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Abstract 
 

Completing sequences is a routine part of daily life. Many are abstract, defined 
by a rule governing the order rather than the identity of individual steps (e.g., getting 
dressed). In obsessive-compulsive disorder (OCD), excessive ritualistic behaviors 
suggest a disruption in abstract sequence completion. Executing abstract sequences 
requires at least two levels in a hierarchy of cognitive control: abstract sequential control 
(tracking steps) and task switching (shifting between tasks). While task switching has 
been studied in OCD, little is known in a sequential context. Understanding both 
hierarchical control types is key to uncovering how abstract sequences with nested task 
switches are processed in OCD. Previous studies showed that the rostrolateral 
prefrontal cortex (RLPFC) supports abstract sequence monitoring in healthy individuals 
with an increase in activity across each sequence, a dynamic known as “ramping”. 
Ramping outside the RLPFC is potentially indicative of other sequence-related 
processes such as progress towards a goal and increasing working memory load. 
Therefore, we hypothesized that abstract sequential control deficits would correspond to 
altered ramping dynamics in RLPFC and other cortical regions. Second, we predicted 
task switching deficits in OCD, coupled with altered activity in cortical regions 
canonically implicated in task level control. We found partial support for both 
hypotheses. Abstract sequential control did not show behavioral differences in OCD but 
did show increased overall ramping in the anterior cingulate cortex (ACC) and superior 
frontal sulcus (SFS) and ramping differences in additional, novel cortical regions 
according to abstract sequence complexity. In contrast, behavioral differences were 
observed for task switching in OCD without neural differences between the groups. 
Together, these results suggest a group of areas support sequential control differentially 
in OCD than in healthy controls, despite behavioral similarity, and that this observation 
is likely not the result of neural deficits in task switching. These findings thus provide 
insight into OCD during complex behaviors more similar to daily life where sequence 
and task level control are intertwined and may inform future potential treatment. 
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Introduction 
 

A relatively prevalent psychiatric disorder, obsessive-compulsive disorder (OCD), 
is defined by repetitive obsessions (persistent and intrusive thoughts, feelings, or 
images) and associated compulsions (Veale & Roberts, 2014). Behaviorally, 
compulsions present as repetitive and unnecessary, often ritualistic, actions or thoughts. 
Common examples of compulsions include repeatedly checking items or cleaning 
rituals. Although they can differ between individuals, compulsions in OCD can be 
categorized broadly as sequences of repeated actions or thoughts that are illogical or 
excessive to the situation. Therefore, it is important to investigate the neural 
contributions to the sequential nature of OCD behavior to understand the basis of its 
pathology.  

Compulsive behaviors in OCD, such as counting in groupings of a certain 
number (e.g., groups of five) (Menon, 2013), or dressing and re-redressing in the 
morning (Uvais & Sreeraj, 2016), suggest a potential for dysfunction in the ability to 
track task sequences. In daily life, sequences define the way humans organize their 
lives, often establishing a scaffold we can use to help achieve our goals. Many such 
sequences can be considered abstract, in that they are defined by a rule governing a 
series of operations over a series of tasks rather than by the identity of the operations 
themselves (Desrochers et al., 2022). For example, the abstract sequence of cooking 
pasta may be guided by the structure of a recipe (e.g., boil water for noodles, chop the 
vegetables, grate the cheese), with the flexibility of using tomatoes from the garden or 
the store without disrupting the process. It is possible that dysfunctional neural circuitry 
related to abstract sequence behavior underlies OCD pathology, since many 
compulsions manifest as repeated or ritualistic abstract sequences.  

Abstract task sequences consist of a hierarchy of at least two levels of cognitive 
control required for their completion. The top level of the hierarchy is abstract sequential 
control, which is the cognitive flexibility and maintenance needed to keep track of each 
step with an end goal in mind (Desrochers et al., 2022; Lashley, 1951). The second 
level of the hierarchy is task or sub-goal control, a more general type of control required 
to cease one task and switch to the other, often referred to as task switching (Monsell, 
2003). Abstract sequences therefore require the exertion of cognitive control over 
tracking progress made towards a goal and over individual task transitions.  

Both abstract sequential control and task switching have established behavioral 
markers. In abstract sequencing, healthy participants exhibit significantly increased 
reaction times at sequence onset compared to later sequence positions (Desrochers et 
al., 2015, 2019; Schneider & Logan, 2006). This behavioral effect is known as the 
initiation cost and is thought to measure control at the abstract sequential hierarchy 
level. The symptomatology of OCD suggests initiation costs may be increased as a 
result of impaired abstract sequential control in these patients, though there have been 
few direct studies. The behavioral marker for task level control has also been 
established. During task switching, significantly higher reaction times occur at task 
switches compared to repeats in healthy participants (Monsell, 2003). Evidence of task 
level control deficits in OCD is mixed with some studies reporting switch cost deficits 
(Gu et al., 2008; Remijnse et al., 2013), and another concluding there were no task level 
deficits using a similar task (Moritz et al., 2004). In paradigms that combine hierarchical 
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levels of control, evidence is also mixed as to the effects of the combination. In healthy 
participants, predictable task sequences can improve task switching reaction times 
(Schneider & Logan, 2006), while conversely, conflicting higher order rules can increase 
reaction times on embedded switches (Mayr & Bryck, 2005). In OCD, one study found 
that in a dual-task paradigm that combined inhibitory control with switching tasks, OCD 
participants had more interference on switches, resulting in higher switch costs 
(Demeter et al., 2017). These studies underscore the importance of examining markers 
of different levels of behavioral control together to better understand OCD symptoms as 
they relate to abstract and task levels of sequential control.    
 Neural markers at the level of abstract sequential control are established through 
two distinct dynamics, onset and ramping activity. Ramping refers to a monotonic 
increase in activity across a sequence. In healthy participants, ramping occurs in the 
rostrolateral prefrontal cortex (RLPFC), a region necessary for successful sequence 
task performance, reflecting the extended monitoring or tracking of progress through 
abstract sequences (Desrochers et al., 2015, 2019; McKim & Desrochers, 2022). By 
compliment, onset activity, the amplitude of the response at the start of each stimulus, 
also occurs in the RLPFC and can index how this region contributes to sequential 
control that is more trial specific and not extended across entire sequences. In OCD, 
reduced onset activity occurs in prefrontal regions, such as the ventromedial (Gu et al., 
2008) and dorsolateral (Gu et al., 2008; Remijnse et al., 2013; van den Heuvel et al., 
2005) cortex. Given the role of these regions in general executive functioning, it is 
plausible that hypoactivity may occur in the RLFPC during sequential control tasks. If 
abstract sequential control is disrupted in OCD, we would expect differences in RLPFC 
ramping, and potentially in onset activity as well. Ramping and onset dynamics 
particularly in the RLPFC, are therefore important to index abstract sequential control.  

Beyond the RLPFC, ramping has been observed in a network of areas during 
sequential tasks (Desrochers et al., 2015, 2019; McKim & Desrochers, 2022). Because 
this dynamic emerges in these areas in the context of a sequential task, these 
processes are also likely sequence related. For instance, ramping in the ACC may 
index growing demands for performance monitoring or error detection (Blanchard et al., 
2015), or reflect the tracking of motor responses within a sequence in the 
supplementary motor area (SMA) (Bonini et al., 2014) or relate to accumulating working 
memory load in temporal lobe regions (Lundqvist et al., 2018). By assessing ramping 
throughout the task, we aim to dissociate RLPFC-specific signals of abstract sequence 
progression from ramping that potentially reflects complementary processes in other 
cortical regions. 

At the task level of control, differences in onset dynamics could indicate altered 
task switching in OCD. This dynamic is the most direct way to measure task switching 
effects in the sequential task since it is sensitive to trial-by-trial differences. Although 
evidence is mixed, several studies show hypoactivity in control regions like the 
ventromedial PFC (Gu et al., 2008) and the DLPFC during task switching (Gu et al., 
2008; Remijnse et al., 2013; van den Heuvel et al., 2005) in OCD participants. Task 
switching engages a broad network of cortical regions, so we may expect to see 
hypoactivity in such regions in OCD in the present study related to the task level of 
control. Together both ramping and onset dynamics can be used across the two 
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hierarchical levels of control to gain insight into the neural bases of abstract sequence 
performance in OCD.  

In addition to investigating neural dynamics alone, examining the relation to 
symptom severity based on categorical diagnoses provides a more comprehensive view 
of how hierarchical control levels are altered in OCD during abstract sequence 
processing. Related to general cognitive control at the task level, OCD symptom 
severity has been found to correspond to delayed reaction times and attentional deficits 
in one task switching study (Okutucu et al., 2023). Another study similarly reported 
correlations between OCD symptom severity and task switching error rates (Remijnse 
et al., 2013). These highlighted studies suggest OCD symptoms may also correlate with 
prefrontal cortical neural dynamics during abstract sequential control, another part of the 
broader cognitive control spectrum.  

We investigated the neural underpinnings of abstract and task levels of 
sequential control in participants with OCD and healthy controls (HCs) using functional 
magnetic resonance imaging (fMRI). We used a behavioral paradigm that assessed 
both abstract sequence and task level control and examined ramping and onset 
dynamics. First, at the level of abstract sequential control, we predicted that OCD 
participants would exhibit deficits reflected in hypoactivity and decreased ramping 
dynamics in the RLPFC during the task, and potentially in additional cortical regions that 
support auxiliary cognitive resources utilized in the task. We additionally expected these 
RLPFC differences to correlate with increased OCD symptom severity. Second, at the 
level of task control we predicted that OCD participants would exhibit behavioral 
impairments and that these would be associated with hypoactivity in cortical regions 
beyond the RLPFC that are typically engaged in task-switching processes. We 
observed partial support for both hypotheses. At the level of abstract sequential control, 
we did not observe behavior deficits in OCD, and we did not observe RLPFC activity or 
ramping differences between groups. However, in contrasts that probe this level, we 
observed increased ramping in OCD in the pregenual anterior cingulate cortex (rACC) 
and superior frontal sulcus (SFS) and additional novel cortical regions. At the task 
control level, OCD participants exhibited differences in error rates but no neural activity 
differences directly underlying this behavior. These findings overall implicate novel 
cortical regions for supporting the level of abstract sequential control in OCD and inform 
current neurobiological models of and future treatments for patients.  
 

Methods 
 
Participants 

Participants were recruited via online advertising, fliers, and word of mouth. All 
participants gave informed, written consent and study procedures were approved by the 
Butler Hospital Institutional Review Board. Initially, 76 participants were recruited to 
complete the clinical interview and abstract sequencing task. Of these, 16 dropped out 
or were screened out of the study and therefore did not advance to the fMRI scan, 
resulting in 60 scanned in total. Two participants were excluded for excessive motion, 
one due to user error in handling the button box, seven due to poor behavioral 
performance (overall error rates > 20% on average across all runs and trials). As 
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previous studies using this task have demonstrated, error rates below 20% on average 
across runs ensured participants were completing the task as instructed (Desrochers et 
al., 2015, 2019; Schneider & Logan, 2006; Trach et al., 2021). After excluding 
participants, our final sample size was 50 in total, 25 in the HC group (mean 28.9 yrs 
(+/- 10.7 [SD]); 11 m [14 f]), and 25 in the OCD group (mean 25.8 yrs (+/- 8.5 [SD]); 3 m 
[22 f]). The target recruitment age range for this study was 18 – 55, so we note that the 
average age in both groups may be lower due to the population in and around the area 
being skewed towards college-age participants. However, mean ages were not 
significantly different between groups (independent samples t-test: t(48) = 1.15, p = 
0.25), suggesting that the proportion of college-age participants is not different between 
the groups. Efforts were also made to recruit similarly for each group. More 
comprehensive demographic information for each participant group is reported in Table 
1. The original target sample size was 26 in each group based on a power analysis 
used to determine sample size in a previous study using this paradigm in healthy 
controls (Desrochers et al., 2015), however, a post-hoc power analysis determined we 
achieved 78% power given a sample size of 25 in each group for an effect size of 0.5 
(Cohen’s d).  

 
 

 HC OCD 
Age 28.9 yrs. (+/- 10.7) 25.8 yrs. (+/- 8.5) 
Sex 11 m (14 f) 3 m (22 f) 

Race 87% White, 13% Asian, 1% Black 84% White, <1% Asian, 12% Black 

Ethnicity 17(6) Not Hispanic (Hispanic) 
20(4)(1) Not Hispanic 
(Hispanic)(Unknown) 

Y-BOCS N/A 22.28 (+/- 4.09) 
QIDS (SR) 4.39 (+/- 3.04) 9.00 (+/- 4.44) 

Table 1. Demographic information for both HC and OCD participant groups. Mean 
age (in years) and scores for the Y-BOCS and QIDS-SR were reported with +/- 1 SD 
(standard deviation). Note that no Y-BOCS scores were collected for HCs and thus 
were not reported. Total number of males and females were reported. Percentage 
identifying of a particular race was reported per group. Note that the total percentage 
adds to over 100% as participants were allowed to identify as more than one race. The 
total number identifying as Not Hispanic/Hispanic or Unknown identity were reported. 
Note for the HC group: Age and Sex information are reported for all 25 in the HC group 
(total number in this group). In the HC group, 2/25 participants completed this fMRI 
study prior to the clinical interview installment within the protocol, so additional 
demographic data (Race, Ethnicity, and clinical scores) were not collected and therefore 
not reported for these two participants. 

 
Inclusion criteria for the healthy control group were as follows: 18 - 55 years of 

age, right-handed, ability to communicate in English to perform study procedures and 
provide consent. OCD group inclusion criteria followed that of the healthy control group 
with the following additions: current DSM-5 diagnosis of OCD and Y-BOCS score of 
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equal to or greater than 16, no use or stable psychiatric medication use for 6 weeks 
prior to study enrollment, limited to serotonin reuptake inhibitors and PRN use of 
benzodiazepines. Healthy control group exclusion criteria were as follows: current 
psychiatric diagnosis, lifetime diagnosis of psychotic disorder, bipolar mood disorder or 
OCD, active suicidal ideation, significant neurological pathology, use of psychiatric 
medications, contraindications to MRI scan (e.g., ferromagnetic implants, pregnancy, or 
other conditions that pose safety risk). OCD exclusion criteria were as follows: active 
problematic substance use, lifetime diagnosis of psychotic disorders, history of bipolar 
disorder/mania, clinically significant hoarding symptoms, active suicidal ideation, 
significant neurological pathology, and contraindication to MRI scans. 

Each participant completed an interview and an in-person fMRI scan. The clinical 
interview visit consisted of completing informed consent, and administration of clinical 
interviews and self-report measures (as described below). Participants could only 
proceed to the fMRI portion if they were still eligible for the experiment after this first 
study visit. The second session was an fMRI scan conducted at the Brown University 
MRI Research Facility. To overview the scan session, participants were first trained on 
the task and then completed 5 runs of the task in the MRI scanner. Participants were 
compensated $25 for the first session and $75 for the second. Participants who were 
ineligible for the fMRI portion were only compensated for the clinical interview visit. 
 
Measures 

 The cognitive task and clinical interviews were administered by trained 
evaluators (see description of, below), and participants completed additional self-report 
measures. 
 
Clinician Administered: 
 
Structured Clinical Interview for DSM-5 (SCID-5) (First et al., 2017) is an evaluator-
administered semi-structured interview to assess for presence or absence of specific 
psychiatric disorders. In this study, the following selected modules of the SCID-5 were 
used: mood disorders, anxiety disorders, OCD and related disorders, and trauma-
related disorders. Psychotic disorders and hoarding disorder were screened using the 
SCID-5 and excluded in the present study. 
 
Yale-Brown Obsessive-Compulsive Scale (Y-BOCS)(Goodman, Price, Rasmussen, 
Mazure, Delgado, et al., 1989; Goodman, Price, Rasmussen, Mazure, Fleischmann, et 
al., 1989): The Y-BOCS symptom checklist is an evaluator-administered measure used 
to assess presence or absence of common OCD symptoms. The accompanying Y-
BOCS severity scale is an evaluator-administered assessment of OCD symptoms 
severity measured over the past week. The Y-BOCS is considered the gold-standard 
measure of OCD symptom severity. 
 
Self-report: 
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Alcohol Use Disorders Identification Test (AUDIT) (Saunders et al., 1993): The AUDIT is 
a 10-item self-report questionnaire that assesses alcohol consumption, drinking 
behaviors, and alcohol-related problems. A score of 8 or above was used as a cut-off 
for men, while a score of 6 or above was used as exclusion criteria for women 
(Bergman & Källmén, 2002). Scores range from 0 - 40, with a higher score indicating 
more alcohol use. 
 
Drug Use Disorders Identification Test (DUDIT) (Berman et al., 2016): The DUDIT is an 
11-item self-report measure that assesses current drug-related problems or drug abuse. 
A score of 6 or higher was used as an exclusion criterion for men while a score of 2 or 
higher screened out women in the current study (Berman et al., 2005). Scores range 
from 0 - 44, with higher scores indicating more drug use. 
 
Quick inventory of depressive symptomatology (QIDS-SC) (Rush et al., 2003): The 
QIDS-SC is a 16-item self-report measure of depression severity. Scores range from 0 - 
27, with higher scores indicating more severe symptoms. 
 
 
Task Design and Procedure 

Overview 
 
 The abstract sequence task used in this study was used in a previous study of 
healthy controls (Figure 1) (Desrochers et al., 2015) and was based on previous 
studies of sequential control (Schneider & Logan, 2006). On each trial, participants were 
presented with a stimulus of varying size (small [3.5 x 3.5 cm] or large [7 x 7 cm]), 
shape (circle or square), and color (red or blue), for a total of 8 possible stimuli that 
appeared equally throughout the task and did not repeat on adjacent trials. After each 
trial was an intertrial interval, displayed as a white fixation cross centered on a black 
screen, with jittered timing (0.25 - 8 s). Participants were provided 4 seconds on each 
trial to make a response. Each trial had response options for the color and shape of the 
stimulus, mapped onto two response pad buttons, corresponding to the index and 
middle finger of the right hand. Each response option was one shape and color 
combination (e.g., index finger button maps onto both ‘blue’ and ‘circle’ and the middle 
finger maps onto ‘red’ and ‘square’). Participants pressed one button per trial to indicate 
their response. Response options were always shown on the bottom left and right of the 
screen. Stimulus-response mappings were kept consistent throughout the experiment 
but were counterbalanced across participants. The frequency of responses to each 
stimulus and the response repeats (instances when the same finger was used to 
respond to two trials in a row) were counterbalanced throughout the task. 
 Stimuli were presented in blocks (24-27 trials, so that blocks ended on 
unpredictable sequence positions, counterbalanced across blocks), and participants 
completed 4 blocks per run, for 5 runs total. At the beginning of each block, participants 
were shown a 4-item sequence (5 s), which they used to make a choice on every trial, 
followed by a fixation screen (1 s). Every block consisted of a sequence that was one of 
two types: simple (of the pattern AABB; specifically “COLOR COLOR SHAPE SHAPE” 
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or “SHAPE SHAPE COLOR COLOR”) or complex (of the pattern ABBA; specifically 
“COLOR SHAPE SHAPE COLOR” or “SHAPE COLOR COLOR SHAPE”). Simple 
sequences contained one embedded task switch (e.g., switching on positions 2 to 3 
from “COLOR” to “SHAPE” in the sequence “COLOR COLOR SHAPE SHAPE”) while 
complex sequences contained two embedded task switches (e.g., switching on 
positions 1 to 2 from “COLOR” to “SHAPE” in the sequence “COLOR SHAPE SHAPE 
COLOR”). The number of task switches was equivalent across blocks, so that the 
probability of occurring switch or repeat trials was equal between blocks of complex and 
simple sequences. At the end of each block, participants were shown a screen that 
asked what sequence position they would be on if they were to make a choice on the 
next trial. Participants responded to this question using one of four buttons on the 
response pad (excluding the thumb button). The order of simple and complex sequence 
blocks were counterbalanced across runs. 
  Participants were trained on an Alienware M17xR4 laptop (Windows 10) using a 
five-button response pad on four shortened task blocks prior to scanning. Participants 
completed practice on response pad buttons and then were guided by the experimenter 
on each trial for the first practice block. Participants performed the remaining practice 
blocks independently. Performance competency was established by error rates less 
than 20% overall on the practice sequences (Desrochers et al., 2015, 2019; Schneider 
& Logan, 2006; Trach et al., 2021). Once this behavioral threshold was reached, 
participants were scanned while performing the task. The same equipment was used for 
training as for displaying the task and making responses during scanning. Stimuli were 
projected onto a 24” BOLDscreen 32 UHD and the task was run using Psychtoolbox on 
Matlab 2017b.  

 
 

 
 

Figure 1. Abstract sequence task schematic.  A. Example trials in a block for the 
simple sequence. Each block begins with a screen that instructs the sequence, e.g., 
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“COLOR, COLOR, SHAPE, SHAPE”. Each trial consists of one stimulus presentation 
where the participant must make the correct categorization decision based on the 
identity of the stimulus and the position in the sequence. The remembered 
categorization decision for each item is indicated in a thought bubble and the correct 
choices for each trial are indicated by black arrows. The stimulus remains on screen 
until a response is made (max 4 sec). After the response (or response time-out), a 
fixation cross is displayed for the duration of the intertrial interval (ITI, jittered 25 - 8000 
ms). Distance between images is for illustration purposes only and does not represent 
actual timing.  There are 24-27 trials per block, it can end on any position in the 
sequence, and the block ends with a sequence position question asking, “What is the 
NEXT item in the sequence?”. B. Example run containing four blocks, with each block 
being a simple (CCSS [color, color, shape, shape]; SSCC [shape, shape, color, color]) 
or complex (CSSC [color, shape, shape, color]; SCCS [shape, color, color, shape]) 
sequence. The order of the blocks is counterbalanced across the five runs that each 
participant performs. 

Data Acquisition 

 A Siemens 3T PRISMA MRI scanner with a 64-channel head coil was used for 
whole-brain imaging. Functional data for two of the 50 participants were acquired using 
an echo-planar imaging pulse sequence (repetition time, TR = 2.0 s; echo time, TE = 28 
ms; flip angle 90°; 38 interleaved axial slices; 3.0 x 3.0 x 3.0 mm). Anatomical scans 
included a T1-MPRAGE (TR, 1900 ms; TE, 3.02 ms; flip angle, 9.0°; 160 sagittal slices; 
1.0 x 1.0 x 1.0 mm) and a T1 in- plane scan (TR, 350 ms; TE 2.5 ms; flip angle, 70°; 38 
transversal slices; 1.5 x 1.5 x 3.0 mm). The remaining 48 participants were scanned on 
an updated protocol designed to enhance signal to noise ratio of the data. Functional 
data for these participants were acquired using an echo-planar imaging pulse sequence 
(repetition time, TR = 1.53 s; echo time, TE = 33 ms; flip angle 62°; 60 interleaved axial 
slices; 2.4 x 2.4 x 2.4 mm). Anatomical scans included a T1-MPRAGE and a T1 in-
plane scan with the same parameters as in the original protocol. 
 
Data Analysis 

Behavior 
 All behavior analyses were conducted using custom scripts in Matlab 2023a. As 
in previous studies using the same or similar sequential tasks (Desrochers et al., 2015, 
2019; Schneider & Logan, 2006; Trach et al., 2021), the following sets of trials were 
excluded from analyses. The first four trials (first sequence) in every block were 
removed across participants (approximately 1.6% of trials per participant) to prevent 
changes in reaction times (RTs) at block initiation from confounding with RT changes 
due to sequence initiation or task switching. Additionally, trials were excluded that had 
RTs < 100 ms (< 1 % of trials per participant) to prevent inclusion of trials in which 
categorization choices were guessed. Error rates (ERs) were calculated on the 
remaining trials. Periods of trials were also removed in which participants “lost track” of 
the sequence. These trials were defined as “lost” for 2 or more error trials up until the 
next 4 correct adjacent trials occurred (approximately 6.4% of trials per participant). 
“Lost” trials were excluded to ensure all analyzed trials were ones in which the 
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participants were completing the task as instructed. Statistical analyses were conducted 
on RTs and ERs using RM-ANOVAs and t-tests.  

Age was included as a covariate in ANOVAs that compared across groups to 
control for potential differences in age distribution across samples. Sequence initiation 
cost was calculated as the difference in position 1 and position 3 RTs across sequence 
types. This calculation averaged RTs across all trials for each participant by positions 1 
and 3. These averaged RTs were subsequently subtracted, resulting in one initiation 
cost number per participant. Switch costs were defined as the RT and ER differences 
between switch and repeat trials. Switch costs were calculated by averaging RTs and 
ERs across all trials that are switches, which excluded position 1 and included positions 
2 and 4 in complex sequences and position 3 in simple sequences and subtracting 
averaged RTs and ERs across all repeat trials, which excluded position 1 and included 
position 3 in complex and positions 2 and 4 in simple sequences. This calculation 
results in an average switch cost number per participant. ANOVAs testing behavior 
hypotheses examined elements of the costs (sequence positions 1 and 3 for initiation 
cost and switch and repeat trials for switch costs). We additionally report results of the 
subtraction that gives the behavior costs as well, and use these costs calculations for 
symptom severity correlations. Specifically, clinical symptom measures (Y-BOCS) were 
correlated (pairwise linear) with behavior costs and neural activity in OCD.  
 
Preprocessing 

All imaging data were preprocessed using Statistical Parametric Mapping 
(SPM12) in Matlab 2017b. Participants with motion exceeding one voxel (3.0 mm for the 
first two participants and 2.4 mm for the remaining 48 participants) were excluded from 
analysis. Images were then resampled to account for differences in acquisition timing 
and matched to the first slice. All images were then corrected for motion using B-spline 
interpolation and normalized to the Montreal Neurological Institute (MNI) stereotaxic 
template with affine regularization. Lastly, data were smoothed using an 8mm full-width 
at half-maximum Gaussian kernel and resampled using trilinear interpolation. 
 
FMRI Models 
 All general linear models were constructed using SPM12 and custom scripts in 
Matlab 2023a. Onset and parametric regressors were convolved with the canonical 
hemodynamic response function (HRF). Additionally, onset regressors were convolved 
with the first time derivative of the HRF. Nuisance regressors were included to account 
for variance due to translational and rotational motion (x, y, z, roll, pitch, yaw) and for 
the first four trials (first sequence) of every block, time during instruction, and sequence 
position question trials.  
 Beta values related to regressors were estimated using a subject-specific fixed-
effects model. Whole brain contrasts estimated subject-specific effects, and these 
estimates were entered into a second-level analysis with subject treated as a random 
effect. T-values resulting from these contrasts were used for analyses. Whole brain 
group voxel-wise effects were corrected for multiple comparisons using extent 
thresholds at the cluster level to yield family-wise error correction and were considered 
significant at P < 0.05. Group level contrasts were rendered on a 3D brain using 
Connectome Workbench (humanconnectome.org/software/connectome-workbench). 
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 Onsets models: We constructed stimulus onset regressors to model univariate 
effects at each sequence position. These regressors were modeled as 0 second 
durations at the onset of each stimulus. Separate regressors were included for each 
position in the sequence (1-4) and each sequence type (complex and simple), for a total 
of eight regressors for the conditions of interest (Figure 2A,C). 
 Parametric ramp model: To test for ramping activity, we constructed a regressor 
for each sequence type (complex and simple) that included a zero-duration onset for 
each stimulus (Figure 2A,C) and a parametric (numbers 1-4) for a linear increase 
across the four positions in the sequence (Figure 2B,D). In the parametric model, 
onsets were modeled with the parametric ramp (Figure 2B,D) and estimated 
hierarchically. Onsets were estimated first, followed by the parametric ramp regressors, 
so that variance assigned to the parametric regressor was above and beyond what 
could be accounted for by the stimulus onset alone.  
 

 

 
Figure 2. Illustration of unconvolved onsets and parametric regressors for simple 
and complex sequence blocks. A. Onset regressors are set for each sequence 
position (1-4), as a zero duration stick function. In this example, onset regressors are 
shown in a block that is composed only of simple sequences (pattern “AABB”), while no 
regressors are set for simple sequences in the second block, which is composed of only 
complex sequences (pattern “ABBA”). Each block only contains one sequence type 
(simple or complex) and the order of the blocks is counterbalanced. B. Parametric ramp 
regressors are composed as a monotonic increase 1-4 by sequence position, making a 
positive slope across positions. Onsets are modeled together with the parametric ramp 
regressor in the parametric model. In the parametric model, onsets are estimated first 
followed by the parametric ramp regressor, so that any variance assigned to the 
parametric ramp is above and beyond that attributed to the onset regressors. C. Onset 
regressors illustrated for the second block, composed of only complex sequences. D. 
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Parametric ramp regressors illustrated for the second block, composed of only complex 
sequences. 
 
 Each model was used to address different levels of control. Because, by 
definition, ramping spanned entire sequences, it was used to assess abstract sequence 
related activity throughout the task (All Ramp > Baseline) and by sequence type 
(Complex > Simple Ramp). It was not feasible to assess task switching using the ramp 
model, as task switches and repeats happen at individual trials within sequences. To 
directly examine neural activity related to the level of task sequential control, we 
examined onset activity for all switch trials compared to all repeat trials throughout the 
task, in the All Switch > Repeat and No Position 1 Switch > Repeat contrasts. The All 
Switch > Repeat contrast was used to assess onset activity related to all switches and 
repeats in the task across all conditions. The No Position 1 Switch > Repeat contrast 
excluded trials at position 1, to account for potential sequence initiation effects, thereby 
isolating within-sequence switches and repeats. 
 
ROI Analysis 
 Region of interest (ROI) analyses complemented whole-brain analyses. ROIs for 
replication analyses were taken from a previous study (Desrochers et al., 2015). ROIs 
were defined from significant peaks of activation from the Onsets model voxelwise 
contrasts No Position 1 Switch > Repeat and Position 2,3 Switch > Position 2,3 Repeat. 
These contrasts omitted the first sequence position to ensure only trial-based switching 
and repeating were being captured. ROIs were also defined from significant activation 
peaks from the Parametric model contrast Parametric Ramp > Baseline, as constructed 
in Desrochers et al., (2015). We extracted T values from these ROIs using these 
contrasts. Repeated measures analysis of variance (RM-ANOVAs) or t-tests were 
subsequently performed on these values. 
 
 

Results 
 
OCD participants exhibit differences in task level behavior 

 To address questions of potential behavioral and neural deficits in abstract 
sequential control and task switching in OCD, two groups of participants (OCD and 
healthy control, HC) completed abstract cognitive task sequences (Figure 1) while 
undergoing fMRI scanning. Briefly, participants were presented at each block start with 
four-item sequences of simple categorization decisions, either simple (containing one 
task switch, e.g. shape, shape, color, color) or complex (containing two task switches, 
e.g., shape, color, color, shape). On each trial, participants used information about 
sequence position to correctly categorize the color or shape of the image. Participants 
repeated sequences until the end of each block. To probe neural mechanisms 
underlying sequential behavior, participants completed five runs, each containing four 
blocks of this task while undergoing fMRI scanning. Two features of this task are 
relevant to assessing performance: a feature at the level of abstract sequential control 
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(initiation cost) and a more general cognitive control feature at the task level of 
sequential control (switch cost) (Desrochers et al., 2015; Schneider & Logan, 2006). 
Initiation cost is the difference in reaction times (RTs) between sequence positions 1 
and 3 (both positions are repeats or switches, to account for trial type effects), while 
switch cost (Monsell, 2003) is the RT or ER difference between switch and repeat trials, 
excluding the first position. 

We first examined behavioral markers of sequential and task level control 
separately in each group to replicate previous results and show that participants were 
performing the task as instructed. Participants in both HC and OCD groups replicated 
sequential and cognitive control effects observed previously. Overall, participants in 
both groups performed well (RT means +/- 1 SD: HC, 1.23 +/- 0.29 s; OCD: 1.32 +/- 
0.29 s; ER means +/- 1 SD: HC: 7.78 +/- 7.33; OCD:  8.52 +/- 7.04). To assess 
sequence level control, we examined initiation costs by comparing RTs at the first and 
third positions of the sequence, which compares the start and subsequent position in a 
sequence, holding the trial type constant (e.g., in complex sequences, position 1 and 3 
are both task repeats). Initiation costs were examined specifically in RTs because this 
effect has been previously observed primarily in RT in sequential tasks (Desrochers et 
al., 2015, 2019; Schneider & Logan, 2006; Trach et al., 2021). We found a significant 
difference between position 1 and 3 in both groups (one-way RMANOVAs: HC: F(1,24) 
= 58.50, p < 0.001, ηp2 = 0.71; OCD: F(1,24) = 44.90, p < 0.001, ηp2 = 0.65; initiation 
cost means +/- 1 SD: HC, 0.15 +/- 0.09 s; OCD, 0.18 +/- 0.13 s). Further, we found that 
initiation costs were significantly greater in complex compared to simple sequences in 
both groups (initiation cost means +/- 1 SD: HC complex: 0.23 +/- 0.15 s; simple: 0.08 
+/- 0.12 s; t(48) = 3.89, p < 0.001; OCD complex: 0.24 +/- 0.18 s; simple: 0.12 +/- 0.13 
s; t(48) = 2.79, p = 0.01). These results replicate previous studies in healthy participants 
(Desrochers et al., 2015; Schneider & Logan, 2006), indicating that participants were 
adhering to instructed sequence boundaries, i.e. not simply alternating between two of 
one task and two of the other. At the task control level, we compared task switches to 
task repeats in RT and ER. We found significant differences between switches and 
repeats for both groups in RTs (one-way RMANOVAs: HC: F(1,24) = 17.60, p < 0.001, 
ηp2 = 0.42; OCD: F(1,24) = 27.50, p < 0.001, ηp2 = 0.53; switch cost means +/- 1 SD: 
HC, 0.13 +/- 12 s; OCD, 0.11 +/- 0.08 s) but in ERs observed significant switch costs 
only in the HC group (HC: F(1,24) = 26.73, p < 0.001, ηp2 = 0.53; OCD: F(1,24) = 0.85, 
p = 0.36, ηp2 = 0.03; switch cost means +/- 1 SD: HC, 1.29 +/- 1.25; OCD: 0.35 +/- 1.89 
). These results replicate task level control behavioral markers for switch costs in RTs 
(Desrochers et al., 2015; Rogers & Monsell, 1995; Schneider & Logan, 2006). Taken 
together, these results show that both HC and OCD participants performed the task as 
instructed and exhibited behavioral markers of sequence and task level control. 

To test for behavioral deficits in OCD at the sequence and task levels of control, 
we used the same measures to compare RTs and ERs to HCs. For sequence level 
control, we found that sequence initiation (position 1 vs. 3) RTs were not different 
across the groups (Table 2, Figure 3A). At the task level of control, task switching RTs 
were not different between the groups (Table 3, Figure 3A). However, ERs were 
greater for repeat trials in participants with OCD resulting in smaller switch costs (group 
x trial type Table 3, Figure 3B,C). These behavioral results suggest that abstract 
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sequential control was preserved while task level control was different and possibly 
impaired during an abstract sequential paradigm in OCD.     
 

  

Reaction Times 
(RTs) 

  
Factor dfs F p eta2p 

Group 1,47 0.70 0.40 0.02 

Age 1,47 1.20 0.27 0.03 

Position (1 vs. 
3) 1,47 8.20 0.01 0.15 

Age x Position 1,47 0.10 0.71 0.00 

Group x 
Position 1,47 1.00 0.32 0.02 

Table 2. RM ANOVAs of RTs (s) to assess initiation costs between groups. Dfs, F 
statistics, P values, and effect sizes (ηp2) are reported in each column. To probe 
initiation cost differences between groups we conducted an ANOVA with group, age, 
and position (1 and 3) as factors. We did not observe a significant interaction between 
group and position, indicating initiation costs were not significantly different between 
groups. 

 

  

Reaction Times 
(RTs) 

  

Error Rates 
(ERs) 

 
Factor dfs F p eta2p F p eta2p 

Group 1,47 0.7 0.41 0.01 0.1 0.8 0 

Age 1,47 1.40 0.24 0.03 0.4 0.55 0.01 

Trial type (switch vs. 
repeat) 1,47 11.6 0.00 0.20 2.4 0.13 0.05 

Age x Trial type 1,47 1.9 0.18 0.04 0.2 0.7 0 

Group x Trial type 1,47 0.6 0.44 0.01 4.4 0.04 0.09 
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Table 3. RM ANOVAs of RTs (s) and ERs (%) to assess switch costs between 
groups. Dfs, F statistics, P values, and effect sizes (ηp2) are reported in each column. 
To probe switch cost differences between groups we conducted an ANOVA with group, 
age, and trial type (switches and repeat trials) as factors. We did not observe a 
significant group by trial type interaction in RTs, but we did observe a significant 
interaction in ERs. 
 

 
 

 
Figure 3. ER task switching deficits occur in OCD compared to HCs. A. RTs 
between HCs and OCD do not significantly differ across simple and complex 
sequences. B. ERs significantly differ between HCs and OCD across sequence 
positions. C. There is a significant interaction in ERs by trial type (switch vs. repeat 
trials) between groups (indicated by “*”). 

Because we observed behavior deficits in ERs in the current study, we next 
tested if the behavior differences in OCD correlated with symptom severity. Specifically, 
we assessed if and how ER switch costs correlated with OCD symptom severity (total 
Y-BOCS scores). This hypothesis was motivated by a previous study that reported a 
positive correlation between OCD symptom severity and deficits in cognitive control 
(Remijnse et al., 2013). We observed a marginally positive correlation between ER 
switch cost and symptom severity scores (Y-BOCS p = 0.06, r = 0.38), such that OCD 
participants with higher symptom severity scores exhibited marginally greater switch 
costs.  

Neural indicators of sequence and task levels of control replicate previous 
studies 

The present behavioral task was used in a previous neuroimaging study in HCs 
(Desrochers et al., 2015); therefore, we first replicated neural effects related to 
sequence and task level control. We examined a specific neural dynamic, increasing 
activation across items in each sequence (“ramping”), as an indicator of sequential 
control. To initially examine ramping dynamics in this population of participants, we first 
aimed to replicate the existence of a distribution of brain areas that show this dynamic 
during the task. Ramping dynamics have been robustly associated with a variety of 
sequential tasks (Desrochers et al., 2015, 2019; McKim & Desrochers, 2022). Ramping 
was modeled as a parametric increase in BOLD activation across the four positions of 
each sequence (i.e., resetting at position 1) that explained variance above and beyond 
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stimulus onsets (Figure 2). Though we had hypotheses about the involvement of 
specific regions in this task (i.e., the RLPFC), we first wanted to establish the general 
presence of ramping activation. To test for this activity, we created a single large ROI 
that contained all the significant ramping clusters from the All Parametric > Baseline 
contrast in (Desrochers et al., 2015). We found significant ramping activity in this 
combined ROI in each group separately (OCD: t(24) = 2.98, p = 0.001, HC: t(24) = 3.39, 
p = 0.002), and no difference in ramping between groups (t(48) = -0.14, p = 0.88), 
replicating neural effects of sequential control in OCD and HC groups in this study. 

We next measured neural responses to task switching as an indicator of task 
level control (Monsell, 2003). To test for neural activity related to task switching, we 
created ROIs from regions previously observed to have significant Switch > Repeat 
neural activity (Desrochers et al., 2015) (see Methods). We found significant or marginal 
activity across all participants in the majority of ROIs in these conditions (L occipital: 
t(49) = 3.16, p < 0.001, R IFG [No Position 1 Switch > Repeat]: t(49) = 1.83, p = 0.05, R 
SMA/cingulate: t(49) = 1.71, p = 0.06, R IFG [Position 23 Switch > Position 23 Repeat]: 
t(49) = 2.03, p = 0.04). Activity related to task switching was not significantly different 
between OCD and HCs in any of the ROIs (t(48) = -1.02, p = 0.5, all ROIs combined), 
replicating neural responses to task switching. 
 
Abstract sequential control related ramping differs in OCD and HC 

To investigate if participants with OCD showed neural activity differences related 
to abstract sequential control, we focused on three sets of analyses. First, we compared 
activity in the RLPFC between groups due to this region’s necessity for abstract 
sequence performance (Desrochers et al., 2015). Second, we examined ramping 
dynamics across sequences in the whole brain to determine differences in the network 
of areas engaged in sequence-related dynamics. Third, to determine if there were 
differences based on the demands of each sequence type, we compared ramping 
activity between complex and simple sequences. 

We first tested the hypothesis that there is decreased activity in RLPFC in 
participants with OCD compared to HC. Although we observed no sequential behavior 
deficits in OCD (Figure 3), it is possible differential RLPFC activity occurs in OCD 
participants compared to HCs. To test this hypothesis, we used an ROI defined by the 
RLPFC cluster of ramping activation in a previous study (Desrochers et al., 2015), 
hereafter referred to as the D15 ROI. D15 is causally involved in performing abstract 
sequences, as transcranial magnetic stimulation (TMS) to this region selectively 
produced task deficits in HCs in the same task as used in the present study 
(Desrochers et al., 2015). In the RLPFC D15 ROI, there was no significant ramping 
difference between groups (Figure 4A; All Parametric Ramp > Baseline contrast; t(48) 
= -0.36, p = 0.72). Acknowledging that group differences in activity in the RLPFC may 
not be limited to ramping dynamics, and because hypoactivation has been observed in 
cognitive control related areas of the lateral frontal cortex in OCD (Gu et al., 2008; 
Remijnse et al., 2013), we also examined onset activity in the D15 ROI. We found no 
significant difference in overall (onset) activity between the groups (Figure 4B; All > 
Baseline contrast; t(48) = -1.12, p = 0.27). Therefore, we did not observe RLPFC 
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differences between the groups, possibly supporting behavioral findings that there were 
no abstract sequential control differences between OCD and HCs.  

 

  
Figure 4. RLPFC ramping and onset dynamics do not differ between groups but 
activity correlates with OCD symptom severity. A. Ramping activity in the D15 ROI 
does not differ between HCs and OCD B. All > Baseline activity in the RLPFC ROI does 
not differ between HCs and OCD. C. OCD symptom severity (total Y-BOCS scores) 
does not significantly correlate with D15 ROI ramping in OCD.   D. OCD symptom 
severity (total Y-BOCS scores) positively correlated with All > Baseline activity in the 
RLPFC.  

Although there were no differences in ramping or overall activity in the RLFPC 
between groups, to gain a more complete picture of any potential interaction between 
neural activity and OCD we correlated RLPFC activity with OCD symptom severity. 
There was no correlation between RLPFC ramping and symptom severity (Figure 4C; r 
= -0.03, p = 0.90), providing further support that RLPFC function and abstract sequential 
control as measured by ramping activation is not impaired in OCD. However, we did find 
that OCD participants with greater symptom severity (total Y-BOCS score) showed 
greater overall (onset) task activity in the RLPFC resulting in a significant positive 
correlation (Figure 4D; p = 0.037, r = 0.43). These results suggest that although onset 
activity does not significantly differ between groups, OCD symptom severity may still 
influence activity levels in the RLPFC, a region crucial for abstract sequence execution 
(see Discussion).   

To follow up on ROI analyses, we next tested whole brain activity related to 
abstract sequential control. We examined ramping dynamics across and between 
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sequence types (complex and simple) to determine if there were differences in the 
network of areas that support abstract sequence performance between OCD and HC 
participants. Motivated by previous studies showing differences between OCD and HC 
in cognitive control areas, we hypothesized that areas outside the RLPFC may be 
differentially involved in abstract sequence control in OCD to produce behavior that 
looks similar to HCs. 

Whole brain ramping activity supported ROI results and revealed brain areas that 
were significantly different between OCD and HC. First, significant RLPFC ramping (All 
Parametric Ramp > Baseline) was observed in HC (Figure 5A) and OCD (Figure 5B) 
separately, supporting the D15 ROI results. Further, significant ramping activation was 
observed across a common group of frontal, parietal, and dorsal medial cortical areas 
(Table 5). However, when directly contrasting ramping activity between OCD and HC, 
significantly greater ramping in OCD was observed in the pregenual anterior cingulate 
cortex (rACC) and posterior superior frontal sulcus (SFS), a region near the posterior 
DLPFC, and posterior supplementary motor area (pSMA/SMA) (Figure 5C; Table 5). 
We note that subthreshold activation is included solely for illustrative purposes in the 
individual groups (Figure 5 A,B) to aid in interpreting the limited number of areas that 
are statistically different in these direct comparisons. No clusters of activation survived 
correction in the reverse, HC > OCD, ramping contrast. Because these greater activity 
in the rACC and SFS are defined by a dynamic that spans entire sequences (ramping) 
they are sequence related. Therefore, these results provide partial evidence for the 
hypothesis that abstract sequential control differs in OCD and HCs. We will return to the 
potential role of these areas in abstract sequences in the Discussion. 
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Figure 5. Ramping activity in the SFS and rACC dissociates OCD from HCs during 
abstract sequential control. A. Whole brain contrast Parametric Ramp > Baseline in 
HCs. Sub threshold activity (p < 0.05 uncorrected) is in blue and activity FWE cluster 
corrected at p < 0.05, height p < 0.005, extent 167 voxels is shown in red. Color bar 
denotes increasing T values, with dark to light blue reflecting increasing activity below 
threshold, and dark red to light red reflecting increasing activity that is above threshold. 
Activity that significantly dissociates OCD from HC (shown in [C]) is outlined in yellow 
for reference. B. Whole brain contrast Parametric Ramp > Baseline in OCD. Sub 
threshold activity (p < 0.05 uncorrected) is in blue and activity shown in red is FWE 
cluster corrected at p < 0.05, height p < 0.005, extent 167 voxels. Color bar reflects 
increasing T values in the same manner as in (A). Activity that significantly dissociates 
OCD from HC (shown in [C]) is outlined in yellow for reference.  C. Parametric Ramp > 
Baseline, FWE cluster corrected at p < 0.05, height p < 0.005, extent 822 voxels, OCD 
> HC, ramping activity that is present in OCD but not in HCs. SFS: superior frontal 
sulcus, rACC: rostral anterior cingulate cortex.  

Next, we tested ramping dynamics in different sequence types related to the level 
of abstract sequential control. First, this analysis serves as a control, as we would not 
expect ramping that differs by sequence type to occur in the RLPFC. Previous studies 
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established that this dynamic generalizes across different sequence variations 
(Desrochers et al., 2015, 2019). Second, we do expect ramping to occur differentially 
across sequence types in other cortical regions outside of the RLPFC (Desrochers et 
al., 2015). Because, by definition, these dynamics extend through entire sequences, 
such ramping differences may be related to increasing cognitive control resources 
needed for complex versus simple sequences and to the abstract sequence control 
level. Based on literature showing dysfunctional cognitive control in OCD (Gu et al., 
2008; Remijnse et al., 2013), ramping in this contrast may differ in our OCD 
participants, in that there may be decreased ramping in complex versus simple 
sequences in these participants compared to HCs. 

To test the hypothesis that ramping may occur differentially both by sequence 
type and by participant group, we tested group differences throughout the whole brain 
by examining activity in the Complex > Simple Parametric Ramp contrast. In this 
contrast we did not observe ramping differences in the RLPFC, but we did observe 
significantly increased ramping in HCs compared to OCD in a region of the medial 
temporal cortex (MTG), the supplementary motor area (SMA), and the temporal 
occipital junction (TOJ) (Table 6). There were no clusters that reached statistical 
significance in the reverse OCD > HC contrast. We observed the same clusters of 
increased ramping in OCD > HC in the Simple > Complex Ramp contrast (Figure 6A; 
Table 6). The activity in these contrasts between groups was therefore an interaction of 
ramping by sequence type between groups in all three clusters (FWE corrected at p < 
0.05, extent p < 0.005). Such an interaction could be produced by many different 
relationships among complex sequences, simple sequences, OCD, and HC. Therefore, 
to visualize this interaction we examined the T-values in each of the three clusters. All 
three areas showed a similar pattern of activity, with HC showing greater ramping in 
complex than simple sequences and OCD showing nearly the reverse pattern with 
greater ramping in simple than complex sequences (Figure 6B,C,D). We emphasize 
that these clusters were defined by the contrasts (and therefore are biased) and are 
solely for visualization purposes (confirmatory sequence type x group for clusters; SMA: 
F(1,48) = 8.58, p = 0.01; MTG: F(1,48) = 19.48, p < 0.001; TOJ: F(1,48) = 10.72, p = 
0.002). These ramping results overall show that participants with OCD recruit additional 
cortical regions to support sequential behavior compared to HCs. 
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Figure 6. Ramping activity in novel cortical regions dissociates OCD from HCs. A. 
Whole brain contrast Simple > Complex Ramp, OCD > HC (FWE cluster corrected at p 
< 0.05, height p < 0.005, extent 330 voxels). B. Ramping in OCD vs. HCs produces 
significant interactions in the SMA, such that there is significantly more ramping in this 
region in Complex > Simple sequences in HC > OCD and significantly more ramping in 
Simple > Complex sequences in OCD > HC. C. Same as (B) but in the MTG. D. Same 
as (B) and (C) but in the TOJ. Biased ROIs are used for analyses in B-D purely for 
illustrative purposes. SMA: supplementary motor area, MTG: medial temporal gyrus, 
TOJ: temporal occipital junction. 

 
As an exploratory analysis, we correlated symptom severity with ramping in each 

of these clusters to complete hypothesis testing. We did not observe significant 
correlations between ramping activity in any of the observed regions and OCD symptom 
severity (rACC/SFS: r = 0.12, p = 0.61; SMA: r = 0.03, p = 0.87; MTG: r = 0.06, p = 
0.76; TOJ: r = 0.19, p = 0.34). Therefore, ramping in these regions does not directly 
relate to symptom severity in the OCD participants. 
 
Task control level related activity does not dissociate OCD from HC 

 After testing hypotheses related to the level of abstract sequential control, we 
next tested the task level control. Specifically, we tested the hypothesis that compared 
to HCs, OCD participants would exhibit decreased activity in cortical regions associated 
with task switching. To test this hypothesis, we examined activity in the whole brain in 
the All Switch > Repeat and No Number 1 Switch > Repeat contrasts in the onsets 
model. This second contrast was included to control for any potential differences at 
position 1 of the sequence, given that RTs at this position are not reflective of task 
switching or repeating, but of sequence initiation. In both contrasts, no clusters of 
activation survived statistical correction in OCD > HCs or in HCs > OCD. Overall, these 
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results show that neural activity related to task switching is not significantly different 
between groups. 
 

Discussion 
 
 We investigated the neural correlates of abstract sequence and task level control 
in OCD using fMRI. We hypothesized that in OCD abstract sequential control deficits 
would be associated with ramping and activity differences in the RLPFC along with 
differences in the broader network of areas that display ramping, and task switching 
deficits would be associated with decreased activity across cortical regions associated 
with this process. We found partial support for our first hypothesis such that abstract 
sequence control behavior and RLPFC activity (ramping and onsets) were not 
significantly different between the groups, but OCD participants showed significant 
differences in ramping in the rACC and SFS across sequence types and in the SMA, 
TOJ and MTG between sequence types (complex vs. simple). We also found partial 
support for our second hypothesis, in that behavioral switch costs were different in 
OCD, but without accompanying neural differences between the groups. In summary, 
these results suggest a group of brain areas, including some not previously identified as 
being associated with OCD such as the TOJ and MTG, differentially support abstract 
sequential control and related processes in OCD that cannot be explained by 
differences in task level control. 

Ramping dynamics observed in the SFS and rACC suggest these regions are 
recruited more by OCD participants than by HCs to support cognitive control during 
abstract sequence completion. Previous work in HCs highlights ramping dynamics in 
both these regions related to cognitive control processes. For example, low frequency 
oscillations in the DLPFC increase across time when delaying responses during 
response inhibition (Khan et al., 2024), a control process utilized during task switching. 
Further, ramping in the ACC has been observed during related control processes that 
are invoked during sequencing, such as committed decision-making (Blanchard et al., 
2015) and in preparation of switching task sets (Hyafil et al., 2009). Therefore, 
increased SFS/rACC ramping may signal the need in OCD to recruit additional control 
processes to complete the task. Additionally, ACC ramping occurs in anticipation of 
errors in anxiety-inducing conditions (Etkin et al., 2011), so increased rACC ramping 
may indicate increased control in response to anxiety provocation in OCD. Although 
both regions have been previously implicated as part of dysfunctional cortical circuits 
(McGovern & Sheth, 2017; Shephard et al., 2021), our work further highlights the 
importance of these regions in OCD, showing that they are recruited more heavily in 
these participants to complete sequences that require several types of cognitive control.  

Increased ramping in other cortical regions (i.e., outside the RLPFC) suggests 
novel areas are recruited more in OCD than in HCs during the execution of simpler 
tasks, potentially engaging control processes invoked during abstract sequencing. 
Specifically, we showed OCD participants recruit cortical regions (MTG, TOJ, and the 
SMA) more than HCs during simple compared to complex sequences. Ramping in 
these cortical regions could support control processes invoked during abstract 
sequencing, as the SMA is recruited during motor sequencing (Tanji, 2001) and action 
monitoring (Bonini et al., 2014), the posterior MTG is activated during working memory, 
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relevant to maintaining sequential information across time (Davey et al., 2016), and the 
TOJ has been shown to process the spatial frequency of visual stimuli (Kauffmann et 
al., 2014). Increased ramping in these regions may signal higher recruitment of 
sequential control-related processes is needed in OCD participants to execute simple 
sequences, whereas this additional recruitment in needed more in HCs during complex 
sequential control. This finding additionally may suggest an interaction between 
sequence and task level control, as all three of these areas support task switching in 
HCs (Chen et al., 2010; Timofeeva et al., 2024; Tsumura et al., 2021). While 
interactions between sequence and task level behavior have been shown in HCs (Trach 
et al., 2021), further studies would be necessary to evaluate this possibility in OCD. 
Overall, these findings suggest new cortical regions recruited more significantly in OCD 
participants to support abstract sequential task behavior. 

Although we did not observe group differences in RLPFC dynamics or activity, 
the RLPFC may still be implicated in dysfunctional circuitry during task switching and 
sequential tracking in OCD during more anxiety-provoking task conditions. Although we 
did not directly investigate anxiety in the present study, a previous behavior-only study 
using the same abstract sequential control task reported sequence initiation deficits in 
participants with anxiety disorders but not in those with OCD, compared to HCs (Doyle 
et al., 2024), suggesting abstract sequential performance is weakened in anxiety 
disorders. In the present study, OCD symptom severity, which often co-occurs with 
anxiety co-morbidities, correlated with RLPFC activity during the task (Figure 6C). 
Other work similarly shows anxiety correlates with activity in regions of the cognitive 
control network (Zhao et al., 2024) and specifically the RLPFC (Kaldewaij et al., 2021). 
Further, the lateral frontal pole encodes action-goal representations that are modulated 
by emotional valence in a task (Lapate et al., 2022). One compelling study showed that 
highly anxious individuals shift from utilizing the lateral frontal pole (including the 
RLPFC) to using the DLPFC and ACC to complete an emotionally valent action control 
task (Bramson et al., 2023). Taken together, the correlation between anxiety and 
RLPFC activity in the present study and these studies suggest that in OCD, the RLPFC 
may be underutilized in the sequential task specifically during conditions that provoke 
anxiety or are emotionally valent. Such conditions could provoke increased anxiety in 
this participant group, resulting in decreased activity or ramping in the RLPFC in 
conjunction with the observed increased ramping in the DLPFC and ACC. Such a 
scenario could also more closely imitate real-life OCD symptoms that produce anxiety 
(e.g., fear of a burning house leads to compulsively checking electrical outlets). As part 
of a prefrontal circuit with the DLPFC and ACC, the RLPFC may therefore still be 
implicated in OCD during abstract sequencing under different task conditions.   

Abstract sequential behavior differences between OCD cohorts may be due to 
differences in experimental conditions. A previous behavior study using this same 
sequential paradigm found no sequential or task switching deficits in OCD compared to 
HCs and persons with anxiety disorders (Doyle et al., 2024). However, there were two 
main experimental differences between the previous and current studies: fMRI scanning 
and variable (jittered for a fast event related design) inter-trial intervals (ITIs). The MRI 
environment, particularly noise, can cause poorer behavioral performance on cognitive 
tasks (Jacob et al., 2015). Further, response inhibition has been shown to be impaired 
in OCD compared to HCs (McLaughlin et al., 2016) and those with other anxiety 
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disorders (Martínez-Esparza et al., 2021), which may be exacerbated by longer ITIs. It 
is therefore possible that lack of inhibitory control in OCD participants was more 
pronounced on trials with longer ITIs, resulting in increased error rates on repeat trials. 
However, future studies are needed to probe the effect of the MRI scanner and ITI 
length on behavioral performance during cognitive control tasks in OCD. 
 Our findings align with current neurobiological models of cognitive control in 
OCD. The cortico-striatal-thalamo-cortical circuits (CSTC) consist of regions shown to 
be dysfunctional in OCD during affective, sensory, and cognitive control tasks 
(Shephard et al., 2021). Specifically, the DLPFC is part of the dorsal cognitive circuit of 
the CSTC and is implicated in disrupting executive function, including task switching. 
The ACC has been posed as a hub of information flow in the CSTC (McGovern & 
Sheth, 2017), with bilateral connections to the DLPFC. The DLPFC and ACC are also 
thought to help balance habitual and goal directed behavior in OCD (Robbins et al., 
2024), with dysfunction of these regions potentially contributing to disruptions in 
completing goal directed tasks. Our primary results show that altered ramping dynamics 
in the SFS and ACC largely align with these models. Increased ramping in the SMA, 
MTG and TOJ informs biological models about additional cortical regions and neural 
dynamics implicated in cognitive and sequential control in OCD.   

Potential limitations to this study are due to sample size, sample diversity, and 
the need for comparison to other clinical populations. Our sample contained a 
heterogeneous population of individuals with OCD, which limited our ability to assess 
symptom dimensions. The present study included individuals with comorbid anxiety 
diagnoses, which are common in OCD. Therefore, we were unable to directly assess 
the neural and behavioral effects of anxiety disorders in the present sample. The 
correlation between neural activity and symptom severity was relatively limited, and a 
larger sample size is warranted to generally investigate such potential individual 
differences. However, we note that despite a small sample size, we observed robust 
significant ramping activity in OCD compared to HCs, results which may be used to 
further probe the role of rACC and SFS and for future connectivity analyses to 
investigate contributions of networks involved in supporting abstract sequencing in 
OCD.  
  Here, we provide evidence for a neural dissociation between OCD and HCs in 
supporting abstract sequential and task level control. We show that increased rACC and 
SFS and additional cortical regions (the MTG, TOJ, and SMA) ramping supports control 
processes invoked during abstract sequence completion in OCD compared to HCs. 
These results prompt future studies to investigate ramping dynamics in OCD and focus 
TMS targeting on the SFS and ACC (Grassi et al., 2023) to maintain a balance of 
sequential and task switching control in this population. Overall, our work highlights the 
importance of ramping dynamics for supporting cognitive control processes in OCD and 
informs neurobiological models and future treatment protocols.   
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Tables 
 

Contrast Location BA Extent (voxels) x y z Peak t-val. 

Ramp > Baseline       
HC       
RLPFC 46,10 244 -32 52 -8 4.59 
IFG pars opercularis 45 306 56 26 10 5.86 
Anterior insula 47 1182 -34 22 -6 6.31 
IFG pars opercularis 45  -50 18 14 5.72 
Superior temporal gyrus 21  -52 4 -12 4.34 
Middle cingulate gyrus 24 2751 6 6 30 6.48 
Dorsal anterior cingulate cortex 32  -2 28 42 5.58 
Middle frontal gyrus 44  -48 24 36 5.4 
DLPFC 46  -22 38 28 5.26 
Supplementary Motor Area (SMA) 8  -26 20 56 4.69 
Supplementary Motor Area (SMA) 8  24 14 52 4.63 
Middle cingulate gyrus 24  -8 -18 36 4.18 
Primary motor cortex (M1) 4 1012 26 -26 54 6.14 
Supramarginal gyrus 40  48 -34 40 5.17 
Primary Somatosenesory cortex 3 153 -22 -30 58 5.38 
Middle temporal gyrus 21 750 -52 -32 -6 5.4 
Auditory cortex 41  -40 -46 12 4.21 
MTG and Wernicke's area 21  -64 -52 8 3.6 
Cerebellum exterior 30 150 -12 -44 -24 5.76 
Supramarginal gyrus 40 324 -52 -44 42 5.15 
V1 17 9920 -12 -68 14 7.81 
V1 17  14 -64 12 7.07 
Middle temporal gyrus 21  48 -28 -6 6.96 
Middle temporal pole 38  48 12 -20 6.73 
Poster middle temporal gyrus 21  68 -48 2 6.54 
V2 18  20 -78 32 6.41 
Cerebellum exterior 30  -10 -60 -22 5.63 
Superior parietal lobule 7  -12 -74 44 5.33 
Fusiform gyrus 37  -34 -64 -10 5.24 
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Lateral occipital gyrus 19  48 -76 2 4.94 
Cerebellum exterior 30  16 -62 -14 4.62 
Cerebellum exterior 30  -34 -62 -36 4.33 
Cerebellum exterior 30  34 -70 -30 4.02 
OCD       
Orbitofrontal cortex 11 191 10 22 -8 5.54 
Orbitofrontal cortex 11  6 46 -16 4.51 
Frontal operculum 47 1350 -46 20 2 6.18 
Anterior middle temporal gyrus 38  -34 18 -22 5.8 
Middle temporal gyrus 22  -50 -8 -12 5.02 
IFG pars opercularis 44 7891 30 16 34 7.79 
DLPFC 9  -22 24 34 6.59 
Supplementary motor area 6  14 14 56 6.56 
IFG pars triangularis 45  56 28 2 5.81 
RLPFC 10  -16 52 14 5.8 
DLPFC/dorsal ACC 32  18 42 26 5.71 
Superior frontal gyrus 8  -22 16 58 5.36 
Frontopolar prefrontal cortex 10  14 54 4 5.17 
IFG pars opercularis 44 711 50 12 24 5.41 
Anterior insula 48  30 18 -8 4.34 
Superior temporal gyrus 22 2202 54 -16 -8 5.26 
Posterior middle temporal gyrus 21  56 -48 4 5.1 
Primary motor cortex (M1) 6  26 -20 64 4.95 
Supramarginal gyrus 48  46 -36 28 4.85 
Primary somatosensory cortex 1  50 -28 56 4.21 
Middle temporal gyrus 48 1764 -42 -26 -4 7.22 
Angular gyrus 39  -56 -56 30 5.24 
Angular gyrus 19  -34 -78 40 4.2 
Middle temporal gyrus 20  -64 -30 -16 4 
Lingual gyrus 30 573 -16 -42 -12 5.73 
Lingual gyrus 30 787 26 -48 -4 6.04 
Precuneus 23 668 -10 -50 42 5.56 
Angular gyrus 39 222 48 -64 36 5.12 
Cerebellum exterior NA 889 -24 -70 -38 5.96 
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Cerebellum exterior NA  -46 -54 -36 3.57 
Cerebellum exterior NA 716 36 -76 -34 6.26 
Cerebellum exterior NA  44 -52 -44 3.62 
Cuneus 18 1515 -6 -76 32 4.75 
Precuneus 18  22 -64 24 4.51 
Lingual gyrus 19  -22 -54 8 3.59 
OCD > HC       
Supplementary motor area (pSMA/SMA) 32 822 20 18 38 5.25 
SFS/DLPFC 48  22 18 28 4.27 
DLPFC 48  26 14 22 4.13 
DLPFC 48  26 36 14 4.05 
DLPFC 48  24 26 36 3.75 
IFG pars operculum 48  30 8 18 3.65 
Precentral gyrus 48  36 4 22 3.54 
Anterior cingulate cortex 32  14 44 6 3.51 
Anterior medial prefrontal cortex 10  14 56 8 3.38 
DLPFC 48  26 28 22 3.34 
Frontal operculum 48  40 12 16 3.19 
Supplementary motor area 6  28 8 38 3.16 
Central operculum 48  46 4 8 2.92 
Table 5. Activation coordinates, significant ramping activity in the Ramp > 
Baseline contrast in HC, OCD, and OCD > HC. Clusters reliable at p < 0.05 corrected. 
No clusters in the HC > OCD Ramp > Baseline contrast survived correction. Extent p < 
0.001 for the OCD and HC contrasts, and p < 0.005 for the OCD > HC contrast. 
Distance between significant clusters was set to 25 mm for the HC and OCD contrasts. 
Distance between significant clusters was set to 12 mm for the OCD > HC contrast. 
Coordinates are the center of mass in MNI. 

 
Contrast Location BA Extent (voxels) x y z Peak t-val. 

Simple > Complex Ramp       
OCD       
Inferior occipital gyrus 19 457 -36 -72 -4 5.08 
V2 18  -24 -78 2 3.89 
Inferior temporal gyrus 37  -38 -56 -2 3.59 
Middle occipital gyrus 37  -42 -72 8 3.27 
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OCD > HC       
Superior temporal gyrus 22 1099 58 -4 -10 4.77 
Superior temporal gyrus 22  68 -20 6 4.06 
Planum temporale (Wernicke's area) 22  54 -24 8 3.64 
Middle temporal gyrus 20  48 -20 -12 3.52 
Temporal pole 38  54 12 -22 3.42 
Temporal pole 38  42 8 -40 3.34 
Superior temporal gyrus 22  64 -14 -4 3.29 
Middle temporal gyrus 21  48 -38 2 2.93 
Primary motor cortex 6 405 20 -14 66 3.95 
Primary motor cortex 6  30 -24 64 3.27 
Primary motor cortex 6  18 -26 66 3.21 
Supplementary motor area 6  12 -8 58 3.15 
Primary somatosensory cortex 3  46 -22 54 2.95 
Lateral occipital gyrus 19 614 -36 -72 -4 4.33 
Temporo-occipital junction 37  -42 -72 8 3.88 
Lateral occipital gyrus 18  -24 -78 8 3.19 
Table 6. Activation coordinates, significant ramping activity in the Simple > 
Complex, Ramp contrast in OCD and OCD > HC. Clusters reliable at p < 0.05 
corrected. No clusters in the HC and HC > OCD Simple > Complex Ramp contrast 
survived correction. Clusters in the HC > OCD Complex > Simple Ramp were the exact 
same as those in the OCD > HC Simple > Complex Ramp and were not reported for 
simplicity. Extent p < 0.005 was used for both the OCD and the OCD > HC contrasts. 
Distance between significant clusters was set to 12 mm. Coordinates are the center of 
mass in MNI. Extent p < 0.001 for the OCD and HC contrasts. 
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