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Abstract
Background: To investigate smartphone keystroke dynamics (KD), derived from regular 
typing, on sensitivity to relevant change in disease activity, fatigue, and clinical disability 
in multiple sclerosis (MS).
Methods: Preplanned interim analysis of a cohort study with 102 MS patients assessed 
at baseline and 3- month follow- up for gadolinium- enhancing lesions on magnetic reso-
nance imaging, relapses, fatigue and clinical disability outcomes. Keyboard interactions 
were unobtrusively collected during typing using the Neurokeys App. From these inter-
actions 15 keystroke features were derived and aggregated using 16 summary and time 
series statistics. Responsiveness of KD to clinical anchor- based change was assessed by 
calculating the area under the receiver operating characteristic curve (AUC). The optimal 
cut- point was used to determine the minimal clinically important difference (MCID) and 
compared to the smallest real change (SRC). Commonly used clinical measures were ana-
lyzed for comparison.
Results: A total of 94 patients completed the follow- up. The five best performing keystroke 
features had AUC- values in the range 0.72– 0.78 for change in gadolinium- enhancing le-
sions, 0.67– 0.70 for the Checklist Individual Strength Fatigue subscale, 0.66– 0.79 for the 
Expanded Disability Status Scale, 0.69– 0.73 for the Ambulation Functional System, and 
0.72– 0.75 for Arm function in MS Questionnaire. The MCID of these features exceeded 
the SRC on group level. KD had higher AUC- values than comparative clinical measures for 
the study outcomes, aside from ambulatory function.
Conclusions: Keystroke dynamics demonstrated good responsiveness to changes in dis-
ease activity, fatigue, and clinical disability in MS, and detected important change beyond 
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INTRODUC TION

In multiple sclerosis (MS) inflammatory disease mechanisms lead to 
neurological deficits, accumulation of disability, and associated dis-
abling symptoms such as fatigue and cognitive dysfunction [1– 3]. 
Therefore, the treatment of MS is focused on suppressing inflam-
matory disease activity and disability progression, and managing the 
associated symptoms. Given that inflammatory activity is often sub-
clinical [4], magnetic resonance imaging (MRI) is essential to evaluate 
the initiation, escalation, or discontinuation of disease- modifying 
therapies [5]. However, frequent neuroimaging is infeasible due to 
the relatively long scan times resulting in high costs of repeated 
assessments within a short time frame. Likewise, limitations in fre-
quency of clinical assessment and the lack of standardization of 
current measures impedes the optimal monitoring of disability pro-
gression and fatigue [6– 8].

Therefore, new biomarkers in MS are needed. Serum- based and 
electrophysiological markers have recently emerged [9], as well as 
technology- based biomarkers such as the collection and analysis 
of keystroke dynamics (KD). Analysis of KD has the advantage of 
passive and unobtrusive monitoring of typing behavior collected 
remotely through smartphone usage. Timing- related keystroke fea-
tures were recently shown to be reliable and valid for measuring 
clinical disability outcomes in MS in a cross- sectional setting [10]. In 
addition to timing- related keystroke features, the use of emoji (i.e., 
graphical emoticons) may also be analyzed to capture the sentiment 
of messages [11]. In this preplanned interim analysis, we intended 
to expand on the use of KD and analyze the ability of KD to detect 
clinically relevant changes over time (i.e., responsiveness) [12].

Objective

To investigate the responsiveness of KD to detect short- term change 
in disease activity, self- reported fatigue, and clinical disability in MS.

METHODS

Prospective cohort study at the MS Center of the Amsterdam 
University Medical Centers, location VU University Medical 
Center. The study design and baseline analysis have been reported 
previously [10]. In short, from August 2018 to December 2019 par-
ticipants were recruited to use the Neurokeys keyboard app [13] 
on their own smartphones in the everyday environment for 1 year. 

Clinical outcomes were assessed at baseline and every 3 months 
for a total of five clinical visits. Reported here are the results of the 
preplanned interim analysis of the baseline and 3- month follow- up 
visit in order to address responsiveness of KD to short- term change 
in clinical outcomes. Patients with MS were consecutively recruited 
until a sample size of 100 patients was reached. Eligibility criteria 
included: use of a smartphone, age between 18 and 65 years, a def-
inite diagnosis of MS, a baseline Expanded Disability Status Scale 
(EDSS) score below 7.5, no visual or upper extremity deficits that 
seriously interfere with smartphone use, and no significant mood 
or sleep disorder at baseline based on medical history- taking by 
a screening physician. The study received ethical approval (METc 
VUmc, reference 2017.576) and conformed to legislation regarding 
data privacy and medical devices (Dutch Health and Youth Care 
Inspectorate, reference VGR2006948). All patients gave writ-
ten informed consent. The study was registered at trialregister.nl 
(NL7070).

Study outcomes and anchors for clinically 
relevant change

The study outcomes assessed at baseline and follow- up at 3 months 
were: (1) disease activity, (2) fatigue, and (3) clinical disability. Clinical 
measures were chosen for the study outcomes based on whether 
change in the measure can be directly related to clinical relevancy, 
to which the responsiveness of KD is investigated. Using this anchor- 
based method, for each study outcome patients were anchored (i.e., 
stratified) as having ‘clinically relevant change’ (improvement or 
worsening) or ‘no clinically relevant change’ according to the clinical 
anchors.

Disease activity was only assessed in patients with relapsing- 
remitting MS (RRMS) subtype. Radiological disease activity was 
determined with MRI for new or enlarged T2 lesions and gadolinium- 
enhancing (Gd+) T1 lesions at baseline and 3- month follow- up visit. 
Since KD were analyzed in the prespecified windows of 7 days 
within the baseline and 3- month follow- up visits, only Gd+ lesions 
were considered for the responsiveness analyses due to the known 
temporal association with the acute inflammatory phase of lesions 
[5]. Any amount of change in Gd+ lesions between baseline and fol-
low- up was anchored as relevant change [14]. Clinical disease activ-
ity was assessed at the 3- month follow- up visit for the occurrences 
of relapses. Relapses were defined as new or worsened neurological 
deficits persisting for at least 24 h and in the absence of fever, in-
fection, or an explanation other than MS. Patients who had relapses 

measurement error on group level. Responsiveness of KD was better than commonly 
used clinical measures.
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with no or partial recovery during the follow- up visit were anchored 
as having relevant change. Patients who had a relapse with full re-
covery at the follow- up visit were anchored as having no clinically 
relevant change compared to baseline.

Fatigue was assessed using the Checklist Individual Strength 
Fatigue subscale (CIS- F) [15]. A CIS- F score below 35 was used to 
indicate non- severe fatigue, and a score of 35 or higher as severe fa-
tigue [16]. Patients moving from one side of the cut- off to the other 
were defined as having clinically relevant change in fatigue.

For clinical disability, the overall severity of disability and com-
monly affected domains in MS were assessed: ambulatory function, 
arm function, and information processing speed. The EDSS was 
used for the overall severity of disability due to MS. Clinically rel-
evant change in EDSS was defined as follows: ≥1.5- point increase 
if baseline EDSS is 0, ≥1- point increase if baseline EDSS is 1.0– 5.5, 
and ≥0.5- point increase if baseline EDSS is ≥6.0 [17]. For ambulatory 
function and arm function, the EDSS Ambulation Functional System 
(FS) score and Arm function in MS Questionnaire (AMSQ), respec-
tively, were used since these measures assess the function in daily 
living [18]. An EDSS Ambulation FS score change of ≥1 was anchored 
as clinically relevant. An AMSQ score change of ≥15 points was an-
chored as clinically relevant [19]. Information processing speed was 
assessed with the Symbol Digit Modalities Test (SDMT) [20]. A 4- 
point change or more on the SDMT was used as anchor for clinically 
relevant change [20].

Keystroke dynamics and features

Patients installed the Neurokeys app on their own smartphone 
which replaced the native keyboard with the intelligent Neurokeys 
keyboard [13]. During the study follow- up, Neurokeys continuously 
and passively collected timestamped keystroke data any time the 
keyboard was used during regular typing. A total of 15 keystroke 
features were derived from the keystroke data based on (also illus-
trated in Figure 1a):

• Keystrokes: absolute amount of any keys used.
• Typing sessions: duration and count of typing sessions (defined as 

one successive period of activation (i.e., ‘keyboard up’) and inacti-
vation (i.e., ‘keyboard down’) of the keyboard).

• Alphanumeric keys: the time a key is pressed down (Hold Time, 
HT), the latency between a key release and the next key press 
(Flight Time, FT), the latency between successive key presses 
(Press- Press Latency, PPL), and releases (Release- Release Latency, 
RRL).

• Backspace key: the time before (Pre- Correction Slowing, Pre- CS), 
during (Correction Duration, CD), and after (Post- Correction 
Slowing, Post- CS) the use of backspace keys.

• Punctuation marks: the latency between the use of a punctuation 
mark and a next key (After Punctuation Pause, APP).

• Use of graphical emoticons (‘emojis’): emojis were assigned an 
Emoji Sentiment Score (ESS) each for negativity, neutrality, 

positivity and polarity of emojis based on an emoji sentiment 
ranking [11].

To enable comparison between the KD gathered per typing ses-
sion and the clinical measures, each keystroke feature was aggre-
gated over 14- day periods (Figure 1b). First, the typing sessions were 
aggregated per day by calculation of 16 summary statistics (i.e., vec-
tors) for each feature in order to aggregate the high sample rate data 
while retaining meaningful information. These included the mean 
and median (indicators of the central tendency), standard deviation 
(SD), skewness and kurtosis (indicators of the dispersion), minimum 
and maximum (indicators of the range), and time series aggregation 
methods (to capture changes within the day); see also the Appendix 
S1. Next, the vectors for each feature were aggregated based on the 
windows of 7 days on either side of the clinical visit date by taking 
the median value, which is more robust to outliers compared to the 
mean value [21].

Comparative responsiveness

Keystroke features were compared to existing clinical measures 
to contextualize their responsiveness to the study outcomes. For 
each study outcome, commonly used clinical measures were cho-
sen as benchmarks. Responsiveness of KD to change in disease ac-
tivity was benchmarked with the EDSS [22]. The Fatigue Severity 
Scale (FSS) and Modified Fatigue Impact Scale (MFIS) were used 
as clinical benchmarks for the responsiveness to fatigue [23,24]. 
Responsiveness to change in clinical disability was benchmarked 
with the Timed 25- foot Walk Test (TWT) and Nine- Hole Peg Test 
(NHPT) [25,26]. For information processing speed, the EDSS was 
chosen as the best available clinical benchmark.

Statistical analysis

Descriptives

Categorical variables were summarized as frequencies with percent-
ages. Continuous variables were summarized by the mean and SD if 
normally distributed, otherwise the median and interquartile range 
(IQR) were used. For each study outcome, only patients with com-
plete data at baseline and follow- up were analyzed.

Responsiveness

Responsiveness is the clinimetric property of a measure that repre-
sents its ability to detect clinically relevant change over time [12]. 
For each outcome measure, the correspondence between absolute 
changes in keystroke features and anchor- based change in study 
outcomes was assessed with receiver operating characteristic (ROC) 
curves by plotting the true positive rate (sensitivity) against the false 
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positive rate (1 –  specificity). The area under the ROC curve (AUC) 
was then calculated where values of ≥0.70 were indicative for ad-
equate responsiveness [12]. AUC- values of keystroke features were 
also compared to AUC- values of the clinical measures selected as 
benchmarks.

Minimal clinically important difference and 
measurement error

The smallest change in keystroke features that most optimally distin-
guished clinically relevant change, that is, the minimal clinically im-
portant difference (MCID), was determined from the ROC analysis. 
This most optimal trade- off between sensitivity and specificity was 

found with the maximum value of the Youden's index [19]. Since 
score changes may be due to measurement error instead of real 
change, the MCID should be equal to or higher than the smallest real 
change (SRC) of the instrument [12]. The SRC is the smallest amount 
of change that can be reliably distinguished from measurement 
error. The SRC can be calculated at the individual (i.e., SRCind) and 
group (i.e., SRCgroup) level. SRCind was calculated from the naturally 
occurring variability of KD during a stable period, that is, between a 
baseline and retest period (see Figure 1b): SRCind = 1.96 × SD. The 
SRC at group level was calculated as: SRCgroup = SRCind∕

√

n. As 
measurement error can be reduced with repeated measurements, 
the minimum number of patients or repeated measurements within 
individuals needed to attain SRC = MCID was calculated using the 

ratio between the SRCindand the MCID: n =
(

SRCind

MCID

)2

 [27].

F I G U R E  1  Schematic representation of the keystroke features and aggregation periods. (a) Schematic representation of the keystroke 
features: APP, After Punctuation Pause; CD, Correction Duration; FT, Flight Time; HT, Hold Time; Post- CS, Post- Correction Slowing; PPL, 
Press- Press Latency; Pre- CS, Pre- Correction Slowing; RRL, Release- Release Latency [11]. (b) The keystroke data for each keystroke feature 
were aggregated per day using statistical and time series methods (see Appendix S1). The daily keystroke data were aggregated into three 
14- day periods shown here by taking the median value. For the responsiveness the baseline and follow- up period were analyzed; for the 
quantification of measurement error the baseline and retest period were analyzed
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RESULTS

Among the 102 patients included, six dropped out of the study before 
the follow- up visit and two patients did not complete the follow- up 
visit due to the COVID- 19 pandemic. The clinical and demographical 
characteristics at baseline of the remaining 94 patients are summarized 
in Table 1. The study population had a mean (±SD) age of 46.7 (10.4) 
years, 72.3% were female, median (IQR) disease duration since diagno-
sis was 6.0 (3.0– 2.4) years, and median (IQR) EDSS was 3.5 (2.5– 4.0).

Change between baseline and follow- up

The mean (±SD) duration between baseline and 3- month follow-
 up was 96.5 (±11.2) days. The clinical study outcomes at baseline 
and 3- month follow- up are shown in Table 2. For the disease activ-
ity outcome, 54 patients had a RRMS subtype of which six patients 
had no MRI with gadolinium administration (gadolinium allergy, 
n = 2; breastfeeding/pregnancy wish, n = 2; omission of gadolinium 
administration, n = 2) and were excluded from the disease activity 
outcome analysis. Of the remaining 48 patients with RRMS, five de-
veloped a relapse: three of whom also had a change in radiological 
disease activity and two were radiologically stable. The three pa-
tients with clinically and radiologically active MS had no or partial 
recovery of the relapse at follow- up and were regarded as changed 
for the disease activity outcome. Of the two patients with a relapse 
but radiologically stable MS, one had full and the other had partial 

recovery of the relapse and were regarded as stable and changed, 
respectively, for the disease activity outcome. Twelve patients had 
MRI activity without a relapse.

Responsiveness of keystroke features

The AUC- values of the keystroke features in distinguishing clini-
cally relevant change for each study outcome are summarized with 
histograms in Figure 2. For each study outcome the five keystroke 
features with the highest AUC- values are summarized in Table 3. For 
all study outcomes at least one keystroke feature had adequate re-
sponsiveness (i.e., AUC ≥0.70) to clinically relevant change, except 
for information processing speed (AUC 0.29– 0.68). The range of 
AUC- values of keystroke features in distinguishing relevant change 
in disease activity was 0.20– 0.78 when only Gd+ lesions were con-
sidered, and 0.25– 0.76 when Gd+ lesions and relapses were com-
bined. Keystroke features responsive to change in disease activity 
were mostly timing- related. For fatigue the range of AUC- values was 
0.32– 0.70, with negative emoji sentiments and duration of typing 
sessions being adequately responsive. The range of AUC- values of 
keystroke features for clinically relevant change in EDSS was 0.32– 
0.79, with the most responsive features being a blend of emoji sen-
timents, a timing- related feature, and the length of words. Finally, 
predominantly timing- related features were most responsive to am-
bulatory and arm function domains of clinical disability, with AUC- 
values in the ranges 0.27– 0.73 and 0.20– 0.75, respectively.

Characteristic RRMS SPMS PPMS

Participants, n (row %) 54 (57.4) 29 (30.9) 11 (11.7)

Age, years, mean (SD) 42.0 (9.8) 53.3 (6.5) 52.5 (9.4)

Sex, n (%)

Female 44 (81.5) 16 (55.2) 8 (72.7)

Male 10 (18.5) 13 (44.8) 3 (27.3)

Level of education, n (%)

Low 2 (3.7) 0 (0.0) 1 (9.1)

Middle 15 (27.8) 13 (44.8) 3 (27.3)

High 37 (68.5) 16 (55.2) 7 (63.6)

Disease duration, years, median (IQR)

Since diagnosis 4.5 (2.6– 10.4) 12.1 (7.3– 23.3) 2.9 (0.8– 4.7)

Since onset 8.3 (4.4– 14.8) 13.9 (9.6– 27.9) 6.1 (4.0– 11.8)

EDSS, median (IQR) 3.0 (2.5– 4.0) 4.0 (3.5– 6.0) 4.0 (3.0– 5.5)

DMT use, n (%) 43 (79.6)a 12 (41.4)b 2 (18.2)c

Abbreviations: DMT, disease- modifying therapy; EDSS, Expanded Disability Status Scale; IQR, 
interquartile range; PPMS, primary progressive multiple sclerosis; RRMS, relapsing- remitting 
multiple sclerosis; SD, standard deviation; SPMS, secondary progressive multiple sclerosis.
aDimethyl fumarate, n = 10; interferon beta, n = 8; glatiramer acetate, n = 7; teriflunomide, n = 6; 
ocrelizumab, n = 5; fingolimod, n = 4; natalizumab, n = 2; alemtuzumab, n = 1.
bDimethyl fumarate, n = 4; glatiramer acetate, n = 3; interferon beta, teriflunomide, natalizumab, 
fingolimod, and ocrelizumab, each n = 1.
cOcrelizumab, n = 2.

TA B L E  1  Baseline patient 
characteristics split between multiple 
sclerosis subtype
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Comparative responsiveness

When comparing the AUC- values of the keystroke features and clin-
ical benchmarks, only for ambulatory function (AUC = 0.80) did the 
clinical benchmark have higher responsiveness than the keystroke 
features (AUC = 0.73). For the remaining study outcomes, keystroke 
features were more responsive than the clinical benchmarks for 
14%– 35% of the investigated features (see also Figure 2).

MCID and measurement error

The ROC- curves for each study outcome are shown in Figure 3. The 
MCID based on the most optimal cut- point for change in radiological 
disease activity (Gd+ lesions) was higher than the SRCind for After 
Punctuation Pause feature. This was also true for the features Post- 
Correction Slowing for arm function (AMSQ) and Flight Time for am-
bulatory function (EDSS Ambulation FS). In the remaining features 
with adequate responsiveness, the MCID was lower than the SRCind. 
When considering the measurement error at group level, the MCID 
exceeded the SRCgroup in 87.9% of keystroke features with an AUC 
≥0.70. Table 3 also shows the minimum number (n) of patients or 
repeated measures within individuals needed to detect clinical rel-
evant change beyond measurement error (i.e., MCID = SRC).

DISCUSSION

Assessment tools should be able to measure change in an outcome 
of interest in the order of magnitude that is considered clinically 
meaningful [28]. Hence, we analyzed KD for responsiveness to 

clinically anchored relevant change in clinical outcomes in patients 
with MS. We found responsiveness of KD to change in disease activ-
ity, fatigue, ambulatory, and arm function. Moreover, a significant 
amount of keystroke features were more responsive to clinical out-
comes aside from ambulatory function, compared to commonly used 
clinical measures. The majority of the responsive keystroke features 
were able to distinguish this important change from measurement 
error at group level. At the individual level, three keystroke features 
were reliably responsive for radiological disease activity, arm func-
tion, and ambulation. For the other best- performing keystroke fea-
tures, two to four repeated measures are sufficient to reduce the 
measurement error to such an extent that important change can be 
detected for the individual patient.

Timing- related keystroke features had the highest responsive-
ness to change in arm function and ambulation, whereas emoji- 
based features were found to be the most responsive to change 
in fatigue and cognition. This may be rationalized by the fact that 
arm function and ambulation are predominantly motor- based out-
comes and associated with physical performance of typing. Fatigue 
and cognition, on the other hand, are non- motor outcomes and re-
late more strongly to non- physical aspects of typing. Emoji- based 
features were also responsive to the more general measure of dis-
ability, the EDSS, which includes both physical and non- physical 
functioning. When also looking at the aggregation methods of the 
most responsive keystroke features for the EDSS outcome, four of 
the five features were the mean absolute change and the unpredict-
ability of fluctuations (i.e., ‘stability- based’ aggregations). This could 
be interpreted as the instability of typing or emoji use is indicative 
of change in overall disability. To a lesser extent, emoji- based fea-
tures were also responsive in the other study outcomes. This may 
be similar to the interrelatedness seen in clinical MS outcomes, such 

TA B L E  2  Clinical outcome measures at baseline and follow- up, and proportion of clinically relevant change

Clinical outcome n Baseline 3- month follow- up
Patients with clinically 
relevant change (%)

Disease activity 48a

Gd+ lesions, n patients (%) 13 (27.1)b 5 (10.4)c 31.3

New/enlarged T2 lesions without Gd- 
enhancement, n patients (%)

n.a. 1 (2.1)d n.a.

Relapses, n (%) n.a. 4 (8.3) 8.3

CIS- F, mean (SD) 90 34.1 (11.8) 35.2 (11.6) 25.6

EDSS, median (IQR) 93 3.5 (2.5– 4.0) 3.5 (2.5– 4.5) 20.4

EDSS Ambulation FS, median (range) 93 1.0 (0– 10) 1.0 (0– 11) 32.3

AMSQ, median (IQR) 89 35.5 (31.0– 45.5) 36.0 (32.0– 45.0) 9.8

SDMT, mean (SD) 93 54.1 (10.4) 57.1 (10.5) 51.6

Abbreviations: Ambulation FS, Ambulation Functional System; AMSQ, Arm function in MS Questionnaire; CIS- F, Checklist Individual Strength 
Fatigue subscale; EDSS, Expanded Disability Status Scale; G+, gadolinium- enhancing; IQR, interquartile range; SD, standard deviation; SDMT, Symbol 
Digit Modalities Test.
aOnly patients with relapsing- remitting multiple sclerosis (RRMS).
b1 Gd+ lesion, n = 9; 2 Gd+ lesions, n = 2; 6 Gd+ lesions, n = 2.
c1 Gd+ lesion, n = 2; 2 Gd+ lesions, n = 1; 4 Gd+ lesions, n = 1; 10 Gd+ lesions, n = 1.
d2 new T2 lesions.
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as the EDSS, arm function, and cognition measures. Disease activity 
is more complex as both physical and non- physical domains may be 
affected or, in the majority of cases, may only be apparent on MRI. 

Correspondingly, keystroke features most responsive to change in 
disease activity were mostly timing- related, but also consisted of 
more complex time- series aggregation methods and an emoji- based 

F I G U R E  2  Histograms of area under the curve (AUC)- values for all keystroke features for each study outcome. AUC- values of 
comparative clinical benchmarks are shown as dotted lines. Ambulation FS, EDSS Ambulation Functional System; AMSQ, Arm function 
in MS Questionnaire; AUC, area under the curve; CIS- F, Checklist Individual Strength Fatigue subscale; EDSS, Expanded Disability Status 
Scale; FSS, Fatigue Severity Scale; Gd+ lesions, gadolinium- enhancing lesions; KD, keystroke dynamics; MFIS, Modified Fatigue Impact 
Scale; NHPT, Nine- Hole Peg Test; SDMT, Symbol Digit Modalities Test; TWT, Timed 25- foot Walk Test
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feature. To summarize, timing- related keystroke features have high 
potential as a responsive biomarker for physical functioning and 
disease activity in MS. Emoji sentiment analysis is of interest for 
non- physical domains and overall disability. For overall disability, the 
stability of KD is also of importance when looking at responsiveness 
to change.

Technological solutions, such as digitalized adaptations, that are 
able to validly and reliably measure ‘gold standards’ in MS are emerg-
ing [29]. However, analysis of responsiveness or even longitudinal 
assessment of outcome measures in MS remain scarce. Nonetheless, 
it is important to examine other available clinical and technological 
biomarkers to contextualize our findings within MS. For classifying 
patients with RRMS who were stable or had change in disease ac-
tivity, the Press- Press Latency was most responsive with an AUC- 
value of 0.76. When only looking at change in gadolinium- enhancing 

lesions the AUC- value reached 0.78. After Punctuation Pause had 
an AUC- value of 0.73, but in contrast to the other features could 
distinguish important change from measurement error on the indi-
vidual level (i.e., MCID ≥ SRCind). Currently MRI is the most com-
monly used biomarker to monitor (subclinical) disease activity in MS. 
Another promising and more recently emerging method is serum 
neurofilament light chain (NfL). Serum NfL was associated with 
gadolinium- enhancing lesions, with each contrast- enhancing lesion 
corresponding to a 17.8% increase in sNfL [30]. Serum and cerebro-
spinal fluid NfL for assessment of disease activity (clinical relapse or 
gadolinium- enhancing lesions) had AUC- values of 0.66 and 0.77, re-
spectively [31] the latter being comparable to our findings with KD.

To date, fatigue is conventionally assessed with patient- reported 
measures which are valid and reliable, albeit lacking responsiveness 
[7]. Our current study did indeed show poor responsiveness of the 

F I G U R E  3  Receiver operator 
characteristic (ROC)- curves for keystroke 
features with highest area under the curve 
(AUC)- value for each study outcome. ROC 
curves of change in keystroke dynamics 
(KD) (orange curve), clinical benchmarks 
(blue and grey curves), and the 
classification of clinically relevant change 
for all study outcomes. The optimal value 
(Youden's J statistic) of the keystroke 
features is shown as a red square with 
the corresponding minimal clinically 
important difference (MCID). For disease 
activity (A), the solid line represents the 
ROC- curve for radiological and/or clinical 
activity, and the dotted line represents 
the ROC- curve for radiological activity 
only. Ambulation FS, EDSS Ambulation 
Functional System; AMSQ, Arm function 
in MS Questionnaire; AUC, area under 
the curve; CIS- F, Checklist Individual 
Strength Fatigue subscale; EDSS, 
Expanded Disability Status Scale; FPR, 
false positive rate; FSS, Fatigue Severity 
Scale; Gd+ lesions, gadolinium- enhancing 
lesions; MCID, minimal clinically important 
difference; MFIS, Modified Fatigue Impact 
Scale; NHPT, Nine- Hole Peg Test; SDMT, 
Symbol Digit Modalities Test; TPR, true 
positive rate; TWT, Timed 25- foot Walk 
Test
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comparative patient- reported fatigue measures (FSS and MFIS). 
Regarding KD, it can be hypothesized that timing- related features 
relate to fatigability, as latency metrics in typing are performance- 
based. Supporting this, we found that the duration of typing session 
was adequately responsive (AUC = 0.70) to fatigue; other timing- 
related features, however, were not. In our previous cross- sectional 
results, poor correlation between timing- related features and fatigue 
was explained by differing constructs between perceived fatigue 
and performance- based fatigability [10]. In this manner, subjective 
features such as emoji use during typing were more prevalent in the 
most responsive features to change in fatigue. All in all, the use of 
KD as an outcome measure may strengthen trials investigating inter-
ventions on fatigue, in the current absence of sufficient responsive 
fatigue measures in MS. Considering the extent of disease burden of 
fatigue and fatigability in MS, further investigations on KD utilizing 
performance- based fatigability measures are of interest.

For clinical disability outcomes, Release- Release Latency was re-
sponsive to change in ambulatory function as assessed by the EDSS 
Ambulation Function System (AUC = 0.73). The responsiveness of 
the keystroke feature was found to be lower than the clinical TWT 
(AUC = 0.80) in our study, despite an earlier report of poor respon-
siveness of the TWT for patient- perceived walking function [32]. 
This was not surprising given that typing performance is most likely 
not reflected by ambulatory function and can be seen as differing 
constructs. Pre- Correction Slowing (i.e., the latency prior to back-
spaces) was responsive to change in arm function measured with the 
AMSQ, with sensitivity and specificity of 0.89 and 0.62, respectively. 
Where longitudinal studies on responsiveness of disease activity 
and fatigue measures are extremely limited, the responsiveness of 
clinical disability measures has been studied more extensively with 
the TWT, NHPT, and, to a lesser extent, the SDMT. These studies 
reported low correlations and sensitivity [33– 35], and the sensitivity 
depended on the chosen cut- offs with lower thresholds potentially 
reflecting noise rather than reliable change [36], and inability to de-
tect important change at the individual level [28]. For most of the 
keystroke features with highest responsiveness to ambulation, arm 
function, and cognition, the cut- off value of important change was 
also within the range of noise on the individual level. Flight Time and 
Post- Correction Slowing, however, were adequately responsive and 
could detect important change at the individual level for ambulation 
and arm function, respectively.

In MS, electronic-  and device- based measures exist to facilitate 
screening, monitoring, self- management, treatment, and education 
[37]. Digitalized versions of gold standard tasks have been shown to 
have improved responsiveness on some measures. For instance, a 
manual finger and foot tapping task had higher sensitivity and spec-
ificity to detect 1- year clinical disease progression in comparison to 
the current gold standards of 9HPT and TWT within an untreated 
PPMS population [38]. The sensitivity of change detection increased 
with cases of increased disease severity, or increased assessment 
duration. Wearables have also been shown to be responsive to clin-
ical change. Within a sample of patients with RRMS, pressure sen-
sors detected a decline in gait performance over 12 months in the 

absence of EDSS change [39]. In our study, KD were also more re-
sponsive than nearly all clinical outcome measures, even despite the 
shorter duration of follow- up and our cohort having milder disability 
compared to the aforementioned studies.

Some limitations of our study should be considered when inter-
preting our findings. In our current study the sample sizes for pa-
tients with clinically relevant improvement and worsening in clinical 
disability measures were relatively small due to the relatively short 
period of follow- up for disability progression measures. Where 
changes within a 3- month period are highly relevant for disease ac-
tivity and fatigue, change in clinical disability is less expected in a 
cohort with relatively mildly affected patients with MS, outside of 
any intervention. Hence, improvement and worsening were strat-
ified similarly as changed. We also acknowledge the existence of 
multiple methods to calculate the MCID, and that different meth-
ods may yield different MCID- values [40]. Future studies should 
apply a method incorporating a point- estimate measure to enable an 
anchor- based method to calculate the MCID.

From our analysis of a large amount of keystroke features and 
aggregation methods, we demonstrated responsiveness of KD to 
important outcomes in MS. The results of this study can guide the 
future direction in the selection of keystroke features and aggrega-
tion methods. Future studies can then select features and aggrega-
tion methods a priori and develop composites of keystroke features, 
possibly coupled with clinical measures, for external validation in 
order to implement the use of KD in research and clinical practice.

CONCLUSIONS

Short- term change in smartphone KD were found to be sensitive 
to clinically relevant change in disease activity, patient- reported fa-
tigue, ambulation, and arm function. A large number of keystroke 
features were responsive for each outcome measure, and most were 
more responsive than clinical measures. Based on this exploration 
of the responsiveness of KD, future directions should focus on the 
standardization and selection of keystroke features to address the 
external validity in order to further integrate this biomarker into 
both clinical and research practice in MS. Besides adequate respon-
siveness, the continuous and passive remote acquisition of objec-
tive data in the everyday environment makes this technology- based 
biomarker highly relevant for disease monitoring and thus helpful in 
the management of MS.
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