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Summary 

Aberrant cognitive network activity and cognitive deficits are established features of chronic pain. However, the 
nature of cognitive network alterations associated with chronic pain and their underlying mechanisms require 
elucidation. Here, we report that the claustrum, a subcortical nucleus implicated in cognitive network 
modulation, is activated by acute painful stimulation and pain-predictive cues in healthy participants. Moreover, 
we discover pathological activity of the claustrum and a lateral aspect of the right dorsolateral prefrontal cortex 
(latDLPFC) in migraine patients. Dynamic causal modeling suggests a directional influence of the claustrum on 
activity in this latDLPFC region, and diffusion weighted imaging (DWI) verifies their structural connectivity. 
These findings advance understanding of claustrum function during acute pain and provide evidence of a 
possible circuit mechanism driving cognitive impairments in chronic pain. 

Introduction 

Pain demands attention (Eccleston & Crombez, 1999). Simultaneous acute pain and cognitive processing 
appear to compete for resources in the brain, with increased pain associated with reduced cognitive task 
performance and increased cognitive load associated with diminished pain (Buhle & Wager, 2010). Patients 
with chronic pain often report cognitive difficulties, and significant impairments in executive function are 
detectable in patients from a variety of chronic pain conditions (Baker et al., 2016; Berryman et al, 2014; 
Landrø et al., 2013). Cognitive impairments are linked with cortical network dysfunction in multiple 
neuropsychiatric disorders (Bassett et al., 2008; Rombouts et al., 2005; Yao et al., 2010), including chronic 
pain, which is known to alter cortical network activity (Baliki et al., 2008; Hashmi et al., 2013). Indeed, 
experimental pain, in an intensity-dependent fashion, increases co-activation of brain regions that respond to a 
cognitive task in a difficulty-dependent fashion (Seminowicz & Davis, 2007), and when patients with chronic 
pain perform a cognitive task, they exhibit greater activity across the brain relative to controls, comprising 
reduced areas of deactivation and wider areas of activation (Ceko et al., 2015; Mathur et al., 2015; Seminowicz 
et al., 2011). How cortical network disruptions and associated cognitive impairments arise in chronic pain is 
unclear. 

The claustrum is a subcortical nucleus implicated in orchestrating cortical networks. Studies of rodent 
claustrum circuitry demonstrate that the claustrum preferentially routes input from frontal cortices to numerous 
output cortical regions involved in higher order processing (Qadir et al., 2018; Qadir et al., 2022; White et al., 
2017; White & Mathur, 2018a; White & Mathur, 2018b). Human imaging reveals that the claustrum shares 
functional connectivity with multiple canonical resting state networks (Krimmel et al., 2019), possesses the 
greatest anatomical connectivity in the brain by volume, and is a critical hub in global cortical network 
architecture (Torgerson et al., 2015). Functionally, in animal models, claustrum activation is required for 
optimal performance in cognitively demanding tasks (Atlan et al., 2018; White et al., 2018; White et al., 2020), 
and in humans, significant claustrum activation occurs at the onset of a difficult cognitive task, when cognitive 
network activity appears (Krimmel et al., 2019). These findings led us to propose that the claustrum 
instantiates cortical networks for cognitive control (Madden et al., 2022). Because there is evidence that the 
claustrum responds to acute pain (Paul et al., 2021), and pain is a cognitive load, it is possible that pain 
induces cognitive control network formation through claustrum activation. Additionally, this process may be 
altered in chronic pain, where networks and cognition are dysfunctional. 

Testing these ideas, we measured claustrum signal using fMRI during experimental pain, pain anticipation, 
cognitive conflict, and resting-state conditions in samples of healthy controls and patients with chronic pain 
(migraine). Our findings indicate that the claustrum is responsive to pain onset or pain-predictive cues, that 
migraine patients recruit altered cognitive task networks characterized by the addition of a pain-sensitive brain 
region, and that migraine patients exhibit pathological claustrum activity that drives chronic pain-associated 
cognitive network alterations. These findings support the notion that claustrum dysfunction may underlie 
aberrant cognitive network processing observed in chronic pain. 

Results 

Claustrum BOLD signal increases in response to experimental heat pain 

We first predicted that the claustrum activates at the onset of acute pain in healthy conditions, analogously to 
its activation at the onset of a difficult cognitive task (Krimmel et al., 2019). Dataset 1 included Blood 
Oxygenation Level Dependent (BOLD) fMRI (TR = 2.5 seconds) pain scans from n = 34 healthy participants. 
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Data were acquired from one (n = 10), two (n = 6), or three (n = 18) imaging sessions depending on participant 
availability, and two pain runs (8 minutes/run) were acquired from each participant per imaging session. Each 
run consisted of five trials of thermal stimulation applied to the left forearm. All trials began with a two second 
temperature ramp up from 32°C (baseline) to a subject-specific non-painful warm temperature (8°C less than 
the subject’s painful temperature), which was held for 28 seconds. Another two second ramp up directly 
followed the warm stimulation, this time arriving at a temperature rated by the subject as moderately painful (5-
7 on a 0-10 numeric rating scale). The painful stimulus was also held for 28 seconds before the trial ended with 
a two second ramp down to baseline temperature (Fig. 1B). 

A General Linear Model (GLM) using a Finite Impulse Response (FIR) to model the hemodynamic response 
function (HRF) was fitted to generate timeseries of claustrum BOLD percent signal change. Timeseries were 
averaged across trials within subjects and then across the group. Figure 1 illustrates the average BOLD 
percent signal change in the left (LCL; Fig. 1C) and right (RCL; Fig. 1D) claustrum with error bars representing 
standard error of the mean across subjects. The start of the warm ramp up (t = 0 seconds) was defined as w0, 
and the start of the pain ramp up (t = 30 seconds) was defined as p0. To limit comparisons and prevent 
selection bias, statistical models included four timepoints from each stimulus. Accounting for hemodynamic 
delay, “onset” timepoints were defined as w1-3 and p1-3, and “block” timepoints were defined as w6 and p6, 
the midpoint of each stimulation block. Linear mixed effects models compared the percent signal change at 
each of these timepoints to the average pre-trial (t-2 and t-1) percent signal change. 

As predicted, LCL signal exhibited a significant increase over pre-stimulus baseline at pain onset (p1: t = 
3.011, false discovery rate corrected p-FDR = 0.023). RCL did not exhibit significant signal change at any 
timepoint compared to baseline. However, a linear mixed effects model assessing condition effects 
demonstrated a significant effect of pain greater than warm (t = 2.882, p-FDR = 0.004), such that RCL signal 
during painful stimulation timepoints was generally greater than warm stimulation timepoints. LCL and RCL 
signal changes were not attributable to subject motion (Supplemental Fig. S1A). 

Figure 1. Claustrum BOLD 
signal increases in 
response to experimental 
heat pain 

(A) Left: Horizontal slice of 
MNI template displaying LCL 
(blue) and RCL (red) in 
neurological orientation. 
Middle: 3D rendering of MNI 
template displaying 
dorsoventral extent and 
placement of LCL and RCL. 
Right: 3D rendering 
displaying shape of LCL and 
RCL. (B) Experimental 
timeline for each trial in 
Dataset 1 pain scans. (C) 
Average FIR timeseries of 
LCL BOLD percent signal 
change showed a significant 
increase at t = 32.5 sec 
(pain “onset”: t = 3.011, p-
FDR = 0.023) in Dataset 1 
healthy participants (n = 34). 
(D) Average FIR timeseries 
of RCL BOLD percent signal 
change showed significantly 
greater signal during pain 
than warm timepoints (t = 
2.882, p-FDR = 0.004).  

Error bars show standard 
error of the mean across 
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subjects. * represents a p-value of < 0.05, ** < 0.01, *** < 0.001. Caduceus symbol signifies Dataset 1 results. Image 
by Clker-Free-Vector-Images from Pixabay. Unfilled bars/plot points signify healthy participant results. Acronyms: ALFF – 
Amplitude of Low Frequency Fluctuations, BOLD – Blood Oxygenation Level Dependent, DCM – Dynamic Causal 
Modeling, DWI – Diffusion Weighted Imaging, FIR – Finite Impulse Response, GLM – General Linear Model, HCP – 
Human Connectome Project, HRF – Hemodynamic Response Function, LaINS – Left Anterior Insula, latDLPFC – Lateral 
Right Dorsolateral Prefrontal Cortex (see text), LCL – Left Claustrum, LInsFl – Left Insular Flank (see text), LV – Latent 
Variable, medDLPFC – Medial Right Dorsolateral Prefrontal Cortex (see text), MNI – Montreal Neurological Institute, 
MSIT – Multi-Source Interference Task, RaINS – Right Anterior Insula, RCL – Right Claustrum, RInsFl – Right Insular 
Flank (see text), TR – Repetition Time, WM – White Matter. Figures generated in GraphPad Prism, MRICroGL, and 
BioRender.com. 

Claustrum BOLD signal is distinguishable from neighboring regions 

Because aspects of the claustrum are thinner than the 2mm isomorphic functional image voxels analyzed in 
this study, claustrum region of interest (ROI) analyses are vulnerable to partial volume effects. We therefore 
implemented Small Region Confound Correction (SRCC; Barrett et al., 2020; Krimmel et al., 2019) for all 
claustrum analyses (see Methods). To test if obtained claustrum signal was distinguishable from proximal 
structures, we measured responses in ROIs comprising a medial portion of each hemisphere’s insular cortex 
that “flank” the claustrum (Fig. 2A: left insular flank [LInsFl] – light blue, right insula flank [RInsFl] – pink; see 
Methods). FIR timeseries of bilateral flanking insular cortex ROIs illustrate BOLD signal increases of greater 
amplitude and longer duration than in LCL or RCL at pain onset (t = 30) and pain offset (t = 60) (Fig. 2B-C). 

To facilitate direct comparisons between regions, singular activation values were derived from GLM analyses 
in SPM12 (http://www.fil.ion.ucl.ac.uk/ spm/software/spm12/). Unlike the previous models using FIR, these 
analyses assumed a canonical HRF and required further dividing experimental trials into component 
conditions. Warm and pain stimulation conditions were separated into two second “onset” conditions 
corresponding to the temperature ramp up and 28 second “block” conditions corresponding to the remainder of 
the stimulation. Bilateral anterior insular cortices (LaINS & RaINS; Fig. 2A green and orange, respectively) are 
major Salience Network (Seeley et al., 2007; Taylor et al., 2009) regions and were also predicted to respond to 
pain. LaINS and RaINS ROIs were therefore analyzed as positive controls and to further test the 
distinctiveness of claustrum BOLD signal.  

Unpaired t-tests revealed claustrum signal at pain onset to be significantly different than anterior insula and 
flanking insula signal in both hemispheres (Fig. 2D, LCL vs. LaINS: t = 4.086, p-FDR < 0.001; LCL vs. LInsFl: t 
= 3.266, p-FDR = 0.002; RCL vs. RaINS: t = 5.816, p-FDR < 0.001; RCL vs. RInsFl: t = 5.039, p-FDR < 0.001). 

Claustrum responses were also distinguishable from neighboring regions at pain offset (Fig. 2E). Unpaired t-
tests detected significantly different activation between LCL and LaINS (t = 2.133, p-FDR = 0.037), LCL and 
LInsFl (t = 3.551, p-FDR = 0.001), RCL and RaINS (t = 2.773, p-FDR = 0.0096), and RCL and RInsFl (t = 
4.095, p-FDR < 0.001). 
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Figure 2. Claustrum BOLD 
signal is distinguishable 
from neighboring regions 

(A) Left: Horizontal slice of 
average anatomical scan 
from 56 Dataset 1 subjects. 
Middle: Same slice as left 
depicting shapes and 
locations of LCL (blue), 
LInsFl (light blue), LaINS 
(green), RCL (red), RInsFl 
(pink), and RaINS (orange) 
ROIs. Right: Same z-stack 
as left and middle with ROIs 
overlaid on a Dataset 1 
healthy participant’s 
preprocessed functional 
resting state image. (B – C) 
Average FIR timeseries of 
Dataset 1 healthy participant 
thermal stimulation trials 
displayed greater increases 
at pain onset and pain offset 
(black arrows) in (B) LInsFl 
vs. LCL and (C) RInsFl vs. 
RCL BOLD percent signal 
change. No statistical tests 
were performed on (B) & 
(C). (D) Regional activation 
at pain onset was compared 
to assess the distinctiveness 
of claustrum signal change 
to a stimulus predicted to 
evoke similar responses 
across proximal ROIs. 
Average parameter 
estimation (regression 
slope) detected significantly 
different activation at pain 

onset (i.e., first two seconds of thermal stimulation) between LCL and LaINS (t = 4.086, p-FDR < 0.001), LCL and LInsFl (t 
= 3.266, p-FDR = 0.002), RCL and RaINS (t = 5.816, p-FDR < 0.001), and RCL and RInsFl (RCL vs. RInsFl: t = 5.039, p-
FDR < 0.001). (E) Regional activation at pain offset was compared upon observing divergent claustrum and insular flank 
timeseries at pain offset in (B) & (C) to assess potential functional differences between proximal ROIs. Significantly 
different activation at pain offset was observed between LCL and LaINS (t = 2.133, p-FDR = 0.037), LCL and LInsFl (t = 
3.551, p-FDR = 0.001), RCL and RaINS (t = 2.773, p-FDR = 0.0096), and RCL and RInsFl (t = 4.095, p-FDR < 0.001). 
Assessment of region effects via unpaired t-tests was limited to comparisons of LCL vs. LaINS, LCL vs. LInsFl, RCL vs. 
RaINS, and RCL vs. RInsFl. 

Claustrum BOLD signal increases in response to a pain-predictive cue 

An additional dataset (Dataset 2) allowed investigation of claustrum effects in more conditions. In this 
experiment, healthy participants (n = 39) underwent a single BOLD fMRI imaging session comprising as many 
as five runs (8 minutes/run; TR = 1.75 secs) in which they experienced pseudorandom durations and 
intensities of thermal stimulation to their lower left leg (10 trials/run). Intensities included non-painful warmth 
(38°C), “moderate” pain defined as in Dataset 1, “slight” pain, and “intense” pain, defined as 1°C less than or 
greater than “moderate” respectively. Notably, each trial began with an auditory “doorbell sound” cue and a 7.5 
second anticipation period prior to thermal stimulation (Fig. 3A). This dataset consequently allowed the 
analysis of claustrum responses to a pain-predictive stimulus. 

One sample t-tests of Dataset 2 results revealed significant activation in LCL (Fig. 3B, Cue: t = 3.172, p-FDR = 
0.030) but not RCL (Fig. 3C, Cue: t = 2.341, p-FDR = 0.123) in response to the pain-predictive auditory cue. 
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Bilateral claustrum regions did not exhibit significant activation in response to the onset of any thermal 
stimulation condition when preceded by an auditory cue (Fig. 3B-C, LCL intense onset: t = 1.034, p-FDR = 
0.615; LCL moderate onset: t = 0.460, p-FDR = 0.811; LCL slight onset: t = 0.699, p-FDR = 0.699; LCL warm 
onset: t = 0.153, p-FDR = 0.879; RCL intense onset: t = 1.416, p-FDR = 0.550; RCL moderate onset: t = 0.707, 
p-FDR = 0.699; RCL slight onset: t = 1.176, p-FDR = 0.615; RCL warm onset: t = 0.319, p-FDR = 0.835). 

LCL signal was significantly different than LInsFl in response to the cue (Fig. 3D, t = 2.713, p-FDR = 0.033). 
Significant differences were not identified when comparing cue responses between LCL and LaINS (t = 0.009, 
p-FDR = 0.993), RCL and RaINS (t = 0.059, p-FDR = 0.993), or RCL and RInsFl (t = 1.161, p-FDR = 0.499). 

In response to the onset of intense pain, LCL signal was significantly different than LaINS (Fig. 3E, t = 2.564, 
p-FDR = 0.049). Significant differences were not detected when comparing LCL and LInsFl (t = 1.817, p-FDR = 
0.098), RCL and RaINS (t = 1.587, p-FDR = 0.117), or RCL and RInsFl (t = 1.816, p-FDR = 0.098). 

Like Dataset 1, claustrum, insula flank, and anterior insula ROI signals diverged at the offset of intense pain in 
Dataset 2 (Fig. 3F). LCL signal at intense offset was significantly different from LaINS (t = 3.745, p-FDR = 
0.001) and LInsFl (t = 2.553, p-FDR = 0.017). RCL signal was significantly different from RaINS (t = 3.637, p-
FDR = 0.001) while exhibiting a trending difference with RInsFl (t = 1.938, p-FDR = 0.056). 

Figure 3. Claustrum BOLD 
signal increases in response 
to a pain-predictive cue  

(A) Timeline of thermal 
stimulation for each trial in 
Dataset 2, which comprised (n 
= 39) healthy participants. (B) 
LCL displayed significant 
activation in response to the 
cue preceding thermal 
stimulation (t = 3.172, p-FDR = 
0.030) but not to the onset of 
any thermal stimulation 
conditions following the cue 
(intense onset: t = 1.034, p-
FDR = 0.615; moderate onset: 
t = 0.460, p-FDR = 0.811; 
slight onset: t = 0.699, p-FDR 
= 0.699; warm onset: t = 
0.153, p-FDR = 0.879). (C) 
RCL did not display significant 
activation in response to the 
cue (t = 2.341, p-FDR = 0.123) 
or the onset of any thermal 
stimulation conditions (intense 
onset: t = 1.416, p-FDR = 
0.550; moderate onset: t = 
0.707, p-FDR = 0.699; slight 
onset: t = 1.176, p-FDR = 
0.615; warm onset: t = 0.319, 
p-FDR = 0.835). (D) 
Significantly different activation 
in response to the auditory cue 
was observed between LCL 
and LInsFl (t = 2.713, p-FDR = 
0.033). Significantly different 
activation in response to the 
auditory cue was not observed 
between LCL and LaINS (t = 

0.009, p-FDR = 0.993), RCL and RaINS (t = 0.059, p-FDR = 0.993), or RCL and RInsFl (t = 1.161, p-FDR = 0.499). (E) In 
response to the onset of intense pain, significantly different activation was observed between LCL and LaINS (t = 2.564, 
p-FDR = 0.049), but not between LCL and LInsFl (t = 1.817, p-FDR = 0.098), RCL and RaINS (t = 1.587, p-FDR = 0.117), 
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or RCL and RInsFl (t = 1.816, p-FDR = 0.098). (F) In response to the offset of intense pain, significantly different 
activation was observed between LCL and LaINS (t = 3.745, p-FDR = 0.001), LCL and LInsFl (t = 2.553, p-FDR = 0.017), 
RCL and RaINS (t = 3.637, p-FDR = 0.001), but not between RCL and RInsFl (t = 1.938, p-FDR = 0.056). Assessment of 
condition effects in (B) & (C) via unpaired t-tests was limited to comparisons of cue with thermal stimulation onset 
conditions. Assessment of region effects via unpaired t-tests in (D) – (F) was limited to comparisons of LCL vs. LaINS, 
LCL vs. LInsFl, RCL vs. RaINS, and RCL vs. RInsFl. Speaker symbol signifies Dataset 2 results. Image by Clker-Free-
Vector-Images from Pixabay. 

Migraine patients exhibit greater cognitive task-associated network activity than controls 

Upon establishing claustrum responses to painful stimulation or pain cues in healthy participants, we extended 
our investigation to a sample of patients with chronic pain. Due to previous reports of altered cognitive task-
associated activity in multiple chronic pain conditions (Ceko et al., 2015; Mathur et al., 2015; Seminowicz et al., 
2011) we tested if an altered cognitive task network phenotype was present in Dataset 1, which included BOLD 
fMRI cognitive task scans from healthy controls (n = 35) and migraine patients (n = 112). 

During cognitive task scans, participants performed the multi-source interference task (MSIT; Bush et al., 
2003). The task consisted of 20 second blocks of consecutive trials representing one of three conditions. One 
condition was an easy cognitive task. In each trial, participants were presented with an array of three numbers 
in which one number was different than the other two. The participant was directed to press one of three 
buttons on a response pad corresponding to the unique number, and in the easy condition the unique number 
matched its position in the array (e.g., “1-3-3”, “1-2-1”, “2-2-3”). The second condition was a difficult cognitive 
task which was structured similarly to the easy condition except the unique number did not match its position in 
the array (e.g., “3-1-1”, “2-1-2”, “3-3-2”). The third condition was a motor control in which an asterisk appeared 
on the screen in one of three positions (e.g., “* – –”, “– * –”, “– – *”) and the participant pressed a button 
corresponding to the position of the asterisk. 

Partial Least Squares (PLS; McIntosh et al., 1996) yields “latent variables” (LVs) representing multivariate 
patterns of brain activity that covary with experimental conditions. PLS analyses of Dataset 1 whole-brain 
cognitive task-associated activity identified significant LVs sensitive to task difficulty comprised of signal 
increases resembling Fronto-Parietal Network and Cingulo-Opercular Network motifs (Dosenbach et al., 2007; 
Dosenbach et al., 2008) as well as signal decreases resembling the Default Mode Network (DMN; Greicius et 
al., 2003) within healthy controls (Fig. 4A - top left, n = 35, LV1: p < 0.001) and migraine patients (Fig. 4A - top 
right, n = 112, LV1: p < 0.001). The overlap of regions demonstrating cognitive task-associated signal 
increases in these LVs indicated a wider spatial extent of activation in patients than controls (Fig. 4A - bottom 
left). A group effects PLS analysis identified a pattern of brain regions where cognitive task-associated activity 
significantly differed between groups (Fig. 4A - bottom right, LV1: p < 0.048). A cluster report of this LV 
identified 12 significantly different clusters, all of which exhibited greater activity in patients than controls 
(Supplemental Table 1). 
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Figure 4. Migraine patients 
engage a pain-responsive 
prefrontal cortex region 
during pain-free cognitive 
task processing 

(A) Top left: Horizontal 
slices with reference sagittal 
slice illustrating the 
multivariate pattern 
accounting for the most 
variance (LV1) in brain 
activity associated with 
cognitive task conditions in 
Dataset 1 healthy controls (n 
= 35, LV1: p < 0.001). Top 
right: LV1 of brain activity 
associated with cognitive 
task conditions in Dataset 1 
migraine patients (n = 112, 
LV1: p < 0.001). All voxels 
shown in top row exhibited 
signal increases (red) or 
decreases (blue) with 
increasing cognitive load 
(motor control tapping 
condition, easy cognitive 
task, difficult cognitive task). 
Bottom left: Voxels 
exhibiting significant signal 
increases in LV1 of healthy 
controls (blue), LV1 of 
migraine patients (red), and 
their overlap (purple). 
Bottom right: Clusters (> 50 
voxels) depicting 
significantly different 
cognitive task-associated 
signal changes between 
patients and controls 
(patients vs. controls LV1: p 
< 0.048). All significant 
clusters exhibited greater 
signal in patients than 

controls. (B) Left: latDLPFC (gold) depicted alongside healthy controls’ cognitive task LV1 (blue). Note how latDLPFC fell 
entirely outside the healthy control cognitive task network. Middle: medDLPFC (purple) overlaid on healthy controls’ 
cognitive task LV1 (blue). medDLPFC (center: 28, 0, 52; radius: 10mm) was centered within the healthy control cognitive 
task LV1 and the migraine patient cognitive task LV1 (not pictured). Right: 3D rendering depicting shapes and locations 
of latDLPFC and medDLPFC. (C) Left: Cognitive task-induced latDLPFC activation was only observed in patients during 
difficult onset (t = 10.129, p-FDR < 0.001) and difficult block (t = 5.178, p-FDR < 0.001) conditions. Two-way ANOVA 
found significant main effects of group (F (1, 580) = 20.38, p < 0.001), condition (F (3, 580) = 18.84, p < 0.001), and their 
interaction (F (3, 580) = 10.20, p < 0.001), and post-hoc comparisons detected significantly greater activation in patients 
than controls during the difficult onset condition (t = 7.003, p < 0.001). Right: Significant medDLPFC activation was 
detected in cognitive task conditions in healthy controls (easy onset: t = 2.835, p-FDR = 0.008; difficult onset: t = 11.328, 
p-FDR < 0.001; difficult block: t = 9.327, p-FDR < 0.001) and migraine patients (easy onset: t = 3.956, p-FDR < 0.001; 
difficult onset: t = 14.767, p-FDR < 0.001; difficult block: t = 11.980, p-FDR < 0.001). No main effect of group was detected 
(F (1, 580) = 0.939, p = 0.333). (D) Left: Average FIR timeseries of medDLPFC BOLD percent signal change during 
thermal stimulation in healthy controls (n = 34) and migraine patients (n = 105). Middle: Average FIR timeseries of 
latDLPFC BOLD percent signal change during thermal stimulation in both groups. No statistical tests were performed on 
these timeseries. Right: Significant latDLPFC activation was observed in both groups at pain onset (controls: t = 2.265, p-
FDR = 0.048; patients: t = 6.481, p-FDR < 0.001) and during pain block (controls: t = 3.557, p-FDR = 0.003; patients: t = 
2.358, p-FDR = 0.041). Two-way ANOVA found significant main effects of group (F (1, 548) = 11.38, p < 0.001), and 
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condition (F (3, 548) = 8.985, p < 0.001), but not their interaction (F (3, 548) = 2.396, p = 0.067), and post hoc 
comparisons detected significantly greater activation in patients than controls during the warm onset (t = 3.08, p = 0.009) 
and pain onset (t = 2.973, p = 0.012) conditions. (E) medDLPFC and latDLPFC activation aligned with LCL but diverged 
from bilateral anterior insula in Dataset 2 in response to the auditory cue (LCL: t = 3.172, p-FDR = 0.008; medDLPFC: t = 
2.811, p-FDR = 0.013; latDLPFC: t = 3.151, p-FDR = 0.008; LaINS: t = 1.929, p-FDR = 0.077; RaINS: t = 1.437, p-FDR = 
0.159), (F) the onset of intense pain (LCL: t = 1.034, p-FDR = 0.470; medDLPFC: t = 0.896, p-FDR = 0.470; latDLPFC: t = 
0.216, p-FDR = 0.830; LaINS: t = 3.409, p-FDR = 0.008; RaINS: t = 2.649, p-FDR = 0.029), and (G) the offset of intense 
pain (LCL: t = 0.678, p-FDR = 0.627; medDLPFC: t = 1.025, p-FDR = 0.519; latDLPFC: t = 0.483, p-FDR = 0.632; LaINS: 
t = 3.926, p-FDR < 0.001; RaINS: t = 5.003, p-FDR < 0.001). Unfilled bars/plot points signify healthy participant results. 
Filled bars/plot points signify migraine patient results. 

Migraine patients engage a pain-responsive prefrontal cortex region during pain-free cognitive task 
processing 

In light of our hypothesis that claustrum initiates cognitive networks, the observation of altered cognitive 
network recruitment in patients motivated deeper investigation of differentially activated cognitive network 
nodes. 

The peak voxel exhibiting significantly greater cognitive task-associated activity in patients than controls (Fig. 
4A - bottom right; Supplemental Table 1, cluster 1, peak voxel: (52, 0, 44)) fell within a region highlighted in red 
in the bottom left panel of Figure 4A, meaning it displayed cognitive task-associated signal increases only in 
patients. We therefore asked what conditions this voxel and its cluster respond to in healthy controls, and what 
additional function this region may perform in patients during a cognitive task. A contiguous portion of the 
cluster containing only voxels outside the healthy control cognitive task-associated regions (96 voxels) was 
selected for further analysis. The ROI was within the right dorsolateral prefrontal cortex (DLPFC), but it is 
designated herein as latDLPFC (Fig. 4B - left). Another region, falling within both groups’ respective cognitive 
task-associated networks and exhibiting no significant cognitive task activity differences between groups was 
selected for comparison. This ROI (center: (28, 0, 52); radius: 10mm) was also within the right DLPFC but was 
more dorsal and medial than latDLPFC. It is designated herein as medDLPFC (Fig. 4B - middle). 

For consistency with pain analyses, each MSIT condition was separated into an “onset” portion consisting of 
the condition’s first two seconds and a “block” portion consisting of the condition’s remaining 18 seconds. As 
expected based on PLS findings, according to one sample t-tests (Fig. 4C - right), medDLPFC exhibited 
significant activation in response to cognitive task conditions in both groups (controls easy onset: t = 2.835, p-
FDR = 0.008; controls difficult onset: t = 11.328, p-FDR < 0.001; controls difficult block: t = 9.327, p-FDR < 
0.001; patients easy onset: t = 3.956, p-FDR < 0.001; patients difficult onset: t = 14.767, p-FDR < 0.001; 
patients difficult block: t = 11.980, p-FDR < 0.001), and a two-way ANOVA found no main effect of group (F (1, 
580) = 0.939, p = 0.333). 

The latDLPFC (Fig. 4C - left) however only exhibited significant signal increases in patients, and only during 
difficult cognitive task conditions (patients difficult onset: t = 10.129, p-FDR < 0.001; patients difficult block: t = 
5.178, p-FDR < 0.001). Moreover, a two-way ANOVA found significant main effects of group (F (1, 580) = 
20.38, p < 0.001), condition (F (3, 580) = 18.84, p < 0.001), and their interaction (F (3, 580) = 10.20, p < 
0.001). Post hoc comparisons detected significantly greater latDLPFC activity in patients than controls at 
difficult onset (t = 7.003, p < 0.001). 

Because latDLPFC activation was an exclusive characteristic of chronic pain-associated cognitive task 
networks, we investigated the possibility that latDLPFC function relates to pain. Dataset 1 obtained pain scans 
from healthy controls (n = 34) as mentioned previously, and patients (n = 105). FIR timeseries illustrated the 
absence of thermal stimulation-associated signal increases in medDLPFC (Fig. 4D - left) but their presence in 
latDLPFC (Fig. 4D - middle). One sample t-tests of activation values revealed significant increases in 
latDLPFC activity (Fig. 4D - right) in patients at the onset of both warm (t = 5.706, p-FDR < 0.001) and painful 
stimuli (t = 6.481, p-FDR < 0.001), as well as during the remainder of the pain block (t = 2.358, p-FDR = 
0.041). Healthy controls also exhibited significant latDLPFC activity at pain onset (t = 2.265, p-FDR = 0.048) 
and during the pain block (t = 3.557, p-FDR = 0.003). Control group latDLPFC activation was less than patients 
(two-way ANOVA main effect of group: F (1, 548) = 11.38, p < 0.001, main effect of condition: F (3, 548) = 
8.985, p < 0.001, interaction: F (3, 548) = 2.396, p = 0.067) during warm onset (post hoc: t = 3.08, p = 0.009) 
and pain onset (post hoc: t = 2.973, p = 0.012).  
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The medDLPFC, as part of both healthy control and migraine patient data-derived cognitive task networks, 
exhibited responses specific to cognitive task conditions in both groups. However, latDLPFC, which belonged 
exclusively to the cognitive task network of migraine patients, demonstrated pain-sensitive responses in 
patients and healthy controls. Thus, this pain-sensitive prefrontal cortex region displayed greater responses to 
pain in migraine patients than controls and was uniquely activated in patients during cognitive task 
performance. No patients reported experiencing a migraine or other pain during cognitive task scans. 

Additionally, in Dataset 2, one sample t-tests detected significant increases in response to the auditory cue 
(Fig. 4E) in medDLPFC (t = 2.811, p-FDR = 0.013) and latDLPFC (t = 3.151, p-FDR = 0.008), but not to the 
subsequent onset (Fig. 4F, medDLPFC: t = 0.896, p-FDR = 0.470; latDLPFC: t = 0.216, p-FDR = 0.830) or 
offset of intense pain (Fig. 4G, medDLPFC: t = 1.025, p-FDR = 0.519; latDLPFC: t = 0.483, p-FDR = 0.632). 
This response profile mirrors that observed in LCL (auditory cue: t = 3.172, p-FDR = 0.008; intense onset: t = 
1.034, p-FDR = 0.470; intense offset: t = 0.678, p-FDR = 0.627), while diverging from that of LaINS and RaINS 
(LaINS auditory cue: t = 1.929, p-FDR = 0.077; LaINS intense onset: t = 3.409, p-FDR = 0.008; LaINS intense 
offset: t = 3.926, p-FDR < 0.001; RaINS auditory cue: t = 1.437, p-FDR = 0.159; RaINS intense onset: t = 
2.649, p-FDR = 0.029; RaINS intense offset: t = 5.003, p-FDR < 0.001). 

Migraine patients exhibit pathological claustrum activity 

Because we hypothesize that the claustrum supports cognitive network initiation, we predicted that the altered 
cognitive task-associated network activity observed in patients was associated with altered claustrum activity. 
We therefore compared claustrum responses between patients and controls in cognitive task and pain 
conditions.  

No significant claustrum activation group differences were observed during the difficult cognitive task (Fig. 5A-
B). During pain, no group differences were present in LCL (Fig. 5C), but a two-way ANOVA revealed significant 
RCL activation differences between groups (Fig. 5D, main effect of group: F (1, 274) = 3.891, p = 0.0496; main 
effect of condition: F (1, 274) = 8.279, p = 0.004; interaction: F (1, 274) = 4.666, p = 0.032), with patients 
displaying greater RCL activity than controls at pain onset (post hoc: t = 2.922, p = 0.008). Claustrum effects 
were not attributable to subject movement (Supplemental Fig. S1B-C).  

Patients also displayed greater bilateral anterior insula activity at pain onset than controls (Supplemental Fig. 
S2). Although post hoc comparisons found no group differences in either ROI specifically, a two-way ANOVA 
detected a main effect of group (F (1, 274) = 7.269, p = 0.007) across LaINS and RaINS. 

It was previously reported that migraine patients exhibit increased Amplitude of Low Frequency Fluctuations 
(ALFF) than controls in RCL at rest (Gu et al., 2023). ALFF is a putative measure of spontaneous neuronal 
activity obtained via fMRI (Zang et al., 2007), and the convergence of this finding with the RCL group 
differences detected in our study compelled us to attempt a replication of the ALFF effect. Dataset 1 acquired 
resting state BOLD scans from healthy controls (n = 33) and patients (n = 109). A two-way ANOVA comparing 
LCL and RCL resting state ALFF between groups (Fig. 5E) identified main effects of group (F (1, 280) = 13.30, 
p < 0.001) and hemisphere (F (1, 280) = 14.07, p < 0.001) but not of their interaction (F (1, 280) = 0.022, p = 
0.881), such that patients exhibited greater ALFF than controls in both regions and RCL exhibited greater 
ALFF than LCL in both groups. Post hoc comparisons affirmed that ALFF was greater in patients than controls 
in RCL (t = 2.685, p = 0.015) and LCL (t = 2.473, p = 0.028). However, no significant differences were present 
when measuring fractional ALFF (fALFF; Supplemental Fig. S3), a measure of ALFF as a proportion of the 
amplitudes of all frequencies obtained (Zou et al., 2008). No group differences were found in latDLPFC, 
medDLPFC, DMN, or Extrinsic Mode Network (EMN) resting state ALFF. 

Whole-brain seed-to-voxel functional connectivity of LCL, RCL, medDLPFC, and latDLPFC seeds were also 
compared between Dataset 1 controls and patients. A group difference was only identified in latDLPFC, with 
patients exhibiting decreased latDLPFC functional connectivity with a cluster comprising voxels in the right 
orbitofrontal cortex and inferior frontal gyrus (peak: (54, 32, -10); size: 124; family-wise error rate corrected p-
FWE: 0.042). 
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Figure 5. Pathological 
claustrum activity coincides 
with aberrant cognitive 
network region activity in 
migraine patients 

No group differences were 
detected in (A) LCL or (B) 
RCL activation during 
cognitive task conditions 
between Dataset 1 healthy 
controls and migraine 
patients. (C) LCL activation 
during pain stimulation in 
Dataset 1 healthy controls 
and patients exhibited no 
significant group differences. 
(D) Patients exhibited 
significantly greater RCL 
activation than controls at 
pain onset (two-way ANOVA 
main effect of group: F (1, 
274) = 3.891, p = 0.0496; 
condition: F (1, 274) = 8.279, 
p = 0.004; interaction: F (1, 
274) = 4.666, p = 0.032; post 
hoc pain onset controls vs. 
patients: t = 2.922, p = 0.008). 
(E) Two-way ANOVA of ALFF 
detected significantly greater 
spontaneous claustrum 
activity at rest in migraine 
patients than controls (main 
effect of group: F (1, 280) = 
13.30, p < 0.001), and in RCL 
than LCL (main effect of 
hemisphere: F (1, 280) = 
14.07, p < 0.001). Post hoc 
comparisons found greater 

ALFF in patients than controls in RCL (t = 2.685, p = 0.015) and LCL (t = 2.473, p = 0.028). No significant interaction 
effect was observed (F (1, 280) = 0.022, p = 0.881). (F) Two-way ANOVA of RCL and latDLPFC activation at pain onset 
found significantly greater activation across regions in patients than controls (F (1, 274) = 8.503, p = 0.004). There was no 
significant main effect of region (F (1, 274) = 2.699, p = 0.102) or significant interaction (F (1, 274) = 0.044, p = 0.834). 
Heat maps of RCL (bottom structure) and latDLPFC (top structure) similarly depicted greater activation at pain onset 
across regions in patients (right) than controls (left). (G) FIR timeseries illustrated coincident increases in RCL and 
latDLPFC BOLD percent signal change in Dataset 1 patients at left: the onset of pain and right: the onset of the difficult 
cognitive task. Timeseries are consistent with changes at condition onsets due to hemodynamic delay. No statistical tests 
were performed on these timeseries. 3-D rendered brains display shape and location of RCL (red) and latDLPFC (gold). 

Right claustrum and latDLPFC co-activate across multiple experimental conditions 

The claustrum is hypothesized to project to cognitive control regions to support network initiation, and 
latDLPFC is a probable ipsilateral RCL projection target (Markowitsch et al., 1984; Reser et al., 2014; Tanné-
Gariépy et al., 2002; Torgerson et al., 2015; Wang et al., 2023; White et al., 2017). Therefore, upon identifying 
differences between patients and controls in both regions, we investigated the possible link between RCL and 
latDLPFC activity. A two-way ANOVA comparing RCL and latDLPFC activation in Dataset 1 at pain onset 
between healthy controls and patients (Fig. 5F) detected a significant main effect of group (F (1, 274) = 8.503, 
p = 0.004), with signal in patients greater than in controls across regions. FIR timeseries of Dataset 1 RCL and 
latDLPFC signal also illustrated contemporaneous increases in patients at the onset of pain (Fig. 5G - left) and 
the onset of the difficult cognitive task (Fig. 5G - right). 
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Structural connectivity in RCL-latDLPFC and RCL-medDLPFC circuits in healthy individuals 

After observing the co-activations reported above, we sought to verify the presence of anatomical connections 
between RCL our DLPFC ROIs. High resolution (7T) DWI scans were analyzed in a sample of healthy 
individuals (n = 174) from the Human Connectome Project (HCP; Van Essen et al., 2013). Tractography 
analyses were run to assess white matter connectivity in the hypothesized RCL-latDLPFC and RCL-
medDLPFC circuits. 

White matter connectivity was identified for RCL-latDLPFC (W = 15225, p-FDR < 0.001) and RCL-medDLPFC 
(W = 15225, p-FDR < 0.001), and a direct comparison found a significantly stronger RCL-medDLPFC 
connection (Fig. 6A, W = 12607, p-FDR < 0.001). This indicates preferential structural connectivity between 
RCL and medDLPFC, over latDLPFC, in healthy individuals. Tractogram analyses show that white matter 
connections between RCL and either latDLPFC or medDLPFC take two paths: (1) traveling from RCL 
posteriorly and superiorly along the middle longitudinal fasciculus to the arcuate fasciculus before joining the 
superior longitudinal fasciculus and on to the medDLPFC/latDLPFC; or (2) traveling from RCL directly superior 
along the superior thalamic radiation before connecting to the superior longitudinal fasciculus and then to the 
medDLPFC/latDLPFC. RCL-latDLPFC favors path 2, but the circuits appear to overlap superior to the insula 
before the RCL-latDLPFC circuit branches along the superior longitudinal fasciculus to latDLPFC (Fig. 6A). 

Figure 6. Structural and 
effective connectivity are 
consistent with an 
excitatory RCL→latDLPFC 
projection altered in 
migraine patients 

(A) Group tractograms of 
(left-top) RCL-latDLPFC 
and (left-bottom) RCL-
medDLPFC structural 
connectivity thresholded at 
50% (indicating WM fibers 
detected in at least 50% of 
individuals sampled) in 
healthy HCP participants (n 
= 174). Right: Median 
structural connectivity 
strength (a.u.) of RCL-
latDLPFC and RCL-
medDLPFC circuits in 
healthy HCP participants 
with 95% CI displayed. Both 
circuits showed significant 
structural connectivity (RCL-
latDLPFC: W = 15225, p-
FDR < 0.001; RCL-
medDLPFC: W = 15225, p-
FDR < 0.001), and RCL-
medDLPFC showed 
significantly greater 
connectivity strength than 

RCL-latDLPFC (W = 
12607, p-FDR < 0.001). 
(B) Fully connected DCM 
models with bidirectional 
RCL→latDLPFC 
excitatory projections and 
self-inhibitory connections in 
both ROIs were modeled for 
Dataset 1 pain and cognitive 
task scans separately. 

Experimental stimuli (green arrow) were modeled to affect RCL due to the a priori circuit hypothesis. Here, modeled 
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connections are displayed in black. In subsequent panels, blue lines represent connections detected on average across 
healthy participants. Red lines depict effects of chronic pain and therefore represent significant group differences. Large 
font numbers represent second level coupling parameters (positive = excitatory), and small font numbers in parentheses 
represent posterior probabilities quantifying the strength of evidence for each coupling parameter (0.00 – 1.00). A 
posterior probability exceeding 0.75 is considered “positive evidence.” Therefore, only parameters with posterior 
probability greater than 0.75 were included in figure panels. (C) DCM found evidence of bidirectional excitatory 
RCL→latDLPFC connectivity and self-inhibition in both ROIs at pain onset in healthy controls. No effects of chronic pain 
were detected for this model, meaning effective connectivity in patients at pain onset is not significantly different than 
controls. (D) At difficult cognitive task onset, DCM only found evidence of self-inhibition in RCL and latDLPFC in healthy 
controls, with no evidence for excitatory projections between regions. However, evidence was found for increased 
RCL→latDLPFC effective connectivity due to chronic pain, consistent with the appearance of an excitatory projection 
during cognitive task processing in patients. 

Dynamic causal modeling suggests an excitatory RCL→latDLPFC projection altered in migraine 
patients 

In addition to verifying RCL-latDLPFC anatomical connectivity, we performed dynamic causal modeling (DCM) 
to see if the regions’ BOLD timeseries were consistent with a possible RCL→latDLPFC projection. Unlike 
functional connectivity analyses, which are correlational, DCM (Friston et al., 2003) uses a Bayesian 
framework to assess the strength of evidence for a directional effect of one region on another. For every 
connection modeled, values are obtained describing coupling strength (positive for excitatory connections) and 
the strength of evidence (posterior probability). We only report results exceeding the threshold for “positive” 
evidence (greater than 0.75 posterior probability). 

Fully connected models comprising bidirectional projections between RCL and latDLPFC as well as inhibitory 
self-connections in each ROI (Fig. 6B) were estimated for all included subjects in pain and cognitive task scans 
separately (Zeidman et al., 2019a). Group level analyses were conducted by specifying a fully connected 
Parametric Empirical Bayes (PEB; Zeidman et al., 2019b) model and searching through all possible reduced 
models. Because RCL is hypothesized to route information to latDLPFC, all models specified effects of 
experimental input (i.e., pain onset, difficult cognitive task onset) on RCL. To compare effective connectivity 
between patients and controls, two second level PEB regressors were coded to model: 1) average network 
parameters among healthy controls (blue lines in figures) and 2) the change in network parameters due to 
chronic pain (i.e., group differences – red lines in figures). At acute pain onset (Fig. 6C), evidence was found in 
healthy controls for inhibitory self-connections in RCL (coupling strength: -0.126, posterior probability: 0.86) 
and latDLPFC (-0.211, 1.00), as well as bidirectional excitatory projections (RCL→latDLPFC: 0.144, 0.96; 
latDLPFC→RCL: 0.098, 1.00). No network changes due to chronic pain exceeding 0.75 posterior probability 
were detected, meaning effective connectivity in patients at pain onset was not significantly different than 
controls. At difficult task onset (Fig. 6D), evidence was found in healthy controls only for inhibitory self-
connections (RCL: -0.087, 0.81; latDLPFC: -0.166, 0.99), but not for excitatory projections between regions. 
However, chronic pain was found to increase RCL→latDLPFC effective connectivity (0.146, 0.85), consistent 
with the appearance of an excitatory projection during cognitive task processing in patients. 

Discussion 

In this study, we analyzed human fMRI data to investigate the relationship between claustrum and cognitive 
control network activity during acute and chronic pain. Our results indicate the human claustrum responds to 
acute thermal pain and pain cues. Increased RCL activity at the onset of acute pain was observed in migraine 
patients. This pathological claustrum activity accompanied altered cognitive task-associated network activity in 
patients, which was characterized by the additional recruitment of a pain-responsive cognitive control network 
region (latDLPFC), in the absence of acute pain. DWI verified RCL-latDLPFC structural connectivity, and DCM 
findings were consistent with an excitatory RCL→latDLPFC projection during acute pain in healthy participants, 
as well as the appearance of RCL→latDLPFC effective connectivity during cognitive task processing in 
patients with chronic pain.  

The human claustrum is responsive to pain or pain-predictive cues 

The claustrum exhibited responses in healthy participants to acute thermal pain, a stimulus that induces 
activation in cognitive task-associated network regions (Seminowicz & Davis, 2007). In a separate sample of 
healthy participants where pain was preceded by an auditory cue, significant claustrum activation was 
associated with pain anticipation, rather than pain onset. While claustrum activation at pain onset would be 
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predicted by a salience processing hypothesis of claustrum function (Remedios et al., 2014), the absence of 
significant claustrum responses to the onset of pain, an inherently salient stimulus, after a cue in Dataset 2 
challenges this interpretation. Additionally, while a salience-directed attention claustrum function (Smith et al. 
2019) may still account for these observations, the remainder of our findings compel us to favor the Network 
Instantiation in Cognitive Control (NICC) model (Madden et al., 2022), which proposes that the claustrum 
supports cortical network formation for cognitive control. 

We observed structural connectivity between claustrum and DLPFC regions (medDLPFC & latDLPFC) as well 
as their coincident activation in multiple conditions, including analogous shifts in activation from pain onset to 
pain cue between experiments in claustrum and latDLPFC. Indeed, claustrum responses across experiments 
aligned with regions of DLPFC, which is robustly associated with executive functioning. Importantly, conditions 
were identified (e.g., pain onset when preceded by a cue, pain offset) where claustrum responses diverged 
from the anterior insula, a primary region of the salience network.  

The claustrum’s association with executive function is additionally supported by the prior finding that the 
claustrum displays widespread resting state functional connectivity with cognitive control network regions 
(Krimmel et al., 2019) and this study’s DCM evidence of an excitatory RCL→latDLPFC projection in response 
to pain onset in healthy controls. Remarkably, latDLPFC is not part of the Neurologic Pain Signature (Wager et 
al., 2013), a whole-brain fMRI pattern predictive of reported pain intensity. This implies latDLPFC activity, 
supported by RCL, may encode cognitive rather than nociceptive components of pain, such as the effect of 
prior pain experience (Melzack & Casey, 1968). 

Migraine patients engage a pain-responsive prefrontal cortex region during pain-free cognitive task 
processing 

Our finding of elevated cognitive task-associated activity across multiple clusters in migraine patients echoes 
previous studies identifying greater task-induced activity (increased activation/decreased deactivation) in 
chronic pain patients than controls (Baliki et al., 2008; Ceko et al., 2015; Mathur et al., 2015; Seminowicz et al., 
2011). However, to the best of our knowledge this study is the first to empirically characterize the function of a 
region exhibiting task-induced group differences. Our decision to analyze a particular right DLPFC region 
exhibiting greater cognitive task-associated activity in patients than controls was motivated by its prominence 
in the group differences report and its relationship to the primary cognitive task LV of healthy participants. 
Specifically, the chosen cluster was the largest and most statistically significant region displaying group 
differences, and it contained a substantial ROI (latDLPFC) outside the healthy control cognitive task network. 
The revelation that latDLPFC, an additional cognitive task network region in migraine patients, is related to 
processing pain and pain cues in healthy conditions invites deeper exploration into the transition to, and 
potentially the subjective experience of, chronic pain. 

The DLPFC is large and functionally heterogeneous. Comparisons with other primates reveal that the human 
DLPFC experienced considerable evolutionary expansion (Van Essen & Dierker, 2007). It is consequently 
believed to participate in higher order cognitive processing, and this is supported by experiments implicating 
DLPFC in numerous functions including attention (Bidet-Caulet et al., 2014), working memory (Barbey et al., 
2013), decision-making (Rahnev et al, 2016), and emotional regulation (Buhle et al., 2014). Notably, studies 
have associated DLPFC activity with cognitive components of pain such as expectations of pain (Atlas et al., 
2010), placebo analgesia (Krummenacher et al., 2010), pain tolerance (Graff-Guerrero et al., 2005; Lorenz & 
Casey, 2003), perceived control of pain (Wiech et al., 2006), and pain catastrophizing (Seminowicz & Davis, 
2006), including in migraine patients (Hubbard et al., 2014). Mindfulness meditation, which is intended to help 
practitioners reframe their pain experience, is also associated with modulation of DLPFC activity (Allen et al., 
2012). 

Intriguingly, fMRI investigations of non-nociceptive aspects of pain have reported activation in coordinates near 
latDLPFC peak activity. These include tests of “virtual” pain in which healthy participants viewed a video of a 
needle puncturing a palm (Ushida et al., 2008) and an experiment where migraine patients observed pain-
related words during a state of distracted attention (Eck et al., 2011). A study of simultaneous cognitive task 
performance and capsaicin-induced hyperalgesia in healthy participants also reported activation coordinates 
near latDLPFC associated with the interaction of pain intensity and cognitive demand (Wiech et al., 2005). 
However, these studies did not compare chronic pain patients and healthy controls during a difficult cognitive 
task, and they did not acquire pain and cognitive task scans from both groups. They therefore were unable to 
identify latDLPFC as an additional pain-responsive cognitive network region in chronic pain. When considering 
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these results with our findings of increased latDLPFC activity in chronic pain patients at the onsets of both 
acute pain and a difficult cognitive task, it is possible that latDLPFC activity is associated with the cognitive 
load of pain. For example, increased latDLPFC activity among migraine patients may be associated with an 
increased propensity to factor pain, potential pain, or prior pain into decision making processes. 

Although medDLPFC and latDLPFC responses in healthy controls were specific to cognitive task and pain 
processing respectively in Dataset 1 of our study, this is likely due to the absence of other conditions. The 
variety of conditions associated with DLPFC activity, as well as the dual medDLPFC and latDLPFC responses 
to a pain-predictive cue in our Dataset 2 findings, hint at more domain-general roles for both regions. 
Considerable evidence describes DLPFC functional gradients along several axes (Abdallah et al., 2022; Jung 
et al., 2022; Koechlin et al., 2003; Nee & D'Esposito, 2016; Petrides, 2005), so it is reasonable to predict 
medDLPFC and latDLPFC inhabit different positions along a functional continuum rather than perform 
fundamentally distinct roles. Ultimately, the divergence of medDLPFC and latDLPFC activity between 
conditions and groups observed in this study merits further investigation to determine the generalizability of our 
finding, to test the relationship between latDLPFC activity and symptoms of chronic pain, such as executive 
function impairments, and to probe the mechanisms producing chronic pain-associated changes in latDLPFC 
activity. 

Pathological claustrum activation drives aberrant cognitive network processing in chronic pain 

Our study provides the first clues that claustrum dysfunction may underlie latDLPFC and other cognitive 
network changes in chronic pain. Because we hypothesized that such changes result from altered claustrum 
activity upstream of cognitive control network initiation, we tested for evidence of an excitatory RCL→latDLPFC 
projection that is altered in migraine patients. RCL and latDLPFC suggestively co-activated in multiple 
conditions, including during difficult cognitive task onset in patients. High-resolution DWI verified RCL-
latDLPFC structural connectivity, and effective connectivity analyses pointed to a possible causal influence of 
RCL on latDLPFC activity. DCM of Dataset 1 pain scans found evidence of bidirectional RCL→latDLPFC 
excitatory projections at pain onset in healthy controls, with no significant changes due to chronic pain. 
Strikingly, DCM of Dataset 1 cognitive task scans found no evidence of RCL→latDLPFC coupling in controls 
at difficult task onset, but evidence was found of increased excitatory RCL→latDLPFC effective connectivity in 
patients. Our findings are therefore consistent with an RCL→latDLPFC projection associated with processing 
cognitive components of pain in healthy conditions that is aberrantly recruited during cognitive task processing 
in chronic pain due to underlying claustrum dysfunction. 

Recent studies of rodent chronic pain models also implicate the claustrum in chronic pain, and their findings 
are consistent with a link between the claustrum and chronic pain-associated cognitive network changes. 
Specifically, in different chronic pain models Xu et al. (2022) and Ntamati et al. (2023) identified changes in 
circuitry between the claustrum and anterior cingulate cortex, a primary node of cognitive control brain 
networks (Menon & D'Esposito, 2022). In humans, Gracely et al. (2004) observed positive correlations in 
fibromyalgia patients between claustrum activity and pain catastrophizing, a hallmark cognitive component of 
pain.  

These findings raise the possibility of the claustrum as a therapeutic target in chronic pain. In particular, 
psychedelics are hypothesized to exert therapeutic effects by reorganizing activity and connectivity among 
large scale brain networks (Carhart-Harris & Friston, 2019; Castellanos et al., 2020; Doss et al., 2022; 
Vollenweider & Geyer, 2001), and psilocybin alters claustrum functional connectivity with cortical networks 
(Barrett et al., 2020). Therefore, our findings and recent evidence indicating reduced migraine frequency after 
psilocybin (Schindler et al., 2021) position the claustrum as a potential driver of benefits from psychedelic-
assisted therapy for chronic pain. 

Limitations 

Despite testing the claustrum and other ROIs in multiple conditions and experimental paradigms, this study 
contained no direct brain manipulation. Although our findings are consistent with the NICC model, in which the 
claustrum drives activity in cognitive control network regions, the causal relationship between the claustrum 
and other analyzed ROIs, such as latDLPFC, is undetermined. Furthermore, this study cannot determine if 
increased RCL BOLD at pain onset in patients arises due to changes within RCL or changes elsewhere in the 
system, such as sensory or association cortices upstream. 
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It also remains to be seen if the group differences detected between healthy controls and migraine patients in 
RCL and latDLPFC activity are present in other chronic pain conditions. Notably, our migraine patient cohort 
was predominantly female, as was our Dataset 1 sample of healthy controls. It is therefore possible the 
generalizability of the group differences is limited by untested sex effects. 

Lastly, in Dataset 1, LCL exhibited significant signal increases at pain onset as predicted, and RCL had 
generally greater signal during pain than warmth across timepoints. This laterality difference could result from 
the thermal stimulus application to the left side of the body. However, additional laterality effects, such as 
unilateral LCL responses to a pain-predictive cue, detected in this study and others (Barrett et al., 2020; Gu et 
al., 2023) are consistent with the possibility of laterality in claustrum function. Unfortunately, uniform application 
of thermal stimuli to the left side of the body in this study rendered us unable to assess laterality effects. 
Furthermore, the absence of patients with chronic pain in our Dataset 2 sample prevented us from testing if 
RCL also exhibits increased responses to pain cues in patients compared to controls. 

Conclusions 

Using neuroimaging data from healthy participants and migraine patients, our study reveals a relationship 
between claustrum and cognitive control network activity during acute pain and uncovers evidence of a 
claustrum-DLPFC circuit underlying cognitive network dysfunction in chronic pain. These findings represent 
empirical support for the Network Instantiation in Cognitive Control model of claustrum function and raise the 
possibility of the claustrum as a future therapeutic target for chronic pain conditions, with potential implications 
for other neuropsychiatric disorders characterized by cognitive impairment and cortical network abnormalities. 
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a 32 channel head coil (patients n = 112, controls n = 21) or a Siemens 3T Prisma scanner with a 64 channel 
head coil (controls n = 13) due to a scanner upgrade during acquisition. For one control participant, the initial 
scan session was performed with the 3T Trio pre-upgrade, and subsequent sessions were performed with the 
3T Prisma post-upgrade. Each scanning session acquired a T1 MPRAGE (repetition time [TR] 2300 ms, echo 
time [TE] 2.98 ms, slice thickness 1mm, field of view [FOV] 256mm, flip angle 9˚, and voxel size 1 x 1 x 1 mm) 
high-resolution anatomical scan for template registration, an fMRI scan with blocks of thermal stimulation (two 
runs of eight minutes, echo planar imaging [EPI], TR 2500 ms, TE 30 ms, slice thickness 3 mm, FOV 230 mm, 
flip angle 90˚, and voxel size 3 x 3 x 3 mm), an fMRI scan with blocks of cognitive task stimuli (two runs of five 
minutes, EPI, TR 2500 ms, TE 30 ms, slice thickness 3 mm, FOV 230 mm, flip angle 90˚, and voxel size 3 x 3 
x 3 mm), and a resting state fMRI scan (one run of 10 minutes, EPI, TR 2000 ms, TE 30 ms, slice thickness 3 
mm, FOV 230 mm, flip angle 90˚, and voxel size 3 x 3 x 3 mm). 

All Dataset 1 images were preprocessed in SPM12 (http://www.fil.ion.ucl.ac.uk/ spm/software/spm12/). 
Preprocessing included slice timing correction, realignment (motion correction), coregistration of T1-weighted 
structural scans to mean realigned functional images, segmentation of structural scans, and normalization of 
structural and realigned functional images to a standard MNI template with interpolation to 2 x 2 x 2 mm voxels 
using a 4th degree B-Spline. For analyses of whole-brain cognitive task processing (i.e., PLS) and resting state 
functional connectivity, images were smoothed with a 6mm full width at half maximum (FWHM) Gaussian 
kernel. In all other analyses, the data was not smoothed to prevent inclusion of extra-claustral signal in 
claustrum ROI voxels. Claustrum functional connectivity was similarly calculated using unsmoothed mean LCL 
and RCL timeseries. 
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Dataset 2 images were acquired with a Siemens 3T Prisma scanner with a 64 channel head coil. Each 
scanning session acquired a T1 MPRAGE (TR 2300 ms, TE 2.94 ms, slice thickness 1 mm, FOV 256 mm, flip 
angle 9˚, and voxel size 1 x 1 x 1 mm) high-resolution anatomical scan for template registration and up to five 
fMRI scans with blocks of thermal stimulation (8 minutes, EPI, TR 1750 ms, TE 35 ms, slick thickness 3 mm, 
FOV 240 mm, 75° flip angle, and voxel size 3 x 3 x 3 mm). 

All Dataset 2 images were preprocessed in SPM12 (http://www.fil.ion.ucl.ac.uk/ spm/software/spm12/). 
Preprocessing included realignment (motion correction), coregistration of T1-weighted structural scans to 
mean realigned functional images, segmentation of structural scans, and normalization of structural and 
realigned functional images to a standard MNI template with interpolation to 2 x 2 x 2 mm voxels using a 4th 
degree B-Spline. To prevent inclusion of extra-claustral signal in claustrum ROI voxels, the data was not 
smoothed. 

Tasks: In Dataset 1 pain scans, a moderately painful (5-7 on a 0-10 numeric rating scale) temperature was 
selected for each subject based on responses to pre-scan quantitative sensory testing and confirmed with 
verbal ratings when subjects were inside the scanner. Thermal stimuli were applied to the left forearm using a 
Medoc Inc Pathway with ATS 30 mm x 30 mm thermode. Each run included five blocks of non-noxious warm 
stimulation (two second ramp up from 32˚C and 28 second hold) defined as a temperature 8˚C less than the 
painful temperature. Warm stimulation was immediately followed by the subject-specific painful stimulation (two 
second ramp up and 28 second hold) and a two second descending ramp to 32˚C (baseline). Intertrial intervals 
consisted of a 28 second hold at 32˚C (baseline).  

For Dataset 1 cognitive task scans, participants performed the multi-source interference task (MSIT; Bush et 
al., 2003). The task was administered as previously reported (Seminowicz and Davis, 2007; Seminowicz et al., 
2011). Briefly, in each trial an array of three numbers was presented in which two numbers were identical and 
one number differed, and the participant was directed to press one of three buttons on a response pad 
corresponding to the unique number. There were two difficulty levels (easy, difficult), which were performed in 
separate 20s blocks (10 trials per block). In the easy condition, the unique number matched its position in the 
array (e.g., “1-3-3”, “1-2-1”, “2-2-3”). In the difficult condition, the unique number did not match its position in 
the array (e.g., “3-1-1”, “2-1-2”, “3-3-2”). A sequential tapping task was used as a control condition in which an 
asterisk appeared on the screen in one of three positions and the participant pressed a button corresponding 
to the position of the asterisk. Subjects were trained on the MSIT outside of the scanner before performing the 
task during fMRI scans.  

For Dataset 2 scans, thermal stimulation was delivered at multiple intensities and durations in a pseudorandom 
order. As in Dataset 1, a temperature rated as inducing a 50 pain level on a 0-100 rating scale was selected for 
each subject based on responses to pre-scan quantitative sensory testing and confirmed with verbal ratings 
when subjects were inside the scanner. This temperature was defined as “moderate” pain, and additional 
“intense” and “slight” pain levels were defined as 1°C greater and 1°C less than the moderate pain temperature 
respectively. A control condition of non-painful warm stimulation was uniformly defined as 38°C across 
subjects. After an inter-trial interval of 16 or 20 seconds, each trial began with a doorbell sound audio cue, 
which was followed by an anticipation period of 7.5 seconds prior to thermal stimulation. Thermal stimuli were 
applied to the left lower leg using a Medoc Inc Pathway with CHEPS (27 mm diameter) thermode. Stimulation 
began with a two second ramp up from baseline temperature (32°C) to the trial’s target temperature, and 
stimulation lasted 4, 8, 21, or 36 seconds (pseudorandom) before a two second ramp down to baseline 
temperature. The ramp down was immediately followed by a prompt for the participant to rate their pain 
experience in that trial on a 0-100 scale in intervals of 10 using a response pad. Each run consisted of 10 trials, 
and as many as five runs were obtained from each participant. 

For all task-based analyses, functional scans exhibiting an average Framewise Displacement greater than 1.0 
mm were excluded for excessive motion. 

PLS Analyses of Cognitive Task Network Activity: PLS software (McIntosh et al. 1996) was used to identify 
whole-brain network activity associated with increased cognitive task difficulty from smoothed (6mm FWHM) 
Dataset 1 cognitive task scans. In a similar manner to principal component analysis, PLS yields “latent 
variables” (LVs) representing multivariate patterns of brain activity covarying with experimental conditions and 
ordered by the percent of variance they explain. To assess LV significance, 500 permutation tests were 
performed in which condition labels (i.e., “easy”, “difficult”, “tapping”) were shuffled among condition blocks and 
results were compared to the unshuffled design, yielding a p-value for each LV. Multiple comparisons 
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correction is not necessary in these analyses because permutations assess the significance of entire 
multivariate patterns rather than of individual voxels. The reliability of each voxel within an LV was assessed 
with 100 bootstrap samples in which subject data was resampled with replacement within condition and the 
PLS was run with each sample set. This yields a bootstrap ratio (BSR) for each voxel within the LV analogous 
to a z-score, where a BSR of 1.96 equals an uncorrected p-value of 0.05. LVs were thresholded at BSR +/- 3 
which equates to an uncorrected p-value of 0.0027 and is standard for PLS analysis. 

Within group analyses of cognitive task network activity were conducted with the software default mean-
centering option, namely removing group means from condition means to emphasize condition effects. 

The patients versus controls comparison was conducted after removing grand condition means from group 
condition means to assess how group membership modulates conditions. The cluster report from this group 
effects analysis included clusters of at least 50 voxels at least 10mm apart.  

Regions of Interest: LCL, RCL, insular cortex, and putamen ROIs were drawn by hand on the normalized 
anatomical images of 20 subjects in a publicly available dataset (n = 22) acquired on a 7T MR Scanner 
(MAGNETOM 7T, Siemens Healthcare, Erlangen, Germany), and a group average ROI file was obtained for 
each region. Further details of the scans can be found in Gorgolewski et al. (2015). Two subjects were omitted 
from ROI generation, one due to preprocessing errors preventing normalization of sufficient quality and one 
due to acquisition via different scanning parameters. 

LaINS and RaINS ROIs were generated in MarsBaR (Brett et al., 2002) based on centers of mass and 
volumes derived from a coordinate based meta-analysis of imaging studies of cognitive control, pain, and 
negative affect (https://identifiers.org/neurovault.collection:474; Shackman et al., 2011). Spherical ROIs were 
generated with the following parameters: LaINS (center: -36, 13, 2; radius: 8mm), RaINS (center: 36, 16, 2; 
radius: 8mm). 

latDLPFC was defined based on PLS analysis of group differences during cognitive task conditions (see 
above). The latDLPFC region was derived from the primary cluster exhibiting group differences, with a peak 
voxel at 52, 0, 44. Binarized PLS results were masked with a cube positioned to encompass only voxels within 
this cluster that additionally did not overlap with any voxels contained within the healthy control cognitive task 
primary LV. This region was then masked with the second level pain scan mask from healthy controls to 
ensure the latDLPFC ROI only included voxels where signal was obtained from both groups.  

medDLPFC was also defined based on PLS analyses. A 10mm sphere was generated with a center at 28, 0, 
52 because it fell within the primary cognitive task associated LV for both healthy controls and patients. 

DMN and EMN masks were also derived from PLS analyses. The primary LV of cognitive task associated 
activity in healthy controls was binarized and thresholded at either side of 0 to yield binarized DMN and EMN 
ROIs. 

Flanking region ROI definition is explained below. 

Small Region Confound Correction: As described in Krimmel et al. (2019), the effect of neighboring insular 
cortex and putamen on claustrum signal in resting state data was controlled via SRCC. Insular cortex and 
putamen “flanking” ROIs were defined by dilating each hemisphere’s claustrum ROI four functional voxels and 
identifying the overlap between the dilated claustrum ROIs and their neighboring insula and putamen ROIs at 
least two functional voxels separated from the original claustrum. This generated “flanking” ROIs within the 
insular cortex and putamen, similar to the claustrum’s shape, yet distant from the claustrum to avoid including 
claustrum signal. Timeseries from these regions were included as additional regressors to control for their 
effects in resting state claustrum analyses. 

An additional step was added to this protocol to control for insular cortex and putamen signal in task-based 
claustrum analyses. If flanking ROI signals are influenced by task conditions, using raw timeseries from 
flanking ROIs as additional regressors risks removing condition-induced variation from the claustrum signal. 
Therefore, when analyzing claustrum signal in task scans, the CONN Toolbox (RRID:SCR_009550; Nieto-
Castanon, 2020) was used to generate canonical-HRF-convolved condition timeseries, and a regressor was 
generated for each flanking ROI by obtaining the interaction of the ROI’s raw timeseries and the summed HRF-
convolved timeseries of all modeled conditions. This process yielded a timeseries for each flanking ROI that 
covaried with the ROI physiological timeseries during task conditions but lacked any variation potentially 
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induced by the conditions, allowing control of the influence of neighboring regions on claustrum signal without 
indirectly removing task effects. 

Finite Impulse Response Models: To analyze claustrum responses to conditions over time, and because the 
claustrum is not a laminar cortical structure, a GLM was fitted using an FIR to model the HRF. This yielded 
task-associated claustrum signal change timeseries without assuming the dynamics of the claustrum’s HRF. 

For Dataset 1 experimental pain analyses, a single “stimulation” condition was modeled encompassing the 
entire non-noxious warmth and painful stimulation blocks, as well as five seconds of pre-warm baseline 
stimulation and five seconds of post-pain temperature ramp down and baseline stimulation. This allowed 
extraction, via MarsBaR software, of percent signal change FIR timeseries encompassing pre-stimulus 
baseline stimulation, non-noxious warm stimulation, pain stimulation, and pain offset timepoints against an 
implicit baseline comprised of inter-trial interval timepoints.  

For Dataset 1 cognitive task analyses, the easy and difficult task levels were separately modeled as “easy” and 
“difficult” conditions that encompassed the entire task block as well as two pre-stimulus timepoints, allowing 
extraction in MarsBaR of percent signal change FIR timeseries against an implicit baseline comprised of 
tapping control condition timepoints.  

For all analyses, trial timeseries were averaged within subjects and then within groups. Treating trial onset as 
t0, averaged percent signal change timeseries were transformed by averaging pre-stimulus baseline TRs (t-2 & 
t-1) across the group and subtracting this value from every time point. This allowed comparisons of post-
stimulus-onset signal values to pre-stimulus values while accounting for variability in pre-stimulus baseline 
signal. 

Task-Induced Activation Models: To make direct comparisons between conditions, regions, and groups of task-
induced activation, singular activation values were derived from GLM analyses in SPM12. Due to the a priori 
hypothesis that claustrum responds transiently to stimulus onset, all conditions were modeled as separate 
“onset” and “block” conditions. Because Dataset 1 pain scans used a two second temperature ramp up, to 
keep analyses uniform, “onset” conditions were always defined as the first two seconds of a condition, and 
“block” conditions were always defined as the remainder of the condition. 

Dataset 2 stimulation trials also ramped up over two seconds to target temperatures, but painful trials began at 
a 32°C baseline instead of a higher non-painful warm temperature as in Dataset 1. This resulted in the 
absence of significant signal increases in salience network regions during the ramp up condition regardless of 
target temperature. Therefore, Dataset 2 models included an “upramp” condition consisting of the two second 
ramp up as well as an “onset” condition consisting of the first two seconds of stimulation at the trial’s target 
temperature prior to “block” and “offset” conditions. 

For analyses of ROIs other than the claustrum, GLMs included all task conditions and six motion parameters. 
Second level results were separately masked with each ROI and activation values were averaged across the 
ROI within each subject, and then across subjects within each group. Separate GLMs were used to analyze 
each claustrum ROI, which included all task conditions, six motion parameters, and the two flanking region-
condition interaction timeseries generated via the task-adapted SRCC process described above. 

Resting State Functional Connectivity: Resting state scans were acquired while participants fixated on a plus 
sign. Scans exhibiting an average Framewise Displacement greater than 0.5 mm were excluded for excessive 
motion. This resulted in the exclusion of eight resting state scans. Three were from patient baseline scans, 
resulting in removal of three patient participants. Five were individual runs from five different healthy 
participants, resulting in the removal of two healthy controls from whom only one resting state scan was 
acquired.  

Analyses of preprocessed resting state functional images were performed in the CONN Toolbox 
(RRID:SCR_009550; Nieto-Castanon, 2020). Nuisance regressors included motion parameters and their first 
order derivatives, a scrubbing vector generated by ART-toolbox identification of outlier scans (global-signal z-
value threshold = 5; subject-motion mm threshold = 0.9), and the first five principal components of white matter 
(WM) and cerebrospinal fluid (CSF) masks (aCompCor; Behzadi et al., 2007; Muschelli et al., 2014). Because 
healthy controls and migraine patients were hypothesized to exhibit different network phenotypes, global signal 
regression was not performed to avoid differential group impacts (Murphy and Fox, 2017). Consequently, a 2x 
eroded CSF mask and a 4x eroded WM mask, not containing external or extreme capsules, were used 
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because such masks no longer contain global signal (Power et al., 2017). Regression was performed 
simultaneously with band-pass filtering (Hallquist et al., 2013) between 0.008 Hz and our acquisition Nyquist 
frequency of 0.25 Hz because neuronal signal is believed to exist above traditional low pass cutoffs (Chen & 
Glover, 2015; Smith et al., 2013). Subsequently, a condition-specific filter of 0.008 – 0.12Hz was applied to 
avoid potential artifacts caused by cardiorespiratory noise (Biswal et al., 1996; Biswal et al., 1997). Linear 
detrending was also performed, and despiking was applied as a final step to remove remaining artifacts in the 
data (Patel et al., 2014). 

Following denoising, average timeseries were extracted from all analyzed ROI seeds using normalized, 
unsmoothed data. Mean SRCC-corrected, unsmoothed claustrum timeseries were imported as first level 
covariates and treated as seeds. Seed-based connectivity maps were estimated using the mean timeseries of 
each unsmoothed ROI seed and all brain voxels from smoothed functional images. Functional connectivity 
strength was represented by Fisher-transformed bivariate correlation coefficients from a weighted GLM (Nieto-
Castanon, 2020), defined separately for each pair of seed and target areas, modeling the association between 
their BOLD signal timeseries.  

Group-level analyses were performed using a GLM (Nieto-Castanon, 2020). For each voxel a separate GLM 
was estimated, with first-level connectivity measures at this voxel as dependent variables, and groups as 
independent variables. Voxel-level hypotheses were evaluated using multivariate parametric statistics with 
random-effects across subjects and sample covariance estimation across multiple measurements. Inferences 
were performed at the level of individual clusters (groups of contiguous voxels). Cluster-level inferences were 
based on parametric statistics from Gaussian Random Field theory (Nieto-Castanon, 2020; Worsley et al., 
1996). Results were thresholded using a combination of a cluster-forming p < 0.001 voxel-level threshold, and 
a familywise corrected p-FDR < 0.05 cluster-size threshold (Chumbley et al., 2010). 

Resting State (f)ALFF: Amplitude of Low Frequency Fluctuations (ALFF; Zang et al., 2007) and Fractional 
Amplitude of Low Frequency Fluctuations (fALFF; Zou et al., 2008) are putative measures of spontaneous 
neuronal activity. An assessment of the measures’ relative merits determined that ALFF is more susceptible to 
physiological noise than fALFF near brain cisterns and large blood vessels, but that ALFF is more reliable than 
fALFF in gray matter regions, making it preferable for group comparisons. It is therefore recommended to 
report both values (Zou et al., 2010). We opted to initially analyze ALFF and report both measures if an ALFF 
group difference was detected. We do not believe concerns of physiological noise in ALFF near brain cisterns 
apply to claustrum analyses. ALFF and fALFF results for non-claustrum ROIs were extracted by masking non-
SRCC voxel-wise analyses of unsmoothed resting state images in CONN. RCL and LCL ALFF and fALFF 
results were extracted by similarly masking voxel-wise analyses in CONN after the respective right or left 
insular cortex and putamen flanking ROIs were included as additional denoising confounds.  

DWI Analysis in HCP Healthy Individuals: 174 participants (106 female, mean age: 29.6) with 7T diffusion data 
(DWI) were used from the Washington University and University of Minnesota (WU-Minn) S1200 Release from 
the Human Connectome Project (HCP). Information on inclusion and exclusion criteria are provided elsewhere 
(Van Essen et al., 2012), but briefly all subjects were healthy with no history of psychological, neurological, or 
cardiovascular disorders. All 184 subjects with 7T scans within the HCP S1200 release were screened, and 10 
were excluded due to missing or corrupted data. 

All participant scans were acquired using a Siemens Magnetom scanner with a Nova 32-channel Siemens 
head coil. DWI scans used EPI obtained over 4 runs with TR 7000ms, TE 71.2ms, slice thickness 1.05mm, 
and FOV 210mm. Each scan was acquired from two sets of gradient tables, each with a different b-value. Each 
set contained 65 diffusion-weighted directions, and 6 non-diffusion weighting images (b=0s/mm2; B0) 
distributed throughout the runs. Diffusion weighting consisted of two shells (b = 1000 and 2000 s/mm2), with 
equal numbers of acquisitions of each shell throughout each run (Van Essen et al., 2012). Further details about 
the acquisition can be found at the HCP S1200 Release Reference Manual 
(https://www.humanconnectome.org/storage/app/media/documentation/s1200/HCP_S1200_Release_Referenc
e_Manual.pdf). 

Preprocessed DWI data were downloaded from the HCP (Glasser et al., 2013; Jenkinson et al., 2002), which 
underwent the generic HCP MR diffusion preprocessing pipeline (v3.19.0), which briefly included: intensity 
normalization and distortion correction using FSL’s TOPUP and EDDY (v.5.0.10) (Andersson et al., 2003; 
Andersson & Sotiropoulos, 2015). Scanner gradient nonlinearities were corrected by spatial warping using 
scanner specific information (Jovicich et al., 2006). Beyond the HCP preprocessing pipeline, all DWI scans 
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underwent tract estimation using FSL’s Bayesian Estimation of Diffusion Parameters Obtained using Sampling 
Techniques-Crossing Fibers (BEDPOSTX; Behrens et al., 2003; Behrens et al., 2007). BEDPOSTX was run to 
estimate fiber orientation of each voxel, using a two-fiber model.  

Probabilistic tractography was performed using FSL’s Probtrackx2 (Behrens et al., 2003; Behrens et al., 2007) 
to assess structural connectivity differences between RCL-latDLPFC and RCL-medDLPFC. Each ROI was in 
MNI152 space and was non-linearly transformed to each individual’s diffusion space using FMRIB's Non-linear 
Image Registration Tool (FNIRT; Jenkinson et al., 2012). For each circuit, two tractograms were computed, 
one from RCL to the target and one from the target to RCL to control for directional biases in acquisition (Van 
Essen et al., 2013) and fiber fanning (Jeurissen et al., 2019). The modified Euler algorithm was used to 
generate tractograms with 10,000 streamlines per voxel. To exclude spurious connections, we included 
exclusion masks (Supplemental Fig. S4) to limit and guide tractography: 

(i) an insula mask (Cormie et al., 2023), 
(ii) a thalamus mask, from the Harvard-Oxford subcortical atlas (Desikan et al., 2006; Frazier et al., 

2005; Goldstein et al., 2007; Makris et al., 2006), 
(iii) a mid-sagittal exclusion mask, to remove tracts crossing the midline, and 
(iv) either a latDLPFC or medDLPFC mask, depending on the circuit studied (i.e., when assessing 

RCL-latDLPFC connections, a medDLPFC exclusion mask was used). 

To control for the direction of streamline propagation, we configured each tractography analysis to propagate 
toward and not past the DLPFC regions for tracts originating from RCL, or RCL as a terminal point for tracts 
originating from the DLPFC regions.  

Structural connectivity strength is operationalized as the number of streamlines from the seed to the target. As 
we set Probtrackx2 to send 10,000 streamlines from each ROI seed voxel, the total number of streamlines is 
10,000 multiplied by the number of voxels in the seed mask. To correct for bias from different seed volumes, 
the number of streamlines were divided by 10,000 multiplied by 0.0002 (to avoid spurious connections) 
multiplied by the number of voxels in the seed of origin. Next, to control for directionality within the same circuit 
(e.g., RCL-to-latDLPFC and latDLPFC-to-RCL), corrected streamline counts were averaged. Connectivity 
strength has arbitrary units (a.u.). Group tractograms for both circuits were created by averaging each direction 
of the circuit for each individual, then adding all participants’ images. 

Dynamic Causal Modeling: DCM was performed in SPM12. Separate DCM analyses were performed for 
Dataset 1 pain (n = 34 healthy controls, n = 105 patients) and Dataset 1 cognitive task (n = 35 healthy controls, 
n = 112 patients) scans. All first level models were fully connected, comprising bidirectional RCL→latDLPFC 
connectivity and inhibitory self-connections in both regions. Because RCL is upstream of latDLPFC in our 
hypothesized circuit model, all experimental stimuli (i.e., pain onset, difficult cognitive task onset) were 
modeled to affect RCL. For each analysis, all estimated first level models were compiled into a fully connected 
Parametric Empirical Bayes (PEB) model. Because group comparisons were desired, the second level design 
matrices contained two columns coded to specify 1) the average connectivity parameters among healthy 
controls and 2) the effect of chronic pain on healthy control parameters (i.e., group differences). The fully 
connected PEB and all possible reduced models were then searched. Only parameters exceeding the 
threshold for “positive” evidence (greater than 0.75 posterior probability) were reported. 

Statistical Analyses: FIR results were analyzed via linear mixed effects models in R Statistical Software 
(v4.2.3; R Core Team 2023) to detect significant signal change compared to average pre-stimulus baseline 
signal as an effect of timepoint (𝑦𝑖𝑗  [BOLD Signal] =  𝛽0 + 𝑡𝑖𝑚𝑒𝑝𝑜𝑖𝑛𝑡𝑖𝑗 ∗ 𝛽1 + 𝛼0𝑖 + 𝜀𝑖𝑗), as well as to assess 

condition effects (𝑦𝑖𝑗  [BOLD Signal] =  𝛽0 + 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑗 ∗ 𝛽1 + 𝛼0𝑖 + 𝜀𝑖𝑗). Due to the a priori hypothesis of 

transient claustrum activation at stimulus onset, to minimize comparisons and eliminate selection bias, three 
“onset” timepoints (t1, t2, t3; treating stimulus onset as t0) and one “block” timepoint (t6 – stimulation block 
midpoint) were modeled. “Onset” timepoints began after stimulus onset to account for hemodynamic delay in 
BOLD signal. 

Statistical analyses of GLM results were performed in GraphPad Prism 9.4.0. 

For DWI analyses, to test whether connectivity strengths were normally distributed, the Kolmogorov-Smirnov 
test, which is robust for samples >50 participants (Mishra et al., 2019), was used. It was determined that both 
circuits possessed non-normal distributions (p < 0.05). To compare connectivity in each circuit to a hypothetical 
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median of 0, one-sample Wilcoxon signed-rank tests were performed. To compare the connectivity strength 
between the two circuits, a non-parametric related-samples Wilcoxon signed-rank test was performed with 
significance set at p < 0.05. 

Multiple comparisons were accounted for in resting state functional connectivity analyses in CONN as 
mentioned above. Sidak’s multiple comparisons test was used to adjust p-values in ANOVA post-hoc 
comparisons in GraphPad Prism. When performing multiple statistical tests of other kinds (e.g., one-sample or 
unpaired t-tests), multiple comparisons correction was performed using Benjamini-Hochberg FDR correction in 
MATLAB. 

Data and Code Availability: Data and corresponding code are available through request. 
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Supplemental Figure S1. Claustrum signal changes are not attributable to subject movement 

(A) Neither controls nor patients exhibited transient increases in movement at pain onset. Patients exhibited 
higher movement values during the pain block than controls, but only controls exhibited statistically significant 
claustrum signal increases during the pain block. Neither (B) controls nor (C) patients exhibited transient 
increases in movement at cognitive task onset, when claustrum activation was detected. No statistical tests 
were performed on (A) – (C). 
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Supplemental Figure S2. Patients exhibit increased bilateral anterior insula activity at pain onset 
compared to controls 

Two-way ANOVA of bilateral anterior insula activation between groups detected greater activity in patients than 
controls (main effect of group: F (1, 274) = 7.269, p = 0.007). No significant effect of hemisphere (F (1, 274) = 
0.014, p = 0.907) or interaction (F (1, 274) = 0.009, p = 0.924) was detected. 

 

Supplemental Figure S3. No group or hemisphere differences are present when measuring 
spontaneous claustrum activity at rest with fALFF 

Two-way ANOVA of resting state fALFF between controls and migraine patients detected no main effect of 
group (F (1, 280) = 0.109, p = P=0.742), hemisphere (F (1, 280) = 0.991, p = P=0.320), or their interaction (F 
(1, 280) = 0.003, p = P=0.956). 
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Supplemental Figure S4. DWI analysis exclusion masks 

Exclusion masks used in DWI analyses between (A) RCL and latDLPFC (excluding medDLPFC), and (B) RCL 
and medDLPFC (excluding latDLPFC). 

Supplemental Table 1. 

Clusters exhibiting significant differences between patients and controls in cognitive task-associated activity 
(PLS). All clusters display greater activity in patients than controls. 

Cluster # Peak Location Bootstrap Ratio 
Approx.  

P-Value 

Cluster Size 
(voxels) 

1 52, 0, 44 6.4332 0.0000 261 

2 -36, -78, -14 4.8469 0.0000 110 

3 32, -64, -12 4.7768 0.0000 231 

4 -28, 26, -10 4.7223 0.0000 67 

5 8, -8, 20 4.6402 0.0000 158 

6 30, 22, -8 4.4100 0.0000 110 

7 -6, -72, -36 4.3793 0.0000 85 

8 30, -84, -6 4.3370 0.0000 52 

9 32, -46, -34 4.1539 0.0000 50 

10 12, -42, -30 4.0413 0.0001 52 

11 4, -60, -36 3.9191 0.0001 55 

12 -6, 38, 22 3.9106 0.0001 73 
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