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A B S T R A C T

Background: Objective and longitudinal measurements of disability in patients with multiple sclerosis (MS) are desired
in order to monitor disease status and response to disease-modifying and symptomatic therapies. Technology-enabled
comprehensive assessment of MS patients, including neuroperformance tests (NPTs), patient-reported outcome mea-
sures (PROMs), and MRI, is incorporated into clinical care at our center. The relationships of each NPT with PROMs and
MRI measures in a real-world setting are incompletely studied, particularly in larger datasets.
Objectives: To demonstrate the utility of comprehensive neurological assessment and determine the association
between NPTs, PROMs, and quantitative MRI measures in a large MS clinical cohort.
Methods: NPTs (processing speed [PST], contrast sensitivity [CST], manual dexterity [MDT], and walking speed
[WST]) and physical disability-related PROMs (Quality of Life in Neurological Disorders [Neuro-QoL], Patient
Determined Disease Steps [PDDS], and Patient-Reported Outcomes Measurement Information System Global-10
[PROMIS-10] physical) were collected as part of routine clinical care. Fully-automated MRI analysis calculated
T2-lesion volume (T2LV), whole brain fraction (WBF), thalamic volume (TV), and cervical spinal cord cross-
sectional area (CA) for brain MRIs completed within 3 months of a clinic visit during which NPTs and PROMs
were assessed. Spearman's rank correlation coefficients evaluated the cross-sectional associations of NPTs with
PROMs and MRI measures. Linear regression was utilized to determine which combination of clinical char-
acteristics, patient demographics, MRI measures, and PROMs best cross-sectionally explained each NPT result.
Results: 997 unique patients (age 47.7 ± 11.4 years, 71.8% female) who underwent assessments over a 2-year
period were included. Correlations among NPTs and PROMs were moderate. PST correlations were strongest for
Neuro-QoL upper extremity (NQ-UE) (Spearman's rho = 0.43) and lower extremity (NQ-LE) (0.47). CST cor-
relations were strongest for NQ-UE (0.33), NQ-LE (0.36), and PDDS (-0.31). MDT correlations were strongest for
NQ-UE (-0.53), NQ-LE (-0.54), and PDDS (0.53). WST correlations were strongest for PDDS (0.64) and NQ-LE
(-0.65). NPTs also had moderate correlations with MRI metrics, the strongest of which were observed with PST
(with T2LV (-0.44) and WBF (0.49)). Spearman's rho for other NPT-MRI correlations ranged from 0.23 to 0.36.
Linear regression identified age, disease duration, PROMIS-10 physical, NQ-UE, NQ-LE, T2LV and WBF as sig-
nificant cross-sectional explanatory variables for PST (adjusted R2=0.46). For CST, significant variables in-
cluded age and NQ-LE (adjusted R2 = 0.30). For MDT, significant variables included PDDS, PROMIS-10 physical,
NQ-UE, NQ-LE, T2LV, and WBF (adjusted R2=0.37). For WST, significant variables included sex, PDDS, NQ-LE,
T2LV, and CA (adjusted R2=0.39).
Conclusions: Impaired performance on NPTs correlated with worse physical disability-related PROMs and MRI
disease severity, but the strongest cross-sectional explanatory variables for each NPT component varied. This
study supports the use of comprehensive, objective quantification of MS status in clinical and research settings.
Future longitudinal analyses can determine predictors of treatment response and disability worsening.
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1. Introduction

Multiple sclerosis (MS) is an immune-mediated disease resulting in
accumulation of neurological disability. American and European
Academy of Neurology guidelines recommend longitudinal objective
measures of disability in MS clinical care (Montalban et al., 2018; Rae-
Grant et al., 2015). Such assessment of MS in clinical practice should
involve assessments of multidomain disability, quality of life, and dis-
ease activity to identify disease worsening and determine treatment
response.

Comprehensive quantitative MS assessment, including technology-
enabled neuroperformance tests (NPTs), patient-reported outcome
measures (PROMs), and quantitative MRI analysis, has been developed
and incorporated into clinical practice at our center for this purpose
(Rhodes et al., 2019). Assessments are self-administered and can be
performed in the office by the patient with minimal to no assistance or
supervision. NPTs in this assessment are modeled after the components
of the MS Functional Composite (MSFC), a multidimensional measure
of MS-related disability widely used in both clinical and research set-
tings (Fischer et al., 1999). NPTs are intended to objectively capture
disability related to cognition, visual function, dexterity, and ambula-
tion (Balcer et al., 2003; Fischer et al., 1999; Ontaneda et al., 2012).

Patient-reported quality of life measures also provide crucial in-
formation regarding disease status, given the varied clinical manifes-
tations of MS. Though rarely performed in practice, PROMs can com-
plement the information provided by NPTs and quantitative MRI,
providing improved focus in symptomatic management during a clin-
ical encounter. In order to evaluate the relative contributions of PROMs
and quantitative MRI metrics to physical disability for purposes of in-
forming future longitudinal analyses, the major objective of this study
was to determine the associations between NPTs, physical disability-
related PROMs, and quantitative MRI measures implemented in large
clinical cohort.

2. Materials and methods

2.1. Patient population

All patients with MS at the Cleveland Clinic Mellen Center for
Multiple Sclerosis Treatment and Research (Cleveland, Ohio, USA)
undergo technology-enabled NPT and PROM assessment via iPad® as
part of standard clinic visits. Patients seen between December 2015 and
December 2017 with a brain MRI available within 3 months of a clinic
visit in which at least one NPT and one PROM were assessed were in-
cluded in these analyses. We performed a cross-sectional analysis with
the first chronologically available visit from each patient. Approval
from an ethical standards committee (Cleveland Clinic Institutional
Review Board) to conduct this study was received (#18–313). Data
were collected as part of routine clinical care, therefore informed
consent was not required.

2.2. Neuroperformance measures

Technology-enabled NPTs performed via iPad® were developed,
validated, and implemented at our institution as part of clinical care
(Rao et al., 2017; Rhodes et al., 2019; Rudick et al., 2014). Details
regarding NPT acquisition are reported in the Supplemental Appendix,
and have also been previously described (Rhodes et al., 2019). The
Processing Speed Test (PST) is an adaptation of the Symbol Digit
Modalities Test (SDMT), the Contrast Sensitivity Test (CST) for Sloan
Low Contrast Letter Acuity (LCLA), the Manual Dexterity Test (MDT)
for 9-Hole Peg Test (9HPT), and Walking Speed Test (WST) for Timed
25-foot Walk (T25FW). The Multiple Sclerosis Performance Tests
(MSPT), which encompasses these NPTs, PROMs, and quantitative MRI,
was developed at the Cleveland Clinic.

2.3. Patient reported outcome measures

PROMs administered via iPad® include: 1) the Patient Health
Questionnaire-9 (PHQ9) (Kroenke et al., 2001), 2) Quality of Life in
Neurological Disorders (Neuro-QoL) (Gershon et al., 2012), a series of
health-related questions that capture aspects of physical, mental, and
social health specific to neurological diseases, 3) Patient Determined
Disease Steps (PDDS) (Learmonth et al., 2013), a patient-reported
version of the Expanded Disability Status Scale (EDSS), a common
measure of disability utilized in MS that is primarily focused on am-
bulation, and 4) the Patient-Reported Outcomes Measurement In-
formation System Global-10 (PROMIS-10) physical and mental health
domain t-scores (HealthMeasures, 2018).

PDDS, PROMIS-10 physical health, and both upper (UE) and lower
extremity (LE) Neuro-QoL domains were utilized as PROMs for this
study, as it was intended to focus on physical disability.

2.4. Quantitative MRI measures

MRIs were acquired within 3 months of a clinical encounter at
which NPTs and PROMs were analyzed. Detailed MRI methods are
presented in the Supplementary Appendix.

2.5. Statistical analysis

Cross-sectional associations between NPTs, PROMs, and MRI mea-
sures were evaluated via Spearman correlation coefficients. The sta-
tistical significance threshold for these correlations was set at p<0.001
to account for multiple comparisons; a Bonferroni method for p-value
adjustment was utilized to maintain overall alpha = 0.05. Single im-
putation was performed for missing PROM and MRI data using pre-
dictive mean matching and robust linear modeling hot-deck imputation
methods, as there was less than approximately 20% of data missing for
any PROM or MRI metric. Missing data in NPTs were not imputed.
Results using imputed and complete case data were compared

Table 1.
– MSPT component interpretation.

Test Name Scoring Element Scoring Interpretation

Neuroperformance Tests Processing Speed Test (PST) Number of correct responses Higher score → better performance
Contrast Sensitivity Test (CST) Number of letters correctly named at 2.5% contrast Higher score → better performance
Manual Dexterity Test (MDT) Time to complete task (in seconds) Higher score → worse performance
Walking Speed Test (WST) Time to walk 25 feet (in seconds) Higher score → worse performance

Patient Reported Outcomes Patient Determined Disease Steps Reported score (0–10) Higher score → worse disability
PROMIS-10 physical health t-score Calculated t-score (20–80) Higher score → better function
Neuro-QoL upper extremity function Calculated t-score (20–80) Higher score → better function
Neuro-QoL lower extremity function Calculated t-score (20–80) Higher score → better function

Quantitative MRI T2 lesion volume Volume in mL Higher volume → worse disease
Whole brain fraction Fraction (0–1) Higher fraction → less severe disease
Thalamic volume Volume in mL Higher volume → less severe disease
Cervical spinal cord area Area in mm2 Higher area → less severe disease
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qualitatively for any substantial differences. Sensitivity analyses were
conducted to compare patients with and without missing data via un-
paired t-tests. Patients with Clinically or Radiologically Isolated
Syndromes (CIS/RIS) were excluded for a sensitivity analysis as well.
Guidance for MSPT component and correlation coefficient interpreta-
tions is presented in Table 1.

Linear regression models for each NPT were selected via automated
backwards stepwise regression utilizing Akaike's Information Criteria
(AIC) to determine which combination of measures (either PROMs or
MRI) best cross-sectionally explained the respective NPT result.
Regression model terms were considered significant if p < 0.05. The
model generated for each NPT was then compared to a model that in-
cluded all independent variables of interest via adjusted R-squared,
overall model F-test p-value, Akaike's Information Criteria (AIC), and
ANOVA testing for nested models. For linear regression modeling,
transformations were guided via Box-Cox methods: CST was squared,
MDT was inversely transformed, and the square root of WST was used
for due to non-normality. The normality of transformed variables was
assessed via visual inspection of histograms. Potential confounders
were investigated, including age, sex, and disease duration (years).
Collinearity was assessed via variance inflation factors (VIF), with final

models required to have VIF<5. All regression coefficients were fully
standardized. A final model was described for each NPT.

Statistical analysis was conducted using R Statistical Software
(version 3.4.4) simputation (version 0.2.2), tidyverse (version 1.2.1),
stats (version 3.4.4), car (version 3.0–2) and ggplot2 (version 3.0.0)
packages. Confidence intervals for Spearman's rho were calculated
using the package spearmanCI (version 1.0), using a jackknife
Euclidean likelihood-based method (de Carvalho and Marques, 2012).

2.6. Data availability statement

Anonymized data will be shared with qualified investigators by
request from the corresponding author for purposes of replicating
procedures and results.

3. Results

3.1. Patient population

Between December 2015 and December 2017, 997 patients under-
went NPT and PROM assessment as part of clinical care, with an

Table 2.
– Patient characteristics.

Non-imputed (n= 997)a Final Imputed (n= 976)b

Demographics Age (mean (SD)) 47.7 (11.4) 47.7 (11.4)
Sex (% (n) female) 71.9 (717) 71.8 (701)
Race (% (n))
Caucasian
African-American
Other
Unknown

82.9 (827)
12.8 (128)
3.1 (31)
1.1 (11)

83.6 (816)
12.3 (120)
3.0 (29)
1.1 (11)

Clinical characteristics MS phenotype (% (n))
Relapsing-remitting
Secondary progressive
Primary progressive
CIS/RIS

76.9 (767)
12.7 (127)
4.5 (45)
5.8 (58)

77.8 (759)
11.8 (115)
4.5 (44)
5.9 (58)

MS disease duration
(years, mean (SD))

12.4 (9.6) 12.3 (9.4)

Neuroperformance metrics Walking speed test
(seconds, median [IQR])

6.56 [5.4, 8.9] 6.56 [5.4, 8.9]

Manual dexterity test, dominant hand (seconds, median [IQR]) 26.68
[22.9, 32.3]

26.59
[22.8, 32.0]

Manual dexterity test, non-dominant hand (seconds, median [IQR]) 27.79
[24.0, 33.8]

27.69
[24.0, 33.4]

Processing speed test
(# correct, median [IQR])

48.00
[39.0, 57.0]

48.00
[39.0, 57.0]

Contrast sensitivity test
(# correct, median [IQR])

34.00
[25.0, 41.0]

34.00
[24.75, 41.0]

Patient reported outcome measures Patient Determined Disease Steps (median [IQR]) 1.0 [0, 3.0] 1.0 [0, 3.0]
PROMIS-10 physical health t-score
(median [IQR])

39.80
[37.4, 44.9]

39.80
[37.4, 44.9]

Neuro-QoL upper extremity function (median [IQR]) 42.27
[37.5, 56.8]

42.77
[37.8, 49.8]

Neuro-QoL lower extremity function (median [IQR]) 44.40
[36.9, 53.3]

44.40
[37.3, 53.5]

MRI metrics T2 lesion volume
(mL, median [IQR])

9.33 [4.0, 20.6] 9.22 [4.0, 20.0]

Whole brain fraction
(median [IQR])

0.83
[0.80, 0.84]

0.83
[0.80, 0.84]

Cervical spinal cord area
(mm2, median [IQR])

76.42
[70.3, 81.9]

76.60
[70.9, 81.5]

Thalamic Volume
(mL, median [IQR])

15.94
[14.5, 17.1]

15.95
[14.6, 17.0]

a Overall n= 997 prior to imputation; missingness in individual variables is indicated as follows: disease duration (n= 16), Walking speed test (WST, 154),
Manual dexterity test dominant and non-dominant hands (MDT, 101), Processing speed test (PST, 147), Contrast sensitivity test (CST, 520), Patient Determined
Disease Steps (PDDS, 53), Patient-Reported Outcomes Measurement Information System-10 (PROMIS-10, 70), Neuro-QoL upper extremity (223), Neuro-QoL lower
extremity (216), T2 lesion volume (22), Whole brain fraction (11), Cervical spinal cord area (56), and Thalamic volume (85).

b
Following imputation, n= 976 due to missingness of all PROMs (PDDS, Neuro-QoL upper/lower extremity, Patient-Reported Outcomes Measurement

Information System, PROMIS-10) in 21 patients from the original dataset that were not imputed. Missingness in individual variables in the final imputed dataset is
indicated as follows: WST (n= 136), MDT dominant and non-dominant hands (96), PST (136), CST (500).
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appropriately timed brain MRI available. Following single imputation
of PROM and MRI data, variable missingness in outcomes necessitated
utilization of separate datasets for each NPT, yielding 840 patients for
PST, 476 for CST, 880 for MDT, and 840 for WST. There were 976
patients overall included in the final analysis, as 21 patients had
missing data in characteristics used for imputation. Patient character-
istics, NPT, PROM, and MRI data for the original (n= 997) and final
imputed samples (n= 976) are summarized in Table 2, and the popu-
lations were overall similar. Patients in the original population were
predominantly female (71.9%), Caucasian (82.9%), and had relapsing-
remitting MS (76.9%). All subsequent results presented are derived
from the final imputed sample (n= 976).

3.2. Neuroperformance test correlations

All correlation coefficients indicated that worse performance on
each NPT correlated with worse performance on other NPTs, worse self-
reported function, or increased disease severity on quantitative MRI
measures. All reported correlations were significant (p<0.001).

3.2.1. Associations among neuroperformance tests
PST correlated with CST (Spearman's rho = 0.55, 95% CI 0.49 to

0.62), dominant hand MDT (rho = −0.63, 95% CI −0.67 to −0.57),
and WST (rho = −0.50, 95% CI −0.55 to −0.44). CST correlated with
dominant hand MDT (rho = −0.41, 95% CI −0.49 to −0.33), and
WST (rho = −0.33, 95% CI −0.41 to −0.24). Dominant hand MDT
correlated with WST (rho = 0.58, 95% CI 0.53 to 0.63). Dominant and
non-dominant hand MDT were strongly correlated (rho = 0.78, 95% CI
0.74 to 0.81). Correlations between non-dominant hand MDT and other
NPTs were similar to that of dominant hand MDT.

Fig. 1.. – Scatterplot Matrix of PROMs and Neuroperformance Tests
Scatterplots for each patient reported outcome measure (PROM) and Neuroperformance Test relationship are presented in the imputed sample (n= 976). The line
represents a linear regression line for each relationship. PST: Processing speed test (n= 840); CST: Contrast sensitivity test (n= 476); MDT: Manual dexterity test
(dominant hand) (n= 880); WST: Walking speed test (n= 840); PDDS: Patient Determined Disease Steps; PROMIS PF: Patient-Reported Outcomes Measurement
Information System (PROMIS) Global-10 physical function; Neuro-QoL: Quality of Life in Neurological Disorders; UE: Upper extremity; LE: Lower extremity.

Fig. 2.. – Correlation Plot of PROMs and Neuroperformance Tests
The correlation plot of patient reported outcome measures (PROMs) and
Neuroperformance Tests (NPTs) presents Spearman's rank correlation coeffi-
cient for each PROM-NPT relationship in the imputed dataset (n= 976). An “X”
over a correlation coefficient indicates that it is not significant at p= 0.001.
The scale on the right side of the figure indicates the strength of the correlation.
PST: Processing speed test (n= 840); CST: Contrast sensitivity test (n= 476);
MDT: Manual dexterity test (dominant hand) (n= 880); WST: Walking speed
test (n= 840); PDDS: Patient Determined Disease Steps; PROMIS: Patient-
Reported Outcomes Measurement Information System (PROMIS) Global-10
physical function; Neuro-QoL: Quality of Life in Neurological Disorders; Upper
Ext: Upper extremity; Lower Ext: Lower extremity. [Color figure should be
utilized in print].
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3.2.2. Association of neuroperformance tests with PROMs
Each NPT was investigated for correlation with PROMs reflecting

physical disability (Figs. 1 and 2). PST was significantly correlated with
all PROMs (p<0.001); there was a moderate correlation with PDDS
(Spearman's rho = −0.44, 95% CI −0.49 to −0.38), Neuro-QoL UE
(rho = 0.43, 95% CI 0.38 to 0.49), and Neuro-QoL LE (rho = 0.47, 95%
CI 0.41 to 0.52).

CST was weakly but significantly associated with all PROMs
(p<0.001), except PROMIS-10 physical health. CST correlated with
PDDS (rho = −0.31, 95% CI −0.40 to −0.23), Neuro-QoL UE
(rho = 0.33, 95% CI 0.25 to 0.41), and Neuro-QoL LE (rho = 0.36, 95%
CI 0.28 to 0.44).

Dominant hand MDT was significantly correlated with all PROMs,
and had the strongest correlation with PDDS (rho = 0.53, 95% CI 0.48
to 0.58), Neuro-QoL UE (rho = −0.53, 95% CI −0.58 to −0.48), and
Neuro-QoL LE (rho = −0.54, 95% CI −0.59 to −0.49). Similarly, non-
dominant hand MDT had the strongest correlations with PDDS
(rho = 0.55, 95% CI 0.50 to 0.59), Neuro-QoL UE (rho = −0.55, 95%
CI −0.60 to −0.50), and Neuro-QoL LE (rho = −0.58, 95% CI −0.62
to −0.53),

WST was significantly correlated with all physical disability PROMs,
and had the strongest correlation with the PDDS (rho = 0.64, 95% CI
0.59 to 0.69) and Neuro-QoL LE (rho = −0.65, 95% CI −0.69 to
−0.61).

3.2.3. Association of neuroperformance tests with quantitative MRI
measures

NPTs were evaluated for correlation with T2LV, WBF, TV, and CA
(Figs. 3 and 4). PST moderately correlated with T2LV (Spearman's
rho = −0.44, 95% CI −0.50 to −0.38) and WBF (rho = 0.49, 95% CI
0.43 to 0.54), and weakly correlated with TV (rho = 0.37, 95% CI 0.31

to 0.43).
CST weakly correlated with T2LV (rho = −0.32, 95% CI −0.40 to

−0.23), WBF (rho = 0.36, 95% CI 0.28 to 0.43), and TV (rho = 0.32,

Fig. 3.. – Scatterplot Matrix of Quantitative MRI Measures and Neuroperformance Tests
Scatterplots for each quantitative MRI and Neuroperformance Test relationship are presented for the imputed sample (n= 976). The line represents a linear
regression line for each relationship. PST: Processing speed test (n= 840); CST: Contrast sensitivity test (n= 476); MDT: Manual dexterity test (dominant hand)
(n= 880); WST: Walking speed test (n= 840); T2LV: T2-weighted lesion volume (in mL); WBF: Whole brain fraction; Thalamic Vol: Thalamic volume (in mL);
Cord Area: Cervical spinal cord cross-sectional area (in mm2).

Fig. 4.. – Correlation Plot of Quantitative MRI Measures and
Neuroperformance Tests
The correlation plot of quantitative MRI measures and Neuroperformance Tests
(NPTs) presents Spearman's rank correlation coefficient for each MRI-NPT re-
lationship in the imputed dataset (n= 976). The scale on the right side of the
figure indicates the strength of the correlation. PST: Processing speed test
(n= 840); CST: Contrast sensitivity test (n= 476); MDT: Manual dexterity test
(dominant hand) (n= 880); WST: Walking speed test (n= 840). [Color figure
should be utilized in print].
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95% CI 0.25 to 0.40).
Dominant hand MDT weakly correlated with T2LV (rho = 0.35,

95% CI 0.29 to 0.40), WBF (rho = −0.35, 95% CI −0.41 to −0.29),
and TV (rho = −0.32, 95% CI −0.38 to −0.26). Non-dominant hand
MDT weakly correlated with T2LV (rho = 0.34, 95% CI 0.28 to 0.40)
and WBF (rho = −0.33, 95% CI −0.39 to −0.27), similar to dominant
hand MDT.

WST weakly but significantly correlated with T2LV (rho = 0.23,
95% CI 0.17 to 0.30), WBF (rho = −0.24, 95% CI −0.30 to −0.17),
and CA (rho = −0.25, 95% CI −0.32 to −0.19).

3.3. Linear regression modeling for neuroperformance tests

Final linear regression models for each NPT are presented in
Table 3, along with their fully standardized regression coefficients. For
a 1.0 increase in standard deviation of an independent variable, holding
the other independent variables at their mean, the outcome (dependent
variable) changes by the fully standardized coefficient number of
standard deviations from its mean. Comparison of each final model to a
model with all potential variables via ANOVA nested model compar-
isons demonstrated no significant differences in model performance
(p>0.05). All variance inflation factors were <5, indicating no sig-
nificant collinearity among independent variables.

The final model for PST included sex, age, disease duration,
PROMIS-10 physical, Neuro-QoL UE, Neuro-QoL LE, T2LV, and WBF
(adjusted R2 = 0.46). All terms were significant (p<0.05) except sex.

For CST, the model included age, PDDS, Neuro-QoL UE, Neuro-QoL
LE, T2LV, TV, and CA (adjusted R2 = 0.30). Age and Neuro-QoL LE
were significant terms (p<0.05).

For dominant hand MDT, the model included sex, PDDS, PROMIS-
10 physical, Neuro-QoL UE, Neuro-QoL LE, T2LV, WBF, TV, and CA
(adjusted R2 = 0.37). All terms were significant (p<0.05) except sex,
TV, and CA. The model for non-dominant hand MDT differed slightly,
as it included PDDS, Neuro-QoL UE, Neuro-QoL LE, T2LV, WBF, and CA
(adjusted R2 = 0.40). All terms were significant (p<0.05).

The final model for WST included sex, age, disease duration, PDDS,
PROMIS-10 physical, Neuro-QoL LE, T2LV, and CA (adjusted
R2 = 0.40). All terms were significant (p<0.05) except age, disease

duration, and PROMIS-10 physical health t-score.

3.4. Sensitivity analyses

Single imputation was performed for independent variables of in-
terest based on known correlations with other variables. Patient char-
acteristics were similar comparing the imputed and non-imputed da-
tasets, including all variables of interest (Table 2). Correlations among
NPTs and variables of interest were similar in the imputed and non-
imputed datasets, but regression models varied slightly using complete
cases (Supplementary Appendix).

Characteristics of patients in the overall dataset with any missing
data (n= 700) were compared to those who had complete data
(n= 297). Patients with incomplete data were older (44.9 versus 48.9
years, p<0.001), had longer disease duration (10.9 versus 13.0 years,
p<0.001), and had higher self-reported disability (mean PDDS 1.5
versus 2.2, p<0.001). These observations also applied to the individual
datasets created for each NPT, but were not as pronounced compared to
the overall dataset. Patients with incomplete data had significantly
worse performance on the PST, MDT, and WST (but not CST) compared
to those with complete data.

The exclusion of patients with CIS or RIS yielded similar overall
results (data not shown).

4. Discussion

The combination of multidomain NPTs, PROMs, and quantitative
MRI provides a comprehensive assessment of MS disease status. In this
large clinical cohort, we demonstrate that both PROMs indicating
perceived physical impairment and quantitative MRI measures are
moderately or weakly associated with impaired performance on all
NPTs, particularly PST, MDT, and WST.

Previous studies have investigated the relationship between in-
dividual and multidomain disability and MRI measures, but have been
in smaller populations or were more limited evaluations. Impaired
processing speed as measured by the SDMT or Paced Auditory Serial
Addition Test has been correlated with whole brain volume (Rao et al.,
2014), T2LV (Rao et al., 2014), and deep grey matter volume,

Table 3.
– Final multivariate linear regression models for each neuroperformance test (Imputed sample, n= 976).

PSTa (n= 840) CSTb (n= 476) MDT (dominant hand)c

(n= 880)
MDT (non-dominant hand)c

(n= 880)
WSTd (n= 840)

Sex (female) 0.04 (−0.01, 0.10) – 0.05 (−0.01, 0.11) – 0.08 (0.03, 0.13)*
Age −0.26 (−0.32,

−0.20)*
−0.34 (−0.43,
−0.26)*

– – 0.06 (−0.004, 0.12)

Disease duration −0.06 (−0.12,
−0.01)*

– – – −0.06 (−0.12, 0.01)

PDDS – 0.12 (−0.001, 0.25) −0.14 (−0.23, −0.05)* −0.10 (−0.19, −0.02)* 0.43 (0.35, 0.52)*
PROMIS-10 physical 0.08 (0.02, 0.13)* – 0.06 (0.002, 0.12)* – −0.04 (−0.10, 0.01)
Neuro-QoL Upper Extremity 0.15 (0.08, 0.23)* 0.09 (−0.03, 0.20) 0.25 (0.16, 0.33)* 0.23 (0.15, 0.32)* –
Neuro-QoL Lower Extremity 0.13 (0.05, 0.22)* 0.23 (0.08, 0.39)* 0.11 (0.001, 0.23)* 0.23 (0.12, 0.34)* −0.14 (−0.23, −0.05)*
T2 Lesion Volume −0.02 (−0.29,

−0.16)*
−0.08 (−0.18, 0.02) −0.12 (−0.20, −0.05)* −0.11 (−0.18, −0.05)* 0.10 (0.04, 0.15)*

Whole Brain Fraction 0.15 (0.07, 0.22)* – 0.09 (0.01, 0.17)* 0.13 (0.07, 0.19)* –
Thalamic Volume – 0.10 (−0.02, 0.20) 0.07 (−0.01, 0.16) – –
Cord Area – 0.06 (−0.02, 0.14) 0.06 (−0.003, 0.11) 0.06 (0.0004, 0.11)* −0.07 (−0.13, −0.01)*
Adjusted R2 0.46 0.30 0.37 0.40 0.39
Overall model F-test p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Fully standardized beta coefficients (95% CI) derived from an ordinary least squares linear regression method are reported for variables included in multivariate final
model. For a 1.0 increase in standard deviation of an independent variable, holding the other independent variables at their mean, the outcome (dependent variable)
changes by the fully standardized coefficient number of standard deviations from its mean.
“–" indicates exclusion of a variable from the final NPT model being described in that column.
“*” indicates statistical significance (p < 0.05) of a variable in final multivariate model.

a PST: Processing Speed Test.
b

CST: Contrast Sensitivity Test; Model with square of CST as outcome.
c MDT: Manual Dexterity Test; Model with inverse of MDT as outcome.
d WST: Walking Speed Test; Model with square root of WST as outcome.
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specifically the thalamus (Bergsland et al., 2016; Bisecco et al., 2018;
Debernard et al., 2015). Our results are in agreement with these find-
ings, as T2LV, WBF, and TV had significant correlations and cross-
sectional explanatory value for PST.

LCLA has previously been associated with T2LV (Chahin et al.,
2015; Frohman et al., 2009; Wu et al., 2007), gray matter volume
(Frohman et al., 2009), and whole brain atrophy (Balcer et al., 2017;
Maghzi et al., 2014). The final MRI variables in our CST model were
T2LV, TV, and CA. A direct association between LCLA and TV has not
been reported, but one study established correlation between TV and
retinal nerve fiber layer thickness, a known correlate of visual disability
in MS (Zivadinov et al., 2014). The correlation between CST and CA has
not been reported, but may reflect collinearity of CA with other un-
measured markers of neurodegeneration.

In our study, the proportion of variance in CST explained by the
covariates in a linear regression model was lower compared to that of
other NPTs, but correlation coefficients for quantitative MRI measures
were of similar magnitude. Additionally, no MRI measures were sig-
nificant despite their inclusion in the final CST model. This result may
be explained by the fact that MRI measures included in this study do not
reflect optic nerve pathology, which CST more directly captures
(Balcer et al., 2017). Incorporation of retinal nerve fiber layer thickness,
as measured via optical coherence tomography, into a comprehensive
routine assessment would likely better correlate with CST performance.
We also observed weak correlations between CST and PROMs, which
may be explained by inadequate capture of visual impairment in the
PROMs utilized or noise/variability in the CST. Technical factors in
early versions of CST could affect observed correlations, but recent
updates have improved completion rates and data quality.

Manual dexterity, as measured by the 9HPT, has been weakly to
moderately correlated with TV (Rasche et al., 2018), normalized brain
volume (Daams et al., 2015; Rasche et al., 2018), and T2LV
(Daams et al., 2015), consistent with our results. Interestingly, all four
MRI metrics were retained in the linear model for dominant hand MDT
(and three for non-dominant hand MDT) potentially reflective of the
complex pathways involved in motor performance. Compared to CST
and PST, the correlations with PROMs were highest in MDT and WST,
likely indicative of the emphasis of physical disability in the selected
PROMs.

T25FW has been associated with TV (Jakimovski et al., 2018;
Motl et al., 2016; Nourbakhsh et al., 2016), T2LV (Jakimovski et al.,
2018; Motl et al., 2016), and normalized brain volume
(Jakimovski et al., 2018) in MS. A prior longitudinal study demon-
strated that brain volume at baseline predicted changes in T25FW
(Maghzi et al., 2014). Modest correlations were observed with these
previously investigated MRI measures, but only T2LV and CA remained
in the final linear model. Cervical spinal cord area is reported to predict
overall disability as measured by the EDSS and MSFC
(De Angelis, 2018), but one study reported weak correlation between
CA and both MS Walking Scale and T25FW; partial correlation coeffi-
cients were −0.292 and −0.204, respectively, similar to our Spear-
man's rho estimate of −0.25 for WST and CA (Daams et al., 2015).

This analysis utilized four PROMs reflective of mostly physical
disability. PROMs intended to capture certain motor tasks were mod-
erately correlated with their respective NPT. For example, WST had the
strongest correlations with PDDS and Neuro-QoL LE, and both domi-
nant and non-dominant hand MDT had moderate correlations with
Neuro-QoL UE. Neuro-QoL UE and LE overall had moderate correla-
tions with MDT and WST, but correlations were lower for PST and
particularly CST. PROMIS-10 physical health t-score had weak corre-
lations with NPTs, but was included in final models for PST, dominant
hand MDT, and WST.

This study involves one of the largest clinical populations used for
evaluating technology-enabled NPT and PROM capture in conjunction
with quantitative MRI measures. The large sample size enables robust
investigation regarding the associations of interest and establishes the

utility of routinely capturing standardized comprehensive neurological
assessments in a MS clinic population. Our study involves standardized,
objective data collection in a real-world clinical setting, which is an-
other relative strength. The combination of quantitative MRI and clin-
ical data from a real-world clinical population is unique and has not, to
our knowledge, been previously published.” The study also demon-
strates that PROMs, objective neurological testing, and MRI measures
provide additive explanatory value for physical disability in MS, sup-
porting the need for comprehensive assessment. The results indicate
that LE function, UE function, cognition, and vision are significantly
associated with all quantitative MRI measures, but the strongest asso-
ciations vary for each domain. The variation in the significant ex-
planatory variables highlights the unique contribution of each MRI
measure to complex domains of disability in MS. The modest proportion
of variance explained by the final models for each NPT (adjusted R2

values of 0.30 to 0.46) may indicate that there are additional factors not
measured by these NPTs that may contribute to physical disability. It is
also important to note that NPTs, PROMs, and MRI metrics assess only
partially overlapping aspects of MS.

One limitation of the current study is missing data, particularly for
CST. Patients with incomplete data tended to be older with increased
disability compared to those with complete information. Single im-
putation was performed, but did not result in significant alterations in
the results. However, the missingness in these data raises an important
point regarding comprehensive assessments. Fatigue and increased
disability associated with older age and more advanced disease may
impact a patient's ability and stamina to complete extensive testing. In
the case of CST, the lower completion rates could be attributed to
technological aspects of the test related to facial recognition or high
prevalence of visual impairment in our patient population. Moreover,
patients who are more severely disabled may decline participation in
these assessments, resulting in a potential selection bias for this study.
Ongoing development and improvement of technology-based testing
should evaluate usability in different age groups and patients with
varying disability levels.

A second limitation is the cross-sectional design. As a result, tem-
poral and causal relationships of the outcomes cannot be established.
Cross-sectional associations can be informative in this setting, as
learning which measures correlate with each other is of interest on a
neurobiological level, particularly when these observations form the
basis for longitudinal data analysis. Prior studies have demonstrated
that ongoing brain volume loss is associated with worsening disability
(Fisher et al., 2000) and longitudinal studies in this cohort to establish
whether these measures change together over time would be beneficial.
Such information could aid in establishing associations and potential
predictive abilities of these measures for neurological decline.

Overall, these results demonstrate the utility of comprehensive
quantitative assessment of MS disease status to better understand re-
lationships among objectively measured disability, patient self-reported
disability, and structural brain changes in a large clinical population.
This examination of group statistics serves as the basis for future
longitudinal analyses for application at the individual level. Further
work is needed to determine clinically meaningful thresholds within
each measure to aid in clinical decision-making. Comprehensive
quantitative assessment enables clinicians to better detect disease
worsening and determine responses to treatment, allowing more precise
clinical care. Moreover, these data are conducive to completion of
large, robust observational studies, particularly given the increasing
emphasis on real-world data by the scientific community and regulatory
agencies.
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