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Abstract
Background: Computerized cognitive tests may extend the reach of cognitive screening 
and monitoring to those with mobility issues or living in remote areas. Moreover, it could 
enable frequent and autonomous remote cognitive assessments in people with multiple 
sclerosis (pwMS) on account of its reduced economic and organizational costs. This may 
further improve our understanding of longitudinal trends and significantly improve the 
standard of care for pwMS living in remote areas or with mobility limitations. We aimed 
to evaluate the psychometric properties of an electronic Symbol-Digit Modalities Test 
(eSDMT) designed to allow pwMS to perform a rapid cognitive assessment independently 
from home using their own PC/laptop.
Methods: Sixty-two participants underwent a neuropsychological evaluation, and then 
performed the eSDMT in the clinic. Forty-two participants also repeated the eSDMT at 
home. We assessed concurrent validity (eSDMT vs. oral SDMT), test–retest reliability (in 
the clinic vs. at home), discriminant validity (pwMS with/without cognitive impairment), 
and other psychometric characteristics of the eSDMT (effect of age, sex, and education 
on test scores).
Results: We observed good-to-excellent concurrent validity (r ≥ 0.84, all p < 0.0001) 
and test–retest reliability (intraclass correlation coefficients [ICCs]>0.87, all p < 0.0001). 
Discriminant validity was excellent (area under the curves [AUCs] >0.84, all p < 0.0001). 
eSDMT scores were only slightly influenced by demographic characteristics (all 
R2 < 0.200).
Conclusions: We provided evidence which supports the use of our eSDMT as a feasible, 
valid, and reliable remote assessment of cognitive function in pwMS. Future studies will 
investigate long-term reliability and predictive power.
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INTRODUC TION

Cognitive impairment is a frequent symptom of multiple sclerosis (MS) 
which negatively affects daily activities, lowering the quality of life of 
people with MS (pwMS) [1, 2]. It occurs even in the earlier stages of the 
disease [3] and it can develop acutely and follow a remitting–relapsing 
pattern, or develop insidiously and follow a gradual progression [4].

Cognitive deficits of pwMS are typically assessed by administer-
ing standardized neuropsychological tests and batteries designed 
to provide an estimate either of global cognitive functioning or of 
specific domains [5]. The Symbol-Digit Modalities Test (SDMT) is 
currently the most recommended test, owing to its sensitivity, test–
retest reliability, and predictive validity [6]. The SDMT is considered 
the most effective test for distinguishing between pwMS with or 
without cognitive impairment and represents the gold standard out-
come measure for cognition in clinical trials [7, 8].

Standardized in-clinic cognitive tests in pwMS are usually re-
peated at intervals of 6–12 months. Thus, they are blind to cogni-
tive fluctuations between evaluations, and could cause considerable 
delay in identifying the shift to progressive cognitive worsening. The 
technological advances of the last 10–15 years have led to the devel-
opment of software which may enable the long-term monitoring of 
cognitive functioning in a cost-effective and ecological manner [9]. 
PCs and high-speed internet have become widely accessible in most 
countries, and thus can facilitate large-scale repeated remote as-
sessments in a cost-effective and unobtrusive manner [10–12]. This 
may enable cost-effective long-term monitoring of cognitive func-
tioning in pwMS [9] by allowing patients to perform cognitive tests 
remotely and autonomously. For researchers, granular longitudinal 
monitoring may enable the gathering of larger quantities of data and 
the acquisition of new insights. Clinicians could monitor individual 
patients and detect meaningful changes more efficiently, improving 
the standard of care [10].

However, before remote digital cognitive tests can be im-
plemented in research and clinical practice, their psychometric 
properties should be carefully assessed [13]. Moreover, most pub-
lished digital cognitive tests are not widely and freely available 
for researchers or are embedded in software from commercial 
enterprises which may not be approved by independent ethics 
committees and is unsuitable for research due to lack of access 
to raw data. We aimed to evaluate the psychometric properties 
of a custom-built electronic version of the SDMT which enables 
pwMS to perform remote cognitive assessments independently, 
using their own PC/laptop.

METHODS

Participants

Participants were recruited among inpatients attending the 
Neurorehabilitation Department of Casa di Cura Igea, Milan, Italy 
between March and December 2023. Inclusion criteria were (1) 

age>18 years, (2) diagnosis of MS based on the revised McDonald's 
criteria [14], (3) absence of significant neurological and/or psychi-
atric comorbidities, as diagnosed by a neurologist and/or psychia-
trist, (4) absence of visual and/or motor deficits severe enough to 
invalidate routine pen-and-paper neuropsychological testing (e.g., 
patients unable to distinguish the different SDMT symbols due to 
vision deficits or unable to use a pencil); (5) ability to provide written 
informed consent; and (6) laptop/PC and internet connection avail-
ability at home (only for the remote part of the study).

All study procedures adhered to the principles established by 
the Declaration of Helsinki. Written informed consent was obtained 
from all participants prior to the implementation of any study pro-
cedure as per the protocols approved by the Institutional Ethics 
Committee (protocol number: 1162_2022).

Electronic Symbol-Digit Modalities Test (eSDMT)

We developed an electronic version of the SDMT (eSDMT) suitable 
for online administration using Lab.js [15] and hosted it on a JATOS 
server [16]. This allows immediate on-demand availability through 
any internet browser. The test was designed to be easily performed 
by patients, without the need for any software download or setup, 
with minimal hardware/software requirements and maximum cross-
platform compatibility.

In the eSDMT (Figure 1), a symbol-digit key is displayed at the top 
center of the screen, where nine symbols are associated with digits 1–9. 
Symbols appear at the center of the screen, one at a time in a pseudo-
random sequence, and participants must press the corresponding num-
ber using the keyboard. The eSDMT consists of 54 stimuli (six blocks, 
pseudo-randomized so that each block contains one instance of each 
symbol). Once the participant presses a digit key, the given response is 
stored, and the test sequence moves to the next stimulus.

Before the eSDMT, participants perform a choice reaction task 
(hereon referred to as ‘Numbers’) during which random digits (1–9) 
are displayed at the center of the screen, one at a time in a pseudo-
random sequence (27 stimuli; same procedure as for the eSDMT). 
The Numbers task was included as a baseline reaction task which 
could be less dependent on higher cognitive processes.

Instructions are provided in writing on the screen, and the test se-
quence includes a practice run before both the Numbers and eSDMT 
tasks, during which each possible target stimulus is presented only once.

Reaction times (RTs; in milliseconds) and keypresses are re-
corded for each target stimulus. Upon completion, summary 
results are shown, and a text box enables reporting of external 
disturbances that may have affected test validity (e.g., the door-
bell ringing).

Neuropsychological assessment

Upon admission to the inpatient unit, all participants under-
went a neuropsychological assessment with the Italian versions 

 14681331, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.16454 by M

ichelangelo D
ini - IR

C
C

S O
spedale San R

affaele , W
iley O

nline L
ibrary on [05/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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of the Montreal Cognitive Assessment (MoCA) [17] and the Brief 
International Cognitive Assessment for Multiple Sclerosis (BICAMS) 
[18]. All neuropsychological assessments were conducted by experi-
enced neuropsychologists as per clinical protocol.

The MoCA is a screening tool widely used to assess global cog-
nitive functioning [19]. The BICAMS battery consists of the oral 
SDMT, a verbal learning test, and a visuospatial learning test [20].

Study procedures

Participants performed the eSDMT in the clinic, after the standard 
neuropsychological evaluation, (median [1st–3rd quartile] = 13.25 
[8.5–20.5] days after) to minimize interference with the clinical 
routine. The eSDMT was administered using the same laptop for all 

participants (screen diagonal = 17.3″, resolution = 1920×1080). Test 
instructions were provided on the screen, and participants were in-
structed to perform the test as if they were on their own.

Upon discharge, participants were emailed an individual link, en-
abling them to perform the eSDMT from home using their own lap-
top/PC. Participants were instructed to complete the cognitive test 
autonomously, in an environment as free as possible from possible 
distractors.

In the clinic, all participants completed the same eSDMT version, 
whereas the at-home testing version featured randomized symbol–
number pairings to minimize practise effects.

Statistical analyses

We calculated mean RTs (based on all stimuli, including incorrect 
responses) and the number of correct responses in 90s as eSDMT 
scoring metrics for both timepoints (in-clinic session and first re-
mote session). Mean RTs measure processing speed and penalize 
slow responses but not inaccuracy. Correct responses in 90s reflect 
processing speed while also penalizing inaccuracy.

Normality was assessed via statistical tests and by examining 
skewness and excess kurtosis [21]. Appropriate transformations 
were performed on non-normally distributed variables, where re-
quired (e.g., mean RTs were transformed using Box-Cox transfor-
mation for bivariate linear correlations or linear regression analyses, 
and then rescaled to range 0–100 for better interpretability; higher 
scores indicate faster RTs).

Multiple linear regressions were fitted to assess the effect of 
sociodemographic variables (sex, age, education) on oral SDMT and 
eSDMT scores, separately.

Concurrent validity (eSDMT score vs. oral SDMT score) and con-
vergent validity (eSDMT score vs. MoCA score) were evaluated using 
Pearson's correlation coefficient (r). Test–retest reliability (in-clinic 
assessment vs. remote assessment) was investigated using intraclass 
correlation coefficients (ICC). Systematic and proportional bias was 
assessed with Bland–Altman plots and one-sample t-tests (H0: mean 
difference = 0) and Pearson's correlation coefficient, respectively. 
We used Tukey's fence method to identify extreme outliers in the 
test–retest data [22]. A sensitivity analysis including all outliers was 
also conducted.

Discriminant validity (pwMS with vs. without cognitive impair-
ment) was assessed via the area under the curve (AUC) of receiver 
operating characteristic (ROC) analyses for mean RTs and correct 
responses in 90s, separately. Impaired MoCA performance was 
defined as scoring below the 5th percentile according to published 
normative data [23]. Impaired BICAMS performance was defined as 
scoring below −1.5 standard deviations (SDs) from the mean in at 
least one test, based on published normative data [24].

All tests were two-sided (α = 0.05). Statistical analyses were 
performed using Python libraries for data science [25–29]. ROC 
analyses were performed using IBM SPSS v26.0. Aggregate sta-
tistics are reported as mean ± SD, median (1st–3rd quartile), or as 

F I G U R E  1 Electronic Symbol-Digit Modalities Test (eSDMT) 
flow diagram. Diagram depicting the flow of the Numbers and 
eSDMT tasks. (a) In the Numbers task, stimuli are represented 
by single-digit numbers (1–9), presented serially (number of 
stimuli = 27, stimulus duration = maximum 10s, response–stimulus 
interval = 1 s). (b) In the eSDMT task, a key is displayed at the 
top of the screen, containing nine symbols which are associated 
with single-digit numbers (1–9). Target stimuli are represented 
by symbols, presented serially (number of stimuli = 54, maximum 
stimulus duration = 10s, response–stimulus interval = 1 s). In both 
tasks, the presentation order is randomized so that each stimulus is 
presented only once per block.
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count (%); 95% confidence intervals (95% CIs) are provided where 
appropriate.

RESULTS

Of n = 82 consecutive pwMS who attended our clinic, n = 9 were 
excluded for neurological (stroke = 2, encephalopathy = 1, parkin-
sonism = 1) and/or psychiatric (e.g., major depressive disorder = 2, 
bipolar disorder = 1, schizophrenia = 1) comorbidities and n = 4 were 
unable to undergo routine clinical testing with the BICAMS due to 
visual deficits and/or severe cognitive impairment. Thus, n = 69 pa-
tients were considered eligible, of which n = 63 agreed to participate 
in the study; n = 59 also fitted the inclusion criteria for the remote 
part of the study, of which n = 51 agreed to perform the digital cogni-
tive assessment at home.

The study sample consisted primarily of people with progressive 
MS (54/63, 87.3%), mostly female (38/63, 60.3%), with median age 
52.5 (47–60.75) years, median education 13 (11.25–17) years, and 
median Expanded Disability Status Scale (EDSS) score 6.5 (6–6.5).

Cognitive impairment was detected in five (7.9%) participants 
based on MoCA score, and in 20 (31.7%) participants based on 
BICAMS scores. All five participants with impaired MoCA perfor-
mance were also impaired at the BICAMS (Table 1).

eSDMT

Sixty-two participants completed the eSDMT session in the clinic 
successfully. Only one participant could not complete it due to se-
vere upper limb weakness, which rendered them unable to reach 
all the response keys. Overall, participants completed the entire 
eSDMT procedure in the clinic in 7:56 ± 1:37 min. This included the 
time spent reading instructions and performing the practice tri-
als. Fifty-four (85.7%) participants successfully completed the en-
tire eSDMT procedure in less than 10 min, with the slowest time 
to completion being 12:42 min. The average completion time from 
home was 7:24 ± 1:48 min, with the slowest time being 12:34 min. 
Descriptive eSDMT score statistics are reported in Table 2.

We assessed the effect of sex, age, and education on oral SDMT 
score and the two eSDMT scores separately. In all three cases, the 
overall model was statistically significant, but the explained variance 
was very small (Table 3).

Concurrent and convergent validity

Oral SDMT score correlated strongly with eSDMT mean RTs 
(r = 0.873, p < 0.0001) and correct responses in 90s (r = 0.837, 
p < 0.0001) (Figure 2a). MoCA score showed moderate positive cor-
relations with mean RTs (r = 0.460, p = 0.0002) and correct responses 
in 90s (r = 0.429, p = 0.0003) (Figure 2b).

Test–retest reliability

Of 51 participants who agreed to perform the eSDMT at home, 
n = 42 (82%) performed it as planned, while 9 (18%) never performed 
the test from home. On average, participants repeated the eSDMT 1 
month (25 [17.25–42.75] days) after performing it in the clinic. Two 
extreme test–retest outliers were excluded from the reliability anal-
ysis of mean RTs, based on Tukey's method (mean RTs differences 
[T0–T1] = −1064 ms and − 1205 ms).

eSDMT test–retest reliability was good-to-excellent for mean 
RTs (ICC [2, 1]=0.88 [95% CI = 0.79–0.93], p < 0.0001) and cor-
rect responses in 90s (ICC [2, 1]=0.87 [95% CI = 0.77–0.93], 
p < 0.0001). Mean RTs score showed no systematic bias (mean 
difference = −29.96 ms [95% CI = –126.16–66.25], p = 0.532) or 
proportional bias (r = 0.168, p = 0.299). Correct responses in 90s 
showed no systematic bias (mean difference = 0.26 [95% CI = –0.51–
1.03], p = 0.497) or proportional bias (r = −0.177, p = 0.262)  
(Figure 3).

The sensitivity analysis including the two outliers excluded 
from the previous analysis confirmed the good-to-excellent test–re-
test reliability of mean RTs (ICC [2, 1] = 0.84 [95% CI = 0.72–0.91], 
p < 0.0001), as well as the lack of systematic (p = 0.165) or propor-
tional bias (p = 0.147).

TA B L E  1 Study sample descriptive statistics.

Variable n (%)

Mean ± SD or 
median  
(1st–3rd quartile)

MS subtype SPMS = 40 (63.5) –

PPMS = 15 (23.8)

RRMS = 5 (7.9)

MS (n.s.) = 3 (4.8)

Sex Female = 38 (60.3) –

Male = 25 (39.7)

Age (years) – 52.5 (47–60.75)

Education (years) – 13 (11.25–17)

EDSS – 6.5 (6–6.5)

Cognitive functioning Impaired = 20 
(31.7)

–

MoCA score Impaired = 5 (7.9) 26.08 ± 2.85

SDMT score Impaired = 12 
(19.0)

41.61 ± 11.81

CVLT-II score Impaired = 5 (7.9) 54.35 ± 12.56

BVMT-R score Impaired = 9 (14.3) 21.39 ± 10.16

Abbreviations: BVMT-R, Brief Visuospatial Memory Test–Revised; 
CVLT-II, California Verbal Learning Test–2nd edition; EDSS, Expanded 
Disability Status Scale; MoCA, Montreal Cognitive Assessment; PPMS, 
Primary Progressive Multiple Sclerosis; RRMS, Relapsing–Remitting 
Multiple Sclerosis; SD, standard deviation; SDMT, Symbol-Digit 
Modalities Test; MS (n.s.), multiple sclerosis (not specified); SPMS, 
Secondary Progressive Multiple Sclerosis.
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Discriminant validity

Given the low proportion of participants with cognitive impair-
ment based on MoCA scores (n = 5), we investigated the dis-
criminant validity of eSDMT based only on impaired BICAMS 
performance. There were no significant age, sex, or education 
differences between the two groups (all p > 0.433). We observed 
good discriminant validity for both mean RTs (ROC-AUC = 0.846 
[95% CI = 0.745–0.948], p < 0.0001) and correct responses in 90s 
(ROC-AUC = 0.815 [95% CI = 0.699–0.931], p < 0.0001) (Figure 4). 
We identified optimal sensitivity/specificity cut-off values for 
mean RTs (score > 2500 ms; sensitivity = 0.750, specificity = 0.810) 
and correct responses in 90s (score ≤ 25; sensitivity = 0.800, 
specificity = 0.714).

DISCUSSION

We aimed to evaluate an eSDMT designed to allow pwMS to per-
form a rapid cognitive assessment independently. This eSDMT is 
quick and easy to use, and it shows good-to-excellent concurrent va-
lidity with the oral SDMT. We also provided evidence that it can be 
performed by pwMS independently from home, using their own PC/
laptop, with excellent reliability. Finally, we showed that it can ac-
curately discriminate between pwMS with/without cognitive impair-
ment, and that it correlates with a gold standard measure of global 
cognitive functioning (MoCA).

Feasibility was demonstrated by all participants performing the 
eSDMT successfully in the clinic, with only one exception, owing 
to severe upper limb weakness. This indicates that a minority 

Parameter Mean ± SD or median (1st–3rd quartile) Minimum Maximum

Numbers accuracy (%)

In the clinic 0.992 ± 0.021 0.889 1.000

At home 0.993 ± 0.025 0.852 1.000

eSDMT accuracy (%)

In the clinic 0.987 ± 0.019 0.907 1.000

At home 0.988 ± 0.024 0.870 1.000

Numbers mean RTs (ms)

In the clinic 1199.23 ± 254.09 837.79 2141.86

At home 1224.33 ± 307.80 825.36 2164.19

eSDMT mean RTs (ms)

In the clinic 2470.78 ± 660.21 1420.74 4679.84

At home 2524.55 ± 709.67 1446.52 4754.04

eSDMT correct responses in 90s

In the clinic 37 (31–43) 20 54

At home 36.5 (30.25–42) 15 54

Note: eSDMT statistics from the first assessment in the clinic (n = 62) and at home (n = 42).
Abbreviations: eSDMT, electronic Symbol-Digit Modalities Test; RT, reaction time; SD, standard 
deviation.

TA B L E  2 Electronic Symbol-Digit 
Modalities Test descriptive statistics.

TA B L E  3 Impact of sociodemographic variables on oral Symbol-Digit Modalities Test (SDMT) and electronic SDMT (eSDMT) score.

Test score Overall model significance Predictors β p

Oral SDMT score F(3,58) = 4.64
p = 0.006
Adjusted R2 = 0.152

Age −0.353 0.005

Education 0.240 0.054

Sex 0.071 0.568

eSDMT – mean RTs F(3,58) = 5.57
p = 0.002
Adjusted R2 = 0.183

Age −0.386 0.002

Education 0.241 0.043

Sex 0.075 0.525

eSDMT – correct responses in 90 s F(3,58) = 5.28
p = 0.003
Adjusted R2 = 0.174

Age −0.368 0.003

Education 0.221 0.064

Sex 0.135 0.257

Note: Results of linear regression analyses to assess the impact of age, education, and sex on oral SDMT and both eSDMT scores. Overall model 
significance is indicated by the model's ANOVA F(degrees of freedom) statistic and its related p-value, as well as by the explained variance of the model 
(adjusted R2). Standardized beta coefficients (β) and their p-values are reported for individual variables.
Abbreviations: eSDMT, electronic SDMT; RT, reaction time; SDMT, Symbol-Digit Modalities Test.
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of patients may be able to perform the oral SDMT, but not the 
eSDMT, due to motor deficits. As opposed to other eSDMT stud-
ies [30–34], we opted not to exclude participants based on vision 
and/or upper limbs impairment. By including all pwMS who were 
able to undergo pen-and-paper neuropsychological evaluations, 
we improved the generalizability of our results to a wider range of 

pwMS. Most participants were able to complete the test in under 
10 min, that is, the average administration time of the oral SDMT 
[7]. Our sample had a high prevalence of participants with progres-
sive MS and high disability. Therefore, pwMS with lower disability 
may complete the eSDMT even faster. Nevertheless, this is just 
a hypothesis, which should be evaluated in future by recruiting 

F I G U R E  2 Concurrent and convergent 
validity. Scatterplots representing 
correlations between electronic Symbol-
Digit Modalities Test (eSDMT) mean 
reaction times (RTs) (left side) and 
correct responses in 90 s (right side) and 
validated neuropsychological tests. (a) 
Strong positive correlations between both 
eSDMT scores and oral SDMT score. (b) 
Moderate positive correlations between 
both eSDMT scores and Montreal 
Cognitive Assessment (MoCA) Score. 
eSDMT RTs have been inverted and 
rescaled to range 0–100 (higher values 
indicate faster RTs). Pearson's correlation 
coefficient (r) and associated p-values are 
reported in the top left corner. Linear fits 
(black line) with 95% confidence interval 
(CI) are displayed for every correlation.

F I G U R E  3 Test–retest reliability. 
Bland–Altman plots displaying test–retest 
reliability of electronic Symbol-Digit 
Modalities Test (eSDMT) mean reaction 
times (RTs) (a) and correct responses 
in 90 s (b). Circles represent individual 
bivariate cases; darker fill colours indicate 
longer test–retest delta (in days). Mean 
difference with 95% confidence interval 
(CI) (solid horizontal line with shaded 
area) and limits of agreement with 95% 
CI (dotted lines with shaded area) are 
displayed, as well as numerical values 
(right axis). SD, standard deviation.

 14681331, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.16454 by M

ichelangelo D
ini - IR

C
C

S O
spedale San R

affaele , W
iley O

nline L
ibrary on [05/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  7 of 10DIGITAL COGNITIVE MONITORING IN MS

pwMS with lower disability. Although four participants could not 
be included in the remote part of the study due to lack of laptop/
PC and/or internet connection, those included did not report any 
technical issues which impeded independent eSDMT execution at 
home. However, nine participants were lost at follow-up. While 
there is no evidence that they encountered technical difficulties 
which led them to abandon the study, this possibility should not be 
ruled out. We did not administer self-reported usability question-
naires, and therefore cannot draw any conclusion regarding the 
perceived usability of the eSDMT, which may not be perfectly cor-
related with objective measures. Future research will need to eval-
uate patients' perspectives, adherence to long-term monitoring, 
and associated sociodemographic, clinical, and practical factors.

We proposed two different eSDMT scores, hypothesizing 
that both would reflect processing speed, although one would 
focus more on pure speed, and the other on speed and accuracy. 
These two scores demonstrated comparable psychometric prop-
erties, suggesting that their similarities (i.e., their dependence on 
processing speed) far outweigh their differences. Nevertheless, 
having multiple valid and reliable scoring metrics should not be 
overlooked, as they possess different strengths and weaknesses. 
RTs allow the evaluation of test performance much more granu-
larly, by selecting specific time intervals (e.g., block by block) or 
specific symbol properties (e.g., shape, position). This may be es-
pecially useful for research focused on deeper investigations of 
cognitive processes (i.e., learning, cognitive fatigability). Correct 
responses, conversely, are more readily interpreted, since they 

follow the same scoring procedure of the oral SDMT, and higher 
scores intuitively reflect better performance. Future studies are 
needed to evaluate the usefulness of these and other metrics for 
the detection of cognitive worsening in pwMS. Their combination 
could emerge as a novel, data-driven approach to characterizing 
individual patient profiles (e.g., ‘low-speed/high-accuracy’ vs. 
‘low-speed/low-accuracy’).

Other published eSDMTs [30–37] have reported comparable 
reliability, although we must highlight the great methodological het-
erogeneity across existing studies (study sample, test–retest inter-
val, statistical approach). Notably, our study was designed to assess 
reliability across test settings (in-clinic vs. at-home) rather than in 
time. Although our results demonstrate excellent reliability in this 
regard, two participants showed test–retest score differences highly 
suggestive of invalid performances at home. Such differences may 
be random (e.g., tiredness, distractions) but may also stem from sys-
tematic issues (e.g., outdated hardware, poor internet connection). 
Further research is needed to demonstrate eSDMT reliability for 
remote long-term monitoring, focusing on these potential confound-
ers, and devising new ways to detect unreliable performances.

Concerning concurrent validity, our results are comparable, 
if not superior, to those obtained by other eSDMTs [30–32, 35, 
37–40]. One explanation could be that most of these studies vali-
dated smartphone eSDMTs, which may be more susceptible to vi-
sion and/or motor impairment. Computer screens allow stimuli to be 
displayed in much larger fonts, and physical keyboards may afford 
higher response accuracy than touchscreen, especially for patients 
with upper limb spasticity and/or dexterity deficits. Moreover, we 
tried to closely replicate the SDMT features, by selecting symbols 
with the same properties (three unique symbols, two pairs of identi-
cal symbols mirrored horizontally, and one pair mirrored vertically), 
similar to other studies [37, 41]. Finally, we displayed only black stim-
uli on a white background, without unnecessary graphical elements 
which could reduce contrast or affect visual salience of the target 
stimuli, similar to other studies [37, 40]. Nonetheless, this is specula-
tive, as conducting accurate cross-study comparisons is hindered by 
significant methodological differences. Notably, our strong results 
may represent a lower bound estimate, due to the possible increased 
variability in performance due to clinical fluctuations across differ-
ent days. Future studies should implement designs which allow com-
paring computerized and smartphone eSDMT versions, to determine 
if test-related and device-related characteristics significantly affect 
validity.

Most available eSDMTs use the number of correct responses in 
90s as a scoring metric, mirroring the oral SDMT [30, 31, 35–37]. 
Although any eSDMT based on keyboard/touch responses may po-
tentially provide stimulus-by-stimulus RTs, our test design allows the 
recording of both correct responses in 90s and mean RTs reliably. 
Measuring timed performance with unbalanced symbols frequency 
distributions relies on RTs being equal across different symbols and 
symbol positions, with the risk of producing biased estimates. We 
pseudo-randomized each symbol to appear an equal number of 
times, with an even distribution across stimuli blocks, similar to one 

F I G U R E  4 Discriminant validity. Receiver operating 
characteristic curves of electronic Symbol-Digit Modalities 
Test (eSDMT) mean reaction times (RTs) (solid line) and correct 
responses in 90 s (dashed line) for the detection of cognitive 
impairment in people with multiple sclerosis. The area under the 
curve (AUC) is represented by the lightly shaded area under the 
two curves.

 14681331, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.16454 by M

ichelangelo D
ini - IR

C
C

S O
spedale San R

affaele , W
iley O

nline L
ibrary on [05/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 10  |     DINI et al.

previous study [38], allowing future exploratory analyses (e.g., quan-
tifying cognitive fatigability). Our eSDMT also allows the calculation 
of correct responses across various time intervals. One study [37] 
showed that concurrent validity was maximized for eSDMT correct 
responses in 75 s, without noticeable improvement at 90 s. Our de-
sign allows the investigation of scores well beyond the common 90-s 
threshold with a data-driven approach, which may yield higher con-
current validity.

We showed that the eSDMT can reliably detect cognitive impair-
ment in pwMS. Our results were slightly inferior to those of Lam 
et al. [30], although they defined cognitive impairment based only on 
SDMT scores, while it is well documented that verbal and/or visuo-
spatial learning deficits are common in pwMS [42], lending greater 
external validity to our results, as we defined cognitive impairment 
based on all three BICAMS tests. One limitation of our study was the 
lack of a healthy control group, which would have allowed us to also 
assess discriminant validity between pwMS and healthy controls. 
Moreover, we demonstrated moderate convergent validity between 
eSDMT scores and MoCA score, suggesting that eSDMT scores can 
capture global cognitive functioning, and not just processing speed. 
However, there clearly are cognitive domains/functions included 
in the MoCA that the eSDMT is unable to capture (e.g., language, 
visuo-constructive abilities, executive functions). This warrants fur-
ther studies to determine the validity of eSDMT as a monitoring tool 
for pwMS with atypical cognitive impairment profiles.

We designed the eSDMT to enable pwMS to perform frequent 
remote cognitive assessments independently, promoting a shift from 
the conventional cross-sectional ‘healthy/impaired’ framework to 
an intra-individual longitudinal ‘stable/worsening’ framework. The 
latter greatly reduces the impact of inter-individual sensory motor 
differences which may bias between-groups comparisons. The same 
also applies to potential confounders like sex, age, and education. 
Nevertheless, our study found that age and education only margin-
ally affected eSDMT scores. An almost identical pattern was ob-
served for the oral SDMT in our sample and in an Italian normative 
sample [24], supporting the validity of this eSDMT as an outcome 
measure for cross-sectional analyses.

The availability of granular intra-individual longitudinal data 
may also be more sensitive to cognitive worsening, since cross-
sectional comparisons rely on normative data which need constant 
updating [43] and often fail to account for regional differences and 
ethnicity [44]. Moreover, intra-individual longitudinal data may be 
able to shed light on the inconsistent findings regarding subjective 
cognitive impairment [45], by focusing on intra-individual changes 
rather than group comparisons, which seem unable to capture sub-
tle decline which many pwMS nevertheless perceive as meaningful 
[4]. However, these new tests must be able to detect whether in-
dividual longitudinal trends change due to confounding factors or 
due to ‘pure’ cognitive worsening. This was the rationale behind the 
inclusion of the ‘Numbers’ test embedded in our eSDMT procedure. 
With the exception of the FloodLight [35] and Konectom [41] stud-
ies, no other study reported similar dedicated screening measures, 
with the risk of failing to differentiate between cognitive worsening 

and sensory motor worsening. Performing a single screening at 
baseline assumes that patients will not experience sensory and/or 
motor fluctuations/worsening, which is certainly not the case for 
most pwMS [46]. Future studies must evaluate the ability of eSDMT 
scores to detect true cognitive worsening by leveraging a screening 
task preceding the cognitive task.

In conclusion, evidence supports this eSDMT as a feasible, 
valid, and reliable remote tool for assessing cognitive function in 
pwMS. Its availability may prove invaluable for research, as it al-
lows the collection of more data, for longer periods of time, in a 
cost-effective way. These features allow large-scale decentralized 
data collection for longitudinal validation. From a clinical stand-
point, such validation may enable clinicians to stop relying solely 
on infrequent clinical visits, thus providing a clearer clinical picture 
and allowing tailored interventions based on intra-individual longi-
tudinal trends.
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