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Abstract

Objective This study uses the Wechsler intelligence and memory scales to characterize the cognitive function of patients
with autoimmune encephalitis (AE) in the chronic stage of the disease. AE is a group of neuroinflammatory disorders, and
cognitive impairment is a significant source of chronic morbidity in these patients.

Methods Fifty patients with an average disease duration of 3.2 years after diagnosis were prospectively recruited from four
hospitals. They underwent a comprehensive cognitive examination using the Wechsler Abbreviated Scale of Intelligence
(WASI-II), Wechsler Adult Intelligence Scale (WAIS-IV) and Wechsler Memory Scale (WMS-IV). Summary statistics were
computed, and single-sample and independent-samples ¢ tests were used to compare the cohort to normative data.

Results The results revealed significantly reduced performances in perceptual reasoning, processing speed, and working
memory among AE patients. Seropositive AE patients exhibited below-norm processing speed, while the seronegative group
showed reduced working memory and processing speed. Delayed memory performance was significantly below expectations
only in seronegative patients. Pattern analysis indicated that intact cognition was the most observed outcome after AE, but
significant heterogeneity was observed among the impaired patients.

Conclusions The study identified deficits in perceptual reasoning, processing speed, and working memory among chronic
AE patients. Pattern analysis highlighted positive long-term cognitive outcomes for many but varied outcomes for those with
ongoing difficulties. Although severely cognitively impaired patients were not included, the findings apply to AE cohorts who
attend outpatient clinical neuropsychology consultations emphasizing the need for thorough cognitive assessment. The results
suggest a need for further research targeting other cognitive domains, including executive functions.
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Introduction

Autoimmune encephalitis represents a group of non-infec-
tive neuroinflammatory disorders characterized by suba-
cute cognitive changes with at least one of the following:
new focal central nervous system (CNS) findings, seizures,
cerebrospinal fluid (CSF) pleocytosis, and magnetic reso-
nance imaging (MRI) features suggestive of encephali-
tis [1]. Patients in the acute (during admission), subacute
(months) and chronic (years) phases post-initial diagnosis
often exhibit cognitive dysfunction [2-9].

Studies examining autoimmune encephalitis (AE) have
demonstrated that primary cognitive outcomes include
memory impairments and some executive functions [2,
4]. The routine cognitive measures are largely heterogene-
ous, and thus far, it has been difficult to determine specific
and differential cognitive profiles and deficits in different
subsets of AE. Further, some centers do not conduct a spe-
cialist neurocognitive assessment of patients with AE due
to limited resources or lack of expertise. In other centers,
comprehensive testing may be available as part of research
paradigms, but not for routine clinical care. These limita-
tions preclude the generalizability of these findings to the
clinical setting. Consequently, questions remain regarding
the specific neuropsychological syndromes that may emerge
after this disease.

Widely used scales of cognitive function, which are
among the most robust assessment tools in routine clini-
cal neuropsychology practice, have yet to be applied to the
AE population. These scales have well-demonstrated reli-
ability and validity, including reduced measurement error,
well-documented discriminatory power, and a well-defined
measurement model [10-12]. Applying these tools to a pro-
spective population in a disease whose cognitive outcomes
are not yet well understood may assist in establishing a foun-
dational understanding of cognitive outcomes. Based on
these findings, future studies of specific cognitive outcomes
can then be derived.

In this study, we aim to prospectively characterize the
cognitive profiles of AE patients at least 6 months after
initial diagnosis by using several comprehensive scales of
cognitive function, which examine verbal comprehension,
perceptual reasoning, working memory, processing speed,
auditory memory, visual memory, immediate memory and
delayed memory indices.

Methods
Participants

Participants were recruited prospectively between October
2019 and April 2022. Patients were known to neurology
clinics at four tertiary hospitals in Melbourne, Australia
(Alfred Health, Monash Health, Eastern Health, and Mel-
bourne Health) and recruited as part of the ongoing Aus-
tralian Autoimmune Encephalitis Consortium study.

Included patients met the diagnostic criteria for possible
autoimmune encephalitis as per Graus et al. position paper
[1] and consented to participation in the study. Patients
were also required to have no diagnosis or engagement in
current investigations for a neurodegenerative illness (e.g.,
dementia of the Alzheimer’s type) and not experiencing a
current major psychiatric episode (e.g., psychosis). None
of the patients had a history of developmental language
disorder or intellectual disability. Patients were classified
into two groups: those with previously identified antibod-
ies on CSF and/or serum (seropositive); and patients who
met possible AE criteria but without an identifiable anti-
body (seronegative). Seropositive patients had antibody
testing conducted as per their hospital’s corresponding
procedures. For AE associated with specific antibod-
ies, those antibodies had to be present in the CSF and/
or serum with the highest sensitivity (e.g., anti-NMDAR
ab-mediated AE present in CSF, anti-LGI1 ab-mediated
AE antibodies present in serum).

Standard protocol approvals, registrations and patient
consents

The central Human Research Ethics Committee at Alfred
Health approved the study (HREC/17/Alfred/168). All
participants, or their legally authorized representative,
provided written consent to participate in the study.

Assessment

All participants undertook a semi-structured clini-
cal interview followed by formal psychometric testing.
Sociodemographic variables (age, gender, education and
employment) and clinical information were collected.
Immunotherapy treatment data were collected, where the
first-line immunotherapy was classified as IVIg and/or cor-
ticosteroids; second-line immunotherapy included rituxi-
mab or cyclophosphamide; and third-line immunotherapy
included tocilizumab or bortezomib. Other variables were
collected from medical records, when available, including
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ICU admission (y/n), modified Rankin scale (mRS) at dis-
charge and number of anti-seizure medications (ASM) at
the time of assessment. A qualified clinical neuropsycholo-
gist, SG, conducted all interviews and detailed cognitive
testing.

The Wechsler Abbreviated Scale of Intelligence (WASI;
2nd edition) [12] was used to derive the indices of verbal
comprehension (VCI; Vocabulary and Similarities subtests)
and perceptual reasoning (PRI; Block Design and Matrix
Reasoning subtests). The former measures word meanings
and verbal abstract reasoning, with the latter reflecting fluid
and visuospatial reasoning. The Wechsler Adult Intelligence
Scale (WALIS; 4th edition) [13] was used to derive the pro-
cessing speed index (PSI; Coding and Symbol Search sub-
tests) and working memory index (WMI; Digit Span and
Arithmetic subtests).

Wechsler Memory Scale (WMS; 4th edition) [11] Logical
Memory, Visual Reproduction subtests, and the California
Verbal Learning Test (CVLT 2nd edition) [14] learning and
long-delay free recall equated scale scores were employed to
derive the indices of auditory memory (AMI), visual mem-
ory (VMI), immediate memory (IMI), and delayed memory
(DMI) as per the flexible approach, employing the ‘older
adult’ configuration. This configuration allows for the substi-
tution of Verbal Paired Associate I, and II scaled scores from
the WMS-IV with the CVLT-II scores for the computation
of the AMI, IMI, DMI [15].

The WASI-II, WAIS-IV and WMS-IV indices all have a
mean of 100 and a standard deviation of 15 in the normative
sample. The Australian language adapted forms were used
where relevant. Data were collated into a Research Elec-
tronic Data Capture (REDCap) database.

Analysis

Raw scores from cognitive tests were converted into stand-
ardized normed scores provided in the test manual. Per
standard assessment and manual instructions, tests were then
collated into the corresponding index and standardized to the
data provided by Pearson assessments [11, 13]. An index
was considered impaired at 1.5 standard deviations (SD)
below the normative data (an index score of 78 or below).
For sensitivity, graphs also demonstrate scores of 2.0 SD
below the normative data.

Due to local COVID-19 restrictions during part of the
recruitment process, five patients underwent a telehealth
assessment. Hence, the processing speed and perceptual rea-
soning indexes could not be derived for these patients. Other
reasons for incomplete indices included physical limitations
(N=2), too cognitively impaired for aspects of the battery
(N=3), and telehealth difficulties (N=2).

Descriptive analysis of clinical variables and neuropsy-
chology data was performed using summary statistics,
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where continuous and categorical variables were presented
as mean (SD) and absolute number (percentage), respec-
tively. A Chi-squared analysis with Yates correction was
conducted to compare the frequency of outcomes observed
to the frequency of expected outcomes for each test. Fisher’s
exact tests were employed when Chi-squared analyses were
invalid. Regression analysis investigated the relationship
between time since symptom onset and cognitive outcome.
Paired ¢ tests were conducted separately to compare WASI/
WALIS indices and WMS indices to investigate mean differ-
ences between the two indices. The frequency of psychomet-
ric patterns was determined through configural frequency
analysis via the “confreq” package in R. This package com-
putes the number of distant configurations of outcomes that
could arise from the dataset. The package determines which
configurations are present in the dataset and how many sub-
jects match that configuration. Spearman’s correlation was
used to investigate the relationship between indices and
demographic and clinical variables. For binary and ordinal
variables, Kendall’s tau was employed. Single-sample ¢ tests
determined the difference between normative data and AE
cohorts (total, seropositive and seronegative). Independent-
sample 7 tests were used to determine the difference between
the means of the AE cohorts (including total, seropositive,
and seronegative). Missing data were handled via pairwise
deletion. Using Levene’s test (variance) and Shapiro—Wilk
(normality), statistical assumptions were checked. If non-
normal, nonparametric test (Mann—Whitney U test) was
used. All data were analyzed using JASP (version 0.14.1)
and R Studio (version 2022.02.3) with R (version 4.2.1) with
the following packages installed: “confreq”.

Results
Patient characteristics

Fifty people with possible autoimmune encephalitis were
recruited prospectively into the study. The cohort comprised
26 females and 24 males (see Table 1). Forty-eight percent
of the cohort had a diagnosis of seropositive AE. Of these,
10 with anti-NMDAR ab-mediated AE, 9 with anti-leucine-
rich glioma-inactivated-1 (LGI-1) ab-mediated AE, 2 with
contactin-associated protein-like 2 (CASPR-2) ab-mediated
AE, and 1 with voltage-gated potassium channel complex
(unspecified; VGKC) ab-mediated AE antibodies, and 2 with
other antibodies. The average time between symptom onset
and neuropsychological testing was 3.28 years.

To compare differences across clinic and demographic
variables, independent-sample ¢ tests were employed.
There was a significant difference between sex and age,
Mann-Whitney U (Ngepare =24, Nypae = 26) =202.00,
p=0.033. There were no other significant differences.
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Table 1 Key demographic data
Characteristics Mean (SD) [range] N
Age 52.04 (18.48) [21.00-81.00] 50
Sex, male [N (%)] 26 (52) 50
Months between symptom onset and neuropsychological assessment 40.10 (32.62) [6.00, 126] 49
Months between hospital admission and neuropsychological assessment 37.75 (31.24) 3, 121] 49
Months between symptom onset to hospital admission 2.30 (5.27) [0, 30] 49
Education, years 12.96 (2.79) [7-18 years] 50
Telehealth [N (%)] 5 (10.00) 50
Seropositive [N (%)] 24 (48.00) 50
Anti-NMDAR ab-mediated AE 10 (20.83) 24
Anti-LGI1 ab-mediated AE 9 (18.75) 24
Anti-CASPR2 ab-mediated AE 2 (4.17) 24
Anti-VGKC ab-mediated AE 1 (2.08) 24
Other antibodies 2(4.17) 24
Seronegative [N (%)] 26 (52.00%) 24
ASM use [N (%)]
0 ASM 24 (50.00) 48
1 ASM 11 (22.92) 48
2+ ASM 13(27.08) 48
Treatment line [N (%)]
First line 49 (100.00) 50
Second line 27 (55.10) 50
Third line 0 (100.00) 50
mRS at discharge [N (%)]
1 9 (19.56) 46
2 18 (39.13) 46
3 16 (34.78) 46
4 3(6.522) 46
ICU Admission during main hospital admission [N (%)] 22 (47.83) 46

ASM anti-seizure medication, /CU intensive care unit, mRS modified Rankin scale

Verbal comprehension, perceptual reasoning,
processing speed and working memory
characteristics

WAIS, WASI, and WMI index scores by total cohort,
seropositive and seronegative, are presented in Table 2.
Figure 1 provides a visualization of the distribution of the
scores for the total cohort, seropositive cohort and seron-
egative groups. Subtest descriptive data are available in
the supplementary data, Table S1.

Regression analyses investigating the relationship
between time since symptom onset and recruitment, and
cognitive outcome were non-significant (see Supplemen-
tary Material, Figure S1).

Single-sample ¢ tests demonstrated that for the whole
cohort, the PRI, WMI and PSI were significantly below
the normative mean (Table 3). In the seropositive cohort,
the PSI was significantly below the normative mean. In

the seronegative cohort, the WMI and the PSI were sig-
nificantly below the normative mean (Table 3).

Paired t-tests between WAIS/WASI indices

Paired-samples ¢ tests revealed significant differences
between VCI (M =103.00, SD=14.37) and PRI(M =94.72,
SD=14.53, t(37)=2.40, p=0.02), VCI and VMI
(M=94.26, SD=14.97, 1(43)=3.40, p=0.001), VCI and
PSI (M=93.43, SD=13.91, 1(37)=2.82, p=0.008). There
were no significant differences between PRI, and PSI, PRI
and WMI, and WMI and PSI (Table S2).

Correlations between demographic and clinical
variables and the WAIS/WASI indices

There was a statistically significant negative correla-
tion between PRI and the number of ASMs (7, =— 0.35,
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Table 2 Index and subtests characteristics of the entire cohort, seropositive and seronegative

Index Entire cohort

N M (SD) Min Max % Impaired at 1.5

SD below normative
mean

Verbal comprehension (VCI) 44 103.00 (14.37) 62 134 2.27
Perceptual reasoning (PRI) 39 94.72 (14.53) 57 125 10.26
Working memory (WMI) 46 94.26 (14.97) 58 133 15.21
Processing speed (PSI) 40 93.43 (13.91) 68 132 17.50
Auditory memory (AMI) 43 95.74 16.58) 49 123 16.28
Visual memory (VMI) 43 98.95 (21.17) 45 137 18.60
Immediate memory (IMI) 43 97.28 (14.70) 51 128 6.98
Delayed memory (DMI) 43 95.53 (20.50) 43 133 16.28

Seropositive

N M (SD)
Verbal comprehension (VCI) 21 104.00 (12.49) 89 132 0.00
Perceptual reasoning (PRI) 19 96.00 (13.67) 77 125 10.53
Working memory (WMI) 22 95.64 (13.26) 74 133 9.09
Processing speed (PSI) 20 92.80 (12.80) 68 120 15.00
Auditory memory (AMI) 21 99.67 (13.99) 62 123 4.76
Visual memory (VMI) 21 102.10 (20.43) 63 137 14.29
Immediate memory (IMI) 21 100.10 (14.40) 79 128 0.00
Delayed memory (DMI) 21 101.50 (17.44) 67 133 9.52

Seronegative

N M (SD)
Verbal comprehension (VCI) 23 102.10 (16.12) 62 134 4.34
Perceptual reasoning (PRI) 20 93.50 (15.54) 57 123 10.00
Working memory (WMI) 24 93.00 (16.57) 58 122 20.83
Processing speed (PSI) 20 94.05 (15.24) 70 132 20.00
Auditory memory (AMI) 22 92.00 (18.25) 49 120 27.27
Visual memory (VMI) 22 95.91 (21.89) 45 137 22.72
Immediate memory (IMI) 22 94.55 (14.78) 51 118 13.63
Delayed memory (DMI) 22 89.82 (21.93) 43 120 22.27

p=0.008). For PSI, there were significantly negative cor-
relations between the time between main hospital admission
and assessment (r(37)=— 0.32, p=0.046) and time between
symptom onset and assessment (r(37)=— 0.32, p=0.047).

Comparison of different sub-types of AE
in the WAIS/WASI

Seropositive versus seronegative AE When patients with
and without antibody status were compared, there was no
significant difference across all the indices (Supplementary
Data; Table S3).

Anti-NMDAR versus anti-LGIl ab-mediated AE
When patients with anti-NMDAR ab-mediated AE were
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compared to those with anti-LGI1, there was no signifi-
cant difference across all the indices (Supplementary Data;
Table S4).

Anti-NMDAR versus all other seropositive AE patients
When patients with anti-NMDAR ab-mediated AE were
compared to the rest of the seropositive cohort, there was
no significant difference across all the indices (Supplemen-
tary Data; Table S5).

Anti-LGI-1 antibody mediated AE versus all other
seropositive AE patients When patients with anti-LGI1
antibodies were compared to the rest of the seropositive
cohort, there was no significant differences across all the
indices (Supplementary Data; Table S6).
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Fig. 1 Box plot of participant’s scores on the WAIS-IV (Wechsler »

Adult Intelligence Scale, 4th edition) and WASI-II (Wechsler Abbre-
viated Scale of Intelligence, 2nd edition) indices. The normative data
mean is denoted by the black dotted line. Scores below the blue line
are 1.5 standard deviations below the normative mean (index score of
78 or below) and are considered mildly impaired. Scores below the
red line are 2.0 standard deviations below the normative mean (index
score of 80 of below) and are considered severely impaired. VCI
verbal comprehension index, PRI perceptual reasoning index, WMI
working memory index, PSI processing speed index

Frequency of impairments in WAIS (Wechsler Adult
Intelligence Scale)/WASI (Wechsler Abbreviated
Scale of Intelligence)

When a deficit was defined at 1.5 SD below the normative
mean, PSI deficit in the entire AE patient cohort was the
most frequent at 17.50% (95% CI 7.34, 32.78). This was fol-
lowed by deficits in WMI at 15.22% (95% CI 6.34, 28.87),
PRI at 10.26% (95% CI 2.80, 24.22) and VCI at 2.57% (95%
CI0.00, 12.02). For the seropositive cohort, again, PSI was
the most common deficit at 15.00% (95% CI 3.21, 37.89),
followed by PRI at 10.53% (95% CI 1.30, 33.14), WMI at
9.09% (95% CI 1.12, 29.16) and VCI with 0% (95% CI 0.00,
16.11). For the seronegative cohort, WMI was the most fre-
quent deficit at 20.83% (95% CI 7.13, 42.15), followed by
PSI at 20.00% (95% CI 5.73, 43.66), then PRI at 10.00%
(95% CI 1.24,31.7) and VCI at 4.35% (95% CI1 0.11, 21.95).

In the total cohort, when impairment was defined as
1.5 SD below the normative mean, Chi-square analy-
sis demonstrated no significant differences between fre-
quency of expected performances and frequency of actual
performance for the VCI [;(2(1, N=44)=0.26, p=0.61],
PRI [*(1, N=39)=0, p=1], WMI [/*(1, N=46)=1.01,
p=0.31] and PSI [y*(1, N=40)=1.03, p=0.31]. In the
seropositive cohort, the Chi-square analysis violated sta-
tistical assumptions for the VCI. No significant differences
were observed for the PRI [y*(1, N=19)=0, p=1], WMI
[/*(1, N=22)=0.28, p=0.60], and PSI [*(1, N=20)=0.28,
p=0.60]. In the seronegative cohort, no significant dif-
ferences were found for the VCI [;(2(1, N=23)=0.48,
p=0.49], PRI [*(1, N=20)=0.00, p=1.00], WMI [4*(1,
N=24)=0.78, p=0.38], and PSI [y*(1, N=20)=0.91,
p=0.34].

When a deficit was defined at 2.0 SD below the norma-
tive mean, in the total cohort, the most frequent deficit
was in the PRI at 5.13% (95% CI 0.63, 17.32). This was
followed by PSI at 5.00% (95% CI 0.61, 16.92), WMI
at 4.35 (95% CI 0.53, 14.84) and VCI at 2.27 (95% CI
0.00, 12.02). For the seropositive cohort, PSI was the
most common deficit at 5.00% (95% CI1 0.13, 24.87). VCI,
PRI and WMI all were 0% (95% CI VCI 0.00, 16.11;
PRI 0.00, 17.65; WMI 0.00, 15.44) for the seropositive
group with the deficit being defined at 2.0 SD below the
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Table 3 Cohort differences from WAIS/WASI normative data

Cohort t df p Cohen’s d 95% CI of Cohen’s d
Total cohort Lower Upper
Verbal comprehension (VCI) 1.39 43.00 0.17 0.21 —-0.09 0.51
Perceptual reasoning (PRI) —-227 38.00 0.03* -0.36 —0.69 —-0.04
Working memory (WMI) —2.60 45.00 0.01* -0.38 —0.68 - 0.08
Processing speed (PSI) —-2.99 39.00 0.005%* - 047 - 0.80 -0.14
Seropositive
Verbal comprehension (VCI) 1.45 20.00 0.16 0.32 —-0.13 0.75
Perceptual reasoning (PRI) —-1.28 18.00 0.28 -0.29 -0.75 0.17
Working memory (WMI) —1.54 21.00 0.14 -0.33 - 0.76 0.10
Processing speed (PSI) —-2.52 19.00 0.02* - 0.56 - 1.03 —0.08
Seronegative
Verbal comprehension (VCI) 0.63 22.00 0.53 0.13 —-0.28 0.54
Perceptual reasoning (PRI) - 1.87 19.00 0.08 - 042 - 0.87 0.05
Working memory (WMI) -2.07 23.00 0.05* -0.42 -0.84 0.00
Processing speed (PSI) - 1.75 19.00 0.01* -0.39 - 0.84 0.07

For Student’s 7 test, the alternative hypothesis specifies that the mean is different from 100

*Significant at p <0.05

normative mean. For the seronegative cohort, PRI was
the most common deficit at 10% (95% CI 1.24, 31.70),
followed by WMI at 8.33% (95% CI 1.03, 27.00), PST at
5.00% (95% CI1 0.13, 24.87) and VCI at 4.50% (95% CI
0.11, 21.95).

For the total cohort, no significant differences between
frequency of observed performance and frequency of
expected performance were noted for the VCI [y*(1,
N=44)=0.51, p=0.47], PRI [*(1, N=39)=0, p=1],
WMI [*(1, N=46)=0, p=1] and PSI [} (1, N=40)=0,
p = 1]. For the seropositive cohort, Fisher’s exact tests did
not indicate a significant association between expected
and observed values for VCI, PRI, WMI and PSI (p=1).
For the seronegative cohort, there were no significant
differences from frequency of expected performances
for the VCI [y*(1, N=23)=0.522 p=0.47], PRI [}*(1,
N=20)=0.00, p=1.00], WMI [4*(1, N=24)=0, p=1]
and PSI [y*(1, N=20)=0.53, p=0.47].

Wechsler Memory Scale (WMS) in AE

WMS Index scores by total cohort, seropositive and
seronegative are presented in Table 2. Figure 2 illustrates
the distribution of scores. Single-sample ¢ tests demon-
strated that in the seronegative cohort, the DMI was sig-
nificantly below the normative mean (Table 4). Subtest
descriptive data are available in the Supplementary Data,
Table S1.

@ Springer

Paired t-tests between WMS indices

There were no significant differences between AMI and
VMI, AMI and IMI, AMI and DMI, VMI and IMI, VMI
and DMI and IMI and DMI (Table S2).

Correlations between demographic and clinical
variables and the WMS indices

There was a significant negative correlation between the IMI
and the number of ASM (7,=— 0.314, p=0.013). There
were significant correlations between sex and the VMI, IMI
and DMI indices [(7,=0.37, p=0.003; 7, =0.29, p=0.023;
7,=0.31, p=0.015), respectively], which suggested that
men scored higher than females. MRS at discharge was
negatively associated with the AMI score (7,=— 0.29,
p=0.002).

Comparison of different sub-types of AE
in the Wechsler Memory Scale (WMS)

Seropositive vs. seronegative AE When patients with and
without antibody status were compared, there was no signifi-
cant difference in WMS in the two groups (Supplementary
Data; Table S3).

Anti-NMDAR ab-mediated AE versus anti-LGI1 ab-medi-
ated AE When patients with anti-NMDAR ab-mediated AE
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Fig.2 Box plot of participant’s scores on the WMS indices. The »

normative data mean is denoted by the black dotted line. Scores
below the blue line are 1.5 standard deviations below the normative
mean (index score of 78 or below). Scores below the red line are 2.0
standard deviations below the normative mean (index score of 80 of
below). AMI auditory memory index, VMI visual memory index, IMI
immediate memory index, DMI delayed memory index. *Significant
at p<0.05

were compared to those with anti-LGI1, there were no sig-
nificant differences across all indices of WMS (Supplemen-
tary Data; Table S4).

Anti-NMDAR ab-mediated versus all other seropositive
AFE patients When patients with anti-NMDAR ab-mediated
AE were compared to the rest of the seropositive cohort,
there was no significant difference in WMS between the two
groups (Supplementary Data; Table S5).

Anti-LGI-1 ab-mediated AE versus all other seropositive
AE patients When patients with anti-LGI1 ab-mediated AE
were compared to the rest of the seropositive cohort, there
was no significant difference in WMS indices between the
two groups (Supplementary Data; Table S6).

Frequency of impairments in WMS (Wechsler
Memory Scale)

When a deficit was defined at 1.5 SD below the normative
mean, in the total cohort, the most frequent deficit was in
the DMI at 18.60% (95% CI 6.81, 30.70) followed by IMI
at 17.50% (1.46, 19.06), and VMI and AMI at 16.28% (95%
CI 8.39, 33.40 and 6.81, 30.70, respectively). In the sero-
positive cohort, the most common deficit was the VMI at
14.29% (95% CI 3.05, 36.34) followed by DMI at 9.52%
(1.18, 30.38), AMI at 4.76% (0.12, 23.82) and IMI at 0%
(95% CI 0.00, 16.11). In the seronegative cohort, AMI was
the most common deficit at 27.27% (95% CI 10.73, 50.22),
followed by VMI at 22.73% (95% CI 7.82, 45.37), DMI at
22.73% (95% C1 9.82, 45.37) and IMI at 13.64% (95% CI
2.91, 34.91).

In the total cohort, when impairment was defined as 1.5
SD below the normative mean, Chi-square analysis exam-
ining differences between frequency of actual performance
and observed performance showed no significant differ-
ences for the AMI [y*(1, N=43)=1.02, p=0.31], VMI
(1, N=43)=1.67, p=0.20], IMI [*(1, N=43)=0.18,
p=0.67] and DMI [y*(1, N=43)=1.02, p=0.31]. For the
seropositive cohort, the IMI violated statistical assumptions.
There were no significant differences observed for the AMI
A1, N=21)=0.53, p=0.47], VMI [*(1, N=21)=0.28,
p=0.60] and DMI [;*(1, N=21)=0, p=1]. For the seroneg-
ative cohort, there was no significant difference between fre-
quency of expected performance and frequency of observed
performance reported for the AMI [y*(1, N=22)=1.38,
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Table 4 Difference in Wechsler Memory Scale (WMS) between AE patients and normative data

Cohort t df p Cohen’s d 95% CI of Cohens d
Total cohort Lower Upper
Auditory memory (AMI) —1.68 42.00 0.10 -0.26 - 0.56 0.05
Visual memory (VMI) —0.32 42.00 0.75 —0.05 -0.35 0.25
Immediate memory (IMI) -1.21 42.00 0.23 -0.19 -0.49 0.12
Delayed memory (DMI) —-143 42.00 0.16 -022 —0.52 0.09
Seropositive
Auditory memory (AMI) —0.11 20.00 091 -0.02 —0.45 0.40
Visual memory (VMI) 0.48 20.00 0.64 0.11 -0.33 0.53
Immediate memory (IMI) 0.05 20.00 0.96 0.01 - 042 0.44
Delayed memory (DMI) 0.40 20.00 0.69 0.09 -0.34 0.52
Seronegative
Auditory memory (AMI) —2.06 21.00 0.05 - 044 —-0.87 0.01
Visual memory (VMI) —0.88 21.00 0.39 -0.19 —-0.61 0.24
Immediate memory (IMI) -1.73 21.00 0.10 -0.37 —-0.80 0.07
Delayed memory (DMI) —-2.18 21.00 0.041* —0.46 —0.90 —0.02

For single-sample 7 tests, the null hypothesis was that the population mean is 100

*Significant at p <0.05

p=0.24], VMI [/*(1, N=22)=0.68, p=0.41], IMI [/*(1,
N=22)=0, p=1] and DMI [4*(1, N=22)=0.68, p=0.41].

When a deficit was defined at 2.0 SD below the norma-
tive mean, in the total cohort, the most common deficit was
the DMI at 13.95% (95% CI 5.30, 27.93), followed by AMI
at 11.63% (95% CI 3.8, 25.08), VMI at 9.30% (95% CI
2.59, 22.14) and IMI at 2.33% (95% CI 0.06, 12.29). In the
seropositive cohort, the most common deficit was VMI at
9.52% (95% CI 1.18, 30.38), DMI and AMI were both 4.76%
(95% C10.12, 32.82 and 0.12, 23.82, respectively), and IMI
was 0% (95% CI1 0.00, 16.11). In the seronegative cohort,
DMI was the most common deficit at 22.73% (95% C17.82,
45.37), followed by AMI at 18.18% (95% CI 5.19, 40.28),
VMI at 9.09% (95% CI 1.12, 29.16) and IMI at 4.55% (95%
CI10.12, 22.84).

For the total cohort, when impairment was defined at 2.0
SD below the normative mean, no significant differences
between frequency of expected performances and frequency
of observed performances were noted for the AMI [y*(1,
N=43)=1.61 p=0.20], VMI [4*(1,43)=0.85 p=0.36],
IMI [4*(1,43)=0.51, p=0.47] and DMI [y*(1,43) =2.49,
p=0.11]. For the seropositive cohort, Fisher’s exact tests
for the AMI, VMI, IMI and DMI did not indicate significant
association between observed and expected results (p=1,
p=0.48, p=1 and p=1, respectively). For the seronega-
tive cohort, no significant differences were found for the
AMI [*(1, N=22)=0.90, p=0.34], VMI [*(1, N=22)=0,
p=1], IMI [%(1, N=22)=0.52, p=0.47] and DMI [;*(1,
N=22)=1.74, p=0.18].
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Patterns of cognitive impairment in AE

Using pattern analysis, of the 256 possible patterns that
could emerge from the data, 11 patterns were observed when
including only patients who could complete the entire cog-
nitive batteries (Table 5). This initial assessment excluded
patients (N =4) who were unable to complete the battery due
to cognitive reasons (i.e., having severe enough deficits that
limited their capacity to participate or complete the test).
The subsequent analysis included the above 4 patients, and

Table 5 Patterns of cognitive impairments observed in the AE cohort

Patterns of psychometric impairment N (%)
Intact 22 (59.46)
Visual memory 3(8.11)
Auditory memory 127
Auditory memory and delayed memory 2(5.4)
Processing speed 3(8.11)
Working memory, visual memory and delayed memory 1 (2.7)
Working memory, auditory memory and delayed memory 1 (2.7)
Working memory, auditory memory and immediate 1@2.7)
memory
Perceptual reasoning, processing speed, visual memory 1 (2.7)
and delayed memory
Perceptual reasoning, working memory, visual memory 1 (2.7)
Global impairment 12.7)
Total 37
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once again, of the 256 possible patterns that could emerge
from the data, 11 were observed, with five patients now
meeting global impairment.

Discussion

Autoimmune encephalitis-related cognitive impairment is
a major source of morbidity affecting many aspects of the
patient’s life [16]. Establishing a comprehensive understand-
ing of the cognitive deficits after the acute illness allows
clinicians the capacity to monitor and manage ongoing cog-
nitive alterations appropriately. It also assists with commu-
nicating expectations of disease trajectory to patients and
their caregivers. While previous studies have provided a
foundation for the developing literature, to our knowledge,
no studies have yet engaged in a Wechsler index-driven
analysis of outcomes using the normative data provided by
the test publishers. These data aim to form the basis of a
cognitive knowledge repository to assist clinicians in AE
patient assessment and ongoing management of cognitive
impairment. Further, it may assist with understanding the
possible impacted cognitive networks, which can assist with
understanding disease pathogenesis and prognostication.

In this study, we aimed to characterize cognitive out-
comes in AE patients, specifically assessing verbal compre-
hension, perceptual reasoning, working memory, processing
speed, auditory memory, visual memory, immediate mem-
ory, and delayed memory indices compared to normative
data. We explored differences between the total cohort, sero-
positive, and seronegative cohorts. Additionally, we exam-
ined patterns of intact and non-intact cognitive impairment
in AE patients.

Index characterization

This study demonstrated that in this AE cohort, tested in
the chronic phase with an average time from symptom to
the cognitive assessment of 39 months (3.25 years), per-
ceptual reasoning, processing speed, and working memory
abilities were significantly below normative data. The sup-
port for this was strengthened by the results of paired #-tests,
which revealed that the VCI demonstrated a higher score
than the WMI, the PRI, and the PSI. In contrast, no sta-
tistically significant differences were observed among the
WML, PRI, and PSI. When the seropositive and seronegative
cohorts were analyzed separately, the processing speed index
was significantly below normative data in the seropositive
patients. In contrast, the working memory and processing
speed indexes were significantly below the normative mean
in the seronegative group.

Information processing speed in AE patients

In chronic stages of the disease (e.g., post 6 months), pro-
cessing speed deficits are not often reported as a fundamen-
tal impairment in AE at a group level. Specifically, Guasp
et al. focused on anti-NMDAR ab-mediated AE patients.
They identified deficits compared to controls on the Process-
ing Speed Index (PSI) and the TMT-A at the 1-year mark
[17]. Notably, the impairment rate in this domain in anti-
NMDAR ab-mediated AE patients decreased to less than
10% at the 1-year time point. Longitudinal analysis revealed
significant improvements in processing speed from initial
intake to 6 months, but these improvements did not persist
from 6 to 12 months. Of note, the test of automatic motor
speed (TMT A) did not exhibit a similar pattern, as no sig-
nificant differences were observed between different time
points.

Across studies, a diverse range of processing speed tests
have been employed, including automatic motor processing
tests such as the TMT A [5, 18], DKEFS Number Sequenc-
ing [5] and/or motor speed [7]. Significant variability in
findings has emerged across subtypes, with some studies
reporting no significant speed deficits compared to healthy
controls in anti-NMDAR ab-mediated AE [7]. In contrast,
others reported that 13% of patients presented with defi-
cits in anti-LGI1 ab-mediated AE [18]. Additionally, at an
individual level, significant variability in outcomes was
observed in patients with anti-LGI1 ab-mediated AE [5].
However, none of the patients were noted as impaired across
all processing speed tests employed. These diverse results
underscore the complexity and heterogeneity of processing
speed outcomes in AE.

The results regarding the processing speed index in AE’s
chronic stages are noteworthy. This results may be attrib-
uted to a methodological factor. The current study employed
WAIS-IV Coding and Symbol Search subtests [13], which
can require additional cognitive load compared to a rou-
tine processing speed test, such as the TMT-A. As such, the
reduced processing speed demonstrated in this study may
reflect this additional cognitive load rather than a reflection
of a clinical bradyphrenia presentation per se. This hypoth-
esis gains further support from the inclusion of data from an
automated motor processing speed test, the TMT-A, which
was also obtained from the same cohort and is available
in the appendices. The results of this test indicate that, at
a group level, the total cohort was not significantly below
normative data when we defined significantly below 1.5 SD
below the normative mean (Table S8).

Of note was that the longer time between assessment and
admission and assessment and symptom onset was signifi-
cantly correlated with worse performance on processing
speed tests. This is likely a reflection of selection bias. The
cohort was obtained through outpatient neurology clinics.
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It could be suggested that patients who continue to be seen
regularly in outpatient clinics many years after their initial
illness have poorer outcomes than patients who were dis-
charged. Patients who have continued to follow up may have
global cognitive impairments, relapses, or perhaps signifi-
cant seizure burden, which would affect processing speed.

Working memory in AE patients

Previous research has taken a varied approach to assessing
working memory. Some studies combined executive function
and working memory tests [7] or integrated basic attention
and working memory tests into aggregated scores [19-21].

While our study revealed a reduced WMI, the WMI has
limitations as a measure. The working memory system is a
multi-component system that plays a crucial role in our abil-
ity to perform complex tasks [22]. Among its components,
the central executive is particularly important for managing
complex cognitive processes, such as mental arithmetic and
problem-solving, which are highly representative in the sub-
tests of the WMI—including digit span backwards, sequenc-
ing and the arithmetic subtests. Consequently, basic attention
is poorly represented.

Tasks that rely heavily on working memory, such as digit
span backwards and arithmetic, are closely associated with
higher-order cognitive functions. Therefore, the observed
decrease in working memory may not be a failure of fun-
damental cognitive functions, such as basic attention, but
rather an indication of reduced higher-order cognitive func-
tions, such as working memory. Either way, the former sug-
gests further investigations into this population’s prevalence,
and rates of basic attention failures are warranted. While the
latter suggests, it is necessary to conduct further investiga-
tions into higher-order functions in AE as they are not well-
represented in the current batteries (WAIS, WASI or WMS).

Verbal comprehension and perceptual reasoning in AE
patients

The Verbal Comprehension Index was not significantly dif-
ferent from the normative data in any cohorts. In contrast,
PRI was significantly below the normative data for the total
cohort and the seronegative group. While the VCI and PRI
are considered indices of ‘general (cognitive) ability’ in
the Wechsler framework, the Cattell-Horn—Carroll theory
emphasizes important distinctions between them. Namely
that the VCI is heavily loaded onto crystallized knowledge,
while in contrast, PRI integrates aspects of visual process-
ing, fluid reasoning, abstract reasoning and problem-solving.
This suggests that these functions are more affected in AE
compared to tasks that require crystallized knowledge.
However, when interpreting these findings, it is important
to consider the findings of the PSI. Slowed processing speed,
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whether due to fundamental processing speed impairment or
slowed secondary to a build-up of executive function lead-
ing to a reduction in efficiency of information processing,
could potentially influence the subtests of the PRI. One of
the PRI subtests being timed makes it crucial to account for
the impact of processing speed on overall PRI performance.
Therefore, while a decrease in PRI scores may imply dis-
ruption in frontal network functions, the role of processing
speed needs careful consideration in understandings these
outcomes.

Wechsler Memory Scale (WMS) in AE patients

When examining the indices of the WMS (auditory memory,
visual memory, immediate memory and delayed memory),
surprisingly, all of the memory indices were within the
normative mean for the total and seropositive cohorts. The
seronegative AE cohort demonstrated delayed memory abili-
ties below the normative mean.

The memory findings of the current study were unex-
pected. While a comprehensive memory assessment dem-
onstrated that the seronegative cohort had reduced delayed
memory, previous studies examining seropositive AE
patients have concluded that memory is the primary cog-
nitive impairment in these patients [2—4, 6]. The present
study’s results may reflect the small cohort for each sero-
positive group compared to larger cohort studies, such as
Heine and colleagues [4]. Heterogeneity in memory assess-
ment tools employed across studies may also account for this
discrepancy. A logico-semantic memory test (e.g. a prose
test) along with a supraspan memory (e.g. a list-learning
test) with semantic categories was employed in the current
study. These paradigms integrate more lateral aspects of the
temporal structures due to their semantic loadings. Previous
studies have often used supraspan verbal learning tests, such
as the RAVLT, which do not have embedded semantic cat-
egories [4, 6, 9, 23]. Without these categories, tests like the
RAVLT (compared to the CVLT) rely less on semantic net-
works, engaging more of the mesial aspect of the hippocam-
pus structures [24]. The inherent semantic structure present
in logico-semantic tests and the supraspan test with embed-
ded semantic structures may provide an inherent structure
for recall. This may overcome, if present, the effects of an
underlying dysexecutive syndrome. Previous studies have
suggested that logico-semantic tests are often not associ-
ated with the severity of executive dysfunction [25]. Con-
sequently, the current study may demonstrate that many of
the memory impairments commented on in previous stud-
ies may be secondary to executive dysfunction rather than
a primary amnestic syndrome. Further exploration of this
hypothesis is recommended in the literature.

The finding that seropositive patients did not perform sig-
nificantly below the normative mean on the memory indices
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is particularly intriguing, given that this subgroup primarily
consists of individuals with anti-NMDAR and anti-LGI1
antibodies, two autoimmune encephalitis groups often asso-
ciated with memory deficits [5, 7, 8, 26-29]. One potential
explanation for these results could be related to the sample
recruitment process, where participants were not specifically
selected based on reported cognitive difficulties but were
enrolled due to having an AE diagnosis. This may indicate
that this cohort reflects real-life impairment rates, suggesting
a less pronounced cognitive impact than previously indicated
in the literature.

Although the seronegative subgroup demonstrated sig-
nificantly poorer performances than normative data, no sig-
nificant differences were observed between the seropositive
and seronegative groups. The smaller sample size, halved
due to subgroup analysis, may have limited our sensitivity to
detect subtle changes between these groups. Future studies
should address this limitation by employing larger sample
sizes to effectively identify potential differences between the
seropositive and seronegative AE patients.

It is important to note that the lack of significant group
differences does not negate the possibility of individual vari-
ability in cognitive outcomes. For instance, within the anti-
LGI1 ab-mediated group, patients can exhibit hippocampal
changes associated with poorer memory outcomes in this
subgroup [30]. Consequently, these individual factors might
offset each other at a group level, resulting in a lack of sig-
nificant differences between the seropositive and seronega-
tive groups. However, some patients may still experience
significant cognitive impairments at an individual level. The
consideration of differences between the individual and at
a group level underscores the complexity of cognitive out-
comes in AE. It highlights the need for further exploration
of factors contributing to cognitive outcomes.

Finally, while there are several strengths to using the
WMS-IV, its use as a measure of memory function also
has limitations, primarily stemming from the design of its
indices. One notable limitation is the scale’s limited sensi-
tivity in detecting subtle changes in memory function due
to its integration of subtests into indices. Furthermore, the
WMS-IV’s design may not comprehensively capture or pre-
cisely assess specific memory functions, such as supraspan
memory, logico-semantic memory and visual memory. By
integrating these functions into indices, their unique charac-
teristics and contributions may be diluted or overshadowed,
leading to potential limitations in accurately evaluating
these specific memory domains. The heterogeneity within
the indices also poses another challenge. Since indices are
composite measures derived from multiple tests or subtests,
significant variability in performance across the included
tests can arise. Finally, the WMS does not evaluate retro-
grade amnesia. Previous studies have indicated that limbic
encephalitis has been associated with retrograde memory

deficits, often affecting autobiographical memory [2]. Given
these limitations, further exploration of memory function
is warranted, employing tests that specifically target differ-
ent memory functions, including autobiographical—episodic
memory.

Unexpectedly, there were significant differences between
the performances of males and females on the IMI, DMI
and VMI, with men outperforming females. While the male
cohort was likelier to be older, the finding is unusual, as the
normative data are stratified by age. Of note, this reflects
similar results from the consortium’s previous retrospec-
tive study, which indicate that while not significant, being a
male was a predictor of intact cognition after AE, with one
of the larger effect sizes of all the variables explored [31].
This finding has yet to arise in other studies, with previous
systematic reviews concluding that sex is unlikely to have
significant prognostic value [32]. Further exploration of this
outcome is recommended in future studies.

Patterns of cognitive impairment

Pattern analysis allows for the identification of potential
cognitive profiles. It can provide insight into the interrela-
tionships between different domains, thus offering a compre-
hensive understanding of cognitive functioning compared to
traditional single-test analysis.

When we explored patterns of impairment, of 256 pos-
sible patterns, 11 patterns were observed in the data set. The
most frequent pattern observed in the data was preserved
cognition. The three subsequent most common patterns
observed were: (1) isolated visual memory impairment, (2)
isolated processing speed impairment, (3) auditory memory
and delayed memory impairment. Of note was the isolated
visual memory impairment observed. This unusual find-
ing of an isolated domain, heavily loaded to visuospatial/
visuoconstructional abilities, mirrors a similar result in a
retrospective analysis that retrospectively examined patients
with a diagnosis of possible AE [31]. However, the visual
reproduction test can potentially be a sensitive measure of
memory, as verbal memory strategies, such as labelling com-
ponents, are commonly employed during visual memory
tasks [33]. These strategies enhance memory recall without
relying on semantic structures or associations. As a result,
performance on the visual reproduction test may indicate dif-
ficulties in memory functioning. Further prospective studies
should examine these findings in more detail by, for exam-
ple, employing qualitative descriptions of Rey Complex
Figure Test copies [34].

The preliminary findings of this analysis suggest posi-
tive long-term cognitive outcomes in patients with AE.
Secondarily, they indicate a significant heterogeneity and
a multitude of patterns in cognitive outcomes, suggesting a
wide variation among individuals. These results imply that
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cognitive outcomes after AE may be non-specific. Conse-
quently, this could suggest that there are widely distributed
pathological processes underlying cognitive impairments.
The complexity observed in the cognitive profiles highlights
the need for further investigation to understand better the
underlying mechanisms contributing to the diverse cognitive
outcomes in AE.

Limitations

Several limitations are to be noted. One of the primary
limitations pertains to using the WASI, WAIS and WMS
batteries. While these batteries offer well-established reli-
ability, a comprehensive and specific assessment of cogni-
tive domains, robust criterion-related validity, and narrow
confidence intervals, they also have inherent limitations.
Many of these limitations are noted in the WMS section of
this discussion. As highlighted, these scales were primar-
ily designed to assess intellectual functioning, limiting their
sensitivity in detecting subtle changes in cognitive functions
due to their integration of subtests into indices. Additionally,
integrating various cognitive functions into these indices
may dilute or overshadow the unique contributions of each
function. While this analysis serves as an initial step, it is
imperative to conduct further investigations using targeted
assessments of specific functions, such as executive func-
tions, or employing different paradigms of memory assess-
ment to gain a more comprehensive understanding of the
cognitive profiles in AE.

Patients who were severely cognitively or physically
impaired could not be included in these analyses as they
could not complete aspects of the WAIS or WMS scales.
Further, due to the COVID-19 pandemic restrictions at the
time of recruitment, the current cohort reflects patients who
were not residing in nursing home/care facilities and hence
could travel to the hospital to perform the cognitive assess-
ment. Consequently, the current profiles only reflect patients
who engaged fully in extensive neuropsychological assess-
ment and do not reflect those who are highly impaired and
rely on carers for day-to-day functioning. In addition, the
memory tests explored in the current study do not explore
what benefits, if any, occur with a recognition format. An
in-depth exploration of memory profiles is warranted to elu-
cidate the cognitive outcomes of this disease. This study did
not explore variables that can have deleterious effects on
cognition—seizures, anti-seizure medication, psychopathol-
ogy and fatigue [35]. An in-depth characterization of these
factors and their correlation to cognitive outcomes would
of interest for future studies. While the sample size does
represent a large proportion of patients with this disease in
Victoria, Australia, it is limited. This is particularly evident
in the AE subtype analyses, which may be underpowered.
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Further analysis with a larger cohort for each subtype
is warranted. Finally, we did not correct for multiple com-
parisons for the AE sub-type analysis due to small sample
sizes, which increases the risk of false-positive findings and
the possibility of obtaining statistically significant results
by chance. This can affect the validity and generalizability
of the findings and should be considered when interpreting
the results.

Conclusions

The present study reveals significant deficits in perceptual
reasoning, processing speed, and working memory among
patients in the chronic phase of AE. Specifically, seroposi-
tive AE patients exhibited below-norm processing speed,
while both seropositive and seronegative patients demon-
strated significantly reduced working memory and process-
ing speed. Delayed memory was significantly below expec-
tations only in seronegative patients.

Notably, pattern analysis revealed that long-term cog-
nitive outcomes are positive for many patients. In those
patients who have ongoing cognitive difficulties, these out-
comes are heterogeneous. This complexity suggests that
cognitive outcomes may vary widely among individuals.

It is important to note that patients with severe cognitive
impairment were excluded from these analyses. While this
excludes a number of patients after AE, the findings here
pertain to a cohort of AE patients typically encountered in
clinical neuropsychology settings. As such, our results can
be extrapolated to other AE patients in clinic, highlighting
the importance of thoroughly assessing these cognitive func-
tions during neuropsychology consultations.

Based on the findings of the perceptual reasoning index
and working memory index, further prospective investiga-
tion of tests assessing executive function in the AE popula-
tion is warranted. Such exploration may deepen our under-
standing of executive function deficits in AE and potentially
inform targeted interventions to address these specific cogni-
tive challenges.
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