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1. Introduction

Migraine affects up to 28% of children and adolescents [2, 38, 61, 79, 101]. Treatments for
migraine have traditionally focused on pharmacological approaches [26], however, a recent
meta-analysis found that there is little evidence supporting the superiority of pharmacologic
preventive treatments in children and adolescents with migraine compared with placebo
(although the overall effect was similar to adult effect for pharmacological intervention)
[44]. Cognitive-behavioral therapy (CBT) is a behavioral intervention that involves the
development of coping skill strategies to reduce the experience of pain [13, 36, 76]. A recent
meta-analysis showed the efficacy of CBT in reducing pain in various chronic pain
syndromes [13] including headache and migraine [42] and in children and adolescents with
migraine [57]. Although CBT is a promising intervention to reduce headache frequency, the
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response rate of children and adolescents with headache to CBT ranges between 50-90%
[29, 37, 41, 60, 73], suggesting that some individuals may be less responsive than others to
CBT [39]. Identifying markers that could predict headache reduction after CBT is a critical
step towards personalized medicine and would lead to increased success rates of CBT and
improved outcomes in patients with migraine.

The response to CBT can be predicted using brain function at baseline in adult patients with
chronic pain [99], and psychiatric disorders [40] [84] [6] [90]. These studies provide
preliminary support for the idea that aspects of brain function before CBT could be used to
predict CBT response in adolescents with migraine. Since currently, fMRI is relatively
costly and may not be accessible for routine use, another measure was examined.

Quantitative sensory testing (QST) measures including the conditioned pain modulation
(CPM) paradigm can be used in a clinical setting. CPM responses at baseline can predict the
trajectory of postoperative pain [95] and the efficacy of pain medications in adults [14, 97]
[20]. CPM is a sensory testing paradigm used to evaluate spatial filtering of nociceptive
input that represents a ‘pain inhibits pain’ phenomenon of pain modulation [54, 92]. CPM
has been demonstrated to be an effective treatment for the acute relief of a migraine
headache [96, 98]. The mechanisms of CPM induced pain inhibition are not fully
understood. One suggestion is that a portion of the CPM response relies upon cognitive
mechanisms of attention [25, 49]. Similarly, engaging cognitive techniques such as cognitive
reappraisal is one component of CBT [76]. Thus, CPM may be related to the effect of CBT
on headache frequency via the enhancing cognitive control on pain.

In this study, we examined the relationships between neural and psychophysical parameters
at baseline and reduction in headache days after CBT in adolescents with migraine. We
hypothesized that brain function and CPM response would predict changes in headache
frequency after 8 weeks of CBT in adolescents with migraine. For brain function, we
focused on resting-state functional connectivity of the amygdala. The amygdala was chosen
based on a study that found alterations in amygdalar connectivity after an interdisciplinary
treatment, which included CBT, in adolescents with complex regional pain syndrome [78].

Methods

A detailed description of the methods can be found in a previous publication from this data
set in which the brain mechanisms engaged following CBT were examined [55]. A short
description of the study methods is presented below.

Participants

Participants were recruited from the Cincinnati Children’s Headache Center. Participants
were between the ages of 10 - 17, diagnosed with migraine by a headache neurologist, and
reported between 8 - 28 headache days/month with disability scores between 10-140 (based
on the Pediatric Migraine Disability Assessment Scale (PedMIDAS) [28]). Exclusion
criteria were based on incompatibility with MRI scanner (claustrophobia, orthodontic braces
or other metallic implants, weight/size restrictions), presence of other chronic pain,
neurological or psychiatric disorders, and medication usage (current use of preventive
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medication for migraine or pain). The rationale for exclusion of medication overuse and
exclusion of concomitant use of preventive medication was that frequent usage of acute and
active usage of preventive medications may alter neural function and pain perception [12,
14, 23, 50] and confound the results. The exclusion criteria are similar to those used for
several of our previous studies [27, 66].

2.2. Study design overview

The study was approved by the Cincinnati Children’s Hospital Institutional Review Board
(IRB). Informed parental consent and participant assent were obtained before study
procedures began. Participants first completed a 28-day headache diary. The instructions for
completing the diaries are in Supplementary Section 1. Participants were instructed to
complete a paper-format diary and, if required, could ask for parental assistance. During
each study visit, the diaries were collected and reviewed by the study coordinator or
psychology fellow for data completeness. In the event missing data fields were identified,
the study coordinator (or psychology fellow) interviewed the participant (and parent/legal
guardian if applicable), and the diary was updated with information queried and collected
during the study visit.

After the 28-day baseline period, participants completed a baseline visit in which they
completed questionnaires, an MRI scan and, psychophysical testing. After the baseline visit,
participants completed 8 weekly CBT sessions. During the 8 weeks of CBT, participants
filled out a daily diary. Participants were allowed to use medications for the acute treatment
of an attack during the 8 weeks of CBT. At the end of the CBT sessions, participants
completed a post-treatment visit that was identical to the baseline visit. Analyses of the
changes in brain function before vs. after 8 weeks of CBT are reported elsewhere [55]. Data
from this study will be shared at the request of other investigators for purposes of replicating
procedures and results.

2.3. CBT sessions

Sessions were about 45 minutes in duration. The CBT protocol that was used in this study
was shown to reduce migraine severity (frequency and disability) [66]. CBT included
discussion of gate control theory of pain, relaxation training and, cognitive restructuring.

2.4. Outcome measures

Based on recent guidelines of the International Headache Society for controlled trials of
preventive treatment of migraine in children and adolescents, there are two possible efficacy
endpoints to assess intervention efficacy. These endpoints are the change in headache
frequency and % responder rate as measured by migraine days (traditionally been set at 50%
or greater) with the recommendation of absolute reduction in headache frequency preferred
[1]. Additionally, it is recommended that the responder rate should not be used to determine
clinically meaningful treatment effects in individuals [1]. The absolute reduction in
headaches days is also less confounded by the baseline number of days compared to
percentage reduction. Thus, our outcome measure was a continuous variable of change in
absolute headache days from 28-day baseline to the last 28 days of the study.
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Headache days were defined as the number of days with any headache in a 24 hour period
starting and ending at midnight. If headache symptoms crossed over midnight, this was
considered a new and distinct headache day, which would result in a frequency count of two
headache days. If painful symptoms resolved and then recurred within the same midnight to
midnight period, this is considered a single headache day. Change in headache frequency
was determined by examining the rate of the absolute number of headache days, per 28-day
period, at baseline and during the last 28 days of the study (the last four weeks of CBT
sessions). Percent headache reduction, which was the percent change in headache between
baseline and during the last 28 days of the study was included as an exploratory variable in
order to ensure that the interpretation of effects related to change in headache frequency
(absolute days reduction) was not confounded by baseline differences in headache
frequency.

2.5. Pain ratings during MRI scanning and QST

Pain intensity and unpleasantness were defined using a radio analogy [68]. Participants were
asked to indicate the magnitude of pain sensation along the VAS [67].

2.6. Quantitative sensory testing

In the CPM paradigm, one noxious stimulus (e.g., test stimulus) is delivered during another
noxious stimulus (e.g., conditioning stimulus), which is delivered elsewhere in the body [4].
The CPM response is defined as a reduction in the perceived magnitude of pain from the test
stimulus when it is delivered alone vs. when it is delivered concurrently with the
conditioning stimulus. In the current study, the test stimulus was delivered alone and then,
after an 8-minute break, delivered concurrently for the last 30 seconds of the conditioning
stimulus. Based on our previous meta-analysis, which indicated alterations in pain sensitivity
based on stimulus location [94], we tested two CPM paradigms on two different test
stimulus locations (trapezius and leg). The two test stimuli were delivered first in random
order with a 2-minute break between them. An 8-minute break was kept between the
application of the two conditioning stimuli.

2.6.1. Test stimuli.—Pressure pain thresholds (PPT) were used as the test stimuli in the
study. Pressure was delivered with a Pressure Algometer (1cm diameter probe, Medoc,
Israel), which was delivered to the lower dominant leg (anterior tibialis muscle) or the
trapezius in random order. The increase rate was 60 kilopascals (kPa)/second. The pressure
was gradually increased until the participant felt a sensation of pain. Once the sensation of
pain was experienced, the participants were instructed to press a button and the force at pain
threshold (kPa) was recorded. The PPT value was an average of two PPT tests.

2.6.2. Conditioning stimulus.—The conditioning stimulus was an immersion of the
non-dominant foot into a cold-water bath (8°C) for 60 seconds. Participants rated pain
intensity from this stimulus after 20 seconds of immersion using a separate mechanical VAS.
During the last 30 seconds of the conditioning stimulus, the test stimulus was also delivered.
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2.7. Statistical analysis of behavioral data

2.8.

CPM response was calculated by the difference (A) between PPT obtained before vs. during
the conditioning stimulus. A negative value indicates a more efficient pain modulation
response (i.e. increased in PPT when the conditioning stimulus was applied). Spearman
correlations were used to determine if CPM responses before CBT predict the change in
headache days after CBT. Paired T-tests were used to compare the difference in headache
days before and after CBT and in PPT before and during the conditioning stimulus.

Exploratory analyses were conducted in which associations between the other QST
measures that were collected as part of the CPM paradigm (PPT and pain ratings to cold
water immersion) and headache reduction after CBT were examined.

Another analysis was performed in order to examine if changes in headache frequency after
CBT relates to the change in pain modulation. Correlations (Spearman) were calculated
between the change in CPM after CBT and the change in headache days after CBT. The
change in CPM response was calculated as CPM response at visit 2 minus CPM response at
visit 1. A larger negative value indicates an improvement in pain modulation response. The
results of these analyses are presented in Supplementary sections 2 & 3.).

Data are presented as mean + SD. A p-value of < 0.05 was considered significant.

Neuroimaging data

2.8.1. Imaging acquisition—Participants were scanned on a 3T Philips Ingenia scanner
with a 32 Channel head coil using the 5.09 software. The total scan time was up to 1 hour. A
T1 anatomical scan was always completed first following two resting-state pseudo-
continuous arterial spin labeling (0CASL), and two resting-state blood oxygen level-
dependent (BOLD) scans in a random order. Participants were directed to close their eyes
during all scans. The methods and results for pCASL are presented in Supplementary
section 4 due to findings that are outside of the brain. A radiologist (R.R.) reviewed the MRI
scans in order to detect incidental findings.

High-resolution T1 was performed using a multiecho weighted images. Scan parameters
were TR =10ms, TE = 1.8, 3.8, 5.8, 7.8 ms, field of view = 256 x 224 x 200mm, voxel size
=1 x 1 x Imm, number of slices = 200, flip angle = 8, slice orientation = sagittal, total scan
time = 4:42 minutes.

Scan parameters of the BOLD fMRI were TR = 2000ms, TE = 35ms, field of view = 240 x
240mm, voxel size = 3 x 3mm, slice thickness = 4mm, 34 slices, flip angle = 90 degrees,
number of volumes = 193, slice orientation = transverse, slice order = ascending, dummy
scans = 2 (data not saved during export from scanner), total scan duration = 6:34 minutes.

2.8.2. Image processing and statistical analysis—FSL (FMRIB’s Software
Library, Oxford, UK, version 5.0.8) and scripts were used for the analyses. T1-weighted
images were bias-corrected, brain extracted, segmented into the different tissue types, and
masked with a probability threshold of 0.95 for white matter and CSF [31, 32]. EPI images
were slice timing corrected using slicetimer and outlier detection using FSL motion outliers
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routines (using the default setting in which the threshold used to define an outlier is the 75th
percentile + 1.5 times the InterQuartile Range). Time points of corrupted volumes were
regressed out of the analysis. The mean corrupted volumes per participant was 7.9 (range of
2-27). Images were then co-registered to the high resolution T1 structural image and
normalized using FLIRT. A component-based noise correction method (aCompCor) was
used for noise reduction [5], and included adding the top five principal components from the
white matter and CSF and 24 motion regressors. The collinearity of these nuisance
regressors was not assessed since the GLM removes the shared variability from all
regressors [51]. Additional image processing included data smoothing (5 mm), high-pass
temporal filtering (> 0.01 hz), intensity normalization, and registration to the high-resolution
structural image [19] and to the standard space (MNI152) with warp resolution of 10 mm.

Time courses of activity were extracted from the right and left amygdala. The decision to
focus only on the amygdala as a seed region was based on a previous study that found
involvement of the amygdala in behavioral therapy in adolescents with chronic pain [78].
The Juelich atlas was used to create a mask of the seed regions of the right and left amygdala
using a 50% probability (combining amygdala sub-structures into one mask).

The time courses of each seed were separately analyzed. First-level, fixed-effects analyses
were run for each BOLD series to identify voxels that had time courses that were
significantly positively and negatively correlated with that of the amygdala seed. Second-
level fixed effects analyses were used to examine within participants’ effects across imaging
series. In the third-level random-effects analyses, demeaned values of absolute headache
reduction after CBT were included in the model as a covariate of interest. Clusters of
connectivity were identified using a threshold of Z > 2.3, and corrected cluster significance
of p < 0.05 were estimated according to Gaussian random field theory [91].

In order to better describe the relationship between amygdalar connectivity and headache
reduction, values within each cluster were extracted using Featquery from each subject. A
Spearman correlation was then performed to determine the relationship between values
within each cluster and headache reduction.

An additional analysis was performed to determine if the combination of neuroimaging
(functional connectivity of the right amygdala) and CPM response could produce better
prediction than either factor independently. Correlations between amygdalar connectivity
and CPM response were examined. In addition, prediction of headache reduction was
estimated using a block-wise regression model which included headache reduction as the
dependent variable and 1) parameter estimate of right amygdala functional connectivity, 2)
CPM data at the trapezius and, 3) both parameter estimate of right amygdala functional
connectivity and CPM as the independent variables. A p-value of < 0.05 was considered
significant.

3. Results

Twenty adolescents (4 Males, 16 Females; Mean age: 14.8 + 2.2 years old, Table 1) were
recruited with 19 participants completing the baseline imaging session. One participant had
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high anxiety about the MRI scanner and did not complete the imaging session. All 20
patients completed the QST sessions. Participants self-reported having headaches for
56.2+37.1 months prior to enrollment with average duration of untreated headaches of
7.4+6.9 hours. The average pain intensity and unpleasantness ratings during the MRI scans
were 1.2+1.8 and 1.2+1.9, respectively.

3.1. Headache frequency at baseline and after CBT

The frequency of headaches was reduced after CBT from 14.6 £ 7.4 days per 28-day
assessment before CBT (range 8-28) to 9.9 + 7.2 days per 28-day assessment after CBT
(range 2-28) (p < 0.001, Table 1). Interestingly, six patients had substantial alleviation of
their headaches (responder rate of 50 % or greater, patients # 2, 8, 10, 11, 13, 18) while
others had no improvement, and even increase in headache frequency (for example patients
#3,7,16).

There was no correlation between headache days at baseline and the reduction in headache
days after CBT such that greater headache reduction after CBT was not due to greater
headaches days at baseline (= -0.375, p=0.103). Absolute headache reduction was
significantly correlated with percent headache reduction (r= —0.774, p<0.001).

3.2. BOLD functional connectivity at baseline relates to headache frequency reduction

after CBT

Baseline functional connectivity of the right amygdala was related to post CBT reduction in
headache days in multiple brain regions. These brain regions encompassed three separate
clusters identified in the whole brain search: (i) Precentral cluster, which included the left
precentral and left postcentral gyrus (Spearman 7= 0.684, p=0.001, Fig. 1A,
Supplementary section 5), (ii) Anterior cingulate cortex (ACC) cluster, which included the
right ACC, bilateral supplementary motor area and the right precentral gyrus (Spearman r=
0.756, p< 0.001, Fig. 1B), (iii) Frontal cluster, which includes bilateral frontal pole, bilateral
paracingulate gyrus, bilateral superior frontal gyrus and the right middle frontal gyrus
(Spearman r=0.716, p=0.001, Fig. 1C). Patients with greater baseline connectivity
between the right amygdala and these clusters had greater reduction in headache days after
CBT.

For the left amygdala, no brain regions exhibited functional connectivity at baseline that was
related with reductions in headache days following CBT.

3.3. CPM at baseline relates to headache frequency reduction after CBT

A significant CPM response was observed in adolescents with migraine before CBT. During
the conditioning stimulus of cold immersion, a significant increase in PPT at the trapezius
(419)=-2.36, p=0.029) and leg ({19)=-2.50, p = 0.022) was found for the group as a
whole (Table 2). This response varied substantially across individuals. Baseline CPM
responses were related to headache frequency reduction after CBT. Lower CPM response at
the trapezius was related with greater reduction in headache days (r=0.492, p=0.028,
n=20, Fig. 2). No correlation was found between CPM responses at the leg and headache
frequency reduction (r=0.240, p= 0.309, n=20, Fig. 2).
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Additional exploratory analyses were conducted to examine the relationships between other
QST measures and headache reduction after CBT. No correlations were found between
headache reduction after CBT and PPT at the trapezius (r= 0.279, p=0.234), PPT at the leg
(r=0.063, p=0.793), pain intensity of cold water immersion (r= —0.400, p= 0.080) and pain
unpleasantness of cold water immersion (r= -0.355, p= 0.124).

3.4. Prediction model including both functional connectivity and CPM at baseline

Both the connectivity of the right amygdala with frontal, ACC and sensorimotor regions at
baseline and CPM responses at the trapezius at baseline were each significantly correlated
with headache reduction after CBT. Thus, we included both of them in a block-wise
regression model in order to see if the combination would increase the explained variance
(Table 3). The explained variance from the combined model for absolute headache reduction
(Table 3A) was /2= 0.712, which was similar to the explained variance from the right
amygdalar connectivity alone (/2= 0.709, n=19) but much higher than the explained
variance from the CPM alone (/< = 0.262, n=19). In the combined model, the right
amygdalar connectivity was a significant predictor for headache reduction after CBT (p
<0.001), but not CPM (p = 0.703, n=19). Similar results were found with percent headache
change (Table 3B). The explained variance from the combined model was /2 = 0.397 which
was similar to the explained variance from the right amygdalar connectivity alone (72 =
0.377) but higher than the explained variance from the CPM alone (/¢ = 0.213). In the
combined model, the right amygdalar connectivity was a significant predictor for percent
headache reduction after CBT (p=0.042) but not CPM (0=0.469).

In order to further understand the results of the regression analysis, we sought to determine
if amygdalar connectivity was also related to the CPM response.

Significant correlation was found between amygdalar connectivity and the CPM response at
the trapezius (/= 0.556, p= 0.013) but not at the leg (= 0.069, p=0.779).

4. Discussion

CBT is a highly effective non-pharmacological intervention for patients with migraine [57],
however, some patients do not respond to CBT. This study found that baseline amygdalar
connectivity with frontal, ACC and sensorimotor regions predicts headache frequency
reduction after CBT in adolescents with migraine. Pain modulation capacity also predicted
headache frequency reduction after CBT. In a combined model, only the right amygdalar
connectivity remained a significant predictor. The results of the present study conducted in
adolescents, support previous literature regarding the ability of neural and psychophysical
measures to predict clinical outcomes in adults [14, 22, 74, 83, 97, 100].

4.1. Baseline amygdalar connectivity relates to changes in headache frequency after CBT

This study focused on resting-state functional connectivity of the amygdala. Resting-state
represents spontaneous brain activation, which is not dependent on a specific task.
Interestingly, similar patterns of connectivity for the amygdala sub-regions were found
during both task and resting-state [34]. This may indicate that changes that are observed
during tasks would also be observed during resting-state (such in the present study).
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In the present study adolescents with greater resting-state functional connectivity between
the right amygdala and the ACC before CBT had greater headache frequency reduction after
CBT. The amygdala is involved in sensory processing, emotional-affective and cognitive
aspects of pain and is connected to other brain regions important in pain [43, 65, 77, 80, 85].
Alterations in amygdalar connectivity and structure have been observed in patients with
migraine [15, 21, 45]. The ACC is involved in pain processing and plays a role in sensory,
attentional and affective components of pain [8, 11, 16, 59, 75]. It interacts with multiple
brain regions including regions that are involved in emotional regulation (e.g., amygdala)
and cognitive regulation of pain (e.g prefrontal cortex) [9, 75, 81, 86-89]. Patients with
migraine have greater activation in the ACC in response to trigeminal noxious stimuli
compared to healthy controls [71].

In the present study CBT has a stronger effect in patients with pre-existing high connectivity
between the right amygdala and ACC. CBT then reduces this amygdala-ACC connectivity,
which was found in additional analyses performed in this data set [55]. Thus, if CBT acts via
reducing the amygdala—ACC connectivity, it may have a stronger effect in patients that have
greater amygdala—ACC connectivity at baseline. CBT intervention may have a small or no
effect in patients that already have a reduced amygdala — ACC connectivity.

Adolescents with greater connectivity between the amygdala and PFC at baseline had a
greater reduction in headache days after CBT. One component of CBT is cognitive
reappraisal, in which maladaptive negative thoughts are identified and modified [76]. A
meta-analysis indicates that the PFC is involved in cognitive reappraisal [7]. The amygdala
and PFC are connected both structurally and functionally [17, 18, 30, 46, 47, 85, 86] with
projections from the PFC to the amygdala [47, 64] and from the amygdala to PFC [3]. The
amygdala has an inhibitory effect on the PFC [17, 33, 85]. Thus, the greater amygdala-PFC
connectivity at baseline may suggest greater influence of the amygdala on functions within
the PFC. CBT may decrease the inhibitory influence of the amygdala on the PFC. Patients
with preexisting weaker amygdala-PFC connectivity may already have a less inhibitory
effect of the amygdala on the PFC. Thus, in these patients, the clinical benefit from CBT
may be limited.

Headache reduction after CBT was also associated with the connectivity between the
amygdala and the sensorimotor cortex. Evidence from primates about connections between
the amygdala and primary sensory areas suggest that the amygdala is also involved in
modulating somatosensory processing [69]. Certain aspects of coping strategies in CBT are
focused on muscle relaxation and controlled breathing [76], and are associated with
activation in the sensory and motor cortex [24, 48, 58]. Thus, in order for the muscle
relaxation and controlled breathing components of CBT to exert an effect on pain, greater
connectivity between the sensorimotor cortex and the right amygdala is needed. This greater
connectivity possibly allows a greater influence of sensorimotor regions on the amygdala
and on the initiation of headaches. Thus, adolescents with stronger amygdala-SI resting state
functional connectivity might benefit from CBT particularly related to muscle relaxation and
controlled breathing.
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4.2. Pain modulation and changes in headache frequency after CBT

The present study assessed pain modulation capacity using the CPM paradigm. In patients
with migraine, impaired CPM capacity has been found in some studies [10, 52, 72] but not
in others [35, 53, 63, 82] (for a review see [56]). Nevertheless, the CPM response can predict
clinical outcomes such as chronic pain development and responses to medications in adults
[95] [20] [14] [97]. Recently, a remote electrical neuromodulation device, which evokes
CPM, was developed. This device is effective for the acute relief of a migraine headache [96,
98]. Even though the device can affect acute headache via the CPM mechanism, examining
the CPM response should not have an effect on the study’s results. Patients were examined
during a headache-free period and preventing headaches rather than treating acute headaches
were examined. In addition, the CPM response was tested at the end of the QST session,
which was after the neuroimaging session.

In the present study, two CPM paradigms were used based on recommendation on CPM
methodology [94]. The CPM paradigms differed in the location of the test stimulus
(trapezius vs. leg). CPM response at the trapezius but not at the leg predicted headache
reduction in adolescents with migraine after CBT, indicating that stimulus location may be a
critical factor affecting the CPM response in this population. Since the specific mechanisms
underlying CPM are not known yet and cannot be discerned [93], it is difficult to explain
how CPM can predict responsiveness to CBT, particularly when the primary outcome
variable is the frequency of headaches vs. magnitude of pain from headaches. Moreover,
when the right amygdalar connectivity was included with CPM in a regression model, CPM
did not remain a significant predictor for headache reduction after CBT. Thus, the explained
variance of amygdalar connectivity and CPM may overlap. However, CPM can still be used
as a predictor for headache reduction after CBT when functional connectivity cannot be
obtained.

4.3. Study strengths and limitations

A strength of this study is in the homogenous study sample (adolescents without preventive
pain medications or other neurological or psychiatric disorders). Even though migraine is
highly prevalent in children and adolescents, they remain an understudied population [62]. A
limitation of this study is the somewhat small sample size. The sample size was based on a
previous study that examined changes in functional connectivity in children and adolescents
with chronic pain after a behavioral intervention [78]. Due to the small sample size, an
analysis comparing participants based on their response rate (responders vs. non-responders)
was not possible. Future studies with a larger n are needed to explore the sensitivity of our
predictors to discriminate between CBT responders vs. non-responders. In addition,
functional connectivity analysis does not inform about the direction of a relationship
between two brain regions. ldentifying the direction of the relationship is more complex and
may involve brain stimulation methods or examining patients with brain lesions. Another
limitation is the lack of a control group. Previous studies [29, 37, 41, 57, 60, 73] have
demonstrated the efficacy of CBT in adolescents with migraine, thus the intent of this study
was to determine the underlying mechanism, not to address the efficacy of CBT. It is
possible that the reduction in headache frequency is not solely in response to CBT and might
be also due to other factors such as an evaluation by a headache specialist, being diagnosed
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with migraine, being introduced to a healthy habits routine, or expecting positive treatment
outcome [70]. In real-life situations, there is no option to differentiate between these factors.
Thus, this study identified predictors for headache reduction in a normal clinical
environment.

5. Conclusions

Amygdala connectivity with the ACC, sensorimator, and frontal regions, and pain
modulation capacity, predicts headache reduction after CBT in adolescents with migraine.
This study advances the understanding of the role of the amygdala and pain modulation in
preventing headaches in adolescents with migraine. The clinical relevance of this basic
mechanistic study is that it is the first to identify potential predictors of CBT efficacy. Now
that such predictors have been identified, a larger clinical trial that is powered to assess
sensitivity and specificity of these predictors is feasible. This can lead to a personalized
medicine approach in which patients with the greatest likelihood of a positive response are
directed towards CBT, yielding both cost savings and greater acceptance of CBT as a
treatment for migraine among patients, physicians, and insurance companies. Whether the
findings of the present study are generalized to other chronic pain syndromes is yet to be
determined. Future studies should examine if using a different outcome measure (e.g.
reduction in pain intensity) affects the results. In addition, replicating this study in adult
patients with migraine will clarify whether our findings are specific to adolescents or not.
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Figure 1. Amygdalar connectivity relates to headache frequency reduction after cognitive
behavioral therapy (CBT).

Positive correlations between headache frequency reduction after CBT and connectivity
between the right amygdala and the following clusters: (A) Precentral cluster, which
included the left precentral and the left postcentral gyrus; (B) ACC cluster, which included
the right ACC, bilateral SMA and the right precentral gyrus; and, (C) Frontal cluster, which
includes bilateral frontal pole, bilateral paracingulate gyrus, bilateral superior frontal gyrus
and the right middle frontal gyrus.
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Figure 2. Pain modulation response at baseline relates to headache frequency reduction after
cognitive behavioral therapy (CBT).

Greater reduction in headache frequency was related to lower conditioned pain modulation
(CPM) response before CBT at the trapezius (r=0.492, p=0.028, n=20) but not at the leg (r
=0.240, p=0.309, n=20).
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