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ABSTRACT
Objective: Restrictive eating disorders (EDs), including anorexia nervosa (AN) and atypical AN (Atyp-AN), are often associated 
with cognitive rigidity that can impede treatment. The dorsolateral prefrontal cortex (dlPFC) plays a central role in cognitive 
control, but it remains unclear whether its activation during cognitive flexibility will differ across restrictive ED presentations.
Method: Eighty-seven females with restrictive EDs (aged 14–35) (AN: n = 31; atyp-AN with history of AN [hx-AN]: n = 33; at-
yp-AN without history of AN [Atyp-AN]: n = 23) completed a task-switching paradigm during functional magnetic resonance 
imaging. We examined dlPFC activation during sustained (task-switching vs. completing a single task) and transient control 
(switching between task rules vs. repeating the same rule), testing for group differences and symptom associations.
Results: The AN group showed a greater difference in left dlPFC activation during task switching vs. the single task compared 
to the hx-AN and Atyp-AN groups, driven by reduced activation during the single task condition. All groups showed similar 
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increases in dlPFC activation during task switching and no differences in task performance. Across all participants, higher 
dlPFC activation during task switching vs. single task was associated with greater restraint symptoms.
Discussion: These novel findings identified shared versus unique neural features of sustained and transient control across 
restrictive ED groups. Heightened dlPFC activation during transient control associated with restraint may represent a trans-
diagnostic feature shared across restrictive EDs. Alternatively, reduced dlPFC activation during the low-demand, single-task 
condition in those with typical, but not atypical AN, may reflect a difference in sustained control, with implications for tailoring 
interventions to distinct restrictive ED presentations.

2   |   Background

Restrictive eating disorders (EDs), including anorexia nervosa 
(AN) and atypical AN (Atyp-AN), are serious psychiatric illnesses 
characterized by dietary restriction, intense fear of weight gain, 
and body image disturbance (APA 2022). While AN is defined by 
significantly low body weight, individuals with Atyp-AN exhibit 
similar psychological symptoms and often experience significant 
weight loss yet maintain a weight within or above the normal 
range. Despite this distinction, both presentations are associated 
with high levels of clinical impairment, prolonged illness duration, 
and poor treatment response (Johnson-Munguia et al. 2024; Walsh 
et al. 2023). These disorders often begin in adolescence and can 
follow a chronic, relapsing course. Moreover, restrictive EDs carry 
among the highest risks of premature mortality among psychiatric 
disorders (Arcelus et al. 2011; Keshaviah et al. 2014).

The clinical application of the Atyp-AN diagnosis remains chal-
lenging, as it encompasses a heterogeneous group that may include 
individuals with higher-weight AN (i.e., do not reach low weight in 
spite of weight loss and restriction), prodromal AN (i.e., are losing 
weight but have not yet reached the low weight threshold for AN 
diagnosis), or those in partial remission (i.e., history of low weight 
AN but now have persistent symptoms in the context of nonlow 
weight) (Eddy and Breithaupt  2023). This heterogeneity compli-
cates efforts to define course, prognosis, and treatment needs. 
While efforts are ongoing to develop effective treatments for all re-
strictive ED presentations, available evidence-based treatments for 
AN and Atyp-AN are few, and those available are only effective for 
roughly half of patients (Monteleone et al. 2022; Solmi et al. 2024). 
Identifying mechanisms that contribute to illness persistence and 
treatment nonresponse, particularly those that differentiate or 
unify diagnostic presentations, remains a critical goal of ED re-
search (Phillipou et al. 2025).

One such mechanism that may contribute to illness mainte-
nance and poor outcomes is cognitive inflexibility, which is a 
well-documented trait across restrictive EDs (Lang et al. 2014; 
Miles et al. 2020; Wang et al. 2021). Cognitive flexibility refers 
to the ability to shift mental strategies in response to changing 
circumstances (Miyake et al. 2000; Monsell 2003; Uddin 2021). 
Individuals with restrictive EDs demonstrate impaired per-
formance on tasks requiring flexible adaptation (e.g., Task-
Switching, Wisconsin Card Sorting Test) compared to healthy 
controls (HC) (Miles et al. 2020). Reduced cognitive flexibility 
may underlie rigid behavioral patterns such as persistent diet-
ing or difficulty adapting to treatment goals that contribute to 
chronicity and relapse. Indeed, cognitive flexibility is a direct 
treatment target in cognitive remediation therapy for restric-
tive EDs (Tchanturia et  al.  2014, 2017); thus, improving our 

understanding of its neural underpinnings may identify new op-
portunities for intervention across restrictive ED presentations.

Consistent with these neuropsychological findings, functional 
magnetic resonance imaging (fMRI) studies have identified al-
terations in blood-oxygenation-level-dependent (BOLD) signal 
in key brain regions and neural circuitry supporting cognitive 
flexibility, including the dorsolateral prefrontal cortex (dlPFC) 
and frontoparietal control network, in AN compared to HC. In 
case–control studies, individuals with AN show hypoactiva-
tion of frontoparietal regions during cognitive flexibility tasks 
compared to HC (Castro-Fornieles et al. 2019; Sato et al. 2013; 
Wonderlich et al. 2021; Zastrow et al. 2009). Some evidence also 
suggests a more complex pattern of neural activation in indi-
viduals with AN (vs. HC), characterized by hyperactivation of 
the dlPFC to task rule changes but lower BOLD response when 
maintaining the same rule (Lao-Kaim et al. 2015).

However, these studies focus on those with typical AN compared 
to HC, leaving open critical questions about whether neural signa-
tures of cognitive flexibility vary across diagnostic presentations 
of restrictive EDs. Specifically, it is unknown whether patterns of 
dlPFC activation differ among individuals with typical AN, those 
who have restored weight but remain symptomatic (history of AN 
[hx-AN]), and those with Atyp-AN without a history of low-weight 
AN. For instance, some studies indicate poorer cognitive flexibility 
only in the acute AN illness stage (Berner et al. 2019), whereas other 
studies found no differences in cognitive flexibility performance 
between acute and recovered AN (Gura-Solomon et  al.  2024; 
Miles et  al.  2020). Moreover, it remains unclear whether indi-
viduals with Atyp-AN, who may never have met the low-weight 
threshold, share similar neural activation patterns with those who 
have a history of AN as cognitive flexibility in these patients is not 
well-studied. Identifying neural signatures of cognitive flexibility 
that are shared vs. unique to these diagnostic presentations could 
provide insight into the neurobiological underpinnings of illness 
maintenance and relapse risk and help refine treatment targets.

Furthermore, contemporary models of cognitive flexibility 
distinguish the ability to sustain readiness to engage cognitive 
flexibility from the ability to execute momentary cognitive flex-
ibility when required (Braver 2012; Monsell 2003)—an import-
ant distinction that has not been considered in the study of 
cognitive flexibility in restrictive EDs. Purposefully designed 
task-switching paradigms capture this distinction. Task-
switching tasks ask participants to categorize the same stimuli 
using two simple rules (Task 1 and Task 2; e.g., categorize letters 
as vowel vs. consonant and upper vs. lower case). In task-switch 
blocks, the rules alternate, creating task repeat and switch tri-
als. In single-task blocks, only one rule is applied. From the 
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observed performance, two indices can be calculated. Mixing 
costs quantify performance decrements during task-switching 
relative to single-trial blocks, reflecting keeping both rules ac-
tive (i.e., being ready to switch). Switch costs capture perfor-
mance costs on switch versus repeat trials within mixed blocks, 
reflecting the momentary adjustment to a rule change (Kiesel 
et al. 2010; Monsell 2003; Rogers and Monsell 1995). Studies in 
other neuropsychiatric populations highlight how these com-
ponents can dissociate, with individuals exhibiting increased 
mixing costs with intact switch costs or the reverse (Kray and 
Lindenberger  2000; Schmitter-Edgecombe and Sanders  2009; 
Wylie et al. 2010). Limiting inference to the switch-repeat con-
trast risks missing difficulties in sustained readiness.

Thus, we investigated dlPFC activation using an fMRI Task-
Switching Paradigm that captures sustained and transient cog-
nitive flexibility to determine shared versus unique neural and 
behavioral markers of restrictive EDs. We analyzed data from 
adolescent and young adult women with typical AN, a history 
of typical AN who were currently weight-restored (hx-AN), and 
Atyp-AN with no history of low weight. All participants en-
dorsed current restrictive eating and body image disturbance, 
meeting DSM-5-TR criteria B and C for AN, but only the AN 
group met the low-weight criterion (criterion A) (APA  2022). 
Based on prior findings of altered frontoparietal activation in in-
dividuals with AN (Castro-Fornieles et al. 2019; Sato et al. 2013; 
Wonderlich et  al.  2021; Zastrow et  al.  2009), we hypothesized 
that women with typical AN compared to women with a his-
tory of AN or Atyp-AN would show greater differences in 
dlPFC activation (a) during the task-switching versus single-
task blocks (isolating tonic engagement of the frontoparietal 
control network; Hypothesis 1) and (b) in trials switching from 
one task to another versus task repeat (transient reconfigura-
tion processes; Hypothesis 2). As an additional exploratory aim, 

we tested relations between dlPFC activation contrasts that re-
vealed group differences and severity of ED symptoms and task 
performance across the whole sample to probe whether dlPFC 
engagement tracks the dimensional intensity of restrictive ED 
independent of diagnostic status.

3   |   Method

3.1   |   Participants

Cross-sectional data were available from 103 hypoestrogenic 
young women aged 14–35 years with EDs characterized by re-
strictive eating who had missed ≥ 3 periods in the last 6 months. 
These data are a part of an ongoing randomized controlled trial 
examining the role of estrogen replacement on cognitive flexi-
bility and reward responsiveness (NCT03740204). Women were 
recruited from local treatment centers and through university 
and community postings online, in person, and social media ad-
vertisements (for additional details, see Breithaupt et al. 2025). 
Inclusion criteria were: females, 14–35 years old (ages selected 
to ensure females were postmenarchal and premenopausal); 
diagnoses of DSM-5 AN, Atyp-AN, other restricting-type other 
specified feeding and eating disorder (OSFED) presentations; 
and hypoestrogenism (indicated by oligo-amenorrhea or miss-
ing ≥ 3 periods in the last 6 months). Exclusion criteria were: ac-
tive suicidal ideation; DSM-5 binge-eating disorder or OSFED 
subthreshold binge eating disorder; oligo-amenorrhea caused 
by pregnancy, polycystic ovary syndrome, thyroid dysfunction, 
primary ovarian insufficiency, or hyperprolactinemia; medica-
tions containing estrogen ± progesterone; neurological or psy-
chiatric disorders with psychotic features or active substance 
use disorders; lifetime history of seizure disorder or electro-
convulsive therapy; and contraindications to MRI or estrogen 
use. Participants on progestin-releasing intrauterine devices 
were included if labs demonstrated low estradiol levels. Written 
informed consent was obtained from participants ≥ 18 years 
and written consent and assent were obtained from parents 
and participants < 18 years, respectively, as approved by the 
MassGeneral Brigham Institutional Review Board.

We administered the Eating Disorders Examination (EDE) clin-
ical interview (Byrne et al. 2010; Cooper and Fairburn 1987), a 
clinical review of symptoms and history, and participants com-
pleted self-report questionnaires. Individuals who met current 
criteria for AN were assigned to the AN group. Individuals who 
currently met criteria for AN except for the low-weight threshold 
(i.e., criteria B and C) were assigned to the hx-AN group if they 
had a history of meeting full criteria for low-weight AN, or they 
were assigned to the Atyp-AN group if they had no low-weight 
AN history (there was no required degree of weight suppression 
or loss). Four participants did not meet the criteria for any of the 
groups (i.e., bulimia nervosa) and were excluded from analyses.

Of the 99 participants with MRI data, 6 participants were ex-
cluded due to poor task-switching performance (≥ 30% error 
during the single-task condition), 5 participants were excluded 
due to not meeting fMRI data quality assurance (> 10% of trials 
with framewise displacement [FD] > 1 mm and DVARS > 1.5 or 
> 5 trials with > 3 mm FD), and one participant was excluded 
due to the presence of an incidental MRI finding. The final 

Summary

•	 Restrictive eating disorders, including anorexia ner-
vosa (AN) and atypical AN, are often characterized 
by cognitive rigidity, but it is not clear whether neural 
activation during cognitive flexibility differs across re-
strictive eating disorder presentations.

•	 We compared neural activation during a task of cogni-
tive flexibility across young women with AN, atypical 
AN with a history of AN, and atypical AN with no his-
tory of AN to determine shared versus unique neural 
and cognitive features of these restrictive eating disor-
der presentations.

•	 While all restrictive eating disorder groups showed 
similar increases in dorsolateral prefrontal cor-
tex activation during task-switching, the AN group 
demonstrated reduced dorsolateral prefrontal cortex 
activation during the low-demand, single-task con-
dition, reflecting an alteration in sustained cognitive 
control unique to young women with AN.

•	 Interventions tailored to young women with AN 
may target sustained cognitive control, whereas task-
switching may be a transdiagnostic target for inter-
vention across restrictive eating disorders.
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sample included 87 participants presenting with DSM-5-TR AN 
(n = 31), hx-AN (n = 33), and Atyp-AN (n = 23).

3.2   |   ED Symptoms

Participants completed the EDE semi-structured clinical inter-
view (Byrne et al. 2010; Cooper and Fairburn 1987) and mental-
health questionnaires assessing ED symptoms. Core ED features 
of interest included restraint, measured with the EDE Dietary 
Restraint (Black and Terence Wilson 1996); restriction measured 
with the EPSI Dietary Restriction scale (Forbush et al. 2013); and 
drive for thinness assessed by the Eating Disorders Inventory 
(EDI-3) Drive for Thinness scale (Garner 2004) (see Supporting 
Information S1).

3.3   |   Task-Switching fMRI Paradigm

Cognitive flexibility was assessed with a cued letter task-
switching paradigm during fMRI (adapted from Girard 
et al. 2017; Figure 1). In each trial, participants categorized a 
letter as either vowel versus consonant (Task 1) or upper versus 
lower case (Task 2). The letter color determined the task. In the 
task-switch condition, Tasks 1 and 2 were mixed in the same 
block, creating task repeat and switch trials. In the single-task 
control condition, blocks of only Task 1 or Task 2 were pre-
sented. Percent error and reaction time (RT) were computed. 
We examined two effects: (1) mixing costs as the performance 
difference between the task-switching condition (all trials) and 
the single-task condition, indexing performance decrements 

due to sustained readiness to alternate; and (2) switch costs 
as the performance difference between task switch and task 
repeat trials within the task-switch condition, indexing costs 
of momentary rule change (higher values = poorer cognitive 
flexibility) (see Supporting Information S1).

3.4   |   Delis-Kaplan Executive Functioning System 
(D-KEFS)

Participants completed the D-KEFS Color Word Interference 
Test outside the scanner as a measure of executive function-
ing (Delis et  al.  2001). We report t-scores on the Inhibition/
Switching condition to characterize the groups on an external 
cognitive flexibility measure.

3.5   |   MRI Acquisition and Preprocessing

Data were acquired on a 3T Prisma scanner with a 64-channel 
head–neck coil at the McLean Imaging Center. Detailed in-
formation on MRI acquisition, preprocessing, and quality as-
surance is described elsewhere (Breithaupt et al. 2025) and in 
the Supplement. Briefly, high-resolution anatomical data were 
acquired using a T1 magnetized-prepared rapid acquisition 
with gradient echo (MPRAGE) imaging sequence with the fol-
lowing acquisition parameters: 176 sagittal slices, repetition 
(TR) = 2530 ms, echo times (TE) = 1.69, 3.55, 5.41, 7.27 ms, 7° flip 
angle, 1 × 1 × 1 mm voxels, field of view = 256 mm. Whole-brain 
gradient echo T2*-weighted echo planar images (EPI) were ac-
quired using the U. Minnesota multi-band BOLD EPI sequence 

FIGURE 1    |    Task-switching fMRI paradigm. Depiction of the task-switching paradigm adapted from Girard et al. (2017). Participants were asked 
to respond manually using button presses to visually presented letters in three task conditions: vowel-consonant discrimination (left panel); upper-
lower case discrimination (middle panel); and task-switching (right panel). The vowel-consonant and upper-lower case discrimination conditions 
were single task control conditions in which participants had to choose between vowels and consonants or upper and lower case letters. In the task-
switching condition, participants randomly switched between these discrimination tasks with the color indicating the task (red = vowel-consonant 
discrimination; green = upper-lower case discrimination). Switch trials were defined as trials in which participants alternated task instructions from 
the previous task. Repeat trials were defined as trials in which participants repeated the same task as the prior trial. In the three conditions, the 
stimulus duration was 1500 ms and the inter-trial interval (ITI; fixation cross) was jittered between 500 and 4500 ms (shown as “+” in the figure).
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with the following parameters: TR/TE = 2000/30 ms; 80° flip 
angle, voxels 1.5 × 1.5 × 1.5 mm, field of view = 204 mm, multi-
band factor 3. Data were preprocessed using fMRIPrep 20.0.1 
(Esteban et al. 2019) including distortion, slice time, and motion 
corrections, denoising using ICA-AROMA, and smoothing and 
normalization to MNI1526Asym space.

3.6   |   fMRI Analyses

Statistical analyses of single-subject fMRI data were implemented 
using a general linear model with regressors corresponding to 
“vowel-consonant discrimination” (single-task), “upper-lower 
case discrimination” (single-task), task-switch “repeat” and task-
switch “switch” (within task-switch block), incorrect (i.e., trials 
with incorrect answers), and no response (i.e., trials for which 
the subject did not respond) trials in SPM12. Each event was con-
structed with a hemodynamic response function, modeled using 
a gamma function, and convolved with onset times of events and 
stimulus duration. Contrast maps of (a) task-switch vs. single-
task (average of vowel-consonant and upper-lower case discrim-
ination blocks; Girard et al. 2017) conditions were constructed 
as an index of sustained cognitive flexibility, and (b) switch vs. 
repeat trials within the task-switch condition as a measure of 
transient cognitive flexibility. We examined group differences in 
brain activation using region-of-interest (ROI) and whole-brain 
approaches.

3.7   |   ROI Analyses

The contrast maps were used to test differences in neural 
activation of bilateral dlPFC ROIs across the three restric-
tive ED groups during task-switch vs. single-task conditions 
and switch vs. repeat trials within the task-switching con-
dition. dlPFC ROIs were created from the FSL Harvard-
Oxford Cortical/Subcortical Atlas using a 60% probability 
threshold. fMRI BOLD estimates within the left and right 
dlPFC ROIs were extracted from the contrast maps. Four 
repeated-measures analyses of variances (ANOVAs) were 
conducted to examine group differences in the left and right 
dlPFC ROIs during the task-switch vs. single-task condition 
and switch vs. repeat trials. The repeated-measures ANOVAs 
had one between-subjects factor (AN, hx-AN, Atyp-AN 
groups) and one within-subjects factor (condition/trial type). 
For any significant task condition × group interactions, post 
hoc independent-samples t-tests were conducted comparing 
dlPFC activation during each condition or trial type between 
each pair of groups. To address the exploratory aim, multiple 
regression analyses were conducted to examine associations 
between dlPFC BOLD estimates and task performance and 
ED symptoms. All analyses included age as a covariate. We 
employed a false discovery rate (FDR) procedure (Benjamini 
and Hochberg  1995) (q < 0.05) to control for multiple testing 
within each set of tests.

We also conducted sensitivity analyses to test the robustness of 
our ROI findings. First, we additionally controlled for mean FD 
as a measure of head motion during the paradigm. Second, we 
additionally controlled for depression and anxiety symptoms, 

measured with the Beck Depression Inventory (BDI-II) (Beck 
et  al.  2011) and State-Trait Anxiety Inventory-Trait scale 
(STAI-T) (Spielberger et  al.  1999), respectively, to ensure 
our findings were not driven by co-occurring internalizing 
symptoms.

3.8   |   Whole-Brain Analyses

In addition to the hypothesis-driven ROI analyses, we con-
ducted whole-brain exploratory analyses. First, we examined 
the main effects of the task-switch vs. single-task condition 
and switch vs. repeat trials across all participants. Second, to 
determine whether there were group differences in the broader 
cognitive-control network, we conducted one-way ANOVAs 
to examine diagnostic group differences in neural activation 
during the task-switch vs. single-task condition and switch vs. 
repeat trials controlling for age. A significance threshold of 
p < 0.05 family-wise error (FWE) cluster correction with an 
initial voxel forming threshold of uncorrected p < 0.005 was 
employed. For any significant task condition × group interac-
tions, we ran post hoc independent-samples t-tests comparing 
neural activation during each condition or trial type between 
each pair of groups.

4   |   Results

4.1   |   Participant Characteristics and Symptom 
Profiles

Descriptive statistics for the full sample and each restrictive ED 
group are summarized in Table 1. Groups did not significantly 
differ on any demographic or task performance variable. The 
AN group had a lower BMI and reported higher EPSI Restriction 
scores relative to the hx-AN and Atyp-AN groups. Across the 
full sample, higher error rate mixing costs were associated with 
higher EDE Dietary Restraint (r = −0.314, p = 0.002) and EPSI 
Restriction (r = 0.264, p = 0.012) but were not associated with 
other symptom measures (see Table S1 for bivariate correlations 
among all variables).

4.2   |   Whole-Brain Neural Activation During 
Task-Switching

Across the full sample, during task-switch vs. single-task, there 
was greater activation in expected cognitive control regions 
including the middle frontal gyrus, superior parietal lobule, 
supramarginal gyrus, lateral occipital cortex, temporal gyrus, 
intracalcarine cortex, thalamus, caudate, and posterior cere-
bellum (Figure 2A), consistent with prior task-switching fMRI 
studies (Girard et al. 2017; Zastrow et al. 2009). During switch 
vs. repeat trials within the task-switching condition, there also 
was greater activation in cognitive control regions including 
the middle and superior frontal gyri (Figure 2B and Table S2). 
Decreased activation in default mode network regions was 
found during the task-switch vs. single-task and switch vs. re-
peat trials, consistent with task-driven engagement of executive 
networks.
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TABLE 1    |    Descriptive statistics of study variables for the overall included sample and for each diagnostic group.

Overall sample 
(n = 87) AN (n = 31) Hx-AN (n = 33) Atyp-AN (n = 23)

F/X2 pMean (SD) Mean (SD) Mean (SD) Mean (SD)

Demographic variables

Age (years) 21.91 (4.14) 22.07 (4.08) 22.38 (4.23) 21.03 (4.16) 0.75 0.475

Race, No. (%) 6.67 0.352

White 69 (79.3) 25 (80.6) 24 (72.7) 20 (87.0)

Asian 12 (13.8) 3 (9.7) 7 (21.2) 2 (8.7)

Other 2 (2.3) 0 (0) 1 (3.0) 1 (4.3)

More than one 
race

4 (4.6) 3 (9.7) 1 (3.0) 0 (0)

Mean FD 0.128 (0.06) 0.110 (0.04) 0.131 (0.06) 0.146 (0.07) 2.80 0.067

BMI (kg/m2) 19.74 (2.27) 17.64 (1.58) 20.35 (1.10) 21.70 (2.01) 48.83 < 0.001a,b,c

Clinical symptom measures

EDE Dietary 
Restraint

2.76 (1.55) 3.16 (1.49) 2.44 (1.66) 2.64 (1.43) 1.80 0.172

EPSI Restriction 9.68 (5.02) 11.65 (4.18) 9.07 (5.19) 7.78 (5.12) 4.60 0.013b

EDI Drive For 
Thinness

17.10 (7.34) 18.06 (7.32) 16.45 (7.55) 16.74 (7.25) 0.42 0.660

BDI 17.67 (12.01) 20.42 (10.98) 16.82 (13.42) 14.95 (11.17) 1.45 0.241

STAI-T 51.25 (11.55) 54.23 (10.08) 49.64 (12.53) 49.57 (11.61) 1.62 0.204

Task performance measures

Error rate single 
task (%)

6.53 (4.83) 6.16 (5.40) 7.13 (5.05) 6.18 (3.66) 0.41 0.667

RT single 
task (ms)

621.72 (69.91) 625.70 (70.56) 622.17 (70.09) 615.70 (71.51) 0.13 0.875

Error rate task-
switching (%)

18.81 (8.50) 19.78 (10.17) 18.86 (7.51) 17.43 (7.51) 0.50 0.607

RT task-switching 
(ms)

820.51 (115.34) 835.85 (115.38) 815.52 (106.15) 807.00 (130.01) 0.46 0.635

Error rate mixed 
costs (%)

12.28 (7.99) 13.63 (10.41) 11.73 (6.13) 11.25 (6.56) 0.71 0.497

RT mixed 
costs (ms)

198.79 (92.32) 210.16 (96.64) 193.34 (75.46) 191.30 (109.60) 0.36 0.697

Error switch 
costs (%)

5.07 (9.27) 5.10 (10.61) 6.37 (8.63) 3.17 (8.22) 0.80 0.452

RT switch 
costs (ms)

94.84 (63.80) 114.98 (59.27) 88.01 (59.47) 77.50 (70.85) 2.68 0.074

D-KEFS Color 
Word Inhibition/
Switching

52.10 (8.64) 49.19 (10.51) 54.27 (6.21) 52.91 (8.10) 3.04 0.053

Note: Groups were compared with ANOVAs (for continuous measures) or chi-squared tests (for categorical measures). p-values < 0.05 are shown in bold. Superscripts 
on the significant p-values denote which groups were significantly different from each other as indicated by Tukey's HSD: (a) AN vs. hx-AN; (b) AN vs. Atyp-AN; (c) 
hx-AN vs. Atyp-AN.
Abbreviations: AN = Anorexia Nervosa; BDI = Beck Depression Inventory; BMI = Body Mass Index; D-KEFS = Delis-Kaplan Executive Function System; EDE = Eating 
Disorders Examination; EDI = Eating Disorders Inventory; FD = framewise displacement; RT = reaction time; STAI-Trait = State-Trait Anxiety Inventory-Trait.
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4.3   |   Group Differences in ROI Analyses

We compared activation in bilateral dlPFC ROIs during the 
task-switch vs. single-task condition and switch vs. repeat tri-
als across the restrictive ED groups. A task condition × group 
interaction emerged in the left dlPFC (F(2,83) = 4.22, p = 0.018, 
ηp2 = 0.092), but not in the right dlPFC ROI (p = 0.694) for the 
task-switch vs. single-task condition (Figure 3A,B; Figure S1). 
This interaction effect remained robust to the inclusion of mean 
FD, BDI-II, and STAI-T as additional covariates. Post hoc t-tests 
demonstrated this interaction was driven by lower left dlPFC 
activation during the single-task condition in the AN group 
compared to the hx-AN [t(62) = −2.676, p = 0.010] and Atyp-AN 
groups [t(52) = −2.230, p = 0.030]. There were no task condi-
tion × group interactions in the dlPFC during switch vs. repeat 
trials (ps > 0.300). These findings suggest that the group differ-
ences were driven by the reduced single-task condition dlPFC 
activation in those with typical AN, rather than by greater cog-
nitive flexibility demands during task-switching.

4.4   |   Associations Between dlPFC Activation 
and Task Performance and ED Symptoms

To address our exploratory aim, follow-up associations of the left 
dlPFC BOLD estimates during the task-switch vs. single-task 

condition with task performance and symptom measures were 
conducted across all participants (Table 2). Greater left dlPFC 
BOLD during task-switch vs. single-task was associated with 
higher EDE Dietary Restraint (β = 0.302, 95% CI [0.094, 0.509], 
p = 0.005) after FDR correction for the 10 tests. These relations 
were robust to the inclusion of mean FD, BDI-II, and STAI-T as 
additional covariates. Left dlPFC BOLD also was significantly 
positively associated with the EPSI Cognitive Restraint scale 
(see Supporting Information S1), suggesting these findings were 
robust to different measures of restraint. Left dlPFC activation 
during the task-switch vs. single-task condition was unrelated to 
EDI Drive for Thinness, EPSI Restriction, or task performance.

To determine whether the relation between EDE Restraint and 
left dlPFC activation was driven by activation during the task-
switch or single-task condition, we tested this relation separately 
by condition (Table S3). Although nonsignificant, higher EDE 
Restraint was associated with greater left dlPFC BOLD during 
the task-switch (β = 0.191, 95% CI [−0.022, 0.403], p = 0.078) 
but not the single-task condition (β = −0.086, 95% CI [−0.302, 
0.130], p = 0.430). These relations were significantly different 
from each other according to Meng's test (Meng et  al.  1992): 
z = −2.56, p = 0.01. Additionally, within-group regressions de-
termined that the association between EDE Restraint and left 
dlPFC BOLD across all participants was driven by those with 
AN (β = 0.351, 95% CI [−0.009, 0.582], p = 0.057) and hx-AN 

FIGURE 2    |    Main effects of task-switching. Statistical parametric maps from whole-brain analyses are shown to illustrate voxels exhibiting 
significant main effects of (A) task-switching > single task (left panel; reverse contrast on right panel) and (B) switch > repeat trials during the 
task-switching condition (left panel; reverse contrast on right panel). The dlPFC ROI is shown in blue and overlaid onto A (left panel). During both 
task-switch > single task and switch > repeat contrasts, there was greater activation in expected cognitive control regions including within the mid-
dle and superior frontal gyri, parietal, lateral occipital, and posterior cerebellar regions (see Table S2 for complete list of significant clusters). The 
panels on the right (A and B) show activation within default mode network regions during the reverse contrasts (i.e., single task > task-switch and 
repeat > switch), consistent with the expected task-driven engagement of executive networks. Colorbars reflect t-scores. A significance threshold of 
p < 0.05 family-wise error (FWE) cluster correction was employed for the task-switch vs. single task contrast. An initial voxel forming threshold of 
uncorrected p < 0.001 for the switch vs. repeat trials was employed with a significance threshold of p < 0.05 FWE cluster correction.
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(β = 0.344, 95% CI [−0.019, 0.999], p = 0.058), but not Atyp-AN 
(β = 0.055, 95% CI [−0.402, 0.513], p = 0.803) and remained after 
controlling for BMI.

4.5   |   Exploratory Whole-Brain Analyses of Group 
Differences

Whole-brain one-way ANOVA revealed task condition × group 
interactions in the left superior medial frontal cortex, partially 
overlapping with the dlPFC ROI, and left cerebellar Crus I/II 
and right medial orbitofrontal cortex during the task-switch 
vs. single-task condition (Table  S4). There were no task con-
dition × group interactions for switch vs. repeat trials. We ex-
tracted BOLD estimates from these three clusters to conduct 
post hoc t-tests comparing neural activation between each 
pair of groups for the task-switch and single-task conditions. 
Similar to the ROI results, these interactions were driven by 
differences in BOLD response during the single-task condition 
between the AN and hx-AN groups (Figure S2 and Supporting 
Information S1).

5   |   Discussion

We examined whether dlPFC activation during a cognitive flexi-
bility fMRI task capturing both sustained (mixing) and transient 
(switch) control demands differentiates among restrictive ED di-
agnostic presentations. Among 87 young women with typical AN, 
weight-restored AN (hx-AN), or Atyp-AN, we found significant 
group differences in left dlPFC activation when switching between 
tasks compared to performing a single task (mixing costs), inde-
pendent of age, head motion, and comorbid internalizing symp-
toms. Specifically, young women with typical AN demonstrated a 
greater difference in left dlPFC activation between task-switch and 
single-task conditions than the hx-AN and Atyp-AN groups, but 
there were no group differences in behavioral task performance.

Contrary to our hypothesis, the dlPFC group effect was driven 
by reduced activation in the typical AN group during the 
single-task baseline, not by exaggerated recruitment during 
task-switching. Whole-brain exploratory analyses further 
supported these findings, identifying additional group differ-
ences in fronto-cerebellar and prefrontal regions, again driven 

FIGURE 3    |    Diagnostic group differences in left dlPFC activation during task-switching vs. single task and associations with restraint. (A) Bar 
charts are shown demonstrating significant diagnostic group differences in left dlPFC activation during task-switch vs. single task conditions (left 
panel) and the significant task condition × diagnostic group interaction (right panel). The AN group demonstrated a significantly greater difference 
in left dlPFC activation during task-switch vs. single task than the hx-AN and Atyp-AN groups. The task condition × diagnostic group interaction 
was driven by lower left dlPFC activation during the single-task condition in the AN group compared to the hx-AN and Atyp-AN groups. Between-
group standard error bars ±2 are shown. (B) Post hoc partial regression plots are shown of the significant relations between left dlPFC BOLD during 
task-switch vs. single-task conditions and EDE Dietary Restraint controlling for age. **p < 0.01; *p < 0.05.
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by reduced activation during the single-task condition in the 
typical AN group. This pattern implies a potential deficit in 
tonic task engagement/sustained control rather than in the 
transient reconfiguration processes traditionally indexed by 
switch trials. This distinguishing feature in those with typ-
ical AN who were acutely underweight versus hx-AN and 
Atyp-AN suggests that this single-task under-engagement 
may be state-related, potentially linked to malnutrition, low 
energy availability, and/or reduced motivation. However, 
given that the typical AN group also reported greater severity 
of restrictive eating pathology, we cannot rule out the possi-
bility that these effects were driven by ED symptom severity 
rather than low-weight status.

Alternatively, this lower activation during the single-task 
baseline in the typical AN versus hx-AN and Atyp-AN groups 
could reflect neural efficiency rather than a deficit, particu-
larly given the absence of behavioral performance differences 
and a healthy control group. However, prior case–control 
studies (e.g., Lao-Kaim et al. 2015) have found reduced neu-
ral response during repetitive rule maintenance in typical 
AN compared to HCs, which supports the interpretation that 
reduced single-task recruitment reflects under-engagement 
rather than efficiency. Further supporting this interpreta-
tion, our dimensional analyses revealed that greater left 
dlPFC response during task-switching relative to the single-
task baseline was associated with greater ED restraint symp-
toms. Nevertheless, future studies including healthy controls 
are needed to determine whether reduced dlPFC activation 

during sustained control represents a deficit or efficiency in 
typical AN.

All groups showed similar increases in left dlPFC activation 
during transient switching between tasks versus task repeats 
(Hypothesis 2). This finding suggests that dlPFC engagement 
during transient task-switching is shared across restrictive 
ED presentations. This pattern aligns with prior case–control 
studies which found elevated dlPFC activation during task-
switching and attenuated neural response during repetitive 
rule maintenance in individuals with typical AN compared 
to HC (e.g., Lao-Kaim et al. 2015). Our results extend this re-
search in two ways: (1) we identified specific dlPFC alterations 
in sustained control during the single-task baseline rather 
than alterations in transient reconfiguration processing/re-
active control during the higher-demand task-switching; and 
(2) we determined that this alteration is most pronounced in 
individuals with acute low-weight AN. Together, these results 
underscore the value of parsing cognitive flexibility by distin-
guishing sustained and transient components across restric-
tive ED groups.

Across the full sample, exploratory dimensional analysis re-
vealed that higher left dlPFC activation during task-switching 
(relative to single task) was associated with higher restraint, 
but not restriction, drive for thinness, or BMI, indicating 
dlPFC engagement is more closely tied to goal-directed, cog-
nitive aspects of restrictive behavior rather than to general ED 
psychopathology. When further probing these associations, 
we found that the overall positive relation between restraint 
and left dlPFC activation during the task-switching versus 
single-task condition was driven by greater activation during 
task-switching rather than the single-task blocks. Further, our 
follow-up results suggested that this overall positive associ-
ation between restraint and left dlPFC activation was most 
prominent in those with typical AN or a hx-AN rather than 
those with Atyp-AN, suggesting this relation may be driven 
by lifetime low-weight status. However, as these associations 
were uncovered post hoc, they should be treated as hypothesis-
generating for future studies.

5.1   |   Limitations and Future Directions

Our study had the following limitations. First, as this study 
was designed to contrast restrictive ED groups, we did not in-
clude a HC group, limiting conclusions about whether dlPFC 
activation during cognitive flexibility is abnormal across the 
restrictive ED presentations. Moreover, the Atyp-AN group 
may include individuals who are weight suppressed relative 
to their growth trajectory, complicating the interpretation of 
whether observed neural differences reflect acute physiolog-
ical state versus transdiagnostic characteristics. Importantly, 
there is little consensus on how to best operationalize weight 
suppression (e.g., absolute vs. relative reduction from pre-
morbid weight) or the timeframe over which weight sup-
pression exerts physiological and neural effects. Without 
data characterizing weight suppression in this sample, we 
are unable to examine the impact of weight suppression in-
dependent of low weight. Second, our sample included pre-
dominantly White young women who were hypoestrogenic; 

TABLE 2    |    Associations between left dlPFC activation during task-
switching vs. single task and symptom and task performance across all 
participants.

Std. B 95% CI p

BMI −0.065 [−0.283, 0.152] 0.552

EDE dietary restraint 0.302 [0.094, 0.509] 0.005

EPSI restriction 0.076 [−0.145, 0.297] 0.494

EDI drive for 
thinness

0.187 [−0.025, 0.400] 0.084

RT mixed costs (ms) 0.170 [−0.039, 0.379] 0.110

Error rate mixed 
costs (%)

0.202 [−0.011, 0.414] 0.063

RT single task (ms) 0.087 [−0.121, 0.295] 0.407

Error rate single task 
(%)

−0.040 [−0.243, 0.164] 0.699

RT TS (ms) 0.189 [−0.024, 0.402] 0.082

Error rate TS (%) 0.167 [−0.043, 0.377] 0.118

Note: Standardized estimates and 95% confidence intervals (CIs) are shown 
from separate regression models of left dlPFC activation during task-switch vs. 
single-task conditions relating to each of the 10 symptom and task performance 
variables in the first column. Age was included as a covariate. p-values are 
unadjusted; p-values that survived FDR correction for the 10 tests (q < 0.05) are 
indicated in bold.
Abbreviations: BDI = Beck Depression Inventory; BMI = Body Mass Index; 
EDE = Eating Disorders Examination; EDI = Eating Disorders Inventory; 
RT = reaction time; STAI-T = State-Trait Anxiety Inventory-Trait.
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thus, our findings may not generalize to nonhypoestrogenic 
or older women, those from other racial/ethnic backgrounds, 
or males. Furthermore, restrictive eating is a pattern shared 
across many EDs and whether our findings generalize to other 
ED presentations warrants future study. Third, our cross-
sectional design relied on retrospective clinical data to define 
diagnostic subgroups, which limits causal inference about ill-
ness progression. We did not collect information on the length 
of time since weight restoration occurred in the hx-AN group. 
Future longitudinal studies are needed to determine whether 
dlPFC activation normalizes with weight restoration and sus-
tained recovery.

Fourth, because all groups were symptomatic, we cannot deter-
mine whether observed similarities reflect enduring traits or cur-
rent illness expression. Disentangling state- versus trait-related 
effects in AN is inherently complex and will likely remain a chal-
lenge for the field. The heterogeneity of Atyp-AN and absence of 
standardized definitions of weight suppression further compli-
cate these efforts. Nevertheless, these challenges underscore the 
importance of continuing to pursue this line of inquiry. Parsing 
state and trait contributions is essential for staging illness and tai-
loring interventions; our results identifying neural alterations that 
are shared versus unique to restrictive ED groups is the first step 
towards this goal. For example, this line of inquiry could identify 
neural alterations that normalize with acute weight restoration 
versus those that persist, which may reflect more enduring vulner-
abilities requiring targeted remediation. Future work should con-
tinue to refine approaches for delineating state and trait effects to 
inform treatment strategies that address both acute physiological 
states and longer-term trait liabilities.

6   |   Conclusions

We found significant differences in neural activation of the 
dlPFC that distinguished between typical, weight-restored, 
and nonunderweight restrictive ED presentations, and trans-
diagnostic associations with ED restraint. Contrary to our 
hypothesis, dlPFC differences across groups were driven by 
under-engagement during the single-task baseline in low-weight 
AN, rather than heightened recruitment during switching. This 
pattern implicates an alteration in tonic/sustained control, 
while neural activation for switch vs. repeat trials indexing tran-
sient task set reconfiguration/reactive control was shared across 
groups. The observed pattern highlights a possible dissociation 
between alterations in sustained and transient control as a dis-
tinguishing feature among these restrictive ED subgroups. This 
work underscores the importance of examining shared versus 
unique neural and cognitive features of these distinct restric-
tive ED presentations. Future research should include a healthy 
control group to determine whether these alterations represent 
abnormalities that could be targeted in interventions tailored to 
specific restrictive ED presentations.
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