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Abstract
Working memory (WMem) impairments are a devastating symptom of Multiple Sclerosis (MS) that manifest as distinct profiles depending upon the type of
impairment. It is unknown what WMem impairment profiles occur in early MS and how best to diagnose and measure their progression.
88 participants (63 early relapsing-remitting MS, 25 healthy controls) were reviewed annually for two years (baseline, +1 year, +2 years) and completed five
WMem tasks: oculomotor (OM) n-back-visual spatial sketchpad; digit-span forwards-phonological loop; California Verbal Learning Test (CVLT)-episodic buffer;
digit-span backwards- central executive; symbol digit modalities test (SDMT)-cognitive processing speed.
65% of RRMS patients exhibited visual-spatial WMem impairments followed by 32% for episodic, 30% phonological loop, 24% central executive, 11% cognitive
processing speed. These manifested alone (51%) or in combination (48%), with combined impairments the best marker of general WMem impairment.
Significant progression in visual-spatial impairments was found for 24% of RRMS patients, with the OM n-back maintaining sensitivity to general WMem
impairment and progression. No other WMem subcomponent progressed or task maintained sensitivity.
The results of this study provides crucial knowledge for the creation of interventions to treat WMem impairment in early RRMS, providing key targets for
treatment and endpoints for determining efficacy.

Introduction
Multiple Sclerosis (MS) is a chronic disease of the central nervous system, characterised by an interplay between neurodegenerative and inflammatory
processes. Cognitive impairment is reported in up to 70% of people with MS (pwMS) irrespective of disease subtype 1. Changes to working memory (WMem)
are common, affecting the proficiency with which pwMS maintain and manipulate different types of information in an “active” and accessible format2-4; this
in turn impacts higher cognitive processes associated with goal directed behaviour5. In recent years a focus on developing interventions/rehabilitation
strategies has occurred to varying success6, with success seemingly maximised when the specific impairment is targeted, appropriate measures are selected7,
and intervention occurs early when neural compensatory mechanism are still active8. At present it is unknown how WMem impairments manifest and
progress in early MS (WMem profiles), and which measures are best for diagnosing impairment and detecting change.
A prominent WMem theory by Baddeley and Hitch9,10, posits that WMem consists of four specialised subcomponents that form a widely dispersed
functionally integrated, yet partially segregated (according to subcomponent) neural network11. The phonological loop and visuospatial sketchpad
subcomponents, actively (rehearsal) and passively maintain auditory and visual spatial information, respectively. The episodic buffer subcomponent
represents a storage system that integrates newly acquired information from the visual-spatial sketchpad and/or phonological loop with long-term memory.
Lastly, a central executive subcomponent coordinates the aforementioned subcomponents, controlling the focus of attention in order to maximise the
proficiency of information maintenance and integration with other cognitive processes9,10,12. The capacity of each subcomponent is considered variable both
within and between individuals, a consequence of modifying factors such as genetics, age, gender, intelligence, mood, and, in the case of disease, disease
specific factors such as disease duration and severity13-15. Given, the widespread nature of MS pathology and the heterogeneity observed between pwMS, it is
likely that individual differences in which WMem subcomponent(s) is impaired as well as the combination of subcomponents impaired occurs.
WMem impairments have been reported in pwMS within all subcomponents, although they are most frequently associated with the episodic buffer1,16-19.
However, in early MS, impairments appear to primarily involve the visual spatial sketchpad and phonological loop, with some reports to suggest a sparing of
the executive and episodic buffer20,21. This also appears to be the case for those with a clinically isolated syndrome15,21-23, which is the first clinical
manifestation of MS in approximately 85% of patients20. To our knowledge only a single study has examined different WMem subcomponents impairments
within a single study in pwMS with significant disability (EDSS ~4) and advanced disease duration (~10 years). Results of this study are largely in line with
the aforementioned findings in pwMS, with impairments found for all subcomponents but most severely for the episodic buffer. However, it is unclear from
this work, the frequency with which subcomponent impairments co-occur within patients, whether impairments are present in patients with early disease, and
whether impairments differentially progress once disease modifying and individual factors are considered.
The aim of this study was to assess the different WMem subcomponents in pwMS with early disease (EDSS < 2) to determine (1) the frequency of impairment
within different WMem subcomponents, (2) progression of each subcomponent, and (3) which measures offer the best biomarkers in terms of diagnostic
accuracy and as a measure of progression. It was anticipated that pwMS would exhibit a greater frequency of impairments within the visual spatial sketchpad
and phonological loop relative to controls. Further, that WMem subcomponents would progress at different rates over the study period, with certain measures
offering sensitive biomarkers of impairment.

Methods
Participants
Sixty-three patients, 14 clinically isolated syndrome (CIS), 49 with clinically definite MS (CDMS) diagnosed as early relapsing-remitting MS (RRMS, EDSS ≤ 2),
were included. All CDMS patients were diagnosed based on the McDonald criteria 2017 revision, all CIS patients had an initial neurological event with MRI
abnormality consistent with demyelination. No patient had experienced a clinical event within 60 days prior to testing. Twenty-five healthy control participants
without a history of neurological or psychiatric illness, and normal visual acuity were recruited. Further details can be found in table 1. All participants gave
their informed consent prior to completing the study. All ethical procedures complied with the ethical standards of the relevant institutional committees
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(Melbourne Health Human Research Ethics Committee, 2007.094; Monash University Human Research Ethics Committee, 2017.8068) and the Helsinki
Declaration of 1964 and its later amendments.

Study design
This was a prospective, longitudinal study conducted over a 2 year observational period; baseline, + 1 year, + 2 years. Average times between visits were
baseline to + 1 year (M = 11.35 months SD = 1.73), + 1 year to + 2 years (M = 11.21 months SD = 1.72). Total attrition across the study period was 14.29% (n =
9).

Clinical measures: Modifying factors
Measures of depression (Beck Depression Inventory, BDI), premorbid intelligence (National Adult Reading Test, NART), disability (EDSS) and disease duration
(months since first symptom) were collected at each study visit (intelligence at baseline only) and administered according to standardised instructions (see
below for details). For all except intelligence, higher values indicated worse performance/severity.

Tests of WMem
The following tests were administered according to standardised instructions at each study visit (baseline, + 1 year, + 2 years). For the ocular motor n-back
task, set up and administration was conducted in accordance with the published methodology as outlined in20
Episodic buffer: California Verbal Learning Test (CVLT-II)
The CVLT is a comprehensive measure of verbal memory, with the immediate recall section providing a measure of the episodic buffer subcomponent of
WMem16,18,24.
Phonological loop: digit span forwards
Digit span forwards requires reciting a number sequence in the same order as verbally presented, and provides a measure of the phonological loop18,25.
Central executive: digit span backwards
Digit span backwards requires reciting a number sequence in the reverse order as verbally presented and provides a measure of the central executive18,25.
Visual spatial sketchpad: ocular-motor n-back task
The ocular motor n-back task provides a measure of the visual spatial sketchpad, and requires participants to retain visual and spatial information in order to
inform an eye movement response20,26. Here, we present data that reflect two WMem loads, 0-back, and 1-back, respectively. The measures of interest were
response time of a correct response, and error. Response time (ms) was calculated as the temporal difference between fixation offset and saccade onset
using a velocity criterion of 30o per second, where saccades were initiated >100ms post cue disappearance and ended within 2·5o of the centre of the correct
box. An error was defined as a saccade to an incorrect spatial location, or where no attempt to respond was made. Error rate was calculated for each WMem
load (0-back, 1-back) as a percentage of total trials.
Cognitive processing speed: symbol digit modalities test (SDMT)
The SDMT is a measure of attention, processing speed and spatial WMem, and is considered the gold standard measure of cognitive processing speed in
pwMS 27.

Data analysis
IBM SPSS statistics package version 24 was used for all statistical analyses. Baseline differences between groups in EDSS, disease duration (months since
first symptom), depression, intelligence, and age, were determined by t-tests. Pearson’s chi-square analysis was performed to determine difference in sex and
frequency of WMem subcomponent impairments across groups. Z-scores were calculated to determine subcomponent impairment, where controls
represented the normative population:

, where x = observed value, µ = mean of normative sample, σ = standard deviation of the normative sample. For

the CVLT/SDMT/digit spans a z-score of ≤ -1.5 indicated failure; a z-score of ≥ 1.5 indicated failure on OM n-back.
Diagnostic accuracy for WMem measure was determined for their capacity (at baseline and + 2 years) to discriminate, (1) pwMS from healthy controls, and
(2) individuals with a single subcomponent WMem impairment and (3) a multi-subcomponent WMem impairment (≥ two WMem subcomponents impaired).
Area under the curve (AUC) values found to be significantly above .5 indicated diagnostic accuracy significantly greater than chance.
Change in WMem performance over time for each WMem measure was determined using a mixed linear regression adjusted model. For all models, factors
included time (baseline, + 1 year, and + 2 years) and group (CIS, CDMS). For the OM n-back an additional factor of WMem load (0-back, 1 back) was included.
Fixed effects and interactions were generated for each. A subject-specific random effect was included in all models to account for between-subject
heterogeneity. Covariates explored were age, intelligence (NART), depressive symptomology (BDI), disease duration (months since first symptom(s)), and sex
(male, female). Where theoretically relevant effects/interaction were deemed relevant covariates, these were included as fixed effects. All models were based
on 344 data points for OM n-back and 174 data points for the CVLT, SDMT and digit span.
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Reliable change indices (RCIs) were calculated to determine the proportion of pwMS whose performance had significantly deteriorated (p < .05) between
baseline and + 2 years. Calculation of RCIs was conducted in accordance with the Jacobson-Truax index procedure28:
performance, x2 = + 2 years WMem performance, S diff =

, x1 = baseline WMem

and S E = standard error of measurement. For the CVLT/SDMT/digit spans a RCI score of ≤

-1.5 indicated significant (p < .05) deterioration in performance from baseline; z-score of ≥ 1.5 was used for OM n-back.

Results
Descriptive information for pwMS and healthy controls
CIS and CDMS groups were not significantly different from healthy controls in terms of age, depressive symptomology (BDI), or premorbid intelligence (NART).
Overall, CIS patients were significantly younger than CDMS patients (F(1, 63) = 7.54, p = .008) and had a significantly shorter disease duration (F(1, 44.96) =
28.67, p < .000); EDSS was comparable between CIS and CDMS groups. All participants exhibited visual acuity within the normal range, either corrected or
uncorrected (6/4–6/6). Table 1.
Table 1. Demographic and clinical information for pwMS and healthy controls

Age (years)

Healthy controls
(n=25)

Early MS

M(SD)

Range

M(SD)

Range

M(SD)

Range

M(SD)

Range

38.63

21-65

33.00*

20-46

42.18*

19-66

40.14 (11.60)

19-66

(11.07)
Gender

CIS (n=14)

CDMS (n=49)

(8.38)

Total PwMS
(n=63)

(11.64)

21(3)

-

12(2)

-

45(4)

-

57(6)

-

117.00

110-124

115.29

105-123

115.92

106-125

115.78

105-125

F (M)
NART

(4.23)
BDI

3.95

(5.14)
0-14

(3.29)

6.85

(4.56)
1-18

(5.36)

EDSS

0.00

-

-

12.85**

0-38

(8.19)
0-2

(.00)
Disease duration (months)

6.67

(4.65)

0.00

(11.72)

104.54**
(110.75)

0-38

(7.61)
0-3.5

(1.00)
2-37

6.71

0.00

0-3.5

(1.00)
4-513

83.43

2-513

(104.54)

NART: National Adult Reading Test: BDI: Beck’s Depression Inventory: EDSS: Expanded Disability Severity Scale for EDSS, results are expressed as median (Interquartile range): Disease duration: months since
first symptom(s). Significantly different between MS subgroups at *p<.05 or ** p<.001 significance

Frequency of WMem subcomponent impairments at baseline
Mean and standard deviations for each WMem are presented in Table 2.

Table 2. Baseline WMem subcomponent performance for controls and early MS patients.
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Control

Early RRMS

(n = 25)

CIS (n=14)

Total RRMS
(n=63)

CDMS (n=49)

M (SD)

Failed
n(%)

M (SD)

Failed
n(%)

M (SD)

Failed
n(%)

M (SD)

Failed n
(%)

44.33 (9.68)

1(4.0)

43.21 (14.86)

3(21.42)

41.75 (12.51)

9(18.37)

42.08(12.84)

12(19.05)

68.50 (11.77)

0(0)

61.78 (7.08)

0(0)

63.23 (12.57)

4(8.16)

62.90(11.53)

4(6.35)

12.04 (2.0)

1(4.0)

10.71 (2.09)

2(14.28)

10.93 (2.30)

9(18.37)

10.88(2.24)

11(17.46)

7.75 (2.23)

0(0)

6.78 (1.67)

0(0)

6.78 (1.67)

9(18.37)

6.81(2.11)

9(14.28)

0-back response time

582.76
(119.31)

0(0)

535.10
(114.43)

0(0)

596.01
(139.98)

5(10.20)

582.46(136.26)

5(7.94)

1-back response time

587.85
(135.01)

0(0)

544.50
(114.15)

0(0)

604.79
(175.85)

5(10.20)

591.39(165.26)

5(7.94)

0-back error

7.86 (11.40)

4(16.0)

12.46 (9.98)

1(7.14)

20.62 (22.80)

14(28.57)

18.80(20.86)

15(23.81)

1-back error

14.21 (12.80)

(0)

21.84 (13.93)

3(2.14)

29.91 (23.96)

17(34.69)

28.11(22.29)

20(31.75)

Total failed (n)

Failed (%)

Total failed (n)

Failed (%)

Total failed (n)

Failed (%)

Total failed (n)

Failed (%)

Failed 1 WMem measure

6

20.0

3

24.43

14

28.5

17

26.98

Failed >2 WMem
measures

0

0

3

21.43

17

32.65

20

31.75

Total failed

6

20.0

6

42.86

31

63.27

37

58.73

CVLT
Episodic buffer
SDMT
Cognitive processing
speed
Digit span-Forwards
Phonological loop
Digit span -Backwards
Central executive
OM n-back
Visual-spatial sketchpad

CVLT: California Verbal Learning Test II: SDMT: Symbol Digit Modalities Test: OM: Ocular Motor

PwMS were significantly more likely to have an impairment in at least 1 WMem subcomponent (X2(1, N = 88) = 9.20, p = .002) and a multi sub-component
WMem impairment (X2(1, N = 88) = 9.26, p = .002) than healthy controls.
The majority of pwMS with a WMem impairment had an impairment in the visual-spatial sketchpad (64.86%), followed by the episodic buffer (32.43%),
phonological loop (29.73%), central executive (24.32%), and cognitive processing speed (10.81%). See Fig. 1.
The majority of WMem impaired pwMS had a single WMem subcomponent impairment (51.37%), the most common being an isolated visual-spatial
sketchpad impairment (21%), or an isolated episodic buffer impairment (16%). Further, 40.54% of impaired pwMS had a WMem impairment that included two
subcomponents, the two most common being visual-spatial sketchpad + episodic buffer (11%), or visual-spatial sketchpad + central executive (11%)
impairment. Only 9% of patients had a WMem impairment that included three subcomponents. See Fig. 2.
Diagnostic accuracy of WMem measures at baseline
Diagnostic accuracy for each WMem subcomponent measure was determined for their capacity to discriminate, (1) pwMS from healthy controls, (2) pwMS
with at least 1 WMem impairment from those without, and (3) pwMS with a multi-subcomponent WMem impairment (impairment in ≥ 2 different WMem
subcomponents) for those without.
The OM n-back and digit span forwards demonstrated diagnostic accuracy (significantly greater than chance) for discriminating pwMS from healthy controls
(OM n-back: 1-back error: AUC = .69; 0 – back error: AUC = .68; digit span forwards: AUC = .65).
For discriminating pwMS with a WMem impairment from those without, the OM n-back (1-back error: AUC = .70; 0 – back error: AUC = .64), digit span forwards
(AUC = .68) and CVLT (AUC = .67) demonstrated significant diagnostic accuracy.
In contrast, all WMem measures except for the SDMT and CVLT demonstrated diagnostic accuracy significantly greater than chance for discriminating pwMS
with multi-subcomponent WMem impairment from those without (OM n-back: 1-back error: AUC = .83; 0 – back error: AUC = .72; digit span forwards: AUC = .78;
digit span backwards: AUC = .74).
Change in WMem subcomponent performance over two years (baseline, + 1 year, + 2 years)
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All adjusted means and standard deviations for each WMem measure and clinical covariates at each study visit can be found in Table 3.

Visual-spatial sketchpad: OM n-back
Error
A significant effect of time was found (F(2, 144.90) = 3.41, p = .036), with error rate significantly reducing on average by 6.70% (SE = 3.4) across the three study
visits: 5.10% (SE = 2.89) between baseline and + 1 year, .17% (SE = 2.62) between + 1 year and + 2 years. A time by group interaction (F(2, 143.18) = 3.45, p
= .034) revealed that the significant reduction in error was only present for the CDMS group (df (2, 122.38) = 11.79, p = .000021: baseline - +1 year mean
difference = 13.35 (SE = .42 ), df = 164.63, p = .000015, 95% CI: 6.52, 20.19; baseline - +2 years mean difference = 10.65 (SE = .44), df = 135.04, p = .0001, 95%
CI: 3.83–17.47). Two pwMS (1 CIS, 1 CDMS) showed significant worsening in error rate.
Response time
In addition to the standard covariates, error*RRMS subgroup*time was included to account for the possibility of a speed/accuracy trade-off; the significant
reduction in error rate over time raises the possibility that the increase in response time may be a consequence of patients sacrificing speed (prolonging
response time) to increase accuracy (reducing error rate). A significant effect of time was evident (F(2, 141.32) = 22.73, p = 2.76 x 10− 9), with response time
found to increase on average 188.89 ms (SE = 29.10) across the three study visits; 122.68 ms (SE = 24.59) between baseline and + 1 year, 66.21 ms (SE =
23.37) between + 1 year and + 2 years. A significant subgroup by time interaction was also evident (F(2, 138.18) = 5.59, p = .005), with both CIS (average mean
difference = 291.77 (SE = 39.89), df(2, 149.49) = 14.84, p = .000001) and CDMS ( average mean difference = 86.01 (SE = 5.26), df(2, 128.03) = 8.14, p = .00047)
demonstrating a significant increase in response time; only the CIS group demonstrated a significant increase between each consecutive time point (baseline +1 year mean difference = -161.21 (SE = 42.87), df = 169.72, p = .001, 95% CI: -264.87, -57.56; +1 year - +2 years mean difference = -130.56 (SE = 42.54), df =
106.65, p = .008, 95% CI: -234.07, -27.04), while the CDMS group only demonstrated a significant increase between baseline and + 1 year (mean difference =
-84.16 (SE = 24.59), df = 156.22, p = .002, 95% CI: -143.67 - -24.64). In total, 15 pwMS (23.81%: 5 CIS, 10 CDMS) showed significant slowing of response time.

Table 3. Adjusted averages for WMem measures and clinical covariates across the study visits
WMem: working memory; CVLT: California Verbal Learning Test II: SDMT: Symbol Digit Modalities Test: OM: Ocular Motor: BDI: Beck Depression Inventory: EDSS: Expanded Disability Severity Scale: NART:
National Adult Reading Test (Pre−morbid intelligence). + NART was administered once at baseline with same scored used as a covariate at each study visit

Episodic WMem: CVLT
A significant effect of RRMS subgroup was evident (F(1, 91.11) = 7.48, p = .007) with the CDMS group performing poorer than the CIS group (mean difference
= 43.37 (SE = 14.46), df (1, 95.06) = 9.02, p = .003, 95% CI: 14.50, 72.05). A significant RRMS subgroup by time interaction was found (F(2, 57.79) = 7.43, p
= .001), with the CDMS subgroup alone demonstrating an average of 6.67 (2.64) point improvement over time (df (2, 71.86) = 3.62, p = .032); significant
improvement occurred between baseline and + 2 years only (df = 63.94, p = .037, 95% CI: 13.21, .31). Only one pwMS (CDMS) showed significant reduction in
performance.

Phonological loop: Digit span forwards
No significant effects or interactions were evident. In total 3 pwMS (CDMS) showed significant reduction in performance.

Change in central executive: Digit span (backwards)
No significant effects or interactions were evident. In total 2 patients (CDMS) showed significant reduction in performance.

Cognitive processing speed: SDMT
A significant effect of RRMS subgroup was found F(1, 88.10) = 6.01, p = .016), however, no significant difference between RRMS subgroups were evident. No
other significant effects or interactions were evident. No individual patient was found to have a significant reduction in performance across the study period.
Diagnostic accuracy of each WMem biomarker after repeated administrations
Only the OM n-back maintained diagnostic accuracy for discriminating pwMS from healthy controls (1-back response time: AUC = .71; 0 – back response time:
AUC = .70; 0-back error: AUC = .65) and for discriminating pwMS with multi-subcomponent WMem impairment from those without (1-back error: AUC = .70).

Discussion
The aim of this study was to determine (1) the type(s) of WMem impairments that most frequently occur in early RRMS and whether these more commonly
occur as single or multi-subcomponent impairments, (2) how each of these subcomponents progresses over time, accounting for individual and disease
modifying factors, and (3) what biomarkers provide the best measure of WMem impairment both as a one off assessment and following repeated
administration.

Frequency of WMem subcomponent impairment in early RRMS
WMem impairment was found in over 50% of this early RRMS cohort, with the majority being visual-spatial sketchpad impairments (64.86%), followed by
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Early RRMS

Total RRMS

CIS M (SE)

M (SE)

CDMS M (SE)

Baseline

+1 year

+2 year

Baseline

+1 year

+2 year

Baseline

+1 year

+2 year

n = 14

n = 14

n = 12

n = 49

n = 45

n = 42

n = 63

n = 59

n = 54

CVLT

89.20

79.72

80.63

40.12

42.38

46.97

64.66

61.05

63.80

Episodic
buffer

(15.75)

(14.28)

(12.25)

(1.88)

(2.46)

(1.91)

(7.93)

(7.24)

(6.21)

SDMT

61.64

67.25

71.93

64.04

66.91

67.59

62.84

67.08

69.76

Cognitive
processing
speed

(14.63)

(12.84)

(12.09)

(1.71)

(1.90)

(2.81)

(7.37)

(6.49)

(6.21)

Digit spanForwards

15.65

15.60

16.90

11.19

11.17

11.36

13.42

13.39

14.13

(2.84)

(2.50)

(2.10)

(.34)

(.41)

(.36)

(1.43)

(1.27)

(1.07)

10.21

9.57

10.44

6.97

7.59

7.67

8.59

8.58

9.05

(2.67)

(2.33)

(1.97)

(.34)

(.36)

(.33)

(1.34)

(1.18)

(1.00)

0-back
response
time

100.22

253.59

370.94

595.47

663.44

667.79

347.84

458.52

519.36

(114.36)

(96.43)

(86.03)

(22.41)

(23.73)

(20.40)

(58.26)

(49.48)

(44.09)

1-back
response
time

72.87

241.92

385.69

591.88

692.21

691.58

332.38

467.07

538.63

(112.73)

(95.26)

(80.22)

(28.28)

(20.67)

(16.81)

(58.14)

(48.69)

(41.09)

0-back error

11.13

14.38

7.15

20.96

8.41

9.25

16.05

11.40

8.20

(13.19)

(10.99)

(9.13)

(3.12)

(2.69)

(1.77)

(6.78)

(5.66)

(4.66)

19.39

18.90

17.88

29.48

15.32

19.91

24.44

17.11

18.89

(13.18)

(10.78)

(10.28)

(3.10)

(2.30)

(3.03)

(6.78)

(5.51)

(5.37)

BDI

4.8(1.23)

3.00(1.22)

4.4(1.08)

6.29(1.79)

6.19(1.32)

4.48(.85)

6.71(7.61)

6.95(7.73)

5.88(6.6

EDSS Mdn

0(0)

.3(.20)

.3(.20)

.57(.27)

.67(.28)

.67(.28)

.29(.14)

.48(.24)

.48(.24)

Disease
duration (m)

15.4(6.64)

27.00(6.52)

39.80(5.88)

125.90(30.99)

137.43(31.01)

149.28(30.99)

83.43(104.54)

95.70(106.17)

114.98(

Age

34.8(3.73)

35.80(3.73)

37.00(3.73)

42.48(2.30)

43.43(2.70)

44.38(2.70)

40.14(11.60)

41.64(11.34)

42.94(1

Sex F(M)

12(2)

12(2)

10(2)

45(4)

43(4)

38(4)

57(6)

53(6)

48(6)

WMem
measures

Phonological
loop
Digit spanBackwards
Central
executive
OM n-back
Visualspatial
sketchpad

1-back error

Clinical
covariates

NART+
episodic buffer (32.43%), phonological loop (29.53%), central executive (24.32%), and lastly cognitive processing speed (10.81%). While impairments most
commonly occurred as a single subcomponent impairment (51.37%), 48.64% presented as multi subcomponent impairment; most commonly visual-spatial
sketchpad + episodic buffer, or visual-spatial sketchpad + central executive impairment. Further, pwMS were more likely to have a WMem impairment than
healthy controls, both single and multi-subcomponent, with the presence of a multi-subcomponent impairment providing the highest discriminative power; no
healthy control had a multi-subcomponent impairment.
These results highlight the frequency of WMem impairments in early RRMS. While there was variability in the type of WMem subcomponent impaired, the
visual spatial WMem and episodic memory impairments were most consistently impaired; this is in line with prior research15,20–23,29,30. Further, the number of
patients with WMem impairments as well as the number of WMem subcomponents impaired was higher in those with longer disease duration, a finding that
reflects the broadening of implicated cognitive domains with increasing disease severity1,29−31. Finally, the finding that 1 in 5 of our healthy control showed
impairment on one measure of WMem is important, suggesting that impairment reported in ~ 20% of pwMS might not represent disease related impairment
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but rather normal variation in WMem14. Potentially, the benchmark of a failure of 2 or more different WMem subcomponent measures might represent a better
marker for distinguishing WMem impaired pwMS.

Change in WMem subcomponents over two years in early RRMS
A significant deterioration in performance was only evident for response time on the visual-spatial sketchpad task (OM n-back), with approximately 24% of
pwMS exhibiting a significant increase in response time across the study period, and independent of improved error rate. All other WMem subcomponents
stayed the same or significantly improved (episodic buffer - CVLT), with collectively less than 7% of pwMS found to have worsened. This disparity in findings
might suggest different rates of progression for discrete WMem subcomponents, and/or differences in the sensitivity of the measures used.
The significant increase in response time on the OM n-back reflects a reduction in processing speed associated with the transmission of visual-spatial
information to, and processing within, the visual spatial sketchpad; it does not reflect an inability to maintain and utilise visual-spatial information. Increased
processing speed within the visual-spatial WMem network and the broader ocular motor network that is proposed to mediate its proficiency32,33, is frequently
found in early RRMS with impairment appearing to worsen with time20,31,34−39. Indeed, cognitive processing speed is known to slow over time and
commensurate to markers of disease progression19,40,41. In a study by Huijbregts et al.,42 found that RRMS were more vulnerable on tasks that concurrently
place demands on processing speed and visual-spatial working memory, such as the OM n-back. Interestingly, in our study, we did not see a commensurate
reduction in performance on the SDMT, the proposed gold standard measure27,43 that similarly places demands on visual WMem and processing speed44,45;
indeed all pwMS identified as impaired by the SDMT were also identified by the OM n-back. This is in line with previous studies that have similarly found that
the SDMT’s ability to detect cognitive deterioration within 2–3 years is poor46,47, with performance estimated to decrease by only .22 decrease per year48. This
may represent a combination of practice effects and the sensitivity of the measure to subtle change.
Practice effects are a known issue with repeated neuropsychological assessment, and may manifest as improvement in performance or the absence of
change upon repeated administration49–51. Indeed evidence in pwMS suggests that progression only becomes evident once impairment is greater than the
masking effect of practice42,52. Broadly, practice effects are a consequence of the unavoidable implication of long-term memory that occurs naturally upon
engagement in a task or activity. This engagement may result in long term consolidation of measure specific items due to rehearsal, general test familiarity,
and/or the development and retention of memory devices such as grouping individual pieces of information into larger units (chunking)53; this device is
commonly used on the CVLT (classifying related words into groups: animals, transport, vegetable, furniture)54, and digit span measures (grouping of
individual numbers into large numbers)55. While the OM n-back task was not free from practice effects (i.e. improvement in error rate was seen), this did not
appear to impact the detection of response time slowing. OM assessment is performed using high powered cameras (sample rate of 500 Hz) that necessarily
afford the precision to detect and delineate subtle yet significant incremental increases in response time. Indeed previous work published by our group has
demonstrated that OM assessment consistently detects impairments in early RRMS that are not evident using common neuropsychological measures of
cognitive processing speed used in MS 20,35–37,56,57. Further, and unlike the other working measures used in this study, OM assessment employs a multiple
repeated trial design, likely contributing to the high test-retest reliability found in other studies using healthy populations58–60. In combination these
psychometric properties likely mitigate the impact of practice effects on OM n-back response times, allowing for the detection of significant progression.

Diagnostic accuracy of WMem biomarkers: baseline compared to repeated administrations
At baseline, all measures with the exception of the SDMT, demonstrated similar diagnostic accuracy for distinguishing a pwMS with a WMem impairment.
Further, the OM n-back (visual-spatial sketchpad) and digit span forwards (phonological loop) and backwards (central executive) had diagnostic accuracy
greater than chance for identifying those with multi-subcomponent impairment. However, after repeated administrations only the OM n-back assessment
maintained diagnostic accuracy, detecting pwMS and those with multi-subcomponent WMem impairment; interestingly. As discussed previously, the lack of
diagnostic accuracy of other measures upon repeated administration is likely due to their susceptibility to practice effects. These findings are particularly
important from both a patient management and a research perspective, where serial assessments are required to ensure optimal patient management and
develop targeted interventions. Consequently, the OM n-back might offer a more suitable method as a repeatable diagnostic measure of WMem impairment in
early RRMS.
Limitations
Firstly, uneven numbers of early CDMS and CIS patients were used affecting the interpretation of subgroup differences. Secondly, it needs to be acknowledged
that other WMem subcomponents, namely those ubiquitous subcomponents (central executive and episodic buffer) are likely to be involved in measures of
single WMem subcomponents. Thus impairments attributed to an individual subcomponent may, in some individuals, reflect impairments in these other
functions. Future studies using MRI to determine brain regions activated during task performance would allow further demarcation of WMem subcomponents
impairments in early RRMS.

Concluding remarks
WMem impairments are a frequent symptom of early RRMS manifesting primarily within the visual spatial sketchpad and episodic buffer. While single WMem
subcomponent impairments were the most common, a significant proportion of pwMS presented with impairments within two or more WMem
subcomponents, a benchmark which proved more accurate for distinguishing WMem impaired pwMS from unimpaired individuals and healthy controls.
Importantly, most WMem subcomponents did not progress within the two year study period, with deterioration only evident on visual-spatial WMem
processing speed. While practice effects and differences in the psychometric properties of the measures may be a mitigating factor in this finding, it is also
reasonable to conclude that WMem impairments in general progress gradually in early RRMS, and are only evident when measured concurrently with
processing speed, using more sensitive methodologies. These findings provide important information for the designing of targeted intervention strategies, and
the selection of tests both for screening of impairment in early RRMS and as endpoints in clinical trials.
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Figure 1
Proportion of pwMS impaired on each WMem measure at baseline. Size of circles indicates proportion of pwMS impaired. Degree of overlap between
measures (darker areas) represents the proportion of pwMS who were impaired on more than one WMem subcomponent. Regions: OM n-back (64.86%),
SDMT (10.81%), Digit span (45.95%), CVLT (32.43%). Overlap regions: OM n-back*SDMT (10.81), OM n-back*digit span (27.03%), OM n-back*CVLT (13.51%),
Digit span*SDMT (0%), Digit span*CVLT (5.41%), OM n-back*SDMT*Digit span (5.41%), OM n-back*CVLT*Digit span (2.7%). Percentages expressed as
proportion of total patients impaired: n = 37

Figure 2
Frequency of WMem impairment within each subcomponent. Frequencies are represented in regards to MS subgroups (CIS, CDMS) and number of WMem
subtypes impaired.
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