 (8,5)

Awaji Definite Probable Prob. Lab. sup. Possible Not ALS Def/Prob Def/Prob/Poss
Physician #1 88 (2,2) 156 (3,9) 101 (2,5) 54 (1,4) 244 (6,1) 345 (8,6)
Physician #2 70 (1,8) 224 (5,6) 47 (1,2) 58 (1,5) 294 (7,4) 341 (8,5)
Physician #3 92 (2,3) 157 (3,9) 93 (2,3) 57 (1,4) 249 (6,2) 342 (8,6)
Physician #4 196 (4,9) 103 (2,6) 39 (1,0) 61 (1,5) 299 (7,5) 338 (8,5)
Physician #5 36 (0,9) 121 (3,0) 170 (4,3) 72 (1,8) 157 (3,9) 327 (8,2)
Physician #6 56 (1,4) 140 (3,5) 134 (3,4) 69 (1,7) 196 (4,9) 330 (8,3)
Physician #7 95 (2,4) 133 (3,3) 92 (2,3) 79 (2,0) 228 (5,7) 320 (8,0)
Physician #8 48 (1,2) 133 (3,3) 105 (2,6) 113 (2,8) 181 (4,5) 286 (7,2)
minimum 36 (0,9) 103 (2,6) 39 (1,0) 54 (1,4) 157 (3,9) 286 (7,2)
maximum 196 (4,9) 224 (5,6) 170 (4,3) 113 (2,8) 299 (7,5) 345 (8,6)

Individual classifications according to the revised El Escorial criteria and to the Awaji criteria by eight physicians on 399 cases referred for ALS. Prob. Lab. sup., Probable
Laboratory-supported; Def/Prob, Sum of Definite and Probable; Def/Prob/Poss, Sum of Definite, Probable, and Possible.
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3.3. Agreement on classifications

Kappa coefficients for the agreement among the eight physi-
cians on the diagnostic categories are shown in Fig. 3. Both for rEEC
and for AC, the agreement was best in the ‘‘Not-ALS” category with
Kappa coefficients of 0.59 (95% CI:0.52–0.65) for rEEC and 0.65
(95% CI:0.58–0.72) for AC. Both for rEEC and AC, the agreement
in the ‘‘Definite” and the ‘‘Probable” categories were lower than
in the ‘‘Not-ALS” category (Fig. 3), and agreement was lowest in
the ‘‘Possible” category with Kappa coefficients of 0.14 (95%
CI:0.09–0.20) for rEEC and 0.33 (95% CI:0.26–0.40) for AC. For the
rEEC category ‘‘Probable Laboratory-supported” there was also a
low level of agreement with a Kappa coefficient of 0.25 (95%
CI:0.18–0.34). For the pooled rEEC category of ‘‘Probable” and
‘‘Probable Laboratory-supported”, the Kappa coefficient was 0.36
(95% CI:0.32–0.41).
3.4. Differences in agreement between the two sets of criteria

Both for the rEEC and AC, agreement among the raters varied
in the different diagnostic categories (Fig. 3). Agreement was
higher for the AC than for the rEEC in the ‘‘Not-ALS” category
(95% CI for difference: 0.03–0.10; p < 0.001, bootstrap) and in the
‘‘Possible” category (95% CI for difference: 0.15–0.23; p < 0.001,
bootstrap). In contrast, agreement was higher for the rEEC
than for the AC in the ‘‘Definite” category (95% CI for difference:
0.00–0.12; p = 0.04, bootstrap) and in the ‘‘Probable” category
(95% CI for difference: 0.11–0.21; p < 0.001, bootstrap). The
Kappa coefficient of the pooled rEEC category of ‘‘Probable” and
‘‘Probable Laboratory-supported” did not differ from that of the
‘‘Probable” category of AC (95% CI for difference: �0.06–0.03;
p = 0.45, bootstrap).
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3.5. Sensitivity and specificity

The majority diagnoses were used to calculate sensitivities and
specificities for rEEC and AC for all 350 patients with available
follow-up data (Table 2). There were no differences between the
sensitivities or specificities of rEEC and AC for neither all patients
nor subgroups with limb onset or disease duration < 12 months
(McNemar’s’ tests; p > 0.05). When ‘‘Possible” patients were
included, however, there was a higher sensitivity of AC than rEEC
for the subgroups of bulbar onset patients and patients with dis-
ease duration � 12 months (McNemar’s’ tests, p = 0.02 and
p = 0.03, respectively) (Table 2).

Both for rEEC and AC, there were no differences in sensitivity or
specificity between the groups of patients with bulbar-onset and
limb-onset, or between patients with disease dura-
tion < 12 months and � 12 months (Chi-squared, p > 0.05).
3.6. Changes from revised El Escorial to Awaji

The distribution of corresponding AC classifications for each of
the five rEEC categories are shown in Fig. 4, based on the majority
diagnoses for the 317 patients in whom a diagnosis of ALS was con-
firmed at clinical follow-up.

For 45 patients classified as ‘‘Definite” by the rEEC, all but one
was also classified as ‘‘Definite” by the AC. For 122 patients classi-
fied as ‘‘Probable” by the rEEC most (99 [81.1%]) were also classi-
fied as ‘‘Probable” by the AC, but 20 (16.4%) of these were
classified by AC as ‘‘Definite”. For 36 patients classified as ‘‘Proba-
ble Laboratory-supported” only 11 (30.6%) were classified as
‘‘Probable” by the AC. Most of these (20 [55.6%]) were classified
with a lower probability as ‘‘Possible”, and 5 (13.9%) with a higher
probability as ‘‘Definite”. For 69 patients classified as ‘‘Possible” by
the rEEC, 49 (71.0%) were also classified as ‘‘Possible” by the AC;
but 15 (21.7%) were reclassified as ‘‘Probable”. Of the 45 patients
who were classified as ‘‘Not-ALS” by the rEEC, 31 (68.9%) remained
as ‘‘Not-ALS” by the AC, but 14 patients were classified with a
higher probability as ‘‘Possible” (10 patients [22.2%]) or ‘‘Probable”
(4 patients [8.9%]) by the AC.

For all 317 patients, 57 (18.0%) were classified with a higher
probability by the AC than by the rEEC, and 26 (8.2%) were classi-
fied with a lower probability. Of the 26 patients classified with a
lower probability, 20 shifted from rEEC ‘‘Probable Laboratory-
supported” to ‘‘Possible”.

The number of patients to be included in clinical trials was 203
(64.0%) for the rEEC and 201 (63.4%) for the AC when using the
classical criteria of including only patients with ‘‘Definite” and
‘‘Probable” disease. Extending the group of patients to be included
with the ‘‘Possible” category, resulted in 272 (85.8%) to include by
using the rEEC and 281 (88.6%) to include by the AC.
4. Discussion

4.1. Study design

To compare different sets of diagnostic criteria, a multicentre
design is the most appropriate approach. For diagnosis of ALS only
the study by Geevasinga et al. (2016a) has used this design focus-
ing on diagnostic sensitivities and specificities without considering
inter-rater variation.

In our study, we added a number of new challenges, we recruited
patients from11 different centres in 10 countries, the neurophysiol-
ogists in these centres did not receive any special training, and their
neurophysiological interpretations were not standardized. Further-
more, we included analyses of inter-rater agreement using reviews



Table 2
Sensitivity and specificity of diagnostic criteria for ALS.

El Escorial (95% CI) Awaji (95% CI) McNemar

All patients (n = 350)
Sensitivity (def/prob) 0.64 (0.58–0.69) 0.63 (0.58–0.69) NS
Sensitivity (def/prob/poss) 0.86 (0.81–0.89) 0.89 (0.85–0.92) NS
Specificity (def/prob) 0.91 (0.74–0.98) 0.85 (0.67–0.94) NS
Specificity (def/prob/poss) 0.82 (0.64–0.92) 0.76 (0.76–0.88) NS
Bulbar onset (n = 97)
Sensitivity (def/prob) 0.63 (0.53–0.73) 0.69 (0.58–0.78) NS
Sensitivity (def/prob/poss) 0.83 (0.73–0.90) 0.92 (0.85–0.97) p = 0.016
Specificity (def/prob) 0.75 (0.22–0.99) 0.75 (0.22–0.99) NS
Specificity (def/prob/poss) 0.75 (0.22–0.99) 0.75 (0.22–0.99) NS
Limb onset (n = 186)
Sensitivity (def/prob) 0.59 (0.51–0.66) 0.57 (0.49–0.64) NS
Sensitivity (def/prob/poss) 0.85 (0.79–0.90) 0.85 (0.79–0.90) NS
Specificity (def/prob) 0.91 (0.69–0.98) 0.86 (0.64–0.96) NS
Specificity (def/prob/poss) 0.82 (0.59–0.94) 0.85 (0.79–0.90) NS
Disease duration < 12 months (n = 159)
Sensitivity (def/prob) 0.64 (0.56–0.72) 0.66 (0.58–0.73) NS
Sensitivity (def/prob/poss) 0.89 (0.82–0.93) 0.89 (0.83–0.94) NS
Specificity (def/prob) 1.00 (0.56–1.00) 0.86 (0.42–0.99) NS
Specificity (def/prob/poss) 0.86 (0.42–0.99) 0.71 (0.30–0.95) NS
Disease duration >= 12 months (n = 185)
Sensitivity (def/prob) 0.64 (0.56–0.71) 0.61 (0.53–0.69) NS
Sensitivity (def/prob/poss) 0.83 (0.76–0.88) 0.88 (0.82–0.93) p = 0.027
Specificity (def/prob) 0.88 (0.68–0.97) 0.84 (0.63–0.95) NS
Specificity (def/prob/poss) 0.80 (0.59–0.92) 0.76 (0.54–0.90) NS

Sensitivity and specificity of revised El Escorial criteria and Awaji criteria on 350 patients referred for ALS. Data for all patients and for subgroups
according to onset region and disease duration are shown. Diagnoses are majority diagnoses of eight experienced physicians on 317 patients with
a follow-up diagnosis of ALS and 33 patients where the ALS diagnosis could not be confirmed at follow-up. CI, confidence interval; NS, not
significant; def, definite; prob, probable; poss, possible.
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of the data sheets by 8 of the participating neurophysiologists. In
considering the results of our study it should be borne in mind that
there is no specific one-off diagnostic test for ALS, and that the diag-
nostic standard against which any set of diagnostic criteria must be
tested is a clinical opinion, made at the time of clinical assessment,
but supplemented for diagnostic certainty by progression of the dis-
ease over time. Any set of definitions for use at a single time-point,
although necessary for clinical trials, is inevitably limited by the
conflicting requirements of specificity and sensitivity.

4.2. Inter-rater agreement

We found a rather large variation among the included neuro-
physiologists. The best agreement was on the important ‘‘ALS/
Not-ALS” dichotomy, in particular when using AC. Substantial dis-
agreement was observed on the ‘‘Possible” category for both rEEC
and AC, but the agreement was better for AC (Fig. 3). The ‘‘Probable
Laboratory-supported” category of the rEEC disclosed a very poor
inter-rater agreement, probably because it requires a combination
of clinical and electrodiagnostic interpretation. Agreement was
lowest in the ‘‘Possible” and ‘‘Probable Laboratory-supported” cat-
egories. This may because these categories represent borderline
cases where most disagreement is to be expected. There was only
a minor difference in the agreement level between AC and rEEC
with respect to the ‘‘Definite” category. In the ‘‘Probable” category,
there was no difference in the agreement between AC and rEEC,
when the rEEC categories of ‘‘Probable” and ‘‘Probable
Laboratory-supported” were pooled.



Table 3
Some factors that may add to the complexity of revised El Escorial criteria.

� Definition of four body regions
� Different requirements on number of abnormal muscles in the body
regions

� UMN signs rostral to LMN signs for some categories
� UMN and LMN signs required in the same region or in different regions
� Concomitant acute and chronic EMG changes required in a muscle
� Interpretation of EMG findings as acute or chronic by the use of different
kinds of examination techniques
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The rather low levels of agreement resulted in a large inter-
rater variation in number of patients to be included in trials, most
pronounced if patients with only ‘‘Definite” and ‘‘Probable” ALS
were included, and less pronounced if also patients with ‘‘Possible”
ALS were included (Table 1). Using the latter approach of including
‘‘Possible”, the maximal difference between raters in number of
patients to include was lower using AC (59 patients) than using
rEEC (97 patients) (Table 1), indicating that using AC for including
patients with ‘‘Definite /Probable/Possible” disease in a trial would
provide a more homogenous population across different centres. It
was striking that 66 of the original 465 patients were excluded
mainly because their neurophysiological examinations did not test
the required 3 regions necessary for the Awaji criteria to be ful-
filled. This indicates a degree of diagnostic confidence that should
perhaps be considered in any future revision of the current diag-
nostic criteria.

4.3. Comparison with other studies of inter-rater agreement

Forbes (2001) found a Kappa coefficient of 0.88 (95% CI: 0.80–
0.96) for the ‘‘ALS/Not-ALS” dichotomy for the rEEC. Although
Kappa coefficients are not necessarily comparable across studies
(Maclure and Willett, 1987), this value is higher than ours of
0.59 (95% CI: 0.52–0.65). The most likely explanation for this is
the larger number of contributing centres and raters in our study,
resulting in greater variance.

4.4. Sensitivity and specificity

The diagnostic sensitivity of rEEC was 0.64 (95% CI: 0.58–0.69)
in our study, a result comparable with that of the largest meta-
analysis of 0.62 (95% CI: 0.49–0.75) (Costa et al., 2012). For AC
the diagnostic sensitivity was 0.63 (95% CI: 0.58–0.69), compared
with that of the meta-analysis of 0.81 (95% CI: 0.72–0.90). We
could not confirm, therefore, that AC significantly increases the
sensitivity compared with rEEC (Costa et al., 2012). However, when
‘‘Possible” patients are included AC was more sensitive than rEEC
in the subgroups of patients with bulbar onset and in patients with
disease duration of 12 months or more, the former finding con-
firming previous observations (de Carvalho and Swash, 2009).

Although 57 patients were upgraded by the AC and only 26
patients were downgraded, this did not result in significantly more
patients to include in trials. The main reason for this is that 20
patients were downgraded from ‘‘Probable Laboratory-supported”
by rEEC to ‘‘Possible” by AC, as it has also been found by others
(Jang and Bae, 2015; Higashihara et al., 2012). These findings sup-
port the suggestion of including a ‘‘Probable Laboratory-
supported” category in the AC (Geevasinga et al., 2016b).

The diagnostic sensitivities increased, as expected, if patients in
the ‘‘Possible” category were potentially included in trials as has
been suggested (Geevasinga et al., 2016b; Geevasinga et al.,
2016a; Berry et al., 2017). This would allow inclusion of only 9
more patients using AC, a non-significant benefit. Our data could
not, however, confirm that this increase in sensitivity is gained
without a decrease in specificity (Table 2).

4.5. Possible explanations for inter-rater variation

One possible explanation for the large inter-rater variation on
both the rEEC and the AC is their complexity. The complexity of
the rEEC is inherent in the AC, as the AC were constructed as an
electrophysiological amendment to the rEEC. Some of the factors
leading to the complexity of the rEEC criteria are summarised in
Table 3. The rEEC definition delimits four body regions; bulbar, cer-
vical, thoracic, and lumbosacral, with the cervical and lumbosacral
regions including right and left sided limbs, and with different
requirements for the number of abnormal muscles in one region,
i.e. only one in the bulbar region. Another requirement, the impor-
tance of UMN signs rostral to LMN signs for the ‘‘Probable” cate-
gory, adds to the complexity. This requirement was introduced to
exclude patients with spinal lesions, but this may now be obsolete
with today’s availability of MRI for exclusion of spinal pathology;
the rEEC require imaging only to exclude other diseases.

Both for the rEEC and the AC, it is not described consistently
whether UMN and LMN signs are required in the same region or
in different regions. The requirement for the presence of concomi-
tant signs of acute and chronic denervation on EMG also adds to
the complexity, as this requires detailed knowledge on the patho-
physiological interpretation of many different electrophysiological
findings. Many neurophysiologists may not be familiar with or
accept others’ examination techniques (Johnsen et al., 1995). In
particular, finding sparse fasciculation potentials in a muscle can
be time consuming and requires experience. It has been found that
muscle ultrasound findings increase the sensitivity of AC (Misawa
et al., 2011; Grimm et al., 2015).

Another factor that may contribute to inter-rater variation is
the criteria’s format. The rEEC and the AC were both originally pub-
lished in very detailed formats (Brooks et al., 2000; de Carvalho
et al., 2008), and there is no ‘‘official flow-chart” that can be used
for a quick overview in practice. When using the AC, it is required
that both documents of rEEC and AC are considered together. To
obtain an overview, readers may be tempted to rely on unofficial,
not peer-reviewed flow-charts with an inherent risk of errors.
4.6. Upper motor neuron signs

Definitions on UMN signs, applicable for both the rEEC and the
AC, are provided in the rEEC (Brooks et al., 2000). However, detec-
tion of UMN signs rely on a clinical examination, which is influ-
enced by clinical skills. Objective detection of UMN signs in
atrophic limbs poses difficulties (Swash, 2012). Such differences
in the clinical detection of UMN signs constitute a possible source
of inter-rater variation in diagnostic criteria for ALS. This is proba-
bly relevant in practice, but not in the present study, because pres-
ence or absence of UMN signs were presented for all raters in the
same standardised data sheets.

Concerning improvements in diagnostic sensitivity and speci-
ficity, the development of a reliable objective method for detection
of UMN signs is probably the most critical item. Threshold tracking
transcranial magnetic stimulation is a promising technique to
detect UMN involvement. It has been shown to differentiate
between ALS and non-ALS disorders early in the disease course
(Menon et al., 2015), however, the findings still have to be repli-
cated in larger studies by other groups. Conventional magnetic res-
onance imaging shows only sparse changes in ALS, which cannot
serve as a biomarker for ALS. Advanced neuroimaging techniques
such as diffusion tensor imaging and magnetic resonance spec-
troscopy can show structural and pathophysiological changes in
ALS, but these techniques have still not been established as clinical
tools for the detection of UMN involvement (Foerster et al., 2013).
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4.7. Study limitations

It is likely that higher Kappa values for agreement might have
been found if more cases without ALS were included in our study,
as the Kappa coefficient is dependent on the incidence (Maclure
and Willett, 1987).

The raters of this study interpreted other physician’s studies
solely from EMG and NCS parameters as written in the standard-
ised data sheets, i.e. no curves were provided. There were no
attempts to make a consensus on definitions. For example, the
examining physician could state whether fasciculation potentials
were stable or unstable, and the rater had to accept this indepen-
dently on the definition of stability of fasciculation potentials used.
The use of the terms ‘‘borderline increased/decreased” without a
clear definition can have led to individual interpretations, which
may have lowered inter-rater agreement.

The participants submitted different numbers of cases, which
may have biased the results towards data from the few centres pro-
viding most cases. Although all raters had some experience with
clinical diagnosing of ALS patients, the level of experience was not
controlled in this study as it might have been in a clinical trial.
Inter-rater variation might be reduced by pre-study training and
quality control at individual laboratories, as recommended in a clin-
ical trial setting. Moreover, the rEEC and AC criteria require a for-
malised approach to the diagnostic investigation, something that
is not necessarily standard practice among neurophysiologists.
However, the aim of our studywas to showhowpractical and useful
the rEEC and the AC are when they are used in the real world. It
should be emphasized, that these criteria were derived as research
criteria, not as criteria for diagnosis in ordinary clinical practice.

5. Conclusions

The new concepts of the AC increase diagnostic sensitivity, but
this gain is reduced by the omission of the ‘‘Probable Laboratory-
supported” category. The present study supports previous sugges-
tions of including the ‘‘Probable Laboratory-supported” category in
an updated version of the AC.

Our results show a marked inter-rater variation in the use of
both rEEC and AC most pronounced for classification in subcate-
gories. This variation is most likely due to a large complexity of
the rEEC, which is inherent in the AC.

Training might reduce inter-rater variation. However, our
results highlight a need for developing more simple and repro-
ducible criteria for use in research and perhaps also in clinical
practice.
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Appendix A. Supplementary material

An example of a case with some disagreement as presented in
the standardised data sheets. The diagnoses according to the
revised El Escorial Criteria (rEEC) and to the Awaji Criteria (AW)
entered in the sheet are given by physician who did the studies.
These diagnoses were removed from the sheets before they were
sent to eight physicians who were prompted to give their diag-
noses. The eight raters’ diagnoses according to the rEEC were: 1
Definite, 1 Probable, 4 Probable Laboratory-supported, and 2 Possi-
ble. Diagnoses according to the AC were: 2 Definite, 2 Probable, and
4 Possible. Supplementary data to this article can be found online
at https://doi.org/10.1016/j.clinph.2018.11.021.
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