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Background: Neck pain is a prevalent and costly problem, but its underlying mechanisms are poorly understood. Neuroimaging
studies show alterations in brain morphometry in chronic musculoskeletal pain, but reports on neck pain are scarce.
Objective: This study investigates (1) differences in brain morphometry between individuals with chronic nonspecific neck pain and
asymptomatic individuals and (2) associations between brain morphometry and patient-reported outcomes.
Methods: Sixty-three participants (33 pain, 11 female, mean [SD] age 35 [10] years; 30 control, 12 female, age 35 [11] years)
underwent magnetic resonance imaging. Brain regions of interest (ROIs) were determined a priori, outcomes included cortical
thickness and volume. Between-group differences were determined using cluster-wise correction for multiple comparisons and
analyses of pain-related ROIs.
Results: Between-group differences in volume were identified in the precentral, frontal, occipital, parietal, temporal, and paracentral
cortices. ROI analyses showed that parahippocampal cortical thickness was larger in the neck pain group (p=0.015, 95% CI: −0.27 to
−0.03). Moderate to strong associations between volume and thickness of the cingulate cortex, prefrontal cortex, and temporal lobe and
neck pain duration, pain intensity, and neck disability were identified (p-values 0.006 to 0.048).
Conclusion: Alterations in brain morphology that are associated with clinical characteristics inform the mechanisms underlying
chronic nonspecific neck pain and may guide the development of more effective treatment approaches.
Keywords: neck pain, chronic pain, neuroimaging, brain, MRI

Introduction
Neck pain and back pain are the highest ranked conditions in terms of years-lived-with-disability among 367 conditions
studied in the Global Burden of Disease study.32 Neck pain is responsible for a substantial burden to individuals and
society.12 In up to 85% of the cases, neck pain becomes recurrent within 5 years of initial onset.54 Nonspecific neck pain
of insidious onset, without a known cause and also known as idiopathic neck pain, is the most common type of neck
pain.38 Current treatment options for chronic nonspecific neck pain, whilst consistent with clinical guidelines,8 have not
been effective in reducing the personal and societal burden.60

Contributing to poor outcomes may be a lack of understanding of the mechanisms underlying chronic neck pain.60

Indeed, a broad range of possible mechanisms, including neurological, genetic, immunologic, are being explored across
various pain presentations.21,25,60 A possible association between the brain and chronic pain may be investigated with
neuroimaging technologies, allowing for investigation of the structural characteristics of brain tissue. Through T1-
weighted magnetic resonance imaging (MRI), implications of the central nervous system have been found through
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a range of morphological alterations, and these may inform on the potential cause of chronic pain, and provide potential
targets for treatment.

In chronic pain conditions, including low back pain,2,36,47,55,69 fibromyalgia,10,41 musculoskeletal pain,15,35,68 and
chronic pain in general,57 alterations in structural properties of the brain are observed. These alterations, apparent in both
cortical and subcortical brain regions, have been identified particularly in regions involved in the central processing of
pain,43 such as the prefrontal cortex,10,15,19,35,36,47,57,69 cingulate cortex,10,15,19,47,57,69 insula,10,15,36,47,57,69 superior
temporal gyrus,15,57 and thalamus.10,47,57 Individuals with neck pain appear to demonstrate similar alterations in brain
morphometry19; however, brain morphometry has not been comprehensively investigated in individuals with neck pain.19

Potential differences between traumatic and non-traumatic neck pain have been identified based on few studies,5,16,17 yet
little information on nonspecific neck pain is available, requiring further investigation.

Altered brain morphometry may be related to patient symptoms. For example, increased pain intensity and
sensitivity were associated with reduced grey matter in temporal gyrus and cingulate, prefrontal, and insular cortices
in a mixed chronic musculoskeletal pain sample.15 Longitudinal investigation of grey matter in individuals with low
back pain found a reduction in volume of the insula, primary motor cortex, and somatosensory cortex, as sub-acute
pain transitioned into chronic pain.4 Successful treatment of chronic low back pain was associated with increased
cortical thickness of the dorsolateral prefrontal cortex, which was also correlated with improvements in pain intensity
and pain-related disability.55 These findings suggest that treatments for low back pain may consider incorporating
treatment that addresses central maladaptive processes, and that brain morphometry may be a useful biomarker to
evaluate the success of intervention approaches. Yet few studies have examined brain morphometry in individuals with
chronic neck pain.

The aims of this study were to investigate (1) differences in structural brain characteristics between individuals with
chronic nonspecific neck pain and asymptomatic individuals and (2) associations between structural brain characteristics
and pain intensity, pain-related disability, pain duration and depression. Based on available literature in other chronic pain
conditions, we hypothesize that differences in structural brain characteristics will be present between individuals with
chronic nonspecific neck pain and asymptomatic individuals.

Methods
Design
This article reports data compiled from two pilot studies approved by the Human Research Ethics Committee at The
University of Newcastle (H-2013-0416, H-2014-0233) and complies with the Declaration of Helsinki. All participants
provided written informed consent prior to their participation. Participants with chronic neck pain, as well as age- and
sex-matched asymptomatic control participants, were included after providing written informed consent. This article
follows the STROBE reporting guidelines.65

Participants
Participants with chronic nonspecific neck pain (≥12 weeks’ duration) were recruited from the community and
considered for inclusion if they reported neck pain as primary complaint. Neck pain intensity (assessed on a 0–10
numeric rating scale [NRS]) had to be at least 4/10 at time of the screening, disability (Short-Form 12, question 5:
“During the past 4 weeks, how much did your pain interfere with your normal work [including both work outside the
home and housework]?”) had to be at least “moderate”.66 Eligible participants were between 18 and 55 years old. The
lower age limit was chosen because the brain in children or adolescents is still in development,62 the upper age limit was
chosen because degenerative brain changes associated with aging may influence outcomes.28

Asymptomatic participants were considered for the control group if they had no current neck pain, nor had sought
treatment for neck/shoulder complaints in the past 5 years. Control participants were not to have had a history of injury or
trauma to the neck or head, and no current chronic musculoskeletal pain in any body area. Similar to the neck pain group,
participants in the control group had to be between 18 and 55 years old. Participants in the control group were
individually matched to participants in the neck pain group based on sex and age to ensure equal groups.
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Individuals with neck painwere excluded if their primary complaint was headaches or dizziness, if they reported (a history of)
migraine headaches, had trauma/surgery to the neck, or had diabetes, peripheral vascular disease or inflammatory disease.
Neuropathic pain (score of ≥10 on the Self-Reported Leeds Assessment of Neuropathic Symptoms and Signs [S-LANSS])7 was
also excluded. Exclusion criteria for both groups included pregnancy/breastfeeding, claustrophobia, and ferromagnetic implants
or other contraindications to MRI. People reporting long-term steroid use or current use of anticoagulant medication were
excluded. People were not excluded if using painmedication, rather, theywere asked to continue their normal use of pain relief as
prescribed.

This was a convenience sample, and sample size calculations were not performed a priori. Previous studies found
statistically significant between-group differences in sample sizes ranging 18 to 46 per group in similar populations. We
estimated that we could detect a between-group difference using a sample size of 30 per group.19

Data Collection
All participants completed the following questionnaires: the Short Form 12 (SF-12),14 the Godin-Shephard Leisure-Time
Physical Activity Questionnaire assessed physical activity levels,26 and the Center for Epidemiologic Studies Depression
Scale (CESD-10) assessed the potential presence of depression.51 Data from the Godin-Shephard Leisure-Time Physical
Activity Questionnaire were categorized into “insufficient”, “moderate”, and “active”,26 and CESD-10 outcomes were
dichotomized into either depressed (“having depressive symptoms”, scores ≥10) or not depressed (“not having depressive
symptoms”).1 Pain duration data was collected for the neck pain group.

Participants with neck pain also provided their neck pain intensity using a 0–100mm Visual Analogue Scale
(VAS) anchored by “no pain” on the left and “worst pain imaginable” on the right. Three recall periods (current, 24
hours, and 4 weeks) were used because individuals with neck pain have shown to complete the VAS differently with
different recall periods.34 Disability due to neck pain was assessed with the Neck Disability Index (NDI), a reliable
and valid tool.64 For the description of the sample of participants with neck pain, we also report the Pain Management
Inventory (assesses both active and passive pain coping),18 the Pain Catastrophizing Scale (assessed rumination,
magnification, and helplessness),61 and cervical range of motion. Cervical range of motion was assessed using
a Cervical Range of Motion (CROM) device (CROM, Performance Attainment Associates, Minnesota, IL, USA),3

for movement in four directions: flexion, extension, left rotation, and right rotation. Three measures per direction
were taken, then averaged.

Magnetic Resonance Imaging Acquisition and Processing
All scans were performed using a Siemens Magnetom Prisma 3-Tesla scanner equipped with a 64-channel head coil. For
all participants, structural images were examined by a radiologist to confirm the absence of abnormalities. Structural T1-
weighted images were acquired using sagittal volumetric magnetisation prepared rapid gradient echo (MP-RAGE) with
the following settings: voxel size = 1.0mm3, repetition time (TR) = 2530.0ms, echo time (TE) = 3.5ms, field of view
(FOV) = 256mm, slice thickness = 1.0mm, 176 slices per slab, flip angle = 7°.

Morphometric segmentation and parcellation were performed using structural T1-weighted images with the
Freesurfer image analysis suite version 6, which is documented and freely available for download (http://surfer.nmr.
mgh.harvard.edu/). The longitudinal image analysis pipeline is an accurate procedure in quantifying volumetric
properties,44 has been validated against histological53 and manual37 analyses, and shows good test–retest
reliability.30,52 The quality of the outputs of the Freesurfer processing pipeline were manually checked for errors using
Freeview. Based on the quality check, none of the outputs were manually adjusted. This approach ensures consistency
across the sample, and it has been demonstrated that there are no differences between the automated method and the
automated method plus manual edits.11,27,44,67

Based on a literature search, we selected the following brain regions for analysis a priori: thalamus, prefrontal cortex
(subregions: medial and lateral orbitofrontal, pars opercularis, pars triangularis, rostral middle frontal, superior frontal
cortex), insula, cingulate cortex (subregions: caudal anterior cingulate, isthmus cingulate, posterior cingulate, rostral
anterior cingulate), temporal lobe (subregions: parahippocampus, superior temporal), cuneus, primary somatosensory
cortex, and primary motor cortex.
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Statistical Analyses
All results are presented as mean (SD). Using Freesurfer, cluster-wise correction for multiple comparisons was used for
group analysis of volume and cortical thickness.29 The following parameters were used: vertex-wise threshold: p=0.05;
cached cluster-wise correction threshold: p=0.05; inclusion of correction for left and right hemispheres; and two-step
cluster-smoothing. Then, volume and cortical thickness measures were extracted for secondary analysis of individual
ROIs. For these ROIs, t-tests were used to investigate between-group differences. Stepwise linear regression was used to
investigate correlations between volume and thickness measures and pain intensity (VAS), duration (months), disability
(NDI scored out of 50), and depression (dichotomized). For the regression analysis, firstly the interrelation between
covariates was examined using Pearson r. Interdependent covariates were removed. After this, a linear regression model
was fitted with all remaining independent covariates included. The least significant covariate was omitted from the
model, and repeated until only statistically significant covariates remained, or until all had been eliminated. Stepwise
linear regressions were only performed for the neck pain group because several outcomes, including pain intensity, neck
disability, were not assessed in the control group. Sex and age were included as covariates in all analyses. All statistical
analyses were conducted with IBM SPSS Statistics version 27 (IBM Corporation, Armonk, NY).

Results
Participants
Between May 2015 and May 2017, 151 volunteers with neck pain were screened for inclusion, and 33 enrolled. Thirty
asymptomatic volunteers were enrolled as control participants when their sex matched a participant with neck pain and
their age was within 5 years of that participant. Participant characteristics for all 63 participants are presented in Table 1.
For the statistical analyses presented in this study, we have used the VAS for a 4-week recall period, as this outcome had
the most variability among the sample. This is consistent with other research reported elsewhere.9,20,22,58,59

Table 1 Participant Characteristics. Outcomes are Reported as Mean (SD)

Neck Pain (n=33) Control (n=30) Total (n=63) Between-Group Difference: p-value

Sex F, n (%) 11 (33) 12 (40) 33 (52.4) p=0.583*

Age (years) 35.1 (10.1) 34.5 (11.0) 34.8 (10.5) MD = −0.53; 95% CI: −5.88 to 4.82; p=0.844**

BMI (kg/m2) 25.7 (4.2) 25.9 (5.5) 25.8 (4.9) MD = 0.28; 95% CI: −2.23 to 2.78; p=0.822**
Physical activity level, n (%) p=0.584*

-Insufficient 8 (24) 5 (17) 13 (21)

-Moderate 4 (12) 6 (20) 10 (16)
-Active 19 (58) 19 (63) 38 (60)

CESD-10, positive (%) 9 (27.3) 2 (6.7) 11 (17.5) p=0.023*

VAS now 30.2 (18.8) – – –
VAS 24-hour recall 38.0 (20.3) – – –

VAS 4-week recall 42.3 (19.8) – – –

NDI 12.9 (4.4) – – –
Pain duration in months 64.5 (44.6) – – –

PMI active 15.7 (2.9) – – –

PMI passive 16.0 (4.7) – – –
ROM flexion (°) 50.8 (9.2) 60.7 (7.9) 55.5 (9.8) MD = 9.89; 95% CI: 5.57 to 14.21; p<0.000**

ROM extension (°) 59.4 (13.6) 65.7 (12.3) 62.4 (13.3) MD = 6.30; 95% CI: −0.26 to 12.86; p=0.060**

ROM rotation right (°) 61.2 (9.4) 68.6 (6.5) 64.7 (8.9) MD = 7.39; 95% CI: 3.28 to 11.49; p=0.001**
ROM rotation left (°) 61.1 (9.8) 67.4 (5.7) 64.1 (8.7) MD = 6.39; 95% CI: 2.29 to 10.48; p=0.003**

Notes: *Chi-square test, **t-test. Mean difference and 95% CI only displayed for continuous, but not categorical, outcomes. VAS scored 0–100mm, NDI scored 0–50, PMI
scored 0–100. Note: physical activity percentages per group do not add up to 100% due to missing data for two participants.
Abbreviations: BMI, body mass index (calculated as body height/weight2); CESD-10, Centre for Epidemiological Studies Depression scale; CI, confidence interval; MD,
mean difference; NDI, neck disability index; F, female; PMI, Pain Management Inventory; ROM, range of motion.
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Between-Group Differences
The cluster-wise corrected group analyses revealed significant differences in cortical volumes between the two groups.
No significant cluster-wise corrected group differences were identified for cortical thickness. For the ROI thickness
analysis, parahippocampal cortical thickness at the right hemisphere was larger (p=0.015, 95% CI: −0.27 to −0.03) in the
neck pain group (2.83±0.23 mm) compared to the control group (2.68±0.25 mm). The effect size (Cohen’s d) for this
between-group difference was −0.631 (95% CI −1.14 to −0.12) Table 2 presents all significant between-group volumetric
differences identified through the cluster-wise corrected group analysis, also illustrated in Figure 1.

Associations with Clinical Characteristics
Most structural brain characteristics (including volume and cortical thickness) were associated with sex (ROI volume/
thickness greater in males: 50 out of 66 regression models, 76%) and/or negatively associated with age (ROI volume/
thickness smaller in older age: 53/66 regression models, 80%). Therefore, age and sex were included as covariates in
all subsequent models examining relationships between brain volume/thickness and pain intensity, pain duration,
pain-related disability, and depression. Table 3 provides all associations between ROIs and clinical outcomes.

Discussion
This study investigated structural brain properties between individuals with chronic nonspecific neck pain and asymptomatic
controls, as well as the associations between brain properties and clinical outcomes in those with neck pain. Cluster-wise
corrected group analysis demonstrated cortical volume differences between the two groups in the precentral, frontal, parietal,
occipital, and temporal cortices, and further ROI analysis indicated that right parahippocampal cortical thickness was larger
in the neck pain group. Significant associations were found between morphology of the prefrontal cortex, cingulate cortex,
temporal lobe, and clinical outcomes including neck pain intensity, pain-related disability, pain duration, and the presence of
depression. Negative correlations between brain volume or thickness and pain intensity or disability demonstrate
a relationship between brain regions with less volume or thickness and worse symptoms. As the brain is plastic it can
change in response to inputs. This may suggest that brain morphometry (volume or thickness) may be a useful biomarker for
evaluating the severity of a neck pain condition. Longitudinal studies could determine if brain morphometry can predict
chronicity of neck pain, and whether it is useful as an objective assessment tool to evaluate clinical improvement. These
results support preliminary findings suggesting that brain morphology may be altered in individuals with chronic nonspecific
neck pain and that there may be a relationship between these alterations and symptom presentation.16,17

Table 2 Significant Between-Group Differences in Cortical Volumetric Properties Identified Through Cluster-Wise Corrected Group
Analysis Using Freesurfer

Hemisphere Contrast MNI Coordinates Cluster-Weighted p-value 95% Confidence Interval Annotation

Left NP-CON [−22.7 −17.0 63.2] 0.0002 0.00000–0.00040 Precentral

[−25.3 14.1 40.8] 0.0002 0.00000–0.00040 Caudal middle frontal
[−42.7 −76.8 −7.2] 0.0002 0.00000–0.00040 Lateral occipital

[−42.4 17.8 42.5] 0.0002 0.00000–0.00040 Caudal middle frontal

[−38.9 45.9 6.7] 0.0008 0.00040–0.00140 Rostral middle frontal
[−9.5 −62.3 49.5] 0.0010 0.00040–0.00160 Precuneus

[−43.4 −64.8 7.7] 0.0070 0.00559–0.00858 Inferior parietal

[−6.0 −15.9 55.4] 0.0070 0.00559–0.00858 Paracentral
[−64.1 −24.4 −15.9] 0.0193 0.01693–0.02188 Middle temporal

[−32.2 52.0 −0.9] 0.0392 0.03568–0.04273 Rostral middle frontal

[−41.0 −81.6 19.3] 0.0439 0.04019–0.04762 Inferior parietal
CON-NP [−33.4 28.2 39.0] 0.0155 0.01336–0.01772 Rostral middle frontal

Right NP-CON [9.0 59.0 18.6] 0.0022 0.00140–0.00300 Superior frontal

Abbreviations: CON, control group; MNI, Montreal Neurological Institute; NP, neck pain group.
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Cluster-wise group analysis showed that several brain regions were smaller in individuals with chronic neck pain: the
frontal cortex, parietal cortex, occipital cortex, precentral cortex, paracentral cortex, temporal cortex, and precuneus.
More between-group differences were found in the left hemisphere compared to the right hemisphere, the reason for the
observed laterality is unknown. Through the ROI analysis, however, within the temporal lobe, right parahippocampal
cortical thickness was larger in the neck pain group compared to the asymptomatic control group. The temporal lobe may
be relevant to chronic pain as this brain region is involved with the encoding of memory information and the processing
of emotions. Interestingly, this between-group difference reflected larger cortical thickness in the neck pain group
compared to the control group. This contrasts with studies in fibromyalgia, where typically smaller morphometric
properties of brain regions involved with the central processing of pain are observed. For example, a systematic review
on brain structural brain imaging in individuals with fibromyalgia found that parahippocampal grey matter volume was
decreased.10 Similarly, a meta-analysis of voxel-based morphometric studies in individuals with fibromyalgia found
decreased grey matter properties in the parahippocampus.56 A possible explanation for this, noted by Cagnie et al,10

Figure 1 Visualisation of significant between-group differences identified through cluster-wise corrected group analysis; significance threshold p=0.05; two-step cluster-
smoothing. The highlighted areas show decreased cortical volume for individuals with chronic neck pain compared to pain-free controls. The red-to-yellow gradient indicates
the magnitude of effect as per the legend. Green-text labels provide annotation of brain regions of interest.
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might be that the hippocampus is associated with the central processing of stress. Implication of this ROI is therefore
more likely in those chronic pain conditions in which stress, anxiety, and depression are more prevalent. In addition, due
to its neuropathic nature, fibromyalgia may not be a suitable comparison to our nonspecific neck pain sample, in which
fibromyalgia and any type of neuropathic pain were excluded. A third review article with meta-analysis found increased
parahippocampal volume in a mixed chronic pain cohort (including a variety of musculoskeletal, rheumatoid, and
neuropathic pain).57 Lastly, parahippocampus morphometry has been shown to be affected by long-term alcohol use,
which was not assessed in this study and may therefore influence these findings if pain participants perhaps used alcohol
as a coping mechanism more often than asymptomatic participants.45

Most brain characteristics were associated with age and sex. All associations indicated that at an older age, brain
regions presented smaller volumes and thickness. In addition, males in the current study had larger volumes and
thickness of brain regions than females. This indicates that findings from this study are consistent with published
literature with regards to age and sex differences. This was the reason for matching participants based on sex and age,
and for including these covariates in analyses. Through the linear regression models, we identified several associations
between brain characteristics and clinical outcomes. We found that cingulate, prefrontal cortex, and temporal lobe were
associated with neck pain intensity, pain-related disability, and the presence of depression. This is in line with recently
reported associations between neuroimaging findings and cognition, central sensitisation symptoms, and hyperalgesia in
people with traumatic neck pain.15 Some evidence is available suggesting that hippocampal, striatal, and limbic
functional and structural connectivity can predict risk for chronic back pain, yet evidence for neck pain is
lacking.4,46,63 Associations found in this study are outlined below in the context of available literature.

Within the cingulate cortex, a brain region part of the limbic system and responsible for the processing of emotions,
learning, and memory, we found that smaller volume of the left rostral anterior cingulate cortex was associated with
greater pain intensity. A larger right caudal anterior cingulate cortex volume was associated with higher pain intensity –
which is a correlation in the opposite direction from those found for the rostral anterior cingulate cortex Most available
studies report a decreased volume in the cingulate cortex in those with various chronic pain
conditions,6,10,13,19,23,31,33,39,40,47,56,57,68–70 though one study reports inconclusive findings.36 Whilst this study did not
find between-group differences in cingulate cortex volume, the associations between smaller thickness of the right rostral
anterior cingulate cortex and greater pain intensity and depression fit previous findings.

Associations between characteristics of the prefrontal cortex and clinical outcomes were found in the smaller volume
of the left medial orbitofrontal cortex and smaller thickness of the right lateral orbitofrontal cortex, both associated with
greater neck disability (β= −0.309, p=0.048 and β= −0.359, p=0.041, respectively), and associated with the presence of
depression (β = 0.402, p=0.024). The negative associations, indicating that a smaller volume is associated with higher
perceived disability, are in line with available literature indicating smaller morphometric properties of the prefrontal
cortex in those with chronic pain.6,10,13,19,31,33,36,39,40,47,49,56,57,68,69 While these associations are unable to determine
cause or effect, there is some evidence that brain volume changes in response to intervention. Hippocampus volume has
been shown to increase following exercise24 with associated increases in memory. This suggests that some types of

Table 3 Significant Associations Between Structural Properties of Regions of Interest and Clinical Characteristics in the Neck Pain
Group

Measure ROI Hemisphere Association with β Standard Error 95% CI P-value

Volume Rostral anterior cingulate L Pain intensity −11.855 4.749 −21.539 to −2.170 0.018

Volume Medial orbitofrontal L Neck disability −49.241 23.787 −97.967 to −0.515 0.048

Thickness Caudal anterior cingulate R Pain intensity 0.005 0.002 0.002 to 0.009 0.006
Thickness Lateral orbitofrontal R Neck disability −0.012 0.005 −0.023 to 0.000 0.041

Thickness Lateral orbitofrontal R Depression 0.124 0.052 0.018 to 0.230 0.024

Thickness Parahippocampus R NP duration 0.002 0.001 0.002 to 0.004 0.042
Thickness Superior termporal L Depression −0.120 0.059 −0.238 to −0.003 0.023

Abbreviations: L, left; R, right; ROI, region of interest.
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clinical interventions may result in changes to brain volume. Future studies are needed to show if clinical interventions
for chronic pain may affect brain volume.

Within the temporal lobe, larger thickness of the right parahippocampus was associated with greater duration of neck
pain, and reduced thickness of the left superior temporal cortex was associated with having depressive symptoms. This is
consistent with recent literature, indicating that individuals with various chronic pain conditions demonstrated smaller
morphometric properties in the temporal cortex when depression was present.6,31,36,47,57,68

The clinical implications of neuroimaging investigations in chronic neck pain are multifold. Firstly, if patients present
with pain related to altered central processes, clinicians should choose management strategies to address central
mechanisms rather than merely peripheral structures. If successful, apparent associations between brain structure and
patient-reported outcomes would mean pain intensity, pain-related disability, and psychological status might improve.
Secondly, perhaps neuroimaging could be used to investigate which acute pain patients might be susceptible to
chronicity,42 or to predict which pain patients might respond well to a proposed intervention – and which will not.
More work will be required to answer these questions, however the potential impact is promising.

Limitations
Whereas other studies frequently report on retrospectively created samples from mixed populations, our prospectively
designed study recruited a specific sample for the sole purpose of research with strict inclusion and exclusion criteria.
This means the included participants are a homogenous representation of nonspecific neck pain. We did not ask
participants stop taking medication ahead of their clinical assessment or acquisition of their MRI scan, hence this may
have affected the results. Whilst we selected the VAS using a 4-week recall period for statistical analyses, we note that
the VAS for current pain and the 24-hour recall period returned lower pain intensities (30.2±18.8 and 38.0±20.3,
respectively). This may indicate that pain intensities were lower at the time of clinical testing and MRI acquisition
and should therefore be taken in consideration in interpreting the findings.

We note that the number of brain regions and secondary outcomes included in the statistical analyses introduces the
risk of a Type I error; however, the cluster-wise analysis in Freesurfer corrects for multiple comparisons. Furthermore,
the results are consistent with previously reported findings. Whilst the brain regions were selected a priori informed by
available literature, this was based on studies investigating various pain populations. As the selected brain regions
showed promising results here, these regions should be included in future studies of nonspecific neck pain.

Whilst valid comparisons with available literature were made, it should be recognized that interpretation and
comparisons of outcomes from different neuroimaging studies incurs technical challenges. At the acquisition stage,
potential differences in magnetic field strength, voxel resolution, and other parameters may be responsible for differ-
ences in images. For example, our study using a voxel size of 1.0mm3 found a between-group difference in para-
hippocampal thickness of 0.15mm. With a less precise voxel size, these findings might have been overlooked. At image
processing stage, differences may be introduced through software modalities used, eg, Freesurfer has shown most
accuracy in parcellation of cortical structures, but less accuracy in segmentation of subcortical structures.50 The deep
positioning of the parahippocampus, combined with its susceptibility to imaging artefacts,48 should also be considered.
These combined limitations, as well as retrospective studies often including heterogeneous samples from different
clinical works, may result in studies not being able to detect small differences, if present, and could contribute to
different results.

Conclusion
We found differences in precentral, frontal, parietal, occipital, and temporal cortical volume and thickness between
individuals with chronic nonspecific neck pain and asymptomatic controls. Within the neck pain group, we also found
several associations between volume and thickness of the cingulate cortex, prefrontal cortex, temporal lobe, and neck
pain intensity, pain-related disability, pain duration, and the presence of depression. These results demonstrate that brain
neuroimaging may provide relevant information on central processes, potentially representing mechanisms underlying
chronic nonspecific neck pain. Management approaches addressing central maladaptive processes could improve treat-
ment effectiveness for individuals with chronic neck pain.
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