7540 « The Journal of Neuroscience, May 18,2011 - 31(20):7540 7550

Behavioral/Systems/Cognitive

Effective Treatment of Chronic Low Back Pain in Humans
Reverses Abnormal Brain Anatomy and Function
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Chronic pain is associated with reduced brain gray matter and impaired cognitive ability. In this longitudinal study, we assessed whether
neuroanatomical and functional abnormalities were reversible and dependent on treatment outcomes. We acquired MRI scans from
chronic low back pain (CLBP) patients before (n = 18) and 6 months after (spine surgery or facet joint injections; n = 14) treatment. In
addition, we scanned 16 healthy controls, 10 of which returned 6 months after the first visit. We performed cortical thickness analysis on
structural MRI scans, and subjects performed a cognitive task during the functional MRI. We compared patients and controls, as well as
patients before versus after treatment. After treatment, patients had increased cortical thickness in the left dorsolateral prefrontal cortex
(DLPEC), which was thinner before treatment compared with controls. Increased DLPFC thickness correlated with the reduction of both
pain and physical disability. Additionally, increased thickness in primary motor cortex was associated specifically with reduced physical
disability, and right anterior insula was associated specifically with reduced pain. Left DLPFC activity during an attention-demanding
cognitive task was abnormal before treatment, but normalized following treatment. These data indicate that functional and structural
brain abnormalities—specifically in the left DLPFC—are reversible, suggesting that treating chronic pain can restore normal brain

function in humans.

Introduction

Chronic low back pain (CLBP) is the most prevalent form of
chronic pain, and it is the most common reason for disability in
the working-age population (Rapoport et al., 2004). CLBP has
been associated with abnormal brain anatomy and function.
When compared with pain-free controls, individuals with CLBP
have been shown to have reductions in cortical gray matter in the
bilateral dorsolateral prefrontal cortex (DLPFC), thalamus,
brainstem, primary somatosensory cortex (S1), and posterior pa-
rietal cortex (Apkarian et al., 2004b; Schmidt-Wilcke et al., 2006;
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Buckalew et al., 2008). In addition to CLBP, cortical abnormali-
ties occur in a wide variety of other chronic pain conditions, such
as chronic headache, arthritis, and fibromyalgia (for review, see
May, 2008). Several studies have also indicated abnormal cortical
function in people with CLBP (Giesecke et al., 2004; Baliki et al.,
2008; Lloyd et al., 2008; Kobayashi et al., 2009; Tagliazucchi et al.,
2010). Evidence from pain neuroimaging and transcranial mag-
netic stimulation studies has linked the DLPFC to pain modula-
tion (Lorenz et al., 2003; Brighina et al., 2004; Fierro et al., 2010),
placebo analgesia (Wager et al.,, 2004; Krummenacher et al,,
2010), perceived control of pain (Pariente et al., 2005; Wiech et
al., 2006), and pain catastrophizing (Seminowicz and Davis,
2006).

There is evidence that some people with chronic pain also
have cognitive impairment (Kewman et al., 1991; Eccleston,
1995; Lorenz et al., 1997; Park et al., 2001; Dick et al., 2002, 2003;
Apkarian et al., 2004a; Harman and Ruyak, 2005; Veldhuijzen et
al., 2006; Lee et al., 2010). Findings from a recent study in healthy
individuals suggested that this cognitive impairment could be a
result of the demands that pain puts on cognitive brain networks:
cognitive load-related activity was enhanced by pain, and even
pain alone activated this cognitive network (Seminowicz and Da-
vis, 2007b). In that study, acute noxious stimuli were adminis-
tered while healthy subjects performed a task. Here, instead of
noxious stimuli, we presumed that the ongoing nature of chronic
pain would alter brain activity during cognitive performance.
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Table 1. Sample characteristics
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Baseline 6 weeks 6 months
Sex Age (baseline)  Pain duration (years) n SFMPQ  0DI POMS n SFMPQ  0DI POMS n  SFMPQ  ODI POMS

Controls 8 males, 8 females

Mean 40 16 0.56 0.50 2.2 4 1.00 0.00 1.50 10 1.00 120  1.10

SD 13.16 0.96 1.55 448 1.4 0.00 129 2.00 193 247

Range 22-61 0-3 0-6 0-16 0-3 0-3 0-6 0-6 0-8
Patients 8 males, 10 females

Mean 46 5 18 158 36 7.50 6 127 39.7 5.83 14 9.3 26.4 2.06

SD 10.64 4.75 9.27 14.88 5.23 7.99 2474 454 7.7 18.67  3.00

Range 2864 1-20 5-43 16-68 0-19 0-25 0-62 2-12 0-21 6-64 0-10

6 weeks/6 months refers to time after baseline visit. n, Sample size at given time point. SFMPQ, Total score on the Short-Form McGill Pain Questionnaire; ODI, Oswestry Disability Index, percentage disability; POMS, Depression—Dejection

subscale from Profile of Mood States.

Thus, we hypothesized that chronic pain would be associated
with relatively greater recruitment of the cognitive brain network
activated during an attention-demanding task.

We performed a longitudinal anatomical and functional MRI
study with CLBP patients and healthy controls to (1) identify
structural and functional differences between controls and pa-
tients before treatment, (2) determine whether these differences
were reversed following treatment, and (3) establish whether
these changes were linked to the amount of treatment-related
reduction of pain and disability.

Materials and Methods

Participants and study design. Eighteen patients (for sample descriptive
statistics, see Table 1 and supplemental Table S1, available at www.
jneurosci.org as supplemental material) with CLBP of intensity at least 4
of 10 for at least 1 year participated before treatment and 6 months
following treatment (n = 14 for 6 month posttreatment group). Low
back pain patients were recruited sequentially in an outpatient orthope-
dic spine clinic or multidisciplinary pain center. Exclusion criteria in-
cluded pain duration of less than 1 year; pain intensity less than 4 of 10,
other chronic pain condition, neurological or psychological disorder,
other major illness such as cancer, inability to undergo MRI, pregnancy,
or under age 18 or over 65. Patients enrolled in the study continued their
normal pharmacological treatment for pain (for details, see supplemen-
tal material, available at www.jneurosci.org). Sixteen healthy, pain-free,
age- and sex-matched controls also participated, and 10 of those subjects
returned 6 months following the first visit. As well, four controls and six
patients returned at 6 weeks after treatment. At each study session, sub-
jects were given questionnaires to assess pain and pain-related disability
and underwent MRI. The CLBP intervention was either spine surgery (8
of the patients in the posttreatment group) or zygapophysial (facet) joint
block (6 of the patients in the posttreatment group) as per physician
recommendations (for details on diagnosis and treatment, see supple-
mental Table S2, available at www.jneurosci.org as supplemental mate-
rial). Subjects with other chronic pain disorders or complicating medical
factors were excluded. See Table 1, supplemental Tables S1, S2, and S3
(available at www.jneurosci.org as supplemental material), and Materials
and Methods for details on the sample. The procedures were approved by
the McGill University Faculty of Medicine Institutional Review Board,
the Montreal Neurological Institute and Hospital Research Ethics Board,
and the McGill University Health Centre Research Ethics Office.

Questionnaires. Pain was assessed using the Short-Form McGill Pain
Questionnaire (SFMPQ) in which subjects rated the intensity of pain de-
scriptors (e.g., “stabbing”) on a scale from 0 (none) to 3 (severe) (Melzack,
1987) (for information on numerical rating scale data, see supplemental
material, available at www.jneurosci.org). Pain-related disability was deter-
mined using the Oswestry Disability Index (ODI) in which subjects rated
statements that best describe how pain affects different aspects of life (e.g.,
“Pain has restricted my social life to home”) (Fairbank et al., 1980). Subjects
also completed the Profile of Mood States (POMS), in which they rated how
given words (e.g., “anxious”) describe how they currently feel (McNair etal.,
1971).

MRI. MRI scans were acquired on a 3T Siemens TIM Trio scanner
equipped with an eight-channel head coil. An anatomical scan was ac-
quired at the beginning of the session and lasted 5 min. The following
parameters were used: echo time (TE) 3 ms, repetition time (TR) 2.3 s,
flip angle 9°, resolution 1 X 1 X 1 mm. During a functional scan of ~5
min, subjects performed the Multi-Source Interference Task (MSIT) as
described by Seminowicz and Davis (2007a) and adapted from Bush et al.
(2003). The task stimuli were presented on a screen in the subjects’ view
while lying in the MRI scanner, and subjects responded on a three-button
response box. The task had three levels of difficulty, a motor control task
(tapping), an easy level, and a difficult level. Difficultly level was based on
the amount of cognitive interference. In the most difficult level of the
task, the target character is a number displayed with other numbers of
varying size. This difficult task was contrasted with the motor control
task, in which an asterisk moved across the three positions in sequential
order. The parameters for the functional scan were as follows: echo-
planar imaging, TE 3 ms, TR 2.26 s, flip angle 90°, 128 frames, 64 X 64
matrix, 38 slices for whole-brain coverage, resolution 4 X 4 X 4 mm.
Images were acquired in the axial plane, plus 30° from the anterior com-
missure—posterior commissure line to avoid the eyes.

Analysis. For preprocessing of cortical thickness, we used the CIVET
pipeline (Version 1.1.9; Zijdenbos et al., 2002; Ad-Dab’bagh et al., 2006).
A detailed description of the steps can be found in Fahim et al. (2010). In
brief, the steps included nonuniformity correction to correct for field
inhomogeneity (Sled et al., 1998), normalization (nonlinear and lin-
ear steps) to the MNI/ICBM 152 template (Collins et al., 1994, 1995),
tissue classification [labeling each voxel as gray matter (GM), white
matter (WM), or CSF], and partial volume estimation (Tohka et al.,
2004), which labels voxels as partially GM, WM, and/or CSF (e.g., a
voxel covering the pial boundary could be labeled 50% GM, 50%
CSF). A cortical-fitting stage registers the brain surfaces to a model
that calculates 81,924 vertices, which are then back-transformed to
the original brains to calculate thickness in millimeters at each vertex
for each brain (MacDonald et al., 2000; Kabani et al., 2001; Kim et al.,
2005). A final surface registration step was performed (Lyttelton et al.,
2007), followed by applying a diffusion-smoothing kernel of 30 mm
(Chung et al., 2003).

We used SurfStat (http://www.math.mcgill.ca/keith/surfstat/) for cor-
tical thickness analysis. For comparisons between controls and patients,
we applied a general linear model (GLM) comparing groups, with age as
a covariate of no interest. We performed separate GLMs for controls
versus patients before treatment and controls versus patients after treat-
ment. We also ran a mixed-effects (repeated-measures) model to exam-
ine patients before versus after treatment, with subject as the random
(within-subject) effect and time (before or after treatment) as the fixed
effect. This analysis included the 11 patients who responded to treat-
ment, which was defined as a reduction in score on either the ODI or
SEMPQ, with no increase on either scale. For all analyses, corrections for
multiple comparisons across the whole brain were performed using ran-
dom field theory-based cluster analysis (Worsley et al., 1996). For the
analysis of patients before versus after treatment, we set a threshold so
that only contiguous voxels with a p value of >0.001 could be considered
in the cluster analysis. This strict correction for multiple comparisons is
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MPFC/ACC

Cortical thicknessin CLBP patients (n = 18) compared with controls (n = 16). Top row, Uncorrected t-value maps. Positive t values (red/yellow) represent areas of thinner cortexin CLBP

patients than controls. Bottom row, Random-field theory-based cluster-corrected p << 0.05 maps. Blue areas represent clusters that are significantly thinner in CLBP patients than controls. Arrows
point to significant peaks listed in Table 2. Scale bar shows ¢ values. MTL, Medial temporal lobe; VLPFC, ventrolateral prefrontal cortex.

ideal for exploratory analyses. For the comparisons between controls and
patients, we used a slightly more liberal initial threshold of p < 0.05 given
that previous studies have shown the effects of chronic back pain on brain
anatomy (Apkarian et al., 2004b; Schmidt-Wilcke et al., 2006; Buckalew
et al., 2008). In analyses where we controlled for depression, we used
the POMS Depression—Dejection subscale scores as a covariate of no
interest.

For fMRI data preprocessing and analysis, we used SPM8 (http://www.
filion.ucl.ac.uk/spm/). Preprocessing involved realignment, normaliza-
tion, and smoothing at 8 mm FWHM. Analysis involved a mixed-effects
model approach, where individual data were analyzed with the task con-
ditions and motion parameters as regressors in a GLM (first-level analy-
sis). In the second-level analyses, we used the results images from each
individual in two-sample ¢ tests (for controls vs patients) or paired ¢ tests
(for patients before vs after treatment). We used age as a covariate of no
interest in the two-sample ¢ tests.

To determine the regions activated overall in patients and controls, we
applied a threshold of FWE-corrected p < 0.05 at the peak level for all
subjects at the initial time point (n = 34). Because we had a specific
hypothesis about the left DLPFC in the group comparisons and in the
pre—post comparisons, we used an uncorrected p < 0.001 for these anal-
yses, and we report all results from these analyses. For peaks in the left
DLPFC, we used a small-volume correction of a 10-mm-radius sphere
around the peak of the total sample peak DLPFC deactivation (—24, 32,
42). A binary mask was created from the contrast of patients before
treatment minus controls at p < 0.001, and this mask was used in the
search for voxels that correlated with change in SFMPQ and ODI to
match the method used for cortical thickness. We used the change in
SEMPQ and ODI scores separately, where the dependent data were the
subtraction of an individual’s pretreatment contrast image from the
posttreatment image. We applied a threshold of t > 3 for this analysis.

To determine the total number of voxels activated and deactivated
during task, we calculated the number of voxels above a threshold of 2
from the SPM ¢ maps for each individual on the MSIT difficult versus
motor control contrast.

For the plots of the fMRI data, contrast image values (the 3 for difficult
task minus the B for tapping control) were extracted for each subject.

We used PASW (Version 18.0, SPSS) for ANOVA comparing total
GM, CSF, and WM between controls and patients; SFEMPQ, ODI, and
POMS scores before and after treatment; MSIT performance; voxel acti-
vation during the MSIT; and the correlations and partial correlations
presented in Results. Graphs were prepared in GraphPad Prism 4.0.

Results

CLBP is associated with decreased cortical thickness in
multiple brain areas

Relative to controls, patients before treatment had significantly
thinner cortex in left DLPFC, bilateral anterior insula/frontal
operculum, left mid/posterior insula, left S1, left medial temporal
lobe, and right anterior cingulate cortex (ACC) (Fig. 1, Table 2).
Controlling for total intracranial volume (sum of total GM, WM,
and CSF) had no effect on the cluster analysis results. We found
no group differences in total GM (F, 5,, = 2.99, p = 0.094), CSF
(F(1s1) = 2.457, p = 0.127), or WM (F,, 5;, = 0.072, p = 0.791).

Treating CLBP leads to increased cortical thickness in the

left DLPFC

Compared with controls, patients following treatment still had
thinner cortex in all the same clusters except the left DLPFC,
which no longer showed a significant difference between groups
(Fig. 2, Table 2). Nowhere in the brain did patients have thicker
cortex than controls.

Because we hypothesized that the changes in cortical thickness
would depend on treatment outcome, we identified 11 of the 14
patients as responders. The 11 responders had reductions in pain
[SEMPQ; pre/post mean (SEM) = 18.8 (2.94)/8.18 (1.99), F, 1) =
8.30, p < 0.05, 44% reduction] and/or pain-related disability
[ODI; pre/post = 47.5 (4.89)/22.0 (5.45), F(; 10y = 17.2, p <
0.005, 46% reduction] after treatment. The remaining three pa-
tients reported worse outcomes on either the SFMPQ or ODI,
and were classified as nonresponders [SEFMPQ: pre/post = 13.0
(5.69)/17.3 (2.03); ODI: pre/post = 37.3 (10.5)/39.3 (13.5)]. In-
dividuals’ scores on SEFMPQ, ODI, and POMS Depression—De-
jection subscale are shown in Table 1 and supplemental Table S1
(available at www.jneurosci.org as supplemental material).

After strict correction for multiple comparisons across the
brain, only one region—the left DLPFC (middle frontal gyrus,
Brodmann area 9, peak coordinate in MNI standard space —45,
33, 24, t = 7.70, p < 0.00001)—had a significant increase in
cortical thickness (Fig. 2D, E) in responders. On an individual
basis, increases in cortical thickness were observed in every sub-
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Table 2. Cortical thickness cluster and peak statistics
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Cluster no. BA RIL xyz(MNIcoordinates) ~ Peaktvalue ~ Numberof verticesin cluster ~ FWE-corrected p value for cluster
Controls > patients before treatment (removing age)
1 Temporal/inferior frontal L 2106 0.000008
Medial temporal (MTL) 28/34 —32,—6,—22 391
Inferior frontal gyrus (VLPFC) 47 —25,14,—21 3.64
2 Insula/frontal operculum/M1 R 2336 0.000009
Anterior insula (aINS) — 32,19,7 3.94
3 Prefrontal/insula/S2/superior temporal L 7123 0.000042
DLPFC 9 —42,31,32 3.69
4 MPFC/ACC R 2377 0.00375
pACC/sACC 24 3,350 4.07
sACC 24 3,34, -3 3.69
5 Visual (no peaks t > 3.5) R 2029 0.0779 (NS)
Controls > patients after treatment (removing age)
1 Temporal L 633 0.000032
Medial temporal (MTL) — —25,—8,— 3.60
2 Insula/frontal operculum R 1906 0.000049
Anterior insula (aINS) — 32,19,7 3.83
3 Insula/superior temporal L 4360 0.00046
Superior temporal gyrus 22 =53, —11,4 3.98
Posterior insula/S2 (pINS/S2) 13 —42,-20,7 3.63
Anterior insula/frontal operculum 13 —43,21,4 3.58
4 Visual (no peaks t > 3.5) 2910 0.0137
Patients after treatment > patients before treatment (treatment responders only, n = 11)
1 Prefrontal L 449 0.0053
DLPFC 9 —45,33,24 7.70

BA, Brodmann areas; pACC, pregenual anterior cingulate cortex; SACC, subgenual anterior cingulate cortex; VLPFC, ventrolateral prefrontal cortex; S2, secondary somatosensory cortex.

ject who responded to treatment. This is in contrast to decreases
in cortical thickness in the same region that were observed in two
of the three nonresponders. Figure 2 F shows pretreatment and
posttreatment thickness for all patients in the sample. When all
14 patients were included in a repeated-measures analysis com-
paring before versus after treatment, there were no significant
differences in cortical thickness after correction for multiple
comparisons. These data indicate that the left DLPFC is abnor-
mally thin in untreated CLBP, and that effective treatment—in
this study, any reduction in pain or pain-related disability—leads
to increased thickness in this area.

Recovery of cortical thickness is independent of depression

In responders, depression scores decreased from 8.81 (SEM =
1.70) before treatment to 1.64 (SEM = 0.92) following treatment
(F(1,10) = 15.5, p < 0.005). We controlled for depression in the
analyses comparing patients with controls, as well as before
versus after treatment within patients. After controlling for
depression, the difference between controls and patients be-
fore treatment was slightly reduced, but the left DLPFC cluster
was still significantly thinner in patients than controls (p <
0.00005 vs p < 0.0005). Similarly, the DLPFC was still signifi-
cantly thicker after than before treatment after controlling for
depression (p < 0.005 vs p < 0.001). In contrast, the medial
prefrontal cortex/anterior cingulate cortex cluster (MPFC/ACC)
was no longer significantly thinner in patients before treatment
than controls after controlling for depression ( p < 0.005 vs p >
0.3).

The extent of thickness increase in left DLPFC and other areas
is associated with effectiveness of treatment

We examined the relationship between treatment-related
changes in pain, pain-related disability, and the cortical thickness
of areas that were shown to be thinner before treatment in pa-
tients compared with controls (the blue areas in Fig. 1). Specifi-

cally, we searched for regions where the change in thickness
from before to after treatment correlated with the magnitude of
treatment-related changes in SFMPQ or ODI scores. For both
SEMPQ and ODI, peak values were identified in the left DLPFC
(for ODI, coordinates were —43, 18, 30, t = 3.33; for SFMPQ,
—45,24,27,t = 3.43) and the S2/posterior insula (—61, —27, 23;
same peak for ODI, t = 2.68, and SEMPQ, t = 3.50), where
recovery of cortical thickness was significantly correlated with
reduced pain intensity and improvement in physical disability.
Because change in SFMPQ and change in ODI were highly cor-
related (r = 0.74, p < 0.005, two-tailed), it was not surprising that
similar areas were related to these measures. However, improve-
ment in physical disability also correlated with posttreatment
thickening of left primary motor cortex (M1), even after control-
ling for SFMPQ (r = 0.60, p < 0.05, two-tailed), and SFMPQ also
correlated with increased thickness in right anterior insula (aINS)
after controlling for ODI (r = 0.59, p < 0.05) (Fig. 3). Note that
all patients were included in these analyses.

CLBP patients have abnormal left DLPFC activation during

cognitive challenge, despite normal performance on the task

Reaction times on the difficult task did not differ significantly
between controls and patients before treatment (F, 55, = 1.18,
p > 0.1) or between patients before and after treatment (F, |3 =
2.96, p > 0.1). Performance of the difficult task compared with
the tapping-only condition led to activations in regions of the
task-positive network and deactivations in the task-negative net-
work as described by Fox et al. (2005). Although the task-related
activations and deactivations were similar for each group, we
noticed qualitatively that patients had overall more activations
and fewer deactivations. In Figure 4A, patients (blue) had a
greater area of task-related activations than controls (red); areas
of overlap are shown in pink. In Figure 4 B, patients (green) had
fewer task-related deactivations than controls (red); areas of
overlap are shown in yellow. In Figure 4C, we show a contrast
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Cortical thickness changes in patients after treatment. 4, t-value maps comparing cortical thickness after treatment compared with controls. Positive ¢ values (red/yellow) represent

thinner cortexin CLBP patients. B, p-value maps, cluster-corrected p < 0.05, corresponding to A. Note that the left DLPFC (arrow) is no longer significantly different between groups, as it was before
treatment. €, Cortical thickness values for CLBP patients and controls before and after treatment for the significant peaks shown in Figure 1 and Table 2. Note that only the left DLPFC showed an
increase in cortical thickness after versus before treatment. **p << 0.01, ***p<< 0,001, compared to controls; “p << 0.001, paired t test (n = 14) CLBP before versus after treatment. D, t- and p-value
maps for patients who responded to treatment (n = 11) showing that the left DLPFC became thicker in patients after treatment compared with before treatment (arrow). E, Differences in DLPFC
thickness for controls and patients 6 weeks (6 w) and 6 months (6 m) after treatment. At 6 months, data are shown for all patients (hatched red bar) as well as limited to those who responded to
treatment (solid red bar). **p << 0.01, ***p << 0.001, one-sample t test, before treatment, CLBP versus controls. F, Pretreatment versus posttreatment line plots for each patient. Note that the
majority of individuals showed an upward trend. MTL, Medial temporal lobe; VLPFC, ventrolateral prefrontal cortex.

map of patients > controls (red) and controls > patients (blue)
at a very liberal threshold ( p < 0.05) to illustrate that, overall,
patients have far more widespread relative activation than con-
trols. We extracted from each subject’s t maps all values below —2
(deactivations) and above 2 (activations) and plotted these aver-
age values (Fig. 4 D). For the pretreatment time point, the mean
number of voxels activated (SEM) was 36,963 (6574 ) in controls
versus 52,380 (6180) in patients (F; 33, = 1.58, p > 0.1), and the
number of voxels deactivated was 19,276 (5704) in controls ver-
sus 12,782 (3200) in patients (F, 53, = 1.04, p > 0.1).

Patients (n = 18) before treatment had relatively more task-
related activity in several regions compared with controls, includ-
ing a peak in the left DLPFC (Table 3) [—16, 28,40, t = 3.44, p <
0.05 small-volume corrected (see Materials and Methods)]) (Fig.
4E). The plot in Figure 4 F shows that patients did not deactivate
this area as strongly as controls. Following treatment, activity in
patients (n = 14) in only one region—the left DLPFC—was de-
activated relative to before treatment (paired t test; —28, 24, 44,
t = 4.36, p < 0.05 small-volume corrected) (Table 3, Fig. 5).
Thus, following treatment, pain-related abnormalities in the left

DLPFC returned toward control values. There were no areas
where controls had relatively more activation than patients be-
fore treatment, nor were there any areas that were relatively more
activated in patients after versus before treatment. Controlling
for depression in the pretreatment versus posttreatment compar-
ison did not reduce the significance of the DLPFC change (—30,
24,42, t = 5.66, p < 0.01, small-volume corrected). There was no
significant change in task performance after treatment, and the
difference between pretreatment and posttreatment task reaction
times did not correlate with the change in DLPFC activity (r =
0.16, p > 0.5), suggesting that the change in left DLPFC was not
simply related to improved task performance.

Unlike our data demonstrating an association between in-
creasing cortical thickness and treatment outcomes, there was
no correlation between the extent of reduced pain or pain-
related disability (SFMPQ and ODI scores, respectively) and
the amount of reduction in left DLPFC activity during the
cognitive task after versus before treatment. Furthermore, the
pretreatment to posttreatment changes in left DLPFC thick-
ness and left DLPFC deactivation were not correlated in all



Seminowicz et al. @ Reversal of Chronic Pain-Related Brain Changes

DLPFC-L

1 p=0.01
r?=0.42 .

o
[N}

o
N

o
s

o

20 10 0 -10 20 -30 40

DLPFC-L
1 p=0.04

@
N

=4
=

°
2

Change in Cortical Thickness (mm)
s

20 0 20 40 60

Figure 3.

J. Neurosci., May 18,2011 - 31(20):7540 7550 = 7545

S2/pINS aINS-R
0.27 p=0.007 . 0.47 p=0.004 .
=046

0.1 0.24

0.0 0.01

0.1 0.2

0.2 —— 0.4 ——————
20 10 0 -10 -20 -30 40 20 10 0 -10 -20 -30 40

Change in Pain Intensity (SFMPQ)

S2/pINS M1
0.2 027 p=0.04
0.1 0.1] 7042
0.0 0.04
0.1 0.1
0.2 — 0.2 —
20 0 20 40 60 20 0 20 40 60

Change in Pain-Related Disability (ODI)

Relationship between changes in pain, disability, and cortical thickness before versus after treatment. Left, Uncorrected t-value maps for the whole-brain correlations between

pretreatment versus posttreatment cortical thickness and pain (SFMPQ, top panel) or pain-related disability (ODI, bottom panel). For these analyses, the search was limited to regions that were
statistically different in controls compared with patients before treatment. Right, Scatterplots depicting the relationship between changes in cortical thickness and pain (SFMPQ, top panel) or
disability (ODI, bottom panel) are shown for each significant peak. The analyses and plots include all 14 patients; p values on the plots are based on one-tailed t tests.

patients (r = 0.103, p = 0.72, n = 14) or in responders only
(r=0.214,p = 0.53,n = 11).

What comes first, anatomical or functional changes in

left DLPFC?

A small subset of the subjects (4 controls and 6 patients) also
participated in a session at 6 weeks after treatment, in addition to
before treatment and 6 months after treatment. Although we
considered the groups too small for statistical comparison, the
plots in Figures 2 E and 5A and in supplemental Figure S1 (avail-
able at www.jneurosci.org as supplemental material) illustrate
the contrast between the lack of change in cortical thickness at 6
weeks compared with the large change in functional activity at
that same time point. We also have included plots of individuals’
changes (for data from the peaks in the analyses of patients before
vs after treatment) in supplemental Figure S1 (available at www.
jneurosci.org as supplemental material). For the functional data,
at 6 weeks the activity level is intermediate to the pretreatment
and 6 month posttreatment time points, whereas for cortical
thickness, the 6 week data do not seem to be related to the 6
month change. This result suggests that the functional change
occurs early, whereas more time is needed for the structural
change. Note that because some of the subjects participated at the
6 week time point, this can only be regarded as only a preliminary
finding.

Discussion

Our findings provide strong evidence that pain-related neuro-
anatomical and functional changes are reversible with effective
treatment. Furthermore, we have provided evidence for a link
between regional brain function and anatomy. The left DLPFC
was thinner and was activated abnormally in patients before
treatment relative to controls; after treatment, the same region

became thicker and also functioned more similarly to controls on
a cognitive task. Previous research has shown altered brain anat-
omy in chronic pain conditions (Apkarian et al., 2004b; Schmidt-
Wilcke et al., 2005, 2006; Kuchinad et al., 2007; Buckalew et al.,
2008; Geha et al., 2008; Lutz et al., 2008; Schweinhardt et al., 2008;
Teutsch et al., 2008; Hsu et al., 2009; Obermann et al., 2009;
Rodriguez-Raecke et al., 2009; Wood et al., 2009; Gwilym et al.,
2010; Seminowicz et al., 2010; Tu et al., 2010), and other studies
have linked cortical thickness to cognitive function (Hadjikhani
et al., 2007; Dickerson et al., 2008; Sowell et al., 2008). To our
knowledge, no other study has shown a link between gray matter
density or cortical thickness loss and altered cognitive task-
related brain activity in chronic pain.

Treating CLBP results in increased cortical thickness in

left DLPFC

Recent studies suggest that changes in brain gray matter can oc-
cur when pain is eliminated (Obermann et al., 2009; Rodriguez-
Raecke et al., 2009; Gwilym et al., 2010). The current study
extends those findings to changes in cortical thickness, which is a
quantitative measure that can be compared between studies, un-
like gray matter density. Furthermore, we demonstrate that the
left DLPFC got thicker in each CLBP patient who improved after
treatment, and that the amount of neuroanatomical recovery de-
pended on the amount of improvement in clinical outcome
measures in each patient. The patients in our sample received
treatment interventions that targeted the presumed pain genera-
tors within the musculoskeletal system (i.e., spinal structures).
The mechanisms by which these interventions result in changes
in the DLPFC are currently unclear. A recent longitudinal study
in rats reported that ongoing chronic pain resulted in reduced
gray matter in the prefrontal cortex that was temporally corre-
lated with the emergence of emotional disturbances (Seminowicz
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Figure4.  MSIT activations in CLBP patients and controls. A, Task-related activations in patients (blue) and controls (red). Areas of overlap are shown in pink. Note greater area of activation in
patients. B, Task-related deactivations in patients (green) and controls (red). Areas of overlap are shown in yellow. Arrow, Deactivation of the DLPFC is observed in controls but not patients. C,
Contrast maps of patients > controls (red) and controls > patients (blue) at a very liberal threshold ( p << 0.05), illustrating that overall patients have far more widespread relative activation than
controls. D, Average total number of voxels activated (t > 2) or deactivated (t << —2) in patients (LBP) and controls (CTR). Note the trend for more activated and fewer deactivated voxels in patients
compared with controls. E, Relative increased activation in the left DLPFC (arrow) in patients before treatment compared with controls. F, Activity in the left DLPFCregion shown in E, for patients and
controls before and after treatment, where patients return toward normal activity levels. *p << 0.001, one-sample t test, before treatment, CLBP versus controls; *p << 0.05, paired ¢ test (n = 14)
CLBP before versus after treatment. All brain images are t maps with threshold uncorrected p << 0.001 for visualization. See Table 3 and text for full statistics.

etal., 2009). Thus, it seems that the development of chronic pain
can lead to prefrontal cortical thinning, and—from the present
results—that reducing pain can lead to prefrontal cortical thick-
ening. It is also evident that anxiety and depression are closely
related to these changes, although in both the case of the rat study
and the present study, affective measures alone did not explain
the differences in cortical volume or thickness. The reduction of
incoming nociceptive inputs from peripheral structures likely
accounts for part of the improvement in pain and pain-related
disability. It will be important for future studies to determine
whether interventions specifically targeting psychosocial
rather than biomechanical components of chronic pain (e.g.,
cognitive—behavioral therapy) result in similar recovery in
cortical thickness.

Increases in cortical thickness correlate with clinical
outcomes

We show here that the increase in cortical thickness following
treatment correlated with clinical outcomes. Whereas recovery in
both the left DLPFC and S2/posterior insula (pINS) was related
to general improvement after treatment (both pain and pain-
related disability), physical impairment was specifically related to

recovery of M1, and pain was specifically related to recovery of
right aINS. This is consistent with both the role of M1 in motor
function and the literature showing a specific role for the aINS in
the estimation of pain magnitude (Baliki et al., 2009).

The outcomes for our patient sample, in which almost every
patient experienced a reduction in pain, were generally better
than previously reported (Cohen and Raja, 2007; Chou et al.,
2009). We classified as a responder any subject who improved on
either the SFMPQ or the OD], regardless of the magnitude of the
improvement. Other studies may use different criteria that result
in more conservative estimates of treatment success. Further-
more, our follow-up evaluation was only 6 months after inter-
vention. It is possible that our “responders” may go on to
experience an increase in their pain and disability levels at later
time points. Future studies should build on our findings by
exploring similar outcomes over a longer follow-up period,
and by using patients who do not respond to treatment as a
control group.

Impact of depression on changes in cortical thickness
Because chronic pain and depression commonly co-occur
(Krishnan et al., 1985) and because the DLPFC has been impli-
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Table 3. MSIT activation peaks

J. Neurosci., May 18,2011 - 31(20):7540 7550 + 7547

BA R/L X, Y, Z (MNI coordinates) tvalue Voxels in cluster
All subjects (removing age), task-positive regions”
MT+ 19/18 L —42,—82,—10 10.67 1330
19/18 R 40, —84, —2 8.52 2835
Intraparietal sulcus 7 L —32, —58,54 7.89 1301
7 R 30, —54,48 7.54 476
Premotor 6 L —44,6,32 7.23 273
6 R 52,12,28 6.01 20
Anterior insula® — L —26,22,6 8.45 n/a
— R 28,28,4 8.28 n/a
Pre-SMA/MCC 24/32/6 L —8,16,46 6.15 73
All subjects (removing age), task-negative regions”
PCC/precuneus 31 — 0, —42,40 8.71 636
Lateral parietal/temporal 40/7/39 L —48, —178,32 8.52 306
40/7/39 R 60, —62, 26 7.04 17
MPFC 10/9/32 — —2,60,8 7.83 509
DLPFC 9/8 L —24,32,42 5.65 7
MSIT patients before > after treatment®
DLPFC 9/8 L —20,18,42 5.23 105
Patients before treatment > controls (removing age)
Dorsal MPFC 8 — 2,36,54 3.94 67
Cerebellum — R 42,—78,—20 3.61 5
Precentral gyrus 4 L —24,—18,62 3.49 6
4 R 20, —18,62 3.57 12
DLPFC 9/8 L —16,28,40 3.44 2

BA, Brodmann areas; MCC, midcingulate cortex; PCC, posterior cingulate cortex.
“Analyses are corrected at peak value p << 0.05 corrected by FWE.

®Anterior insula was part of a larger cluster at FWE-corrected p << 0.05; the peaks were identified by increasing the threshold to FWE p << 0.01.
p < 0.001 uncorrected. DLPFC peaks are FWE-corrected p << 0.05 small volume corrected in a 10-mm-radius sphere around the coordinate for all patients and controls (—24, 32, 42).
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tion selection (Kulkarni et al., 2005; Vogt,
2005; Oshiro et al., 2009), did not show a
difference between patients and controls
in the present study.

Treating CLBP results in normalization
of cognitive task-related brain activity
in left DLPFC

During performance of a cognitively de-
manding task, the activation patterns in
patients and controls were generally sim-
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Figure 5.

cated in major depression (Brunelin et al., 2007; O’Reardon et al.,
2007), we controlled for levels of depression in our study using
the score on the POMS Depression—Dejection subscale. Al-
though depression is an important factor in CLBP and may ex-
plain a portion of the variance between patients before treatment
and controls, in the present study, it did not explain the increase
in DLPFC thickness following treatment in our sample. An in-
teresting finding was that the MPFC/ACC cluster that was thin-
ner in patients before treatment than controls was no longer
significantly thinner after controlling for depression. The ACC
has aberrant activity in major depression (Mayberg, 2009) and is
implicated in the affective aspect of pain (Kulkarni et al., 2005;
Vogt, 2005). Note that the midcingulate cortex, which is usually
activated by acute noxious stimuli and is probably related to ac-

P;'e

MSIT activation differences in CLBP patients before and after treatment. A, Patients had relatively more activity in only one
areain the brain ( p << 0.001 uncorrected), the left DLPFC, before treatment. Activity in this region normalized following treatment (plot).
B, Line plots showing individual changes in DLPFC activity before versus 6 months after treatment. Note that almost all patients had a
stronger deactivation after treatment. *p << 0.05, one-sample t test, before treatment, CLBP versus controls; “/p << 0.01, #p < 0.001,
paired t test (n = 14) CLBP before versus after treatment; 6 w, 6 weeks after treatment, 6 m, 6 months after treatment.

ilar. However, patients activated the cog-
nitive network to a greater extent and had
relatively fewer deactivations than con-
trols during the task. In particular, the left
DLPEC is recruited and not deactivated as
it was in the controls. That patients had
relatively fewer deactivations is consistent
with the results of Baliki et al. (2008),
where CLBP patients had relatively fewer
deactivations during a simple task. Although the precise role of
the left DLPFC in the MSIT is unknown, this finding is consistent
with previous literature showing that pain is associated with in-
creased engagement of a cognitive network (Seminowicz and Da-
vis, 2007b). After treatment, patients had normal task-related
activity in this area, and the left DLPFC was the only area that
showed a difference in activity in patients after versus before
treatment, just as the left DLPFC was the only area that got
thicker in patients. This strongly indicates that the change in
brain structure (increase in cortical thickness in the left DLPFC)
is related to function.

The functional and structural changes in left DLPFC following
treatment were consistent across subjects. Regions that had dif-

Post
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ferences in cortical thickness or cognitive task-related activity in
each patient before versus after treatment were identified by
repeated-measures analyses. In both cases, the left DLPFC was
identified. The pretreatment and posttreatment cortical thick-
ness and task-related activity values in this region are shown for
each patient in Figures 2 F and 5B, respectively. Note that in both
measures, the majority of patients show both (1) increased cor-
tical thickness after treatment (Fig. 2 F) and (2) increased deacti-
vation after treatment (Fig. 5B). Thus, the reported changes in left
DLPFC were highly consistent across individuals.

Future directions

Several important problems remain for future research to re-
solve. First, are the findings here specific to CLBP, or are they
replicable across different chronic pain conditions, or even across
other chronic diseases such as posttraumatic stress disorder,
chronic fatigue syndrome, or obesity? Although brain gray matter
loss in chronic pain is a consistent finding, the brain areas af-
fected in each sample or pain condition are variable (May, 2008;
Schweinhardt et al., 2008). It is, therefore, not yet certain whether
the currently reported treatment-related changes are relevant to
all pain conditions or only to specific groups or samples. Second,
to what aspect of the treatment were the changes in DLPFC re-
lated? The patients in our study underwent one of two procedures
for low back pain. In this study, we focused our analysis on
changes in pain and pain-related disability, regardless of the
treatment or mechanism of action. It is quite possible that a
strong placebo effect, as is often seen in chronic pain (Seeley,
1990; Hoffman et al., 2005), contributed to the improved out-
comes observed in this study.

Another important question is as follows: Are the changes in
left DLPFC and elsewhere related to pain modulation? Several
studies have indicated a role for the prefrontal cortex in pain
modulation (Hardy and Haigler, 1985; Lorenz et al., 2003; Wager
et al., 2004; Wiech et al., 2006; Krummenacher et al., 2010). If
recovery of DLPFC thickness and/or function is necessary for
pain relief, then the DLPFC may be a target for treatment. In fact,
it has already shown some promise in studies of short- and long-
term analgesia from repetitive transcranial magnetic stimulation
(rTMS) of the prefrontal cortex (Reid and Pridmore, 2001;
Brighina et al., 2004; Graff-Guerrero et al., 2005; Avery et al.,
2007; Borckardt et al., 2007, 2008; Nahmias et al., 2009; Fierro et
al., 2010). Interestingly, similar to treating depression with rTMS
(Brunelin et al., 2007), these rTMS studies in pain seem to show a
preferential effect for left-sided stimulation, the side that changed
in the present study. Finally, the increased cortical thickness in
S2/pINS that correlated with improvements in both pain and
pain-related disability might reflect a normalization of peripheral
inputs because this region has direct spinothalamic inputs. Fu-
ture research should determine whether there is a direct relation-
ship between persistent peripheral input and S2/pINS thickness.

A previous study indicated that the impact of CLBP on the brain
may vary by pain type (i.e., neuropathic vs non-neuropathic) (Ap-
karian et al., 2004b). In the current study, the experimental group
reported chronic axial low back pain, chronic radicular pain, or
both. Although this strategy did not allow for differentiation be-
tween nociceptive and neuropathic pain, the sample was represen-
tative of the mixed etiology of CLBP in the general population.
Furthermore, different treatment interventions (surgery or facet
joint block) were selected to maximize the likelihood of pain relief
for each individual patient as would be typical in a clinical setting.
Rather than attempting to differentiate between differences in pain
etiology or treatment selection, the primary outcome measures were

Seminowicz et al. @ Reversal of Chronic Pain-Related Brain Changes

posttreatment improvement in pain and disability. Future studies
could be conducted to further dissect the impact of pain types and
specific treatments on brain structure and function.

Conclusions

In summary, we have shown that the left DLPFC, which was
thinner and had abnormal cognitive task-related activity in CLBP
patients before treatment compared with pain-free controls, be-
came significantly thicker and had normal activity following
treatment, and that the degree of recovery in thickness depended
on the extent of the patient’s improvement after treatment. Our
results imply that treating chronic pain can restore normal brain
function.
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