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Purpose: The cognitive neuropsychological model of depression suggests that the cognitive
deficits observed in depressed subjects are the result of attenuated top-down cognitive control
resulting in increased bottom-up emotional processing. Remediation of cognitive impair-
ments in cold cognition has been proposed as a valuable treatment for depression. The study
aimed to examine the effects of clinical response to repetitive transcranial magnetic stimula-
tion (rTMS) on cold cognition over the course of 8 weeks in medication-refractory depressed
subjects.

Materials and Methods: Twenty-two medication-refractory depressed subjects received
twenty sessions of high-frequency rTMS targeting the left dorsolateral prefrontal cortex, one
of the key nodes of the cognitive control network. Cold cognition and antidepressant
treatment response were monitored at baseline, week 2, 4 and 8. Clinical response was
defined as >50% reduction in Montgomery-Asberg Depression Rating Scale score at week 8.
Longitudinal changes in cold cognition were modeled using (generalized) linear mixed
models. It was hypothesized that the excitatory effects of rTMS would improve cognition
in the domains of executive function, memory, and attention. Additionally, responders were
expected to show larger cognitive improvements than nonresponders.

Results: A decrease in median latency was observed on a task that measured executive
function, irrespective of treatment response status. Further, responders showed significantly
larger improvements in A-Prime (the ability to detect target sequences) on a sustained
attention task. Post hoc analysis indicated higher levels of rumination in non-responders.
Conclusion: Our findings suggest that distractions during tasks with low perceptual com-
plexity affected nonresponders disproportionately possibly due to higher rumination levels.
Overall, cold cognition in medication-resistant depressed subjects was minimally affected by
rTMS, substantiating the safety of rTMS treatment.

Limitations: The sample size was small, and the study did not include a control group.
Keywords: depression, neurostimulation, cognitive impairments, attention, executive

function, memory

Introduction

Major depressive disorder is the most common psychiatric disorder and the leading
cause of disability,' affecting approximately 322 million people worldwide.”
Although the disorder is characterized by depressed mood, the role of cognitive
deficits in the development and maintenance of depression pathophysiology has
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been increasingly recognized.>> Cognitive impairments
have been associated with therapeutic response, risk of
relapse, quality of life and occupational outcomes and
remained, at least partially, present in remitted subjects.®’

The cognitive neuropsychological model of depression
conceptualizes cognitive deficits as two systems including
cold and hot cognition that rely on distinct, but interacting

brain circuits.*>

Cold cognition refers to emotion-
independent information processing that can be measured
with common neuropsychological tests. A meta-analysis
demonstrated impaired cold cognition in depressed sub-
jects in the domains of executive function, working mem-
ory and attention.® Convergent neuroimaging research has
linked these impairments to abnormal activity and connec-
tivity within the cognitive control network.® Hot cogni-
the other hand,

information processing that can be measured with tasks

tion, on refers to emotion-laden
that are reactional to emotional stimuli or contain feedback
that induces a certain emotional state.*> Research has
shown negative emotional and reward biases on tasks
that rely on hot cognition in depressed subjects,'®!
which has been associated with increased activity and
connectivity ~ within the default mode network
(DMN)>'"13 and between the DMN and limbic
regions.'® Cold cognition can be affected by hot cognition
through catastrophic responses to feedback and rumination
at the cost of engaging with the external world.>"?
Additionally, due to impaired top-down control of the
cognitive control network on the DMN, negatively biased
thoughts have “free reign” and may self-reinforce negative
cognitive schemata by primarily drawing attention to emo-
tion-eliciting details or appraisals that are congruent with
negative expectations and beliefs.>> In other words, the
combination of attenuated top-down cognitive control and
increased bottom-up emotional processing can be mutually
reinforcing and perpetuate depressive symptoms.”

Based on this theoretical framework, it has been sug-
gested that remediation of cognitive impairments may be
a valuable treatment target for depression.*® A treatment
that has shown both enhancing effects on cognition'*'
and antidepressant effects is repetitive transcranial mag-
netic stimulation (rTMS) to the dorsolateral prefrontal
cortex.'® This non-invasive focal neurostimulation treat-
ment has been approved by the US Food and Drug
Administration for the treatment of medication-refractory
depression'” and is believed to relieve core cognitive and
affective symptoms by directly and indirectly targeting
pathological brain networks.>'® Although rTMS has been

associated with improved working memory,'” executive
function,'® attention,”® and processing speed,”’ not all
studies observed changes in cognition. Further, general-
ization of results across studies has been complicated by
the large variability in stimulation protocols and cognitive
tasks.”’ As most studies only compared cognitive perfor-
mance in one cognitive domain at two timepoints, pre-
treatment versus post-treatment,”® several questions
remain unanswered. First, how are different cognitive
domains affected by rTMS
depressed subjects? Second, is cognitive change a linear

in medication-refractory

process? Third, are rTMS-induced cognitive changes sus-
tainable beyond one full course of treatment?

To fill these gaps in the literature, the current single-
arm prospective study examined the effects of high-
frequency rTMS targeting the left dorsolateral prefrontal
cortex over the course of eight weeks (baseline, week 2,
4, 8) in the domains of executive function, memory and

attention.>”'> Based on the literature,®'**°

we hypothe-
sized that stimulating the left dorsolateral prefrontal cortex
would result in cognitive improvement in all tested
domains due to direct excitatory effects on one of the

network.>%%3

key regions of the cognitive control
Further, it was hypothesized that rTMS responders would
show larger improvements in cold cognition over time
than nonresponders because the restored ability to dimin-
ish DMN activation would indirectly improve performance
due to reduced bottom-up emotional interference during

cognitive tasks.>*

Materials and Methods

Participants

Twenty-two participants that participated in another
ongoing study (ClinicalTrials.gov: rTMS response trajec-
tories in depression, NCT03348761) were approached to
obtain written informed consent for participation in the
current study. The study was approved by the Joint
Chinese University of Hong Kong—New Territories East
Cluster Clinical Research Ethics Committee and in line
with the Helsinki Declaration of 1975, as revised in 2008.
Participants were between 18 and 64 years old, right-
handed, diagnosed with a Diagnostic and Statistical
Manual of Mental Disorders - Fourth edition (DSM-IV)
diagnosis of major depressive disorder, had a score of >20
on the Montgomery-Asberg Depression Rating Scale
(MADRS),** had failed to respond adequately to at least
one full course of antidepressant medication (>6 weeks),
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were medication intolerant, or had a stable medication
with
Participants were excluded from the study if they had

regime insufficient  clinical  improvement.
a history of significant head trauma, neurological disor-
ders, active abuse of alcohol or illegal substances, current
psychotic symptoms, suicide ideation or recent suicide
attempts, other primary DSM-IV Axis I and II psychiatric
diagnoses, contraindications to magnetic resonance ima-
ging (eg pacemaker, metal implant, pregnancy) or rTMS,
or having undergone electroconvulsive therapy in the

preceding year.

Clinical and Outcome Measures
Demographic and clinical characteristics were extracted
from the primary study including age, gender, level of
education, handedness, age at onset of first depressive
episode, the total number of depressive episodes, level of
treatment resistance” and medication type. Medication did
not change throughout the entire course of the study. An
IQ assessment using the short form of the Wechsler Adult
Intelligence Scale — Fourth Edition (Hong Kong)*® was
administered by an independent psychologist to ensure
similar intelligence levels for responders and nonrespon-
ders. Baseline and follow-up assessments consisted of
a selected neuropsychological test battery and depressive
symptom measures and were performed 7-10 days before
the start of the intervention (baseline), at the end of
the second week of treatment (week 2), at the end of the
treatment (week 4) and four weeks post-treatment
(week 8).

Neuropsychological Test Battery

Five subtests of the Cambridge Neuropsychological Test
Automated Battery (CANTAB; Cambridge Cognition,
Cambridge, UK) were administered by two of the authors
(HYC or WSH) who were blinded to all baseline and clinical
outcomes. CANTAB is a touchscreen computer-based non-
verbal neuropsychological test battery that has greater preci-
sion than traditional paper-and-pencil assessments because
of the automated data collection, standardized recording and
scoring. The test battery was based on the meta-analytical
findings from Rock and colleagues showing significant mod-
erate cognitive deficits in executive function, memory and
attention in depressed subjects compared to healthy controls
(Cohen’s d effect sizes ranging from —0.34 to —0.65).° The
battery consisted of the One Touch Stockings of Cambridge
(OTYS), Working Memory (SWM), Delayed
Matching-to-Sample (DMS), Paired Associates Learning

Spatial

(PAL), and Rapid Visual Information Processing (RVP)
task. Practice effects were minimized with parallel modes
and stimuli randomization within and across subjects. The
entire battery was piloted in depressed subjects outside the
study to ensure completion within one hour. A summary of
each subtest is described below, detailed descriptions of the
tasks and outcome measures can be found at https://www.
cambridgecognition.com/cantab/cognitive-tests/ and Table

S1, respectively.

Executive Function

One Touch Stockings of Cambridge (OTYS)

OTS is a test of executive function that assessed spatial
planning and working memory subdomains. Two displays
containing three colored balls were presented. Participants
had to move the balls in the lower display to copy the
pattern in the upper display. The primary outcome mea-
sures were the number of problems solved on the first
choice and the median latency to first choice.

Spatial Working Memory (SWM)

SWM is a self-ordered test that assessed the retention and
manipulation of visuospatial information. The test started
with colored boxes on the screen. Participants had to
search for the yellow ‘tokens’ to fill up an empty column
using a process of elimination. The outcome measure was
the number of new strategies: the number of times
a subject started a new search pattern from the same box
as the previous trial; lower scores indicate higher strat-
egy use.

Memory

Delayed Matching-to-Sample (DMS)

The DMS is a perceptual matching and delayed visual
memory test that measured visual recognition memory.
Participants were presented with a target stimulus. After
a short delay varying from 0, 4 or 12 seconds, the target
stimulus was shown along with novel alternatives.
Participants were instructed to select the stimulus that
matched the target stimulus. The outcome variable was
the percentage of correct solutions calculated across all
trials containing a delay.

Paired Associates Learning (PAL)

PAL is a test that assessed visual memory and new learn-
ing. The participants were presented with boxes, of which
one or more contained a pattern. The patterns were dis-
played one by one in the middle of the screen and parti-
cipants were instructed to point out the box where the
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pattern was originally located. As the task progressed, the
number of patterns gradually increased up to eight. The
total number of errors and first attempt memory score
served as the main outcome parameters.

Attention

Rapid Visual Information Processing (RVP)

The RVP measured sustained attention. In the center of the
screen, digits appeared (from 2-9) in random order at
a rate of 100 digits per minute. Participants were instructed
to detect patterns of number target sequences (eg 2-4-6)
and respond as quickly as possible when the target
sequence appeared by using the press pad. The primary
outcome measures of this test were the median response
latency on correct trials and A-Prime which is the signal
detection measure of sensitivity to the target regardless of
response tendency. A-Prime ranges between 0 and 1;
higher scores indicate better performance.

Depressive Symptom Measures

The MADRS,** Hamilton Depression Rating Scale,*’
Global and Global
Assessment of Functioning score”® were administered by

Clinical Impression  scale,”®
a research psychiatrist (SMSC) at different time points.
Further, the Chinese version of the Beck Depression
Inventory IL,>° a self-report questionnaire, was completed
by participants. Clinical response was defined as >50%
reduction in MADRS symptom scores at week 8. The
MADRS consists of ten items rated on a 0—6 continuum

(0 = no abnormality, 6 = severe).

Intervention

Participants received 20 sessions of neuronavigated high-
frequency rTMS treatment targeting the left dorsolateral
prefrontal cortex over four weeks. Individual sessions
consisted of 30 minutes of 10 Hz rTMS (3000 pulses; 30-
second cycles, 5 seconds on, 25 seconds off). A Magstim
Super-Rapid device was used with a 70-mm figure-of-
eight double air film coil (Magstim Ltd, Whitland, UK)
and manually centered at Montreal Neurological Institute
coordinates X=—46, Y=45, Z=38 using Brainsight TMS
Ltd, Montreal,
Canada). Coordinates were based on a neuronavigated
rTMS study by Fitzgerald and colleagues (2009) that
showed enhanced response to rTMS compared to localiza-

neuronavigation (Rogue Resolutions

tion with the 5-cm technique.’'** Resting motor threshold
was defined as the minimum TMS intensity that elicited
a motor-evoked potential of >50uV peak to peak in the

contralateral abductor pollicis brevis in 5 out of 10 trials.
The motor threshold was measured before the first treat-
ment and after 10 sessions. Stimulation output was 120%
of the motor threshold. Treatments were delivered by
certified TMS experts (SMSC and HJH).

Statistical Analyses

Longitudinal changes in the CANTAB measures were mod-
eled using (generalized) linear mixed models ((G)LMM).
Outliers were removed if the outcome values were 1.5 times
the interquartile range above the upper quartile or below the
lower quartile. As performances can be assumed to naturally
differ between subjects during baseline, a random intercept
was included. Initially, random slopes were also included to
represent different temporal patterns of change in performance
but subsequently discarded due to a lack of model improve-
ment. As change is rarely truly linear, second-order polynomial
terms were incorporated to capture potential non-linear
changes. A stepwise approach was applied, where fixed effects
were subsequently added to the model including time in weeks
since baseline (4 levels: 0, 2, 4, 8), quadratic time in weeks
since baseline (4 levels: 0, 4, 16, 64), group (2 levels: non-
responders, responders), and their interactions (time x group,
quadratic time x group). The analyses were controlled for
variables that differed between responders and nonresponders
at baseline including age and BDI baseline scores (Table 1).
Categorical treatment response was defined as >50% change in
MADRS symptoms score. The nonresponder group was trea-
ted as the reference group. Different models were constructed
for each dependent variable: OTS median latency, OTS num-
ber of perfect solutions, SWM strategy, DMS percentage of
correct solutions, PAL first attempt memory score, PAL num-
ber of errors, RVP median latency, RVP A-Prime. LMMs
assuming Gaussian response were used to model changes in
percentages and reaction times. GLMMs assuming Poisson
response were used to model count data such as the number
of errors and number of perfect solutions.>* Several parameters
were used to determine the best model fit, including Akaike’s
(AIC) and Bayesian Information Criteria (BIC) using a smaller
is better criterion, and log likelihood ratio test, which is dis-
tributed as »* with degrees of freedom equal to the number of
parameters added. As maximum likelihood and restricted max-
imum likelihood revealed similar results, only the maximum
likelihood results were reported. Structures in the residuals (ie
heteroscedasticity and autocorrelation) were examined using
the variance functions and correlation structures in the nlme
package.** Statistical analyses were performed by HIH and
carried out in R version 3.6.1 using the nlme (version 3.1-150),
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Table 1 The Means, Standard Deviations, Minimum and Maximum Values of the Demographic, Clinical and Intelligence Measures at

Baseline for All Subjects and by rTMS Treatment Response Status

rTMS Response Status p*
All Subject (n = 22) Responders (n = 10) Nonresponders (n = 12)
M SD Min | Max M SD Min | Max M SD Min | Max P
Demographics
Gender, count F:-M 17:5 8:2 9:3 |
Age, years 4523 | 10.67 18 57 51.60 | 48l 41 57 3992 | 11.77 18 55 <0.01**
Education, years 11.48 3.68 0 17 12.44 3.09 6 16 10.75 4.05 0 17 0.29
Clinical characteristics
Age onset, years 37.18 | 10.01 24 51 39.70 | 8.19 24 51 35.08 | Il1.21 17 52 0.28
Depressive episodes, no. 227 1.35 | 5 2.90 1.60 | 5 1.75 0.87 [ 3 0.06"
Duration current, weeks | 38.09 | 18.64 4 52 30.60 | 21.15 4 52 4433 | 1429 12 52 0.10
TRb, count
Level | | | 0 0.53
Level 2 16 7 9
Level 3 5 2 3
MADRS 29.23 6.44 20 41 27.50 | 6.06 20 39 3067 | 6.85 20 41 0.26
HAM-D 22.55 7.19 14 40 2460 | 6.88 16 38 26.33 7.64 14 40 0.58
Cal 4.41 0.67 3 5 4.20 0.63 3 5 4.58 0.67 3 5 0.18
GAF 63.55 6.37 50 75 64.60 | 7.03 51 75 62.67 | 593 50 71 0.50
BDI-II 36.50 | 11.76 16 56 29.30 | 10.66 16 52 4250 | 9.20 25 56 <0.01**
Intelligence
WAIS-IV 1Q 39.78 | 10.06 18 51 43.14 | 5.34 34 51 3764 | 11.92 18 51 0.20

Notes: “The p-values report the significance levels reached for the t or 2 tests (as applicable) comparing responders and nonresponders. The significance threshold was set
at p < 0.05 for all comparisons. *p < 0.01, *p < 0.10. ®Treatment refractoriness according to the staging criteria of Thase and Rush,?® higher level indicates more

refractoriness.

Abbreviations: BDI-ll, Beck Depression Inventory—ll; CGl, Clinical Global Impression rating scale; F, female; GAF, Global Assessment of Functioning scale; HAM-D,
Hamilton Depression Rating Scale; MADRS, Montgomery-Asberg Depression Rating Scale; M, male; TR, treatment refractoriness.

Ime4 (version 1.1-25), and glmmTMB (version 1.0.2.1)
packages. Since most CANTAB measures except for OTS
median latency and RVP median latency have population
norms, LMMs were also performed with the Z-scores for
each outcome measure as outcome variable to examine
whether that would influence the results. Normative Z-scores
were adjusted for age, gender, and education. Given that the
normative data were based on a healthy sample at a single time-
point, Cambridge Cognition discourages the use of normative
data to examine change over time on their website (https://
www.cambridgecognition.com/blog/entry/research-study-

design-control-groups-or-normative-data-comparison).

Nevertheless, normative data can provide information about
cognitive performance at baseline compared to a non-clinical
sample. Therefore, one-sample t-tests with Bonferroni correc-
tion (p = 0.05/6 = 0.008) for the Z-scores at baseline were
performed to examine whether cognitive impairments were
present at baseline.

Results
Socio-demographic, clinical and intelligence measures at
baseline are summarized in Table 1. Nonresponders were
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Figure | Panel (A) Line graph illustrating identical change over time for three clinical measures, including the Beck Depression Inventory-Il, Montgomery—Asberg
Depression Rating Scale, and Hamilton Depression Rating Scale; symptom scores decreased until week 4 and remained fairly stable until week 8. Panel B/C: Graphs
illustrating the means, standard errors, individual datapoints and modeled trajectories for responders and nonresponders. Panel (B) shows significant linear decrease in OTS
median latency over the course of 8 weeks, but no significant group differences were observed. Panel (C) shows a main effect of time and group-by-time interaction on RVP
A-Prime, controlled for baseline differences in age and BDI scores, over the course of 8 weeks; responders showed significant larger improvements over time than
nonresponders and performance stabilized after the last rTMS session for both groups. The clinical measures showed the reversed pattern of the RVP A-Prime trajectories,

suggesting that clinical and cognitive improvement in sustained attention occurred concurrently.

significantly younger and reported higher subjective depres-
sive scores (BDI-II) than responders at baseline. No differ-
ences were observed in gender, education, clinical and
depression scores administered by a psychiatrist, and the
WALIS intelligence measure. None of the subjects dropped
out of the study, but a feed-forward approach was applied for
one subject whose week 8 cognitive measures could not be
collected. Further, missing data resulting from outlier
removal varied from 0 to 11.36%. Mean and standard devia-
tions of the cognitive outcome measures are presented in the
supplemental information (Table S2). Symptom score tra-

jectories are shown in Figure 1A showing a linear decrease
until week 4 which remained stable until week 8. (G)LMMs
revealed no changes in performance on three of the five
subtests, including SWM, DMS, and PAL (Table S3). The
LMMs that modeled OTS and RVP performance over time
revealed significant effects. Since the LMMs results were
identical for the raw and normative Z-scores, only LMMs
for the raw scores are presented.

OTS

OTS median latency to first choice was modeled with an
LMM with a Gaussian distribution. Change in performance
was best captured with a linear model that allowed indivi-
duals to vary randomly on the intercept. Adding the effect of
group controlled for age and BDI baseline scores did not
improve model fit, indicating similar baseline performance
and performance trajectories in responders and nonrespon-

ders. However, adding a power variance structure reduced

heteroscedasticity and improved model fit (y (1) = 32.04, p <
0.001; Table S4). The fixed effect parameter estimates, stan-
dard errors and model summaries are presented in Table 2;
the final model showed that the median latency to first choice
was 14.93 seconds at baseline and decreased by 0.43 seconds
per week, even after the end of the treatment (p < 0.001,
Figure 1B). Diagnostic plots indicated normality of random
effects and residual errors. No significant changes over time
were observed for the number of perfect solutions (Table S3).

RVP

The overall time course for change in RVP A-Prime was
best captured with a second-order polynomial LMM with
Gaussian distribution that allowed individuals to vary ran-
domly on the intercept. Model comparisons showed that
the effect of Group controlled for age and BDI scores on
the intercept did not improve model fit (x* (3) = 2.73, p =
0.43), indicating no differences between rTMS responders
and nonresponders in performance at baseline. However,
the effect of rTMS response on both the linear and quad-
ratic term did improve model fit (x* (5) = 16.56, p < 0.01),
indicating that the change in RVPA A-Prime over time
differed between the two groups. Adding error structures
did not improve model fit (Table S4). Diagnostic plots
suggest approximate normality of random effects and resi-
dual errors. Table 3 shows the fixed effect parameter
estimates, standard errors and model summaries. Figure
1C illustrates the main effect of time and the group-by-
time interaction, indicating that all subjects showed initial
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Table 2 Linear Mixed Model Results of the One Touch Stockings of Cambridge (OTS) Median Latency in Seconds (n = 22,

Observations = 86)

OTS Median Latency (Sec)
Level-1 Level-2
Intercept Linear Quadratic Linear Group: Linear Group: Level-1 Linear
Intercept Interaction VarPower=1.17
Fixed effects: Estimate
(SE)
Intercept 14.29 (1.55)% | 16.77(1.69)*** 17.56(1.81)%* | 1572 (2.43)%** 15.04 (2.51)** 14.94 (1.48)**+*
Linear - —0.68 (0.17)** | —1.46 (0.60)* —0.68 (0.17)*** -0.49 (0.23)* —0.43 (0.08)***
Quadratic - 0.09 (0.07) -
Age:Intercept® - 2.99 (1.75) 2.98 (1.77) -
BDl:Intercept® - 0.92 (1.11) 1.53 (1.77) -
Group:Intercept® - 2.23 (4.17) 3.73 (4.38) -
Group:Linear® - —0.41 (0.34) -
Model summary
ICC 0.64
AIC 575.10 562.14 562.33 562.33 562.14 530.10
BIC 582.46 571.96 574.61 579.51 582.38 54237
Log-likelihood —284.55 —277.07 —276.17 —274.16 —273.37 —260.05
Parameters 3 4 5 7 8 5
7 (Adf) - 14.96%* 1.81 5.8lI° 7.39° 34.04%%k

Notes: *p < 0.001, *p < 0.05. *The variables age and BDI were standardized (mean = 0, std = ). "The nonresponder group was the reference group. © Model was

compared to Level-1 Linear.

Abbreviations: AIC, Akaike information criterion; BIC, Bayesian information criterion; df, degrees of freedom; ICC, intraclass correlation coefficient; SE, standard error.

improvement in RVP A-Prime. However, this increase was
larger for the responder group until week 4, after which
RVP A-Prime stagnated until the end of the study for both
groups. The clinical measures showed the reversed pattern
of the RVP A-Prime trajectories, suggesting that clinical
and RVP A-Prime improvement occurred concurrently
(Figure 1A and C). No significant changes over time
were observed for RVPA Median Latency (Table S3).

Normative Data

The normative data are presented in Figure S1 and provide
information about the cognitive performance relative to
non-clinical norms. One-sample t-tests with Bonferroni
correction indicated that two of the six measures were
significantly impaired including RVP A-Prime and SWM
strategy. The mean RVP A-Prime Z-score was —0.62 (SD =
1.03), #(21) = —2.81, p < 0.01, CI = —1.08 to —0.16, one-
sided. The mean SWM strategy Z-score was —0.40 (SD =
0.27), #(20) = —6.71, p < 0.001, CI = —0.53 to —0.28, one-
sided.

Discussion
The objective of this study was to examine the effects of
rTMS clinical response on cold cognition over the course

of 8 weeks across three cognitive domains including
executive function, memory, and attention. The results
showed that responders and nonresponders only showed
different performance trajectories in the domain of sus-
tained attention (RVP A-Prime). Furthermore, improve-
ments in cognitive function, irrespective of responder
status, were observed in the domain of executive function
(OTS median latency). Finally, no cognitive deterioration
and drop-outs were observed in this study, substantiating
the safety and tolerability of rTMS treatment in medica-
tion-refractory depression. Here, we interpret and describe
the significance of our findings.

Sustained Attention

The RVP is a serial detection task that primarily requires
sustained attention, but also involves stimulus discrimina-
tion, a motor response, and recruitment of working mem-
ory processes to ensure that the correct target is
identified.*> Changes over time were only observed for
the A-Prime but not the median latency outcome measure,
indicating changes in the ability to detect target sequences
but not processing speed. The linear and quadratic effects
corresponded to linear improvement during the treatment
phase which stagnated during the follow-up phase.
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Table 3 Linear Mixed Model Results of the Rapid Visual Information Processing (RVP) A-Prime (n = 22, Observations = 86)

RVP A-Prime

Level-1 Models Level-2 Models

Intercept Linear Quadratic Quadratic: Group: Quadratic: Group:

Intercept Interaction
Fixed effects: Estimate (SE)
Intercept 91.21 (1.08)*+* | 89.59 (1.14)** | 88.22 (I.17)** | 88.36 (1.79)*** 89.72 (1.84)***
Linear - 0.45 (0.10)*** 1.79 (0.33)%** 1.79 (0.34)%** 1.01 (0.42)*
Quadratic - - —0.16 (0.04)** | —0.16 (0.04)*** —0.10 (0.05)*
Age:Intercept® - - - 1.07 (1.25) 1.00 (1.27)
BDl:Intercept - - - —1.29 (1.29) —1.24 (1.31)
Group:Intercept® - - - -0.32 (3.05) —-3.35 (3.20)
Group:Linear - - - - 1.71 (0.62)*
Group:Quadratic - - - - -0.14 (0.07)"
Model summary

ICC 0.70 - - - -
AIC —-293.58 -308.66 —322.64 -319.37 —-329.21
BIC —-286.22 —-298.84 -310.37 —299.74 —304.67
Log-likelihood 149.79 158.33 166.32 167.69 174.60
Parameters 3 4 5 8 10
7 (Adf) - 17.08%+ 15.98%% 2.73¢ 16.56** <

Notes: **p < 0.001, *p < 0.0, *p < 0.05, *p < 0.10. *The variables age and BDI baseline were standardized (mean = 0, std = |). ®The nonresponder group was the
reference group. “Model was compared to Level-| Quadratic. As RVP A-Prime outcomes were between 0 and |, the estimates and standard error values were multiplied by

100 to improve readability.

Abbreviations: AIC, Akaike information criterion; BIC, Bayesian information criterion; df, degrees of freedom; ICC, intraclass correlation coefficient; SE, standard error.

Further, the group-by-time interaction revealed a larger
increase in A-Prime in responders than nonresponders.
These results support our hypotheses in the domain of
sustained attention showing 1) cognitive improvement,
irrespective of rTMS response status, and 2) larger
improvement in responders than nonresponders. Our find-
ings suggest that rTMS (partially) restored the previously
inefficient top-down cognitive control of the DMN, indir-
ectly resulting in more efficient DMN suppression that
allowed subjects to direct attentional resources more effi-
ciently to external goal-directed tasks such as the RVP.>
Nevertheless, caution is required regarding the inter-
pretation of the shape of the trajectories, because the
stagnation in the responder group could also be the result
of a ceiling effect as a large proportion of the responders
reached A-Prime values near the maximum possible upper
limit by week 4 (M = 0.944, SD =0.045). However, since
nonresponders and symptom score trajectories showed
similar stagnation after week 4, improvements were pre-
sumably induced by rTMS. However, it would be interest-
ing to examine whether larger improvements in cognition
and mood could be achieved by increasing the number of

treatment sessions; some patients may not have reached

their full potential as the number of TMS sessions were on
the lower end of the standard clinical recommendations of
20-30 sessions.*® Our findings further suggest that clinical
and cognitive improvements in sustained attention occur
concurrently, but unfortunately it was not possible to infer
causation because measurements were not frequent
enough. Finally, no changes were observed between
week 4 and week 8, indicating that the improvements
last at least up to 4 weeks post-treatment. Future work
should include a control group to distinguish between
rTMS-induced effects and practice effects.

Executive Function

The OTS is a test of executive function which assessed
spatial planning and working memory domains. The cur-
rent study revealed a significant main effect of time, show-
ing a linear decrease in median latency to first choice over
the course of eight weeks for all subjects. However, the
number of perfect solutions did not improve over time,
indicating that subjects achieved similar accuracy levels in
less time. These findings can be interpreted in two ways,
either better performance due to excitatory stimulation of
the cognitive control network or practice effects. Future
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work should include a healthy control group to provide
a definite answer.

Negative Findings

Most of the outcome measures did not change over time.
A recent meta-analysis revealed that deficits in selective
attention, working memory and long-term memory persisted
after subjects achieved remission and worsened with
repeated episodes.’” Given that our sample showed high
levels of treatment-refractoriness, we initially assumed that
cognitive impairments were most likely trait markers of
medication-refractory depression. However, compared to
healthy normative subjects, cognitive impairments were
only observed on two of the six outcome measures. There
could be two explanations: 1) cognitive impairments were
not present in some cognitive domains or 2) cognitive impair-
ments could not be measured on a behavioral level. Goldstein
and colleagues’ described, for example, two types of cogni-
tive control network abnormalities in depressed subjects
including hypo-activity and hyper-activity of the dorsolateral
prefrontal cortex. Hypo-activity during task conditions was
associated with cognitive deficits, whereas hyper-activation
was interpreted as a compensation mechanism to retain nor-
mal cognitive behavior when task demands increased.
Convergently, the subjects in this study were included
regardless of whether the DSM-IV criterion of “a diminished
ability to think or concentrate” was met.’® Although the
relationship between subjective and objective cognitive
impairments remains unclear, one may speculate that this
somewhat conservative approach to uncover the effects of
rTMS on cognition potentially resulted in an inflated type II
error as improvements are more difficult to detect if cognitive
deficits were not present.’” Future longitudinal controlled
neuroimaging studies are needed to investigate whether
minimal cognitive improvements induced by rTMS indicate
trait markers, an inflated type II error due to a lack of
cognitive deficits, and/or difficulties to reveal deficits due to
potential neurological compensation mechanisms.

However, the question remained why an interaction effect
was only observed on the RVP A-Prime outcome measure.
One aspect that distinguished the RVP from the other tasks
was that it required attention over a prolonged period.
According to the Perceptual Load Theory, success or failure
of selective and sustained attention depends on the proces-
sing demands of the task.*® Research has shown that distrac-
tions were more likely to occur during tasks with low
perceptual complexity and demands, whereas distractions
could be prevented by increasing the perceptual complexity

of a task.** We hypothesized that the low perceptual com-
plexity of the RVP task could have affected nonresponders
disproportionately due to a higher susceptibility to negatively
biased bottom-up emotional interference and motivational
deficits.>* Although our sample size did not allow for media-
tion analysis, post hoc two-way ANOVA results indeed
revealed higher levels of rumination*' in nonresponders
compared to responders (see supplemental information for

details). Future work should further explore the potential
mediation effects of rumination on tasks with low perceptual
complexity compared to higher perceptual complexity to
verify our hypothesis.

Strengths and Confounding Factors
One of the strengths of the current study is that cognitive
performance was examined four times over a period of
eight weeks using (generalized) LMMs. This method is
robust to missing and unbalanced data, takes into account
different spacing in time between measurements, and
allows modeling of linear and nonlinear change, providing
insight about 1) when changes in cognition occurred,
and 2) whether change continued, stagnated or reversed
after the end of a full course of rTMS treatment.
However, several confounding factors may have contrib-
uted to our findings. Responders were significantly older and
reported more subjective symptoms than nonresponders.
Although analyses were controlled for these differences by
adding age and BDI scores at baseline to the models, com-
plex interactions between age, subjective symptom scores,
rTMS response and cognitive outcome could not be exam-
ined because of the limited sample size. Given that aging is
associated with a decline in brain volume after the age of
twenty with the most pronounced effects in the frontal and
temporal lobes,** it could be speculated that rTMS may affect
cognition differently across the lifespan. Convergent to our
findings, a deep TMS study showed better treatment response
in older subjects, even though baseline cognitive perfor-
mance of responders did not differ or tended to be inferior
to nonresponders on several tasks.*’ In contrast, a systematic
review that focused on executive functions did not reveal
age-related rTMS effects,' while a recent study that exam-
ined cognitive control using a Stroop color-word interference
task observed complex interaction effects.’® Accuracy
improvements occurred selectively in the incongruent con-
dition for the responder group, with the strongest benefit in
older subjects.”® An interesting future direction would be to
directly compare different age groups across the same neu-
ropsychological test battery to elucidate complex interactions
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of the effects of rTMS on different cognitive domains and
aging. Although a motor screening task was not part of the
neuropsychological battery, we are confident that the results
presented in this paper are not confounded by the effect of
age on lower-order cognitive functions or familiarity with
technology such as tablets because 1) the two reaction time
measures (OTS and RVP median latency) did not reveal
group differences, 2) the normative data (Z-scores adjusted
for age, gender and education level) showed a similar inter-
action effect between time and group on the RVP A-Prime
outcome variable, 3) if younger subjects had an advantage
over older subjects because of higher familiarity with tech-
nology, better performance in younger subjects (ie the non-
responders group) would be expected while the opposite was
observed; responders showed larger improvement over time
than nonresponders. Finally, psychiatric medications have
been associated with both cognitive impairment and cogni-
tive improvement in depressed subjects.** However, due to
the limited sample size, the interaction between psychiatric
medication and the effect of rTMS on cognition was beyond
the scope of this paper. Despite this, we believe our findings
are valuable because medication type and dose remained
stable during the study, which mimics real-world situations
where 'TMS can be applied as either augmentation to
ongoing pharmacotherapy or as a solitary method of
treatment.

Conclusion

Clinical response to rTMS was associated with larger
improvements in the domain of sustained attention. Our
findings are in line with the perceptual load theory, sug-
gesting that distractions during tasks with low perceptual
complexity affected nonresponders disproportionately pos-
sibly due to higher ruminative levels. Further, no cognitive
deterioration and drop-outs were observed in this study,
substantiating the safety and tolerability of rTMS treat-
ment in medication-refractory depression. Future work
should increase the sample size and include a control
group to elucidate complex interactions between rTMS
response, age, and medication on cognition over time,
and examine whether rumination levels can serve as
a mediator in tasks with low perceptual complexity and
demands.
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