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Abstract

Working memory (WM) is one of the most affected cognitive domains in multiple sclerosis (MS),
which is mainly studied by the previously established binary model for information storage (slot
model). Recent observations based on the continuous reproduction paradigms showed that
assuming dynamic allocation of WM resources (resource model) instead of the binary hypothesis
will give more accurate predictions in WM assessment. However, they have not been employed in
the field of MS despite their influence in uncovering novel mechanistic insights into the WM
organization. Here, by utilizing two continuous reproduction paradigms, we investigated WM
dysfunction in MS. Also, by applying a computational model, the underlying structure of WM
dysfunction was further explored.

A total of 121 patients with MS (61 relapsing-remitting and 60 secondary progressive) and 73
healthy controls were enrolled in this study. The precision of visual WM was measured using
memory-guided localization (MGL) and n-back paradigms. The classifying performance of these
paradigms in distinguishing different groups was assessed using receiver operating characteristic
analysis. Moreover, the sources of error in information recall were evaluated by computational
modeling on n-back results.

Our findings determined an overall decrease in recall precision and increased recall variability in
MS. While the classifying performance of MGL was better in distinguishing MS subtypes, n-back
paradigms were more accurate in discriminating healthy control from relapsing-remitting MS. The
applied model showed that decreased signal-to-noise ratio and misbinding error were responsible
for WM deficits in these patients.

In conclusion, our results determined the magnitude of WM deficit and demonstrated misbinding
error as an important component of WM dysfunction in MS. The dissociable functions of these
paradigms in classifying MS subtypes provided evidence about the underlying mechanisms of WM

deficits in progressive states of the disease.

Keywords: Binding; Multiple sclerosis; Resource model; Swap error; Working memory
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Introduction

Multiple sclerosis (MS) is a debilitating inflammatory disorder characterized by demyelinating
central nervous system (CNS) plaques creating a progressive neurodegenerative state with
heterogeneous clinical characteristics.!* Impairment in cognitive function is a common clinical
manifestation of MS, which detrimentally affects different aspects of patients’ daily life, from
decreased physical performance and productivity to unemployment.>? One of the frequently
affected domains of cognition in MS is working memory (WM),* which due to its essential role in
several cognitive processes,>® is one of the main areas of MS research.*7-1°

Multiple neuropsychological cognitive paradigms, such as paced auditory serial addition test
(PASAT), n-back, and delayed-match to sample, were developed to investigate different aspects
of WM deficit in MS.*?"13 The basis of these change detection paradigms is the slot model of
WM. In this quantized model, WM is considered as a short-term storage for a limited number of

items, 416

in which the information is stored in a binary format. This assumption created an all-
or-none condition in which only the stored items in these limited slots will be remembered.!*
Nonetheless, recent observations from analog recall paradigms assessing the precision of WM
determined the dynamic allocation of WM resources.!”2° Each stored item in this framework
possesses a fraction of WM storage in which the allocated space changes dynamically between
them.!*172% This concept is the foundation for the resource-based model of WM.

The analog nature of inputs in resource-based model paradigms makes it possible to investigate
the resolution and variability of stored memory.?!*?> Also, measuring the sources of error using
analog cued (connected features) recall paradigms further helped in uncovering the underlying
structure of visual WM system.?!2326 An analog cued recall task is a paradigm in which subjects
need to simultaneously recall an item with its binding feature in a continuous space, hence
requiring encoding the information of connected features in addition to their distinct value (e.g.,
object, location, and object-location binding information).?!-?32* According to the study of Bays et
al., there are three different sources of error for recalling information in visual WM tasks with
connected features.!® They are identified as i: the Gaussian variability in response around the target
value (imprecision due to noisiness), ii: Gaussian variability in response around the non-target
value, i.e., mistakenly reporting feature of other presented items (misbinding or swap error), and

iii: random responses (uniform error).!%23
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87  Studies based on analog-cued recall paradigms unraveled new insights into the sources of recall
88 error in neurodegenerative disorders. It was determined that random guessing and misbinding
89 contribute to the impairment of visual WM in Parkinson’s and Alzheimer’s diseases,
90 respectively.???¢ However, regardless of the huge impact of these study designs on discovery of
91 novel mechanistic insights into the organization of visual WM system, it has not gotten enough
92  attention in the field of MS research.
93  The current study followed our previous study in which the quantity of MS-related visual WM
94  was assessed using the slot model.!? Here we aimed to evaluate recall precision (quality) using the
95 resource model. In this regard, we developed two analog recall paradigms, a memory-guided
96 localization (MGL) and two n-back tasks (1-back and 3-back). Primarily using the simplistic
97  design of MGL, the recall error and precision of visual WM in MS were assessed. Similarly, recall
98 error and precision were evaluated using the two designed n-back paradigms, i.e., the low memory
99 load, 1-back, and high memory load, 3-back conditions, respectively. Moreover, the classifying
100  performance of these paradigms in distinguishing different groups was assessed. Finally, using the
101  probabilistic model of Bays, Catalao & Husain,'® the sources of recall error in n-back paradigms
102  were further investigated. In both MGL and n-back (low and high memory load conditions)
103  paradigms, recall error and precision were impaired in MS. The dissociable function of these
104  paradigms in classifying MS subtypes (relapsing-remitting and secondary progressive) gave some
105 clues about the underlying structure of WM deficit in progressive states of the disease.
106  Investigation into the sources of error in a high memory load condition revealed that recall fidelity

107  and misbinding, and not random guessing, contribute to visual WM dysfunction in MS.

108  Results

109 In the memory-guided localization (MGL) paradigm, 45 patients (19 relapsing-remitting MS,
110 RRMS, and 26 secondary progressive MS, SPMS) and 24 healthy controls participated. The mean
111  data of five participants (one healthy control, three RRMS, and one SPMS) were excluded from
112 further analysis as mentioned in the Method. In the 3-back paradigm, from a total of 76 patients
113 (42 RRMS and 34 SPMS) and 49 healthy control who participated, three healthy control, three
114 RRMS, and two SPMS were excluded. The demographic and clinical data of participants were
115  summarized in Tables 1A and 1B.
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116 Recall Error in Multiple Sclerosis

117  In the MGL paradigm, using a mixed-model analysis of variance (ANOVA), we evaluated recall
118  error as a function of distance. Recall error was significantly different between groups [F(2,61) =
119  14.57, P <107] and distance ([F(2,61) = 85.03, P < 10'%*], Fig. 2A). A significant interaction was
120  also observed between groups and distance [F(4,61) = 7.24, P < 10*]. Tukey post hoc test
121  determined that recall error was significantly higher in SPMS [1.86° + 0.92° visual degree]
122 compared to healthy control [0.97 + 0.26, P < 10%] and RRMS [1.09 + 0.27, P < 1073]. No
123 significant difference was detected between RRMS and healthy control [P = 0.83]. Similarly, recall
124  error as a function of delay interval was also evaluated. Recall error was significantly different
125  between delay intervals ([F(4,61) = 18.89, P < 107'?], Fig. 2D). No significant interaction was
126  observed between groups and delay intervals [F(8,61) = 0.69, P =0.70].

127  While reaction time (RT) was significantly different between groups [F(2,61) = 26.44, P < 10%]
128  and distance ([F(2,61) = 25.94, P < 10°], Fig. 2C), it was not significantly different between delay
129 intervals ([F(4,61) = 0.97, P = 0.43], Fig. 2F). No significant interaction was observed between
130  groups and distance [F(4,61) = 2.06, P = 0.09] or groups and delay intervals [F(8,61) = 0.86, P =
131  0.55]. The statistical results of RT were summarized in Supplementary Table 1A.

132 Recall error was evaluated for n-back paradigm using the same method. In the 'high memory load'
133 condition (i.e., 3-back paradigm), recall error was significantly different between groups [F(2,114)
134  =28.18, P < 10°] and bar order ([F(2,114) =48.74, P < 10"'"], Fig. 2G). No significant interaction
135  was observed between them [F(4,114) = 1.21, P = 0.31]. Tukey post hoc test showed that recall
136  error was significantly higher in RRMS [0.68 £ 0.20 radian] and SPMS [0.76 + 0.17] compared to
137  healthy control [0.48 + 0.16, P < 107, P < 108, respectively]. However, no significant difference
138  was detected between RRMS and SPMS groups [P = 0.14]. After adjusting for gender, age, and
139  education (they were significantly different between groups), the groups’ effect on recall error
140 remained significant (Supplementary Table 2A). Moreover, while RT was also significantly
141  different between groups [F(2,114) =12.95, P < 10~°] and bar order ([F(2,114) =5.92, P <0.004],
142 Fig. 2I), no significant interaction was observed between groups and bar order [F(4,114) = 0.16,
143 P =0.96]. The statistical results of RT were summarized in Supplementary Table 1B.

144  In the 'low memory load' condition (i.e., 1-back paradigm), recall error was significantly different
145  between groups ([F(2,114) = 36.85, P < 107'?], Fig. 2G). Tukey post hoc test showed that recall
146  error was significantly higher in RRMS [0.33 £ 0.12 radian] and SPMS [0.43 + 0.12] compared to


https://doi.org/10.1101/2023.02.20.529229
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.20.529229; this version posted February 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

147  healthy control [0.22 £ 0.08, P < 104, P < 108, respectively]. We also observed a significant
148  difference between RRMS and SPMS [p < 1073]. After adjusting for gender, age, and education,
149  the group effect on recall error remained significant (Supplementary Table 2B). Correspondingly,
150  RT differed significantly between groups ([F(2,114) = 12.59, P < 10#], Fig. 2I). The statistical

151  results of RT were summarized in Supplementary Table 1B.

152 Recall Precision in Multiple Sclerosis

153  In the MGL paradigm, recall precision was also significantly different between groups [F(2,61) =
154  13.74, P < 10™] and distance ([F(2,61) = 23.39, P <10%], Fig. 2B). No significant interaction was
155  observed between groups and distance [F(4,61) = 0.91, P = 0.46]. Post hoc analysis determined
156  recall precision was significantly lower in SPMS [0.87 & 0.52 /°] than in both RRMS [1.32 +0.51,
157 P < 0.039] and healthy control [1.70 + 0.60, P < 107]. Recall precision was not significantly
158 different between RRMS and healthy control [P = 0.08]. We also determined the effects of delay
159 intervals on recall precision. In this analysis, groups [F(2,61) = 14.57, P < 10°%], delay intervals
160 [F(4,61) = 7.30, P < 10, and their interaction [F(8,61) = 2.44. P < 0.02] had significant effects
161  onrecall precision (Fig. 2E). Post hoc analysis showed the same pattern of result [SPMS = 0.84 +
162  0.47 /°; RRMS = 1.39 + 0.46; healthy = 1.63 + 0.61; SPMS vs. RRMS: P < 0.005; SPMS vs.
163  healthy: P < 105, RRMS vs. healthy: P = 0.34]. Similarly, in the 'high memory load' condition,
164  recall precision was significantly different between groups ([F(2,114) =25.23, P < 10”], Fig. 2H)
165  and bar order [F(2,114) = 20.70, P < 10'%]. However, no significant interaction was observed
166  between them [F(4,114) = 1.84, P = 0.12]. Besides, while in post hoc analysis, recall precision
167  was significantly higher in healthy control [2.39 + 0.78 /radian] than in both RRMS [1.68 + 0.50,
168 P < 10°] and SPMS patients [1.52 + 0.31, P < 1077], no difference was observed between RRMS
169 and SPMS participants [P = 0.49]. After adjusting for gender, age, and education, the effect of
170  groups on recall precision remained significant (Supplementary Table 2A).

171  Accordingly, the 'low memory load' condition showed the same pattern. Recall precision
172  significantly differed between groups ([F(2,114) = 25.48, P < 10°], Fig. 2H). Post hoc analysis
173  determined that recall precision was significantly higher in healthy control [6.10 + 2.41 /radian]
174  than in RRMS [4.16 + 1.98, P < 10#] and SPMS [2.95 £ 1.05, P < 10"%]. Moreover, there was a
175  significant difference between RRMS and SPMS [P < 0.031], which after adjusting for gender,
176  age, and education, remained significant (Supplementary Table 2B).
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177 Recall Variability and the Sources of Recall Error in Multiple
178 Sclerosis

179  To further investigate the underlying mechanisms of WM impairment in MS, the variability of
180 recall error and sources of this error were assessed. In this regard, the recorded data from n-back
181  paradigms was fitted to a probabilistic model developed by Bays et al.!® In line with the results of
182  recall error and precision, for the 'high memory load' condition, recall variability was significantly
183  different between groups [F(2,114) =26.79, P < 10”°] and bar order ([F(2,114) = 14.95, P < 107%],
184  Fig. 3A). At the same time, they had no significant interaction [F(4,114) = 1.19, P =0.31]. Recall
185  variability was lower in healthy control [0.51 + 0.12] than both RRMS [0.69 + 0.20, P < 10] and
186  SPMS [0.76 + 0.15, P < 10®]. There was no difference between RRMS and SPMS in recall
187  wvariability [P = 0.16]. In the 'low memory load' condition, recall variability was affected by groups
188  ([F(2,114)=33.07, P <10!"], Fig. 3A). Again, recall variability was lower in healthy control [0.25
189 £ 0.10] than both RRMS [0.38 £ 0.14, P < 103] and SPMS [0.47 £ 0.12, P < 10®]. There was a
190  significant difference between RRMS and SPMS in recall variability [P < 0.02]. After adjusting
191  for gender, age, and education, the groups’ effect on recall variability remained significant in both
192  high and low memory load conditions (Supplementary Table 2A and 2B).

193  According to the study by Bays et al.,!8 there are three sources of error for recalling the feature
194  value in visual WM paradigms with connected features (color and orientation in our designed n-
195  back paradigm). The sources of these errors were defined as Gaussian variability in response value
196  around the i: target (recall fidelity, Fig. 3B) and ii: non-target values (misbinding error, Fig. 3C)
197  and iii: random responses (uniform error, Fig. 3D). In the 'high memory load' condition, recall
198 fidelity was significantly different between groups [F(2,114) = 11.04, P < 10*] and bar order
199  ([F(2,114)=9.10, P = < 10, Fig. 3B). No significant interaction was observed between groups
200 and bar order [F(4,114) = 0.43, P = 0.78]. Recall fidelity was higher in healthy control [0.88 +
201  0.11] than both RRMS [0.79 £ 0.12, P < 0.003] and SPMS [0.76 + 0.14, P < 10*#]. There was no
202  difference in recall fidelity between RRMS and SPMS groups [P = 0.54]. After adjusting for
203  gender, age, and years of education, the effect of groups on recall fidelity remained significant
204  (Supplementary Table 2A). Moreover, to further evaluate the effect of orientation on results, the
205 nearest neighbor analysis was performed. Removing the effect of the binding process allowed us

206  to assess the isolated effect of orientation. The findings from the nearest neighbor analysis showed
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207  asimilar pattern of results (Supplementary Fig.1). The isolated effect of orientation was significant
208  between groups [F(2,114) =29.26, P < 10'°] among different bar order [F(2,114) =7.07, P= <
209  1072]. No significant interaction was observed between group and bar orders [F(4,114) = 0.58, P =
210  0.67]. After adjusting for gender, age, and education, the results of nearest neighbor analysis
211  remained significant (Supplementary Table 2A).

212 In the 'low memory load' condition, groups significantly affected recall fidelity ([F(2,114) =3.11,
213 P <0.049], Fig. 3B). While recall fidelity of healthy control [0.98 + 0.03] was significantly higher
214 than SPMS patients [0.94 £+ 0.09, P < 0.04], after adjusting for gender, age, and years of education,
215  this effect became insignificant (Supplementary Table 2B). In addition, recall fidelity was not
216  significantly differed in healthy vs. RRMS [0.96 = 0.08, P = 0.48] and RRMS vs. SPMS
217  comparisons [P = 0.37].

218  Inline with the above findings, binding process was also affected in MS. In the 'high memory load'
219  condition, misbinding error was significantly different between groups [F(2,114) = 7.11, P <
220  0.002] and bar order ([F(2,114) = 31.05, P = < 10''!], Fig. 3C). No significant interaction was
221  observed between groups and bar order [F(4,114) = 1.45, P = 0.22]. The misbinding error was
222 lower in healthy control [0.07 + 0.06] than in both RRMS [0.11 £+ 0.09, P < 0.05] and SPMS
223 patients [0.14 + 0.09, P <0.002]. There was no difference in misbinding error between RRMS and
224 SPMS [P = 0.41]. After adjusting for gender, age, and years of education, the groups’ effect on
225  misbinding error remained significant (Supplementary Table 2A). Moreover, while in the 'high
226  memory load' condition, the uniform error, i.e., random guessing, was different between groups
227  ([F(2,114) = 5.50, P < 0.006], Fig. 3D), no such differences were observed between bar orders
228  [F(2,114) =0.81, P = 0.45) or the interaction between them [F(4,114) = 0.18, P = 0.95]. Post hoc
229  analysis revealed that uniform error was lower in healthy control [0.05 + 0.08] than both RRMS
230 [0.09 = 0.08, P < 0.03] and SPMS [0.10 + 0.08, P < 0.02]. Moreover, there was no difference in
231  uniform error between RRMS and SPMS groups [p = 0.95]. Additionally, although after adjusting
232 for gender, the effect of groups on uniform error remained significant, adding age and years of
233 education made this effect insignificant (Supplementary Table 2A). The result of a uniform error
234 in the 'low memory load' condition is mathematically the same as recall fidelity (uniform error =
235 1 -recall fidelity, since there was no misbinding error in the 1-back condition).

236
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237 Dissociable Function of MGL and n-back Paradigms

238  The classifying ability of MGL and n-back paradigms in differentiating healthy control from MS
239  patients was assessed by receiver operating characteristic (ROC) analysis (Fig. 4A-C). The
240  accuracy of MGL, 3-back, and 1-back paradigms in differentiating MS patients from healthy
241  participants was 80% (Fig. 4A), 83.4% (Fig. 4B), and 86.2% (Fig. 4C), respectively. A closer look
242 at Fig. 2A, 2D, and 2G suggested that these paradigms differentiate MS and healthy control with
243  distinct patterns. Hence, we separately applied ROC analysis to healthy control vs. RRMS, healthy
244 control vs. SPMS, and RRMS vs. SPMS for MGL (Fig. 4D), 3-back (Fig. 4E), and 1-back (Fig.
245  4F) paradigms. While the MGL paradigm had good accuracy in differentiating SPMS from healthy
246  control [90.1%] and SPMS from RRMS [84.7%], it had poor ability in distinguishing healthy
247  control from RRMS ([64.1%], Fig. 4D). Accordingly, although the 3-back paradigm also had good
248  accuracy in differentiating healthy control from SPMS [88.4%] and better results (compared to
249  MGL) in discriminating healthy control from RRMS [79.3%], it did a poor job in discriminating
250  MS subtypes ([62%], Fig. 4E). Complementary to the above findings, the 1-back paradigm showed
251  an in-between pattern of results. The 1-back paradigm accurately discriminates healthy control
252 from SPMS [94.4%], while it also had good performance in differentiating healthy control from
253  RRMS [79.6%]. However, compared to MGL, it had a weaker ability to discriminate MS subtypes
254 ([72.3%], Figure 4F).

255  Discussion

256  In the present study, we investigated the visual working memory (WM) deficits in MS using two
257  continuous reproduction paradigms, memory-guided localization (MGL) and n-back. Our results
258  align with the previous reports regarding WM deficit in MS.*!9-13 Complementary to these reports,
259  which envisaged a binary model for storing information (slot-based model), we assessed precision
260 and variability in WM using analog reproduction paradigms (resource-based model). Also, by
261  utilizing the unique design of our n-back paradigm, which could assess the sources of error in
262  information recall, we introduced new mechanistic insight into the visual WM dysfunction in MS.
263  Although the results from both MGL and n-back paradigms showed an overall decrease in recall
264  precision and increased recall error in MS, the post hoc analysis demonstrated inconsistent results.

265  In the MGL paradigm, while SPMS patients performed worse than other groups, no significant
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266  difference was observed between healthy control and RRMS. This result contrasted with the 3-
267  back paradigm (high memory load condition) in which MS subtypes (RRMS vs. SPMS) were not
268  significantly different, and healthy control performed better than RRMS and SPMS. The situation
269  also varied for the 1-back paradigm in which all three groups performed with different levels of
270  precision. ROC analysis further confirmed these results, which determined a dissociation between
271  the classifying performance of MGL and n-back paradigms. Moreover, although the low memory
272 load condition was better than the high memory load condition in distinguishing MS subtypes, its
273 classifying performance was not as well as the MGL paradigm. It seems that these paradigms
274  evaluated distinct aspects of WM dysfunction in MS.

275  The dissociable function of our paradigms could arise from using different types of stimuli
276  (location in MGL vs. orientation in n-back) in which spatial WM was assessed in the MGL
277  paradigm. As the spatial WM process was associated with the function of the hippocampus,?’ the
278  observed difference could indicate more hippocampal disruption in SPMS. This finding is in line
279  with previous studies that showed more hippocampal regional loss®® and increased hippocampus
280  neuroinflammatory activity in SPMS compared to RRMS,?° suggesting that examination of the
281  spatial WM could be a specific marker for disorganization of the WM system in SPMS.

282  Another explanation is the long delay intervals in MGL, which assessed the maintenance of
283  information. Therefore, the observed difference could be due to additional impairment of SPMS
284  patients in keeping that information. This is in line with our previous study, which showed that
285  change detection paradigms with long delay intervals were promising in differentiating multiple
286  sclerosis subtypes.!? At the same time, one may debate that this difference was related to the longer
287  stimulus presentation time in the MGL paradigm (1000ms vs. 500ms in -n-back). However, since
288  the stimulus presentation time was adequate in n-back and the stimuli were presented sequentially,
289 it did not seem that the inadequate time for encoding information was responsible for this
290  difference.?!> Moreover, the different patterns of eye movement could also affect the results.
291 However, due to the centrality and small size of stimuli in n-back (2.57°), which did not require
292  eye movement, and the similar patterns of results for distance and delay conditions in the MGL
293  paradigm in which the effect of distance was removed in delay condition analysis (each distance
294  was uniformly distributed for each delay interval), it seems less likely that the distinct patterns of

295  eye movement were responsible for this difference.
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296  Additionally, one may argue that the observed dissociation could be due to the extra binding
297  process needed in the 3-back paradigm. However, the results from the low memory load condition
298  and our findings from the 3-back nearest-neighbor analysis, which provided a proxy to assess the
299  isolated effect of orientation, demonstrated a similar pattern of dissociation in the absence of a
300 binding effect. Based on these findings, we concluded that the binding process was not responsible
301 for the observed dissociation. Yet, since the evaluated binding process was an intra-term
302  association (i.e., conjunctive binding), we could not be assured that the same results would be
303 reached for an inter-term association (i.e., relational binding).>° This issue becomes more
304 interesting when we realize that the relational binding function is mainly centered on the
305  hippocampus,®*3? the structure we presumed was responsible for the observed dissociation in the
306 MGL paradigm.

307  Finally, due to the diffuse pattern of involved brain areas in MS and evidence demonstrating that
308  brain networks accounted for different WM processes, it is reasonable to assume that distinct WM-
309 related networks, instead of a single region, were responsible for the observed dissociable
310  patterns. 4253133

311  To further assess the underlying structure of visual WM dysfunction, we applied a probabilistic
312  model to uncover the sources of recall error in the n-back paradigm. Our finding from the 3-back
313  paradigm showed that in addition to error due to noisiness, the inability to bind objects’
314  information properly was affected in MS. This failure to bind information was seen in various

315  neurological disorders, including different types of Alzheimer’s disease,?326-34-33

epileptic patients
316  with temporal lobe lobectomy,*® and voltage-gated potassium channel complex antibody (VGKC-
317  Ab) limbic encephalitis.’” Based on the assessed type of binding process, these studies proposed
318 impairment of hippocampal and medial temporal lobe regions in relational and occipital-parietal
319  regions in conjunctive-based paradigms.?*263437 Accordingly, our finding was in line with the
320 studies that showed common patterns of involvement between brain areas associated with
321  conjunctive processing and WM-affected regions in MS (i.e., superior and inferior parietal
322 lobule).**® Additionally, based on the evidence showing the involvement of hippocampal regions
323  in MS,?%3% we also expect to see relational binding impairment; however, the current study design
324  did not allow us to evaluate this condition. Eventually, the insignificant results from the low

325 memory load condition suggested more impairment in visual WM under high memory load

326  situations, which was not unexpected.
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327  Despite all these findings, our study had some limitations. The current study only assessed WM
328  dysfunction using behavioral paradigms. Further structural and functional evaluations should be
329  performed to confirm our suggested brain areas associated with conjunctive binding and spatial
330 WM in MS. Simultaneous assessment of brain networks using fMRI and EEG or volumetric
331 studies alongside behavioral paradigms could address this issue. Furthermore, although we
332  hypothesized that relational binding could be a specific marker for the progressive state of the
333  disease based on the more disruption of hippocampal-related areas in SPMS, the current study
334  design did not allow us to evaluate this assumption. Future studies aiming to assess the source of
335 WM deficit regarding relational binding could address this issue. Finally, considering the aim of
336 this study, i.e., developing a practical apparatus for WM assessment in clinical settings, we did not
337  use an eye tracker. Although, due to the reasons mentioned earlier, it was unlikely that impaired
338 eye movement influenced the results, considering the possibility of eye movement dysfunction in
339 MS,'? this effect could not be excluded. Hence, further investigation with an eye tracker is
340 necessary to confirm this issue.

341 In summary, using different analog recall paradigms, we demonstrated that recall precision and
342  variability were impaired in multiple sclerosis. We provided some evidence regarding the
343  progressive state of the disease by evaluating the underlying mechanisms related to the dissociable
344  behavior of these paradigms. Furthermore, by applying a computational model capable of
345  evaluating the sources of WM dysfunction, we elucidated that decreasing signal-to-noise ratio and
346  patients’ difficulty in associating distinct features together were responsible for WM deficit in MS.
347  In conclusion, this study provided a sensitive measure for assessing WM impairment and gave

348 new insight into the organization of WM dysfunction in MS.

349 Materials and methods

350 1. Participants

351 A total of 121 patients with confirmed MS (61 RRMS, and 60 SPMS), based on the 2017
352 McDonald criteria,*’ and 73 healthy control volunteers participated in this study. Participants were
353  recruited from the Comprehensive Multiple Sclerosis Clinic, Kashani Hospital, Isfahan, between

354  February 2021 and January 2022. The patients’ ages were from 18 to 55 years old, were diagnosed
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355  between 1-18 years before entering the study, and had an expanded disability status scale (EDSS)
356  score of 0-6.5. They had no history of clinical relapse or corticosteroid therapy within 2 months
357  before entering the study. The control group ages were 21-59 years old and did not have a family
358  history of MS in their first-degree relatives. Participants had no history of major neurologic or
359  psychiatric disorders or drug and alcohol abuse. They had normal or corrected-to-normal visual
360 acuity, color vision, and normal performance in the Nine-Hole Peg Test (9-HPT, < 45 seconds).
361  Written informed consent was taken from all participants before the start of the study. This study
362 followed the latest update of the Declaration of Helsinki*! and was approved by the Iranian national

363  committee of ethics in biomedical research (Approval ID: IRRMULMED.REC.1400.441).

364 2. Visual working memory paradigms

365  Visual WM was assessed using two analog recall paradigms, memory-guided localization (MGL)
366  and n-back. Stimuli were presented on a 15" cathode ray tube (CRT, 75Hz refresh rate) monitor at
367 adistancing view of 48cm. The paradigms were run in a dimly lit room on a computer with a Linux
368 operating system and MATLAB software (MATLAB 2019a, The MathWorks, Inc., Natick,
369  Massachusetts, USA) with Psychtoolbox 3 extension.**#

370  2.1. Memory-guided localization

371  Each trial was initiated by presenting a central fixation point (diameter of 0.51°) for 2 seconds (s),
372 followed by the presentation of a target (a filled green circle with a diameter of 1.29°) for 1s. The
373  target randomly appeared at different eccentricities (3.22°, 6.44°, or 9.66°) on each trial. In each
374  block, targets were presented with equal probability at each eccentricity in random order (pseudo-
375 random selection). While encouraging participants to maintain fixation on the central fixation
376  point, participants were asked to memorize the location of the target circle for a delay period of
377 0.5, 1, 2, 4, or 8s (chosen pseudo-randomly). After the delay period, the fixation point changed
378 from a circle to a cross, indicating the end of the delay period. Participants were asked to locate
379  the target’s position using the computer mouse and confirm their response by pressing the left
380 button on the mouse. Subsequently, visual feedback was presented, showing them the correct
381  position of the target and their response (Fig. 1A). Participants completed six blocks of 30 trials.
382  They also completed a 10-trial training block before the start of the study. Recall error, Euclidian
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383  distance between the target’s location and subject response in visual degree, and reaction RT were

384  recorded for further assessment.

385  2.2. n-back

386  Two designs of n-back paradigms, i.e., the low memory load condition (1-back) and high memory
387 load condition (3-back), were developed to evaluate the visual WM deficit in MS. In the 'high
388 memory load' condition, each trial started with a small central fixation point (0.26°) for 2s,
389 followed by a sequence of three distinguishable colored bars (red, green, and blue) at the center of
390 the screen in a pseudo-random order. Each bar (2.57° by 0.19°) was presented for 500ms, followed
391 by a 500ms blank interval. The minimum angular difference between the consecutively presented
392  bars was 10 degrees. Participants were asked to memorize both the orientation and color of the
393  presented bars. After the bars were presented, a single bar, the “probe bar”, with the color of one
394  of the presented bars was displayed. Participants were asked to adjust the orientation of the probe
395  bar, presented vertically, to match to the orientation of the bar with the same color (target bar). To
396 do that, they used a computer mouse and confirmed their response by clicking the right button.
397 They received visual feedback, which showed the correct orientation of the target bar, their
398 response, and the difference between them in angular degree (Fig. 1B). High memory load
399  condition consisted of six blocks, each with 30 trials. The 'low memory load' condition had the
400 same structure as the high memory load condition except for presenting one bar instead of three
401  (I-back instead of 3-back, Fig. 1C). After the high memory load condition, subjects participated
402  in 30 trials of the low memory load condition. Due to the 1-back design of low memory load
403  condition, the misbinding error was not present, so fewer trials were needed.?! Before starting the
404  paradigm, they also participated in a 10-trial training block with the same structure as the low
405 memory load condition. The orientation of presented bars, subject’s response, recall error (angular

406  difference between the target value and response), and RT were recorded.

407 3. Statistical analysis

408  Statistical analyses were conducted using IBM SPSS Statistics for Mac, version 26 (IBM Corp.,
409  Armonk, N.Y., USA). The values were reported as mean + standard deviation (SD). Data with

410  extreme outliers (values greater than 3rd quartile + 3xinterquartile range or less than 1st quartile —
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411  3xinterquartile range) in MGL and 3-back were excluded from further analysis. The level of
412  significance was set at p-value < 0.05.

413  Clinical and demographic profiles of the participants were compared using one-way ANOVA or
414  Kruskal-Wallis H test (three groups comparison), independent sample t-test or Mann-Whitney U
415  test (two groups comparison), and Chi-squared test (gender comparison). The post hoc Tukey’s
416  and Dunn’s multiple comparison tests were performed following the significant results of ANOVA
417  and Kruskal-Wallis H test. Also, Bonferroni correction for multiple tests was performed following
418  Dunn’s post hoc analysis, and the adjusted p-value was reported.

419  For the MGL paradigm, recall error, recall precision (defined as the reciprocal of the standard
420  deviation of recall error), and RT were compared between groups (Healthy, RRMS, and SPMS)
421 among different conditions (distance or delay, mixed model ANOVA, between- and within-
422  subjects comparisons). For the n-back paradigm, since the data was in a circular space, based on
423  the method proposed by Fisher (1993),** we used analog report MATLAB toolbox of Bays Lab
424  (https://www.paulbays.com/toolbox/) to calculate circular mean of recall error and recall precision
425  (defined as reciprocal of the circular standard deviation of recall error). For both high and low
426  memory load conditions (3-back and 1-back), recall error, recall precision, and RT were compared
427  between groups with respect to the order of presented bars (mixed model and one-way ANOVA).
428  To further investigate the sources of error and uncover the involved mechanisms in visual WM
429  impairment, the Mixture Model (https://www.paulbays.com/toolbox/), a probabilistic model
430  developed before,'®?* was utilized. The Mixture Model considers three possible sources for
431  information recall. They are defined as the Gaussian variability in reporting the target and non-
432  target values and random responses.'®2° In our study, they referred to reporting the orientation of
433  the target bar (recall fidelity), misreporting the orientation of the other two non-target bars instead
434  of the target bar (misbinding error), and random guessing (uniform error). By utilizing the Mixture
435  Model, the probabilities of target, non-target, and random responses and the concentration score
436  ofthe Von Mises distribution were calculated for each subject. The sources of error were evaluated
437 by comparing the probability of target, non-target, and random responses between groups among
438  different bar orders (mixed model ANOVA). Also, recall variability, defined as the circular
439  standard deviation of the concentration score of von Mises distribution, was assessed using the
440 same method. Moreover, to further evaluate the effect of the binding process and the isolated effect

441  of orientation, nearest neighbor analysis was performed.’” In this set of analyses, we removed the
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442  binding effect by defining recall error as the difference between the subject response and the
443  nearest presented bar in each trial. The isolated effect of orientation was assessed between groups
444  among different bar orders (mixed model ANOVA). Finally, due to the 1-back design of the low
445 memory load condition, the misbinding error was not present; hence only the recall fidelity,
446  uniform error, and recall variability were compared.

447  For each comparison, hierarchical regression analyses were performed to evaluate the possible
448  confounding effect of demographic variables (significantly different between groups) on results.
449  Finally, the dissociable function of n-back and MGL paradigms in distinguishing healthy control
450 from MS patients, healthy control from MS subtypes, and MS subtypes from each other was
451  assessed by performing ROC analysis. The AUC was considered as the classifying accuracy.

452

453 Data availability

454  Anonymized data will be available upon request from corresponding authors. The corresponding
455  authors will consider the request against the data-sharing policy in the protocol and ethical
456  approval of the study.

457

a5 Code availability

459 The source codes for the analog report MATLAB toolbox are available at
460  https://www.paulbays.com/toolbox/.
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615  Figure 1. Schematic design of visual working memory (WM) paradigms. (A) In the memory-
616  guided localization (MGL) paradigm, participants were asked to memorize and then localize the
617  position of the target circle following a random delay interval of 0.5, 1, 2, 4, or 8 seconds.

618  Following their response, visual feedback was presented. (B) In the 3-back paradigm (high

619 memory load condition), a sequence of three colored bars was presented consecutively.

620 Participants were asked to match the orientation of the probe bar to the previously presented bar
621  with the same color. Visual feedback was displayed following their response. (C) The 1-back
622  paradigm (low memory load condition) has the same structure as 3-back except for presenting
623  one bar instead of three.

624

625

626

627

628

629

21


https://doi.org/10.1101/2023.02.20.529229
http://creativecommons.org/licenses/by-nc/4.0/

630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660

available under aCC-BY-NC 4.0 International license.

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.20.529229; this version posted February 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

Recall error Recall precision Reaction time
MGL paradigm Healthy
RRMS
A B C SPMS
3 _. 24 4
@)
— Q22
5 2.5 g 2 3.5
5~ > °
S % 1.8 @ 3
] 2
E 2 § 1.6 .g
= = 14 =25
= S c
5 15 2 12 2
) © g 2
= o 1 o}
3 4 2 s T
o] 15
o 8 06
g0
0501 L L 0.4 1
3.22 6.44 9.66 3.22 6.44 9.66 3.22 6.44 9.66
Eccentricity (visual degree) Eccentricity (visual degree) Eccentricity (visual degree)
D E F
2.4 F— .22 3.4
[]
o
& 22f 2 3.2
o ] 3
g7 3 2
T 18} 3 8 2.8
E g 16 © 26
2 16¢ s £
= ‘E 1.4 E 24
| 212 g 22
s 12} o 3
= g 8 2
g 1 2 T 18
o ggf § 0.8 1.6
06 1 1 1 1 1 I 06 1 1 1 1 1 14
0.5 1 2 4 8 05 1 2 4 8 0.5 2 4 8
Delay time (sec) Delay time (sec) Delay time (sec)
n-back paradigm
G H |
0.9 6.5 5
0.8 = 8
_ 8 55 45
& o7 2 s ]
S = L 4
< 06 c 45 g
s 2 4 =35
G 05 2 35 S
5 s §3
9 04 = 3 3
o 8 25 «
o) 25
0.3 T 2
0.2 15 o La . . :
1 2 3 1-back 1 2 3 1-back 1 2 3 1-back
Bar order Bar order Bar order

Figure 2. Recall error and precision of healthy control and multiple sclerosis (MS) subtypes

(relapsing-remitting, RRMS and secondary progressive, SPMS) in visual WM paradigms.

(A) Recall error, (B) recall precision, (C) and reaction time as a function of distance for MGL

paradigm. (D, E, and F) The same as a function of delay interval. (G) Recall error and (H)

precision and (I) reaction time as a function of bar order in 3-back paradigm (left) and 1-back

paradigm (right). Data are represented as mean = SEM.
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Figure 3. The sources of recall error in high and low memory load conditions (3-back and

1-back, respectively). (A) Recall variability (circular standard deviation of von Mises

distribution), (B) recall fidelity (probability of response around the target value), (C) misbinding

error (probability of response around the non-target values), and (D) uniform error (probability

of random response) for healthy control and MS subtypes in 3-back paradigm (left of each

subplot) and 1-back paradigm (right of each subplot). Data are represented as mean = SEM.
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710  Figure 4. Classifying performance of visual WM paradigms in differentiating healthy
711  control from MS and MS subtypes, and MS subtypes from each other. Receiver operating
712 characteristic (ROC) curve demonstrated the accuracy of (A) MGL, (B) 3-back, and (C) 1-back
713 paradigms in distinguishing healthy control from MS patients. The precision of these paradigms
714  in dissociating healthy control from MS subtypes (RRMS and SPMS) and MS subtypes from
715  each other is represented as the area under curve (AUC) for (D) MGL, (E) 3-back, and (F) 1-
716  back paradigms.
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Table 1A. Demographic and clinical profiles of participants in the MGL paradigm
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HC (n=23) RRMS (n =16) SPMS (n =25) P
Gender (F:M) 13:10 14:2 17:8 0.12
Age 35.91 (8.34) 37.25 (6.63) 39.28 (5.56) 0.25
Education (years) 13.30 (2.74) 13.69 (3.34) 13.56 (3.22) 0.86
Disease duration N/A 8.562 (3.20) 11.56 (3.28) <0.02 *
(years)
EDSS N/A 1.28 (0.79) 2.740 (1.23) <0.0002 *

HC = Healthy control, RRMS = Relapsing-remitting multiple sclerosis, SPMS = Secondary progressive multiple sclerosis, EDSS = Expanded

disability status scale, N/A = Not applicable

*P <0.05

Table 1B. Demographic and clinical profiles of participants in the n-back paradigms

HC (n =46) RRMS (n =39) SPMS (n =32) P
Gender (F:M) 16:30 23:16 22:10 <0.008 *
Age? 30.5 (10.37) 32.03 (6.72) 39.00 (6.43) <10°*
Education® (years) 16.95 (2.23) 13.87 (3.41) 13.67 (2.73) <107*
Disease duration N/A 6.60 (3.84) 9.37 (4.43) <0.007 *
(years)
EDSS N/A 1.49 (1.01) 3.86 (1.74) <107 *

*Dunn’s test: (Healthy vs. RRMS: P = 0.27, Healthy vs. SPMS: P < 10"*, and RRMS vs SPMS: P < 0.005*)
"Dunn’s test: (Healthy vs. RRMS: P < 10°*, Healthy vs. SPMS: P < 10”*, and RRMS vs. SPMS: P = 1)

*P <0.05
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