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Recent theories have suggested that chronic pain could be partly maintained by maladaptive physiological responses of the
organism facing a recurrent stressor. The present study examined the associations between basal levels of cortisol collected over
seven consecutive days, the hippocampal volumes and brain activation to thermal stimulations administered in 16 patients with
chronic back pain and 18 healthy control subjects. Results showed that patients with chronic back pain have higher levels of
cortisol than control subjects. In these patients, higher cortisol was associated with smaller hippocampal volume and stronger
pain-evoked activity in the anterior parahippocampal gyrus, a region involved in anticipatory anxiety and associative learning.
Importantly, path modelling—a statistical approach used to examine the empirical validity of propositions grounded on previous
literature—revealed that the cortisol levels and phasic pain responses in the parahippocampal gyrus mediated a negative association between the hippocampal volume and the chronic pain intensity. These findings support a stress model of chronic pain
suggesting that the sustained endocrine stress response observed in individuals with a smaller hippocampii induces changes in
the function of the hippocampal complex that may contribute to the persistent pain states.

Keywords: chronic pain; stress; functional MRI; hippocampus; parahippocampal gyrus
Abbreviations: BDI = Beck Depression Inventory; BOLD = blood oxygen level-dependent

Received September 23, 2012. Revised November 22, 2012. Accepted December 10, 2012
ß The Author (2013). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

816

| Brain 2013: 136; 815–827

Introduction
Chronic pain is a self-reinforcing pathological state in which plastic
changes in the stress system may contribute to the patient’s suffering and pain-related disability (Turk, 2002; Gatchel et al.,
2007). When facing prolonged, uncertain and uncontrollable
threat, the organism modifies its level of metabolic activity to
adapt to environmental demands that may eventually lead to maladaptive responses inducing a series of stress-related pathophysiological strain (McEwen, 1998b). Such a state has been referred to
as allostatic load and may contribute to the triggering, the amplification and/or the persistence of the pain state (Borsook et al.,
2012). More specifically, chronic pain has been associated with a
diminution of brain grey matter volume or changes in cortical
thickness (Kuchinad et al., 2007; Baliki et al., 2011) and functional
reorganization of pain-related brain networks, including those
related to the hippocampal formation (Baliki et al., 2010, 2012;
Schweinhardt and Bushnell, 2010; Maleki et al., 2012). In addition, patients with chronic pain often display a dysregulation of
the hypothalamic–pituitary–adrenal axis, reflecting the major
adaption imposed by the pain state that is also known to impact
the hippocampal structure and functions (McEwen and Kalia,
2010). The proposed interrelationships between maladaptive
stress, chronic pain and hippocampal functions are novel and
may contribute to explaining the persistence of chronic pain
states and individual differences in the intensity of clinical pain.
One of the potential consequences of allostatic load is an
over-activation of the hypothalamic-pituitary-adrenal axis and
the subsequent structural and functional changes in the hippocampal formation owing to its sensitivity to the deleterious effect of
sustained high levels of glucocorticoids (Sapolsky, 1985; Sapolsky
et al., 1990; de Kloet et al., 2005; Mirescu and Gould, 2006).
These changes may be critical when adapting to chronic pain, as
uncertainty about upcoming pain (Ploghaus et al., 2000), exacerbation of pain by anticipatory anxiety (Ploghaus et al., 2001) and
negative emotions (Roy et al., 2009) were shown to recruit the
hippocampal formation. Moreover, structural and functional
abnormalities in the hippocampus have been reported in an
animal model of chronic pain and have been shown to predict
the behavioural manifestation of anxiety and reduced extinction
of contextual aversive conditioning (Mutso et al., 2012). These
findings lead to the proposition that persistent pain promotes
the establishment of a rich network of aversive associations subserved by the reorganization of the hippocampus and other limbic
structures (Apkarian et al., 2009, 2011).
The origins of these changes are unknown, and the impact of
the maladaptive stress response on the pain-related response bolstering the anxiety and aversive learning processes in the hippocampal formation remains to be examined. Interestingly, recent
studies have suggested that only a subset of individuals faced
with prolonged pain or stress appears to evolve toward persistent
chronic states (McEwen and Stellar, 1993; Baliki et al., 2012). For
instance, it has been suggested that smaller hippocampal volumes
may increase the vulnerability to stress (Lyons et al., 2001), anxiety (Karatsoreos and McEwen, 2011) and the development of
post-traumatic stress disorder in individuals exposed to trauma
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(Gilbertson et al., 2002). These studies suggest that the hippocampal volumes may constitute a pre-existing condition influencing
the degree of resilience displayed by the organisms facing a
major stressor.
The overall portrait is that prolonged pain may constitute an
allostatic load in individuals showing more stress vulnerability,
inducing long-lasting plastic changes that in turn instigate a spiralling down of the patient’s condition. To gain understanding of
the relationship between these different factors, we conducted a
multivariate study examining the associations between the basal
levels of cortisol (the major glucocorticoid in humans), the structural volumetric morphology of the hippocampus and the functional brain activity to phasic thermal noxious stimuli in patients
with chronic back pain and age– and sex-matched healthy control
subjects. Consistent with the model of allostatic load in chronic
pain (Borsook et al., 2012), we first posited that basal levels of
cortisol measured over seven consecutive days would be higher in
patients with chronic back pain. We then hypothesized that patients with chronic back pain displaying higher levels of basal cortisol would have smaller hippocampii and stronger pain-evoked
activity measured using blood oxygen level-dependent (BOLD)–
functional MRI in the anterior hippocampal formation. Lastly, we
used path modelling to test various ways by which these different
biomarkers could interact to reflect or predict the patient’s current
clinical pain state. Based on previous literature, two main models
were tested. A ‘neurotoxic model’ conceptualizes chronic pain as
the instigator of the maladaptive stress response that impacts the
structures and the functions of the hippocampal formation
(Sapolsky et al., 1990; de Kloet et al., 2005). In contrast, a ‘vulnerability model’ proposes the smaller hippocampal volume as a
predisposition to develop a maladaptive stress response (Lyons
et al., 2001; Gilbertson et al., 2002; Lupien et al., 2007) that is
associated with hyper-reactivity to stressors that lead to an amplification of acute pain/stress responses in the hippocampal formation associated with the clinical pain experienced by the patient.

Materials and methods
Participants
Twenty-one patients with chronic back pain (11 females; 23–49 years
of age; mean 36 years) and 21 healthy control participants (10 females; 21–53 years; mean 36 years) participated in this study. The
patients with chronic back pain were recruited through local pain
treatment centres and newspaper advertisements in Montreal.
Patients experiencing symptoms of back pain for 46 months were
invited to participate in the study after a medical evaluation. The
mean pain duration of the patients with chronic back pain was
11  10 years (Table 1). Healthy control subjects were matched with
patients with chronic back pain based on age and sex. Two participants (one healthy and one with chronic back pain) were excluded
because of abnormally high levels of cortisol and because of drugs
consumed during the week when saliva samples were collected. The
full sample included 20 patients with chronic back pain and 20 control
subjects in which cortisol samples were collected. Furthermore, four
patients with chronic back pain and two control subjects were
excluded from the brain imaging analysis because of head movements
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Table 1 Characteristics of the patients with chronic back pain
Patients

Sex

Age

Location of
pain

Duration of
pain (months)

Intensity
of pain

Origin of
the pain

BDI

Medications

CBP01
CBP02
CBP03
CBP04
CBP05
CBP06
CBP07
CBP08
CBP09
CBP10
CBP11
CBP12
CBP13
CBP14
CBP15
CBP16

Male
Female
Male
Female
Female
Male
Male
Female
Male
Male
Male
Female
Male
Male
Female
Male

27
23
45
49
44
27
46
28
30
35
48
23
48
28
48
32

Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low

27
108
252
69
24
60
63
54
212
24
68
48
45
180
400
160

2
3
1
4
4
8
5
6
3
1
4
3
6
6
3
3

Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous
Spontaneous

2
7
11
4
0
15
17
11
14
18
4
2
4
1
18
5

NSAID
SNRI
None
None
None
None
SNRI
None
SNRI
None
None
None
NSAID
None
None
NSAID

back; neck; shoulder
back up to the neck
back; right leg
back; neck
back
back up to the neck; right foot
back; right knee
back up to the neck
back
back; neck
back
back up to the neck
back
back up to the neck
back; shoulders
back

NSAID = non-steroidal anti-inflammatory drug; SNRI = serotonin–norepinephrine reuptake inhibitor.

exceeding 3.5 mm or owing to technical problems. The final sample
consisted of 16 patients with chronic back pain (six females) and 18
control subjects (eight females) for the phasic pain functional MRI and
structural analysis.
Six patients with chronic back pain used muscular relaxant, NSAIDs
(non-steroidal anti-inflammatory drugs) or SNRIs (serotonin–norepinephrine reuptake inhibitors), to control their pain, and none of them
used opiates. Some patients also used other medication for thyroid
(n = 1) and high arterial pressure (n = 1). Eight patients with chronic
back pain were medication-free. Additional analysis revealed that
ruling out the non-specific effect of medication by covariance
(i.e. currently taking some versus not taking any medication) did not
change the results of the cortisol analyses, suggesting that
the medication did not contribute significantly to the findings of the
present study.
All experimental procedures conformed to the standards set by the
latest revision of the Declaration of Helsinki and were approved by the
Research Ethics Board of our institution (‘Comité mixte d’éthique de la
recherche du Regroupement Neuroimagerie Québec; CMER-RNQ’).
All participants gave written informed consent, acknowledging their
right to withdraw from the experiment without prejudice, and received
compensation of $100 for their travel expenses, time and commitment
and an additional $100 after the week of salivary sampling.

Questionnaires assessing depressive
mood and clinical pain intensity
The Beck Depression Inventory—second edition (BDI-II) (Beck et al.,
1996) is a self-report questionnaire with 21 items that was used to
assess the participants’ depressive symptoms experienced during the
last 2 weeks. In this study, the mean scores on the BDI-II were higher
in the subjects with chronic back pain (8.3  6.5) compared with the
control subjects (2.8  3.5; P 5 0.01). Interindividual BDI-II scores
were therefore included as a variable of no interest (covariance) to
prevent potential confounds. Nevertheless, including this covariate
did not influence the results of the current study, suggesting that
higher levels of cortisol were not related to the depressive symptoms

of the participants. The present pain index of the McGill Pain
Questionnaire (Melzack, 1975) was used to assess the intensity of
clinical pain prior to entering the scan.

Salivary cortisol
Basal salivary cortisol levels were measured throughout a full week.
Participants were asked to fill 10 mm of pure saliva (i.e. passive drool)
in a small plastic vial using a straw. They were instructed to collect five
samples per day over seven consecutive days, starting the day after
the brain scanning session. On each day, participants collected their
samples at awakening, 30 min after awakening, at noon, in the afternoon and at bedtime. The mean time at which the samples were
collected was similar between groups: awakening (healthy 8:20 am;
chronic back pain 8:05 am), 30 min after awakening (healthy 8:55 am;
chronic back pain 8:35 am), noon (healthy 12:40 pm; chronic back
pain 1:00 pm), afternoon (healthy 4:40 pm; chronic back pain
5:05 pm) and before going to bed (healthy 11:30 pm; chronic back
pain 11:25 pm). The mean diurnal curve was computed for each subject based on the 7 days sampled, and the individual basal cortisol level
was computed using the area under the curve with respect to ground
(Pruessner et al., 2003). The samples were stored at 20 C until the
time of cortisol concentration determination. Analyses were performed
at the Centre for Studies on Human Stress (Douglas Mental Health
Institute, Montreal Site, Canada; www.humanstress.ca) using an
Enzyme Immunoassay (EIA) kit from Salimetrics LLC.

Experimental pain procedure and
material
The brain imaging session consisted of two runs of thermal pain
applied to the lower leg of the participants and two separate scans
during which the participant observed images displaying pain-evoking
situations. Data on pain-evoking images will be presented in a separate report. Each functional scan consisted of eight noxious and eight
innocuous (control) thermal stimulations applied in a pseudorandom
order making the intensity of the stimulation unpredictable. Thermal
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stimulations were administered with a computer-controlled thermal
stimulator using an MRI compatible 3  3 cm2 contact probe (Medoc
TSA-II; Medoc). Baseline temperature between successive stimuli was
set to 38 C. Prior to the functional MRI experimentation, pain sensitivity was assessed in each participant by a magnitude-estimations
procedure to determine the pain-eliciting temperature for each
person (450.5 C; aiming at 75/100 on the pain scale). The control
innocuous stimuli (446 C) were adjusted individually to produce a
clearly perceptible, but non-painful, warm sensation that was included
as a control. The order of the conditions was pseudorandomized to
introduce some uncertainty regarding the intensity of the upcoming
stimulus. The rate of temperature increase from baseline (38 C) was
adjusted individually to reach the target temperature in 2 s, and the
following plateau lasted 5 s, before temperature returned to baseline in
2 s.
At the beginning of each trial, a fixation cross appeared for 3, 4 or
5 s before the noxious or innocuous stimulation, which was then followed by a long interval (18–25 s) to prevent sensitization and allow
subjects to rate each stimulus. Each thermal sensation was evaluated
with visual analogue scales displayed using E-Prime (Psychology
Software Tools Inc.; http://www.pstnet.com) on a screen located at
the head-end of the scanner and viewed via a mirror. After each
stimulus, a visual cue first prompted the participant to indicate
whether the thermal stimulus was warm or painfully hot by using
the index and middle finger keys of an MRI-compatible response
box. If the stimulation was classified as painful, the participant was
then asked to rate successively the intensity and the unpleasantness of
the painful experience on two separate computerized visual analogue
scales. The scales were presented over 12 s each and labelled with the
verbal anchor ‘no pain’ or ‘not unpleasant’ at 0 (left extremity) and
‘extreme pain’ or ‘extremely unpleasant’ at 100 (right extremity). If
the stimulation was classified as warm, the subjects were requested to
rate on a visual analogue scale ranging from 0 (no sensation) to 100
(very warm) over 18 s. The ratings were produced by moving a cursor
with the index and middle finger of the right hand and were recorded
in E-prime.
The temperature of the noxious stimulations was adjusted individually [mean  standard deviation (SD): healthy: 48.5  1.2 ; patients
with chronic back pain: 48.1  1.3 ] to produce strong pain intensity
(healthy: 75.0  9.4; patients with chronic back pain: 77.5  13.5)
and pain unpleasantness (healthy: 72.7  8.7; patients with chronic
back pain: 75.8  16.8). The innocuous stimulations (healthy:
43.2  1.0 ; patients with chronic back pain: 42.8  0.7 ) were
rated as non-painful and slightly warm (healthy: 31.2  16.1; patients
with chronic back pain: 28.1  20.6). Fig. 2A and B show that there
were no significant group differences in the temperature and the subjective ratings of the pain and warm sensations (all P-values 4 0.13).
Importantly, controlling for the individually adjusted temperature of
the noxious stimulation or the pain intensity ratings by covariance
did not change the imaging results.

Functional magnetic resonance imaging
acquisition and analyses
Imaging was performed on a 3.0 T whole-body scanner (Siemens
TRIO), using a 12-channel head coil, at the Unité de Neuroimagerie
Fonctionelle (UNF), Centre de Recherche de l’Institut Universitaire de
Gériatrie de Montréal (CRIUGM) in Montréal, QC, Canada. BOLD
signal was acquired using a standard T2*-weighted gradient-echo
EPI sequence (repetition time = 3000 ms, echo time = 30 ms; flip
angle = 90 ; field of view = 220  220 mm2; matrix = 40 interleaved,
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axial slices per whole-brain volume at 3.4 mm thickness; in-plane resolution of 3.4  3.4 mm for isotropic voxels; 227 volumes). Structural
images were acquired using a high-resolution T1-weighted MPRAGE
sequence (repetition time = 2300 ms; echo time = 2.99 ms; flip
angle = 9 ;
field
of
view = 256 mm;
matrix = 256  256;
1  1  1.2 mm voxels; 160 slices per whole-brain volume). All data
preprocessing and analysis were done using SPM8 (Statistical
Parametric Mapping, Version 8; Wellcome Department of Imaging
Neuroscience, London, UK, http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) executed in Matlab 7.8. (Mathworks). Offline preprocessing of functional images included realignment of functional time
series, co-registration of each subject’s functional and anatomical data,
spatial normalization to the Montreal Neurological Institute (MNI)
space and spatial smoothing (8 mm full-width at half-maximum
Gaussian kernel).
The analysis of functional MRI data was based on a model accounting for fixed and random effects. For the fixed effect, a general linear
model estimated changes in brain regional responses for each subject.
The paradigm was modelled as six events: warmramp-up (2 s), warm
(7 s), warmrating, painramp-up, pain and painratings. The warm/pain
events included the 5 s plateau and the 2 s ramp-down. For each
trial type, a given item was modelled as a delta function representing
its onset and duration. The ensuing vectors were convolved with the
canonical haemodynamic response function, and used as regressors in
the individual design matrix. Movement parameters estimated during
realignment (translations in x, y and z directions and rotations around
x-, y- and z-axes) and a constant were also included in the matrix for
each scanning run as variables of no interest. High-pass filter was
implemented using a cut-off period of 128 s to remove the
low-frequency drifts from the time series. Serial correlations in functional MRI signal were estimated using an autoregressive (order 1) plus
white noise model and a restricted maximum likelihood (ReML)
algorithm.
Linear contrasts tested the main pain-related effect by subtracting
warm-related brain activity from the pain-related brain activity (pain
versus warm) to control for non-specific neural response to thermal
sensory input. From this contrast, a statistical parametric map [SPM(T)]
was generated. The summary statistics image was then further spatially smoothed (Gaussian kernel 6 mm full-width at half-maximum)
and entered in a second-level random-effect analysis. One-sample ttests were performed on the data of all subjects for each group. A
two-sample t-test was used to compare the main effect of pain versus
warm between groups. We assessed the relationship between brain
activity during pain and basal cortisol by regressing the individual
within-subjects contrasts images for pain versus warm against the
area under the curve with respect to ground in each group. Group
differences were further tested using the interaction term.
The resulting set of voxel values for each contrast constituted a map
of the t-statistic [SPM(T)] that was thresholded at an uncorrected
P 5 0.001 for visual inspection. Statistical inferences were based on
the family-wise error correction (FWE, P 4 0.05) over a region of
interest delineating the bilateral hippocampus and parahippocampal
gyrus, consistent with the a priori hypothesis suggesting a key role
for the hippocampal formation in the stress-related model of chronic
pain.

Hippocampal volumes
The cortical reconstruction and the volumetric segmentation of the
hippocampus were performed using Freesurfer v5.0, an automated
and widely documented software package for brain structural
analysis
(http://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferWiki).
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The procedure includes motion correction, the removal of the skull
using watershed/surface deformation procedure, normalization in
Talairach space and segmentation of the subcortical structures based
on the existing atlas containing probablistic information on the location
of structures, and each voxel in the normalized brain volume is assigned one of 40 labels. Technical details and method of the automated segmentation are provided in Fischl et al. (2002). The volume
of each hemispheric hippocampus was extracted for each subject. The
age and sex of each participant were included as covariates in the
between-group comparison and the within-group correlations with
the area under the curve with respect to ground.

of significant group by time interaction reveals that cortisol levels
were reliably higher in patients with chronic back pain throughout
the day (P = 0.50). Consistent with these results, the cortisol area
under the curve with respect to ground was significantly higher in
patients with chronic back pain (mean 132.71  54.40; ranging
from 42.01–255.62) than in control subjects [mean
96.48  30.85; ranging from 49.59–149.74; F(1,31) = 6.6;
P = 0.02]. Additional sex effects found on the full sample (20 patients with chronic back pain and 20 control subjects) are presented in the online Supplementary material.

Path analyses

Pain-related brain activations do not
differ between groups

Path analysis is a statistical procedure used to examine the direct and
mediating links between multiple variables to test a given theoretical
model empirically. In addition, path analysis can be used to compare
the fit between two or more models, to assess which accounts best for
the data (Lleras, 2005). In the present study, path analyses were performed with Amos statistical software package (http://www-01.ibm.
com/software/analytics/spss/products/statistics/amos/) to test two
hypothesized models. The models included (i) the cortisol diurnal area
under the curve with respect to ground; (ii) the hippocampal volumes;
(iii) the mean parameter estimates in a small sphere of 3 mm of radius
around the peak of pain responses in bilateral parahippocampal gyrus;
and (iv) the current level of clinical pain (McGill Pain Questionnaire,
present pain index) or the chronic pain duration. The goodness-of-fit
of each model was assessed using the ratio between chi-square and
degrees of freedom (2/df) (Bollen and Long, 1993), the comparative
fit index (Bentler, 1990), the root mean square error of approximation
(Steiger, 1990) and the Akaike information criterion (Akaike, 1974). A
reasonable fit of a specified model to the data is indicated when the 2/
df ratio is 55, the comparative fit index is 40.95 and the root mean
square error of approximation is 50.05 (Bollen and Long, 1993).

Results
Basal cortisol levels are higher in
patients with chronic back pain
compared with control subjects
Our study is based on the expectation that patients with chronic
back pain (n = 16) would show higher levels of basal cortisol than
matched healthy control subjects (n = 18). Fig. 1 illustrates the
mean diurnal cortisol values of each group computed from five
samples per day over seven consecutive days, starting the day
after the brain scanning session. As expected, in both groups,
cortisol peaked 30 min after awakening and diminished throughout rest of the day, getting to its lowest point at bedtime. A
repeated measures ANCOVA, controlling for BDI scores, performed on the five measures (time) over the 7 days (day) and
including sex and group as independent variables revealed significant effects of time [F(2.7, 76.9) = 34.76; P 5 0.001] and higher
levels of cortisol in patients with chronic back pain [F(1, 31) = 7.5;
P = 0.01], but did not show any effect or interaction involving the
day of sampling or the sex of subjects (P-values 5 0.19). The results further showed that the covariate, BDI scores, was not
related to time or group effects (P-values 5 0.31). The absence

BOLD responses evoked by painful and non-painful thermal stimulation administered to the lower leg of the participant were compared to assess pain-related brain activations in patients with
chronic back pain and healthy participants. As expected, the contrast between heat pain and warm stimuli revealed robust brain
activity in several regions often referred to as the ‘pain matrix’,
including the thalamus, the sensorimotor regions (SI and M1), the
parietal operculum (SII), the insular cortex and the anterior region
of the mid-cingulate cortex (Supplementary material) (Apkarian
et al., 2005). A conjunction analysis across groups revealed the
typical pattern of pain-related activation (Fig. 2C), and a direct
contrast between patients with chronic back pain and the control
subjects yielded no significant voxels at P 5 0.001 uncorrected
(not shown). This suggests similar pain-related brain activation
across groups.

Patients with chronic back pain with
smaller hippocampal volumes have
higher basal levels of cortisol
Measures of hippocampus volume were first submitted to a
repeated-measures ANOVA comparing the hemispheres and the
groups. Fig. 3A illustrates that no group effect or interaction involving the group was observed (P 5 0.33). The only significant results reflected a slightly bigger hippocampus in the right
hemisphere [F(2.7, 84.8) = 35.19; P 5 0.001; as in Pruessner
et al. (2000)]. We further tested the partial correlation between
basal cortisol levels and hippocampal volume in each group using
age, sex and BDI-II scores as covariates. Fig. 3B illustrates that,
even after controlling for depressive symptoms, cortisol area under
the curve with respect to ground still negatively correlated with
the mean hippocampal volumes in the patients with chronic back
pain (r = 0.55; P 4 0.05) but not in the control subjects
(r = 0.12; P = 0.86). When performing a Fisher r-to-z-score transformation to compare correlation coefficients across groups
(Cohen and Cohen, 1983), the results show that the negative
correlation between cortisol and hippocampal volumes was significantly greater in patients with chronic back pain than in healthy
individuals (Z = 1.95; P 4 0.05). This revealed that individuals
with smaller hippocampii are more likely to show a maladaptive
stress response as measured by the higher basal cortisol levels
when facing persistent pain.
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Figure 1 Diurnal basal glucocorticoid activity averaged over seven consecutive days. The patients with chronic back pain (CBP) had
significantly increased stress hormone activity compared with the healthy control subjects (P = 0.01).

Figure 2 (A) Mean individually adjusted temperatures used to elicit comparable levels of warm sensations and strong pain in each group.
(B) Mean pain intensity and unpleasantness ratings to the painful stimulations reported during the functional MRI session. (C) Conjunction
map of the patients with chronic back pain (CBP) and the healthy participants to the pain versus warm contrast. Functional data are shown
over the mean structural image of all participants (P 5 0.001 uncorrected). In addition to the activation shown in the mid-cingulate cortex,
supplementary motor area, insula and parietal operculum, significant responses were also found in SI/MI and the thalamus.

Basal levels of cortisol and chronic pain
intensity are associated with a stronger
pain response in the anterior hippocampal formation
We further examined the effect of basal cortisol on the phasic pain
response (pain versus warm contrast). We used a region of interest that targeted the hippocampal formation (i.e. the hippocampus

and the parahippocampal gyrus) because of its high affinity with
cortisol and because of its involvement in pain processing and
anxiety-related behaviour. Table 2 and Fig. 4A show that higher
area under the curve with respect to ground in patients with
chronic back pain correlated with stronger activation in the anterior parahippocampal gyrus (FWE-corrected P 4 0.05), even after
including the BDI-II scores as a variable of no interest. Using a less
stringent threshold (uncorrected P 5 0.005), we observed that this
effect was bilateral and interacted with the group. This finding
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Figure 3 (A) Mean hippocampal volumes of the patients with chronic back pain (CBP) and control subjects. (B) In the patients with chronic
back pain group, the residual of the mean hippocampal volume negatively correlated with the residual of the area under the curve with
respect to ground (AUCg) of the basal levels of cortisol after removing the effects of the covariates sex, age and BDI-II scores (P 4 0.05).

Table 2 Positive regression of pain versus warm over basal cortisol (area under the curve with respect to ground) within a
region of interest delineating the hippocampal formation when controlling for BDI-II scores
Brain area

MNI coordinates

x

Local peak
z-value

y

P

z

Parahippocampal
36
22
28
3.80
5.001a
gyrus
Parahippocampal
26
18
26
3.20
5.001
gyrus
The between-group interaction term of pain versus warm over basal cortisol (area under the curve with respect to ground) when
controlling for BDI-II scores
Parahippocampal
36
26
30
2.73
.003
gyrus
Parahippocampal
24
24
28
2.88
.002
gyrus
Positive regression of pain versus warm over chronic pain intensity (MPQ-PPI) within a region of interest delineating the hippocampal formation
when controlling for BDI-II scores
Hippocampus
36
10
26
3.99
5.001a
Hippocampus
34
12
20
3.55
5.001b
a Significant when correcting for family-wise error (FWE).
b Marginally significant when correcting for family-wise error (FWE).

suggests a strong positive correlation of basal levels of cortisol
with pain-related hippocampal activity in the patients with chronic
back pain but not in healthy control subjects.
To test how a maladaptive stress response could impact the pain
state of the patients, we further examined whether the phasic pain
responses in a region of interest delineating the hippocampal complex (i.e. the hippocampus and the parahippocampal gyrus) was
related to the chronic pain intensity reported by the patients on
the McGill Pain Questionnaire immediately before the scan. As
depicted in Fig. 4B and reported in Table 2, bilateral anterior
hippocampal activity correlated with patients’ scores on the
McGill Pain Questionnaire (present pain index) (FWE-corrected
P 4 0.05), and this effect remained significant after controlling

for BDI-II scores. This finding suggests that the response of the
hippocampal formation to the painful/stressful experimental procedure partly reflects the current clinical pain condition.

Basal cortisol and pain responses in the
parahippocampal gyrus mediate the
relationship between the hippocampal
volume and chronic pain intensity
Lastly, we evaluated two contrasting models (Fig. 5) proposed to
explain the interactions between basal cortisol levels, hippocampal
volumes, pain response in the hippocampal formation (i.e.
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Figure 4 (A) The BOLD signal elicited by the (pain versus warm) painful stimulation in the anterior parahippocampal gyrus positively
correlated with the area under the curve with respect to ground (AUCg) of the basal cortisol levels in chronic back pain even when
controlling for BDI-II scores. Functional data are shown using a region of interest (ROI) delineating the hippocampal formation (shown at
P 5 0.001 uncorrected) over the mean structural image of all patients with chronic back pain. The red scatter plot represents the residual
mean bilateral parahippocampal gyrus activity against the residual of the area under the curve with respect to ground of the basal cortisol
in patients with chronic back pain. Consistent with the interaction reported in Table 2, such a relation was not observed in healthy
individuals (blue scatter plot). (B) The BOLD signal elicited by the pain versus warm stimulations in the anterior hippocampus positively
correlated with the McGill Pain Questionnaire (present pain index) even when controlling for BDI-II scores. Functional data are shown
using a region of interest delineating the hippocampal formation (shown at P 5 0.001 uncorrected) over the mean structural image of all
patients with chronic back pain. The scatter plot represents the residual of the mean bilateral anterior hippocampus activity against the
McGill Pain Questionnaire (present pain index) of all patients with chronic back pain.

parahippocampal gyrus and hippocampus) and chronic pain intensity. Model 1 was derived from the observation of a neurotoxic
effect of cortisol (Sapolsky, 1985; Sapolsky et al., 1985, 1990) and
proposes that chronic pain (its intensity or its duration) is the instigator of a maladaptive stress response leading to increased cortisol secretion that impacts on the hippocampus. Alternatively,
Model 2 involves the notion of a priori vulnerability (Lyons
et al., 2001; Gilbertson et al., 2002; Lupien, et al., 2007) and
conceptualizes the smaller hippocampal volume as a predisposition
to develop a maladaptive stress response when facing persistent
pain, which may in turn alter the functional response of the parahippocampal gyrus to phasic pain.
The results suggest that Model 1 did not provide an optimal fit
of the data and should not be accepted when including the
chronic pain intensity [2(3) = 12.25, P 5 0.01, 2/df = 4.08, comparative fit index = 0.25, root mean square error of approximation = 0.45, Akaike information criterion = 26.25] or the chronic
pain duration [2(3) = 6.65, P = 0.08, 2/df = 2.22, comparative
fit index = 0.38, root mean square error of approximation = 0.29,
Akaike information criterion = 20.65] as the instigator of the stress
response. In contrast, Model 2 clearly provided a better and

acceptable fit of the data [2(3) = 1.71, P = 0.63; 2/df = 0.57,
comparative fit index = 1.0, root mean square error of approximation = 0.00, Akaike information criterion = 15.72] and was selected
for further examination. Standardized regression weights obtained
for all hypothesized paths of Model 2 are shown in Fig. 5B. To
evaluate the mediation hypothesis, bootstrap analysis simulating
2000 samples were further performed to test whether or not
the basal levels of cortisol and/or the pain response in the parahippocampal gyrus significantly mediated the relationship between
hippocampal volume and chronic pain intensity. Fig. 5B shows that
the relationship between the hippocampal volume and the pain
response in the parahippocampal gyrus tended to be mediated by
the basal cortisol levels [b = 0.30, P = 0.057; 95% confidence
interval (CI): 0.55, 0.03], and that the relationship between
the basal cortisol levels and the chronic pain intensity was
mediated by pain response in the parahippocampal gyrus
(b = 0.34, P = 0.02; 95% CI: 0.09, 0.60). The results further
demonstrated that the indirect effect of basal cortisol levels and
pain response in the parahippocampal gyrus mediated the relationship between the hippocampal volumes and the chronic pain intensity (b = 0.16, P = 0.04; 95% CI:
0.42,
0.02). Finally,
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Figure 5 Two contrasting models proposed to explain the interactions between basal cortisol levels, hippocampal volumes, pain response
in the hippocampal formation (i.e. parahippocampal gyrus and hippocampus) and chronic pain intensity were evaluated. (A) The first
theoretical model conceptualizes the chronic pain intensity or pain duration as the instigator of the maladaptive stress response that impact
the hippocampal formation and the parahippocampal gyrus (PHG) response to acute pain. (B) The second theoretical model conceptualizes the small hippocampal volumes as a risk factor for developing higher levels of stress hormones when exposed to recurrent or
persistent pain, which in turn leads to enhanced parahippocampal gyrus responses and contributes to stronger ongoing/fluctuating levels
of clinical pain. The results suggest that Model 1 should not be accepted while Model 2 significantly fitted the data. The direct (full lines)
and indirect effects (dotted lines) are presented with maximum likelihood estimates (standardized estimates). *P 5 0.05 and amarginally
significant, P 5 0.07. All error terms are significant at P 5 0.001.

path analysis results remained similar when controlling for BDI-II
scores, suggesting that the observed relationships between the
variables are not owing to depressive symptoms (the model
including BDI-II scores is presented in the Supplementary
material).

Discussion
The present study shows that patients with chronic back pain have
higher basal cortisol levels than healthy individuals. Higher diurnal
levels of cortisol were associated with smaller hippocampii and
stronger phasic pain responses in the bilateral anterior parahippocampal gyrus. The phasic pain response of the anterior hippocampus was also stronger in patients reporting more intense clinical
pain. Path analysis supported the vulnerability model in which a
smaller hippocampal volume predicts higher levels of basal cortisol,
which in turn amplifies pain-related parahippocampal gyrus activity and contributes to the chronic pain state. This suggests that
chronic pain is associated with maladaptive stress responses possibly involving enhanced stress reactivity to acute pain and individual predisposition reflected in hippocampal structural
differences. Interestingly, the healthy control subjects had comparable hippocampal volumes and did not show any correlation with

the basal levels of cortisol, suggesting that it is the interaction
between the persistence of pain and smaller hippocampii that predicted the maladaptive stress response.
Borsook et al. (2012) have recently proposed a theoretical
model describing how the maladaptive stress response could contribute to developing and maintaining chronic pain. The authors
argue that patients with migraine are facing repeated unpredictable stress that triggers a cascade of central and peripheral
changes contributing to the allostatic load of the organism
(Borsook et al., 2012). According to this view, the pain episodes
involve repetitive attacks to the organism resulting in a dysregulation of the normal adaptive response. Building on this model, our
study demonstrates that patients with chronic back pain had elevated basal cortisol levels thought to reflect a maladaptive stress
response induced by recurrent pain. Although this finding was
expected, the literature on chronic pain and basal stress hormones
has yielded conflicting results because different chronic pain conditions have been associated with hypocortisolism, hypercortisolism, or both (Crofford et al., 1994; Catley et al., 2000; Heim
et al., 2000; Peres et al., 2001; Crofford, 2002; Bohmelt et al.,
2005; Chang et al., 2009; McEwen and Kalia, 2010). However,
such apparent discrepancy may be due to uncontrolled differential
stress-related activity at the time of sampling and/or possible
comorbid conditions such as depression (Wingenfeld et al.,
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2010). In the present study, both groups showed week-long stable
levels of cortisol, and depressive moods were generally below the
clinical threshold and statistically controlled by covariance. Thus,
we are confident that the observed difference in cortisol does reflect an abnormally high stress-related activity in chronic back
pain.
One of the main findings of the current study is that the level of
basal cortisol and the clinical pain intensity of patients with chronic
back pain are associated with increased pain-related responses in
the anterior hippocampal formation. The hippocampal formation is
a complex structure where various functions are distributed in different locations. It has been proposed that the dorsal regions (posterior in primates) are involved in learning and memory while the
ventral regions (anterior in primates) are involved in
anxiety-related behaviour (including aversive associative learning)
and the regulation of the neuroendocrine stress response (Moser
and Moser, 1998; Kjelstrup et al., 2002; Bannerman et al., 2004;
Fanselow and Dong, 2010). Previous studies have revealed that
lesions to the ventral hippocampus or to the ventral parahippocampal gyrus reduce fear avoidance and neuroendocrine stress
responses (Kjelstrup et al., 2002), suppress the behavioural stress
response (Schulz-Klaus, 2009), block aversive learning (Schulz
et al., 2004) and the expression of unconditioned fear
(Schulz-Klaus et al., 2005). It has been shown that the glucose
metabolic rate in the amygdala and the anterior hippocampus are
both predictive of anxious temperament in non-human primates,
but only the metabolic activity in the hippocampus seemed heritable (Oler et al., 2010). Interestingly, the anxiety model proposed
by Gray and McNaughton (2003) lends further support to the
critical role of the septohippocampal system in anxiety. The
model states that the septohippocampal system acts as a comparator contrasting the upcoming sensory information to the predicted
perceptual world. In the case of a mismatch, the organism shifts
from an ‘automatic’ to a ‘controlled mode’ to evaluate the potential threat associated with this prediction error. Together, these
studies indicate that the anterior hippocampal formation is
involved with the neuroendocrine stress response and plays a critical role in anxiety-like behaviours that could become more prominent in patients with chronic pain.
Additionally, the involvement of the hippocampal formation in
the processing of pain has been well documented. Human pain
imaging studies have revealed that a mismatch between actual
and expected thermal sensations increases brain activity in the
hippocampus and the parahippocampal gyrus (Ploghaus et al.,
2000) and that exacerbation of thermal pain by anxiety reflects
increased brain activity in the anterior parahippocampal gyrus
(Ploghaus et al., 2001). A more recent study demonstrated that
the hippocampal formation and the periaqueductal grey are
related to the anticipation of pain (Fairhurst et al., 2007). This is
interesting because nocebo hyperalgesic effects and the blocking
of opioid analgesia by negative expectancy have both been related
to activity in the hippocampal formation (Kong et al., 2008; Bingel
et al., 2011). These effects are consistent with an involvement of
the hippocampus and related structures in the anticipation of pain
and the regulation of associated responses.
Our results further indicate that the anterior hippocampus activity explained a significant part of the individual variability in the
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chronic pain intensity reported before the scan. Several studies
have shown that chronic pain is associated with modifications in
the functional response of the hippocampal formation to experimental pain. For instance, patients suffering from somatoform
pain disorders show increased brain responses to thermal pain in
the parahippocampal gyrus (Gundel et al., 2008), and experimental pain-related responses in the hippocampus of these patients
has been linked with daily physical complaints (Gondo et al.,
2012). Patients with migraine have also been shown to display
stronger thermal pain responses in the anterior median temporal
lobe (Moulton et al., 2011). Interestingly, patients with high compared with low frequency of migraine attacks also showed smaller
hippocampal volumes (but not different from control subjects),
stronger brain activity and reduced functional connectivity in response to thermal pain in the hippocampus (Maleki et al., 2012).
These findings are consistent with our results suggesting that interindividual differences in hippocampal volumes and/or functional
responses may be related to the patients’ clinical profiles. Finally,
previous studies have also shown that chronic back pain changes
the ventral striatum response to the offset of phasic painful stimulations (Baliki et al., 2010) and that the functional connectivity
between the limbic system and the medial prefrontal cortex
during spontaneous pain fluctuations predicts the transition from
sub-acute to chronic pain (Baliki et al., 2012). These findings support the theory that sub-acute pain states modify the emotional
and motivational responses to pain within limbic structures, which
may in turn contribute to chronicity (Apkarian et al., 2009).
It has also been proposed that the unpredictable recurrence of
pain episodes (Borsook et al., 2012) and/or the spontaneous fluctuations in chronic pain states (Apkarian et al., 2009, 2011) generate anxiety, fear and disability that modulate activity within
limbic structures involved in learning and memory. Animal
models and functional MRI studies in humans have established
that contextual conditioning and extinction involves the hippocampus (Phillips and LeDoux, 1992) and that the consolidation
of memory encoded in an emotional context recruits the amygdala
and the locus ceruleus, which modulates hippocampal and parahippocampal activity (Cahill et al., 1996; McGaugh et al., 1996;
Hamann et al., 1999; Dolcos et al., 2004; Phelps, 2004;
Sterpenich et al., 2006). Stress hormones have been shown to
promote memory consolidation (Beckner et al., 2006; Schwabe
et al., 2008), and the modulation of this process by stress seems
to be especially pronounced for emotional and arousing material
(Cahill et al., 1994; Kuhlmann and Wolf, 2006; Payne et al.,
2007). For instance, unpleasant emotions induced by affective
pictures have been shown to increase the parahippocampal
gyrus responses to painful shocks (Roy, et al., 2009), and
enhanced memory for emotional events has been associated
with elevated cortisol induced by a painful cold pressor test
(Cahill et al., 2003). Importantly, repeated stress and encoding
of emotional memories can lead to chronic anxiety (Roozendaal
et al., 2009) and facilitate fear conditioning (Conrad et al., 1999).
Our finding that higher levels of basal cortisol in patients with
chronic back pain were associated with increased pain-related
parahippocampal gyrus activity is thus compatible with the proposition that chronic pain changes hippocampal activity, fostering
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the formation of rich contextual memory traces of painful events
(Mutso et al., 2012).
One question arising is how pain instigates and maintains a
maladaptive stress response in patients with chronic back pain.
Prolonged activation of the stress system has important effects
on the body and the brain (McEwen, 1998a). The hippocampus
is highly sensitive to the effects of prolonged exposure to stress
hormones (Sapolsky, 1985; Sapolsky et al., 1985, 1990). For instance, several studies have shown that stress and glucocorticoids
inhibit cell neurogenesis in the hippocampus (for a review see
Mirescu and Gould, 2006). Using transgenetic animal models, it
has been shown that hippocampal neurogenesis is necessary for
the expression of the behavioural, endocrine and neuroregulatory
aspects of stress responses (Snyder et al., 2011) and that impairments in hippocampal neurogenesis increase anxious behaviours
(Ageta et al., 2008; Bergami et al., 2008; Revest et al., 2009)
and learned helplessness behaviours (Ho and Wang, 2010).
Hence, the impact of the stress is such that the hippocampal formation would no longer regulate the hypothalamic–pituitary–adrenal response (Jankord and Herman, 2008); thereby inducing a
vicious cycle resulting in allostatic load. A recent study using the
spared nerved injury model of neuropathic pain in mice revealed
reduced neurogenesis and altered short-term synaptic plasticity in
the hippocampal complex (Mutso et al., 2012). As expected, these
abnormalities gave rise to anxiety-like behaviours and impaired the
extinction of contextual fear conditioning. These findings are consistent with our results showing that abnormal stress responses in
patients with chronic back pain is associated with altered brain
processing of acute painful stimuli within the anterior region of
the hippocampal formation.
Path analyses were finally used to evaluate and compare the
empirical validity of two contrasting models of stress in chronic
pain. Our data were in accordance with a model positing that
smaller volume of the hippocampus may constitute a factor of
vulnerability for developing a maladaptive stress response (Lyons
et al., 2001; Gilbertson et al., 2002; Lupien, et al., 2007) when
facing a sustained or recurrent physical stressor. Our results, however, did not support the model presuming that chronic pain intensity generates the maladaptive stress response modifying the
structures and the functions of the hippocampal formation. This
suggests that individuals with smaller hippocampal volumes may
have increased risk of developing persistent pain. A recent study
reported that bilateral hippocampal volumes are reduced in patients with chronic back pain and complex regional pain syndrome,
but not in patients with osteoarthritis, compared with healthy individuals (Mutso et al., 2012). Although our results did not show a
significant group difference in hippocampal volumes, it does not
disprove this model because in all of these cross-sectional studies,
some pain-free control subjects with small hippocampal volumes
may be considered at risk of developing a maladaptive stress response if confronted with sustained or recurrent pain.
In the current study, the medication effects could have modulated the levels of cortisol, the hippocampal volumes, and functional responses in the hippocampal formation. However, ruling
out a non-specific impact of medication by covariance did not
change the results of the cortisol analyses, and a recent longitudinal study elegantly demonstrated that medication in chronic
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back pain was not associated with structural or functional changes
in the evolution of the disease over 1 year following a subacute
pain state (Baliki et al., 2012). Nevertheless, we cannot entirely
rule out the possibility that some drugs may affect the adaptation
response of the hypothalamic–pituitary–adrenal axis and alter the
pain- and stress-related changes in the structure and function of
the brain.
In conclusion, results from the present study are consistent with
a model in which reduced hippocampal volumes may be a predisposition to the maladaptive stress response and a general state of
allostatic load when facing prolonged pain. In turn, this state may
further contribute to chronic pain intensity through a more general
enhancement of parahippocampal responses to stressors, as illustrated here by the stronger responses to phasic experimental
pain. This provides a strong support to the recently proposed
stress model of chronic pain, which highlights the importance of
the maladaptive stress responses in the transition from acute to
chronic pain (Borsook et al., 2012). Increased recognition of the
important role of dysregulated stress responses in the transition
towards, and the maintenance of, chronic pain might have important implications for its prevention and management. Indeed, interventions aiming at stopping or reversing chronic pain-related
allostatic load could prove to be as important as treating the
source of nociception itself (Luine et al., 1994; RodriguezRaecke et al., 2009; Seminowicz et al., 2011). Cultivating
mental states aimed at down-regulating the impact of stress
(Davidson and McEwen, 2012) and further implementing clinical
interventions promoting anxiety and stress reduction may be essential to prevent and relieve chronic pain.
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Québec—Santé (FRQS; to P.R. and M.J.S.) and from the Canadian
Institute for Health Research (CIHR; P.R.). During this project,
E.V.P. received doctoral scholarships from the CIHR and FRQS.

Supplementary material
Supplementary material is available at Brain online.

References
Ageta H, Murayama A, Migishima R, Kida S, Tsuchida K, Yokoyama M,
et al. Activin in the brain modulates anxiety-related behavior and adult
neurogenesis. PLoS One 2008; 3: e1869.
Akaike H. A new look at the statistical model identification. IEEE Trans
Autom Contr 1974; 19: 716–23.
Apkarian AV, Baliki MN, Geha PY. Towards a theory of chronic pain.
Prog Neurobiol 2009; 87: 81–97.

826

| Brain 2013: 136; 815–827

Apkarian AV, Bushnell MC, Treede RD, Zubieta JK. Human brain mechanisms of pain perception and regulation in health and disease. Eur J
Pain 2005; 9: 463–84.
Apkarian AV, Hashmi JA, Baliki MN. Pain and the brain: specificity and
plasticity of the brain in clinical chronic pain. Pain 2011; 152 (3 suppl):
S49–64.
Baliki MN, Geha PY, Fields HL, Apkarian AV. Predicting value of pain
and analgesia: nucleus accumbens response to noxious stimuli changes
in the presence of chronic pain. Neuron 2010; 66: 149–60.
Baliki MN, Petre B, Torbey S, Herrmann KM, Huang L, Schnitzer TJ, et al.
Corticostriatal functional connectivity predicts transition to chronic
back pain. Nat Neurosci 2012; 15: 1117–19.
Baliki MN, Schnitzer TJ, Bauer WR, Apkarian AV. Brain morphological
signatures for chronic pain. PLoS One 2011; 6: e26010.
Bannerman DM, Rawlins JN, McHugh SB, Deacon RM, Yee BK, Bast T,
et al. Regional dissociations within the hippocampus–memory and anxiety. Neurosci Biobehav Rev 2004; 28: 273–83.
Beck AT, Steer RA, Brown GK. Manual for the Beck Depression
Inventory-II. San Antonio, TX: Psychological Corporation; 1996.
Beckner VE, Tucker DM, Delville Y, Mohr DC. Stress facilitates consolidation of verbal memory for a film but does not affect retrieval. Behav
Neurosci 2006; 120: 518–27.
Bentler PM. Comparative fit indexes in structural models. Psychol Bull
1990; 107: 238–46.
Bergami M, Rimondini R, Santi S, Blum R, Gotz M, Canossa M. Deletion
of TrkB in adult progenitors alters newborn neuron integration into
hippocampal circuits and increases anxiety-like behavior. Proc Natl
Acad Sci USA 2008; 105: 15570–5.
Bingel U, Wanigasekera V, Wiech K, Ni Mhuircheartaigh R, Lee MC,
Ploner M, et al. The effect of treatment expectation on drug efficacy:
imaging the analgesic benefit of the opioid remifentanil. Sci Transl
Med 2011; 3: 70ra14.
Bohmelt AH, Nater UM, Franke S, Hellhammer DH, Ehlert U. Basal and
stimulated hypothalamic-pituitary-adrenal axis activity in patients with
functional gastrointestinal disorders and healthy controls. Psychosom
Med 2005; 67: 288–94.
Bollen KA, Long JS. Testing structural equation models. Thousand Oaks,
CA: Sage Publications, Inc; 1993.
Borsook D, Maleki N, Becerra L, McEwen B. Understanding migraine
through the lens of maladaptive stress responses: a model disease of
allostatic load. Neuron 2012; 73: 219–34.
Cahill L, Gorski L, Le K. Enhanced human memory consolidation with
post-learning stress: interaction with the degree of arousal at encoding. Learn Mem 2003; 10: 270–4.
Cahill L, Haier RJ, Fallon J, Alkire MT, Tang C, Keator D, et al. Amygdala
activity at encoding correlated with long-term, free recall of emotional
information. Proc Natl Acad Sci USA 1996; 93: 8016–21.
Cahill L, Prins B, Weber M, McGaugh JL. Beta-adrenergic activation and
memory for emotional events. Nature 1994; 371: 702–4.
Catley D, Kaell AT, Kirschbaum C, Stone AA. A naturalistic evaluation of
cortisol secretion in persons with fibromyalgia and rheumatoid arthritis.
Arthritis Care Res 2000; 13: 51–61.
Chang L, Sundaresh S, Elliott J, Anton PA, Baldi P, Licudine A, et al.
Dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis in
irritable bowel syndrome. Neurogastroenterol Motil 2009; 21:
149–159.
Cohen J, Cohen P. Applied multiple regression/correlation analysis for
the behavioral sciences. Hillsdale, NJ: L. Erlbaum Associates; 1983.
Conrad CD, LeDoux JE, Magarinos AM, McEwen BS. Repeated restraint
stress facilitates fear conditioning independently of causing hippocampal CA3 dendritic atrophy. Behav Neurosci 1999; 113: 902–13.
Crofford LJ. The hypothalamic-pituitary-adrenal axis in the pathogenesis
of rheumatic diseases. Endocrinol Metab Clin North Am 2002; 31:
1–13.
Crofford LJ, Pillemer SR, Kalogeras KT, Cash JM, Michelson D, Kling MA,
et al. Hypothalamic-pituitary-adrenal axis perturbations in patients
with fibromyalgia. Arthritis Rheum 1994; 37: 1583–92.

E. Vachon-Presseau et al.
Davidson RJ, McEwen BS. Social influences on neuroplasticity: stress
and interventions to promote well-being. Nat Neurosci 2012; 15:
689–95.
de Kloet ER, Joels M, Holsboer F. Stress and the brain: from adaptation
to disease. Nat Rev Neurosci 2005; 6: 463–75.
Dolcos F, LaBar KS, Cabeza R. Interaction between the amygdala and
the medial temporal lobe memory system predicts better memory for
emotional events. Neuron 2004; 42: 855–63.
Fairhurst M, Wiech K, Dunckley P, Tracey I. Anticipatory brainstem activity predicts neural processing of pain in humans. Pain 2007; 128:
101–10.
Fanselow MS, Dong HW. Are the dorsal and ventral hippocampus functionally distinct structures? Neuron 2010; 65: 7–19.
Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al.
Whole brain segmentation: automated labeling of neuroanatomical
structures in the human brain. Neuron 2002; 33: 341–55.
Gatchel RJ, Peng YB, Peters ML, Fuchs PN, Turk DC. The biopsychosocial
approach to chronic pain: scientific advances and future directions.
Psychol Bull 2007; 133: 581–624.
Gilbertson MW, Shenton ME, Ciszewski A, Kasai K, Lasko NB, Orr SP,
et al. Smaller hippocampal volume predicts pathologic vulnerability to
psychological trauma. Nat Neurosci 2002; 5: 1242–7.
Gondo M, Moriguchi Y, Kodama N, Sato N, Sudo N, Kubo C, et al. Daily
physical complaints and hippocampal function: An fMRI study of pain
modulation by anxiety. Neuroimage 2012; 63: 1011–19.
Gray JA, McNaughton N. The Neuropsychology of Anxiety. New York,
NY: Oxford University Press; 2003.
Gundel H, Valet M, Sorg C, Huber D, Zimmer C, Sprenger T, et al.
Altered cerebral response to noxious heat stimulation in patients
with somatoform pain disorder. Pain 2008; 137: 413–21.
Hamann SB, Ely TD, Grafton ST, Kilts CD. Amygdala activity related to
enhanced memory for pleasant and aversive stimuli. Nat Neurosci
1999; 2: 289–293.
Heim C, Ehlert U, Hellhammer DH. The potential role of hypocortisolism
in the pathophysiology of stress-related bodily disorders.
Psychoneuroendocrinology 2000; 25: 1–35.
Ho YC, Wang S. Adult neurogenesis is reduced in the dorsal hippocampus of rats displaying learned helplessness behavior. Neuroscience
2010; 171: 153–61.
Jankord R, Herman JP. Limbic regulation of hypothalamo-pituitaryadrenocortical function during acute and chronic stress. Ann N Y
Acad Sci 2008; 1148: 64–73.
Karatsoreos IN, McEwen BS. Psychobiological allostasis: resistance, resilience and vulnerability. Trends Cogn Sci 2011; 15: 576–84.
Kjelstrup KG, Tuvnes FA, Steffenach HA, Murison R, Moser EI,
Moser MB. Reduced fear expression after lesions of the ventral hippocampus. Proc Natl Acad Sci USA 2002; 99: 10825–30.
Kong J, Gollub RL, Polich G, Kirsch I, Laviolette P, Vangel M, et al.
A functional magnetic resonance imaging study on the neural
mechanisms of hyperalgesic nocebo effect. J Neurosci 2008; 28:
13354–62.
Kuchinad A, Schweinhardt P, Seminowicz DA, Wood PB, Chizh BA,
Bushnell MC. Accelerated brain gray matter loss in fibromyalgia
patients: premature aging of the brain? J Neurosci 2007; 27: 4004–7.
Kuhlmann S, Wolf OT. Arousal and cortisol interact in modulating
memory consolidation in healthy young men. Behav Neurosci 2006;
120: 217–23.
Lleras C. Path Analysis. In: Kempf-Leonard K, editor. Encyclopedia of
social measurement. Vol. Vol 3. New York, NY: AcademicPress;
2005. p. 25–30.
Luine V, Villegas M, Martinez C, McEwen BS. Repeated stress causes
reversible impairments of spatial memory performance. Brain Res
1994; 639: 167–70.
Lupien SJ, Evans A, Lord C, Miles J, Pruessner M, Pike B, et al.
Hippocampal volume is as variable in young as in older adults: implications for the notion of hippocampal atrophy in humans. Neuroimage
2007; 34: 479–85.

Stress contributes to chronic pain
Lyons DM, Yang C, Sawyer-Glover AM, Moseley ME, Schatzberg AF.
Early life stress and inherited variation in monkey hippocampal volumes. Arch Gen Psychiatry 2001; 58: 1145–51.
Maleki N, Becerra L, Brawn J, McEwen B, Burstein R, Borsook D.
Common hippocampal structural and functional changes in migraine.
Brain Struct Funct 2012; doi:10.1007/s00429-012-0437-y. [Epub
ahead of print].
McEwen BS. Protective and damaging effects of stress mediators. N Engl
J Med 1998a; 338: 171–9.
McEwen BS. Stress, adaptation, and disease. Allostasis and allostatic load.
Ann N Y Acad Sci 1998b; 840: 33–44.
McEwen BS, Kalia M. The role of corticosteroids and stress in chronic
pain conditions. Metabolism 2010; 59 (Suppl 1): S9–15.
McEwen BS, Stellar E. Stress and the individual. Mechanisms leading to
disease. Arch Intern Med 1993; 153: 2093–101.
McGaugh JL, Cahill L, Roozendaal B. Involvement of the amygdala in
memory storage: interaction with other brain systems. Proc Natl Acad
Sci USA 1996; 93: 13508–14.
Melzack R. The McGill Pain Questionnaire: major properties and scoring
methods. Pain 1975; 1: 277–99.
Mirescu C, Gould E. Stress and adult neurogenesis. Hippocampus 2006;
16: 233–8.
Moser MB, Moser EI. Functional differentiation in the hippocampus.
Hippocampus 1998; 8: 608–19.
Moulton EA, Becerra L, Maleki N, Pendse G, Tully S, Hargreaves R, et al.
Painful heat reveals hyperexcitability of the temporal pole in interictal
and ictal migraine States. Cereb Cortex 2011; 21: 435–48.
Mutso AA, Radzicki D, Baliki MN, Huang L, Banisadr G, Centeno MV,
et al. Abnormalities in hippocampal functioning with persistent pain.
J Neurosci 2012; 32: 5747–56.
Oler JA, Fox AS, Shelton SE, Rogers J, Dyer TD, Davidson RJ, et al.
Amygdalar and hippocampal substrates of anxious temperament
differ in their heritability. Nature 2010; 466: 864–8.
Payne JD, Jackson ED, Hoscheidt S, Ryan L, Jacobs WJ, Nadel L. Stress
administered prior to encoding impairs neutral but enhances emotional
long-term episodic memories. Learn Mem 2007; 14: 861–8.
Peres MF, Sanchez del Rio M, Seabra ML, Tufik S, Abucham J, CipollaNeto J, et al. Hypothalamic involvement in chronic migraine. J Neurol
Neurosurg Psychiatry 2001; 71: 747–51.
Phelps EA. Human emotion and memory: interactions of the amygdala
and hippocampal complex. Curr Opin Neurobiol 2004; 14: 198–202.
Phillips RG, LeDoux JE. Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning. Behav Neurosci
1992; 106: 274–85.
Ploghaus A, Narain C, Beckmann CF, Clare S, Bantick S, Wise R, et al.
Exacerbation of pain by anxiety is associated with activity in a hippocampal network. J Neurosci 2001; 21: 9896–903.
Ploghaus A, Tracey I, Clare S, Gati JS, Rawlins JN, Matthews PM.
Learning about pain: the neural substrate of the prediction error for
aversive events. Proc Natl Acad Sci USA 2000; 97: 9281–6.
Pruessner JC, Kirschbaum C, Meinlschmid G, Hellhammer DH. Two formulas for computation of the area under the curve represent measures
of total hormone concentration versus time-dependent change.
Psychoneuroendocrinology 2003; 28: 916–31.
Pruessner JC, Li LM, Serles W, Pruessner M, Collins DL, Kabani N, et al.
Volumetry of hippocampus and amygdala with high-resolution MRI
and three-dimensional analysis software: minimizing the discrepancies
between laboratories. Cereb Cortex 2000; 10: 433–42.

Brain 2013: 136; 815–827

| 827

Revest JM, Dupret D, Koehl M, Funk-Reiter C, Grosjean N, Piazza PV,
et al. Adult hippocampal neurogenesis is involved in anxiety-related
behaviors. Mol Psychiatry 2009; 14: 959–67.
Rodriguez-Raecke R, Niemeier A, Ihle K, Ruether W, May A. Brain gray
matter decrease in chronic pain is the consequence and not the cause
of pain. J Neurosci 2009; 29: 13746–50.
Roozendaal B, McEwen BS, Chattarji S. Stress, memory and the amygdala. Nat Rev Neurosci 2009; 10: 423–33.
Roy M, Piche M, Chen JI, Peretz I, Rainville P. Cerebral and spinal
modulation of pain by emotions. Proc Natl Acad Sci USA 2009; 106:
20900–5.
Sapolsky RM. A mechanism for glucocorticoid toxicity in the hippocampus: increased neuronal vulnerability to metabolic insults. J Neurosci
1985; 5: 1228–32.
Sapolsky RM, Krey LC, McEwen BS. Prolonged glucocorticoid exposure
reduces hippocampal neuron number: implications for aging.
J Neurosci 1985; 5: 1222–7.
Sapolsky RM, Uno H, Rebert CS, Finch CE. Hippocampal damage associated with prolonged glucocorticoid exposure in primates. J Neurosci
1990; 10: 2897–902.
Schulz B, Fendt M, Richardson R, Schnitzler HU. Temporary inactivation
of the perirhinal cortex by muscimol injections block acquisition and
expression of fear-potentiated startle. Eur J Neurosci 2004; 19:
713–20.
Schulz-Klaus B. Neurotoxic lesion of the rostral perirhinal cortex blocks
stress-induced exploratory behavioral changes in male rats. Stress
2009; 12: 186–92.
Schulz-Klaus B, Fendt M, Schnitzler HU. Temporary inactivation of the
rostral perirhinal cortex induces an anxiolytic-like effect on the elevated plus-maze and on the yohimbine-enhanced startle response.
Behav Brain Res 2005; 163: 168–73.
Schwabe L, Bohringer A, Chatterjee M, Schachinger H. Effects of
pre-learning stress on memory for neutral, positive and negative
words: different roles of cortisol and autonomic arousal. Neurobiol
Learn Mem 2008; 90: 44–53.
Schweinhardt P, Bushnell MC. Pain imaging in health and disease–how
far have we come? J Clin Invest 2010; 120: 3788–97.
Seminowicz DA, Wideman TH, Naso L, Hatami-Khoroushahi Z,
Fallatah S, Ware MA, et al. Effective treatment of chronic low back
pain in humans reverses abnormal brain anatomy and function.
J Neurosci 2011; 31: 7540–50.
Snyder JS, Soumier A, Brewer M, Pickel J, Cameron HA. Adult hippocampal neurogenesis buffers stress responses and depressive behaviour. Nature 2011; 476: 458–61.
Steiger JH. Structural model evaluation and modification: an
interval estimation approach. Multivariate Behav Res 1990; 15:
173–80.
Sterpenich V, D’Argembeau A, Desseilles M, Balteau E, Albouy G,
Vandewalle G, et al. The locus ceruleus is involved in the successful
retrieval of emotional memories in humans. J Neurosci 2006; 26:
7416–23.
Turk DC. A diathesis-stress model of chronic pain and disability following
traumatic injury. Pain Res Manag 2002; 7: 9–19.
Wingenfeld K, Nutzinger D, Kauth J, Hellhammer DH, Lautenbacher S.
Salivary cortisol release and hypothalamic pituitary adrenal axis feedback sensitivity in fibromyalgia is associated with depression but not
with pain. J Pain 2010; 11: 1195–202.

