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Abstract
Chronic pain is maladaptive and influences brain function and behavior by altering the flow and
integration of information across brain regions. Here we use a power spectral analysis to
investigate impact of presence of chronic pain on brain oscillatory activity in humans. We
examine changes in BOLD fluctuations, across different frequencies, in chronic back pain (CBP)
patients (n=15) as compared to healthy controls (n=15) during resting state fMRI. While healthy
subjects exhibited a specific, frequency band dependent, large-scale neural organization, patients
showed increased high frequency BOLD oscillations (0.12–0.20 Hz) circumscribed mainly to
medial prefrontal cortex (mPFC) and parts of the default-mode network (DMN). In the patients a
correlation analysis related the mPFC aberrant BOLD high frequency dynamics to altered
functional connectivity to pain signaling/modulating brain regions, thus linking BOLD frequency
changes to function. We also found that increased frequency fluctuations within the mPFC were
temporally synchronous with spontaneous pain changes in patients during a pain-rating task.
These observations provide novel insights about the nature of CBP, identifying how it disturbs the
resting brain, and link high frequency BOLD oscillations to perception.

Introduction
Chronic pain is complex in nature and cannot be localized to a unitary set of regions in the
brain; rather it emerges from the flow and integration of information between multiple brain
regions (Cauda et al., 2009b; Apkarian et al., 2011). In addition to the brain’s normal resting
activity, the brain of chronic pain patients is continuously processing spontaneous
background pain, which interacts with and modulates endogenous brain networks (e.g.
attention/salience/emotional/reward and sensory networks). Thus resting state fMRI
provides a suitable framework to examine the brain mechanisms associated with the ‘natural
state’ of chronic pain (i.e. spontaneous pain in the absence of experimental intervention).
Evidence for the impact of chronic pain on the default mode network (DMN), a set of brain
regions active at rest and involved in self-referential orientation and monitoring (Fox et al.,
2005), was first shown in chronic back pain (CBP) patients (Baliki et al., 2008). More
recently multiple observations of abnormal connectivity within various resting state
networks (RSN) have been reported for different chronic pain conditions (Cauda et al.,
2009a; Napadow et al., 2010; Tagliazucchi et al., 2010).

Recent studies have demonstrated that investigating brain properties as a function of
frequency of BOLD oscillations reveals novel anatomical/functional organization and
identifies the impact of extrinsic tasks on the intrinsic properties of the brain (Salvador et al.,
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2008; Baria et al., 2011). The advantage of this approach, as opposed to correlation-based
analyses, rests in its ability to identify oscillatory dynamics of the BOLD signal along a
wider range of frequencies. Thus investigating changes in the brain’s BOLD oscillatory
dynamics may provide us with novel insight regarding the neural mechanisms underlying
chronic pain. For instance, two recent studies examined changes in power for BOLD
oscillations during resting state fMRI (Cauda et al., 2010; Malinen et al., 2010). Both studies
reported increased high frequency oscillations (>0.12 Hz) within certain brain regions in
patients compared to controls. Although both studies provided novel observations on
chronic pain processing, they were confounded by two limitations: 1) they assessed changes
in spectral power on localized predefined brain networks 2) neither study was able to
directly relate the observed frequency-dependent changes in fluctuations with behavioral
outcomes, namely spontaneous pain. Both of these issues are addressed in the current study.

Here we use a whole-brain, full bandwidth, power spectral analysis to investigate changes in
the oscillatory dynamics of BOLD across different frequencies in CBP patients (n=15),
compared to age- and gender-matched healthy controls, during resting-state fMRI. Our aims
are 1) to characterize and spatially localize altered oscillatory dynamics along the whole
frequency band of the BOLD signal in CBP and 2) to relate these changes to functional
connectivity alterations within resting-state networks. We also scan a sub-group of the CBP
population (n=13) while they rate their online changes in spontaneous pain in the absence of
external stimulation. The purpose of this experiment is to delineate the temporal relationship
between changes in oscillatory properties of the BOLD and spontaneous CBP, thus linking
intrinsic function to extrinsic behavior.

Methods
Participants

Fifteen healthy subjects (10 males, 5 females; age: mean = 51.87, s.d. = 8.26 years) and 15
CBP patients (10 males, 5 females; age: mean = 49.85, s.d. = 9.90 years) participated in this
study. All participants were right-handed, and gave informed consent to procedures
approved by Northwestern University IRB committee. All patients, recruited by newspaper
or internet ads in Chicago area, were clinically diagnosed with CBP by a clinician, had back
pain of intensity >20/100 and duration >1 year, and had to fulfill a specific list of exclusion
criteria. Subjects were excluded if they reported other chronic painful conditions, systemic
disease, history of head injury or coma, psychiatric diseases, or more than mild to moderate
depression (BDI score > 19), as defined by Beck’s Depression Inventory (BDI)(Beck and
Steer, 1993).

Pain and depression parameters
CBP patients completed the short-form of the McGill pain questionnaire (SF-MPQ)
(Melzack, 1987). The main component of the SF-MPQ consists of 12 sensory and 4
affective descriptors; it also includes a visual analog scale (VAS) (0 = no pain, 100 =
maximum imaginable pain) and pain duration. Depression scores for all subjects that
participated in the study were assessed using BDI. All questioners were given 1 hour prior to
brain scanning. Clinical and pain characteristics for CBP are listed in Table 1.

Medication
Drug consumption for 10 CBP patients was limited to non-steroidal anti-inflammatories and/
or acetaminophen (e.g. ibuprofen, Motrin, Excedrin and Tylenol). Three subjects were
additionally on Gabapentin (Neurontin) or Pregabalin (Lyrica). Two subjects were on
opiates (Vicodin). Drug consumption was quantified using the Medication Quantification
Scale (MQS) (Harden et al., 2005), which reduces drugs used for different durations and
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doses to a single scalar. The MQS was used as a covariate of no interest to control for drug
usage. However, inclusion of this covariate did not result in important changes in outcomes.

fMRI data and acquisition
fMRI data was acquired with a 3T Siemens Trio whole-body scanner with echo-planar
imaging (EPI) capability using the standard 8 channel radio-frequency head coil. The
anatomical and fMRI scans were collected during a single brain imaging session with scan
sequence randomized across subjects.

Resting state scans (300 volumes, 12 mins) were acquired for all healthy (n=15) and CBP
(n=15) subjects. All participants had no task but were instructed to stay alert and keep their
eyes open for the duration of the scan. Images were obtained with the following parameters:
Multi-slice T2*-weighted echo-planar images were repetition time TR = 2.5 s, echo time TE
= 30 ms, flip angle = 90°, FOV = 256 mm, slice thickness = 3 mm, in-plane resolution =
64×64. The 40 slices covered the whole brain from the cerebellum to the vertex.

Pain and visual rating scans (240 volumes, 10 mins) were acquired in the same session but
in separate scans, for 13 of the 15 CBP patients. Prior to scanning, these patients underwent
an initial training in which they learned to use the finger-span device, comprised of a
potentiometer the voltage of which was digitized and time-stamped in reference to fMRI
image acquisition and connected to a computer providing visual feedback of the ratings.
During the pain rating scans, subjects were instructed to rate fluctuations of the intensity of
their spontaneous back pain using the finger-span device on a scale of 0–100, where 0 is no
pain and 100 is the maximum imaginable pain. Subjects were provided with an online visual
feedback of their ratings. During the visual rating scan, subjects were instructed to rate the
length of the bar projected on a screen using the finger span-device. Unbeknown to the
subjects, the variability of the bar was derived from their pain rating scans. Thus this task
serves as a control for task related activations such as attention, anticipation and visual-
motor performance. Functional images for the pain and visual rating scans were obtained
with the following parameters: Multi-slice T2*-weighted echo-planar images were repetition
time TR = 2.5 s, echo time TE = 30 ms, FOV = 270 mm, flip angle = 90°, slice thickness = 3
mm, in-plane resolution = 64×64. The 36 slices covered the whole brain from the
cerebellum to the vertex.

In addition to the functional scans, a T1-weighted anatomical MRI image was also acquired
for each subject using the following parameters: TR = 2.1 s, TE = 4.38 ms, flip angle = 8°,
FOV = 220 mm, slice thickness = 1 mm, in-plane resolution = 0.861 × 0.861 mm2 and
number of sagittal slices = 160.

fMRI image preprocessing
The pre-processing of each subject’s time series of fMRI volumes was performed using the
FMRIB Expert Analysis Tool (FEAT, Smith et al., 2004, www.fmrib.ox.ac.uk/fsl) and
encompassed: skull extraction using BET; slice time correction; motion correction; spatial
smoothing using a Gaussian kernel of full-width-half-maximum 5 mm; and high-pass
temporal filtering (150 seconds). Several sources of noise, which may contribute to non-
neuronal fluctuations, were removed from the data through linear regression. These included
the six parameters obtained by rigid body correction of head motion, the global BOLD
signal averaged over all voxels of the brain, signal from a ventricular region of interest, and
signal from a region centered in the white matter.
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Spectral power analysis
Spectral analysis was carried out using custom Matlab (The MathWorks, 2009) routines, and
closely follows procedures outlined by Baria et al. (Baria et al., 2011). Frequency power of
the BOLD signal was determined voxel-wise using Welch’s method and normalized by
dividing by total power. The average power of each frequency band (low frequency: 0.01–
0.05 Hz, mid frequency: 0.05–0.12 Hz and high frequency: 0.12–0.20 Hz) was calculated at
each voxel and made up 3 different maps for each subject. Individual subject maps were
transformed into standard space using FLIRT (Jenkinson and Smith, 2001), and multiplied
by a standard gray matter mask. Group mean spectral distribution maps were generated by
averaging maps across subjects, for each group separately. Individual spectral distribution
maps for each frequency band were submitted separately to a two-sided unpaired-t test with
age and gender as covariates of no interest. Statistical differences between the two groups
were computed using a random effects analysis (z-score > 3.0, cluster threshold P < 0.01,
cluster-based corrected for multiple comparisons).

Region of interest (ROI) and BOLD analysis
The ROIs were fixed size, 6-mm-diameter spheres, centered at peak coordinates defined
from brain power spectral density and brain correlation (see below) analyses. The mPFC
ROI was defined from the spectral power contrast map for the high frequency band with
coordinates: x= −6, y=58, z=0. The anterior cingulate cortex (ACC) insula (INS) and
secondary somatosensory cortex (S2) ROIs were defined from the correlation analysis
contrast maps with the following coordinates (ACC: x= 6, y=8, z=32; INS: x= 42, y=0, z=
−4; S2: x= 60, y=−32, z=30). In order to extract the BOLD signal for each ROI and subject,
the ROIs were reverse-normalized and projected back into individual brain space and BOLD
signal for the total trial duration was obtained by averaging the raw data for all voxels across
a given ROI. BOLD time course was measured by calculating percent BOLD change
(deviation from the mean for voxels within the ROI).

Functional connectivity analysis
Brain mPFC correlation maps were identified using a well-validated method, see (Fox et al.,
2005; Baliki et al., 2008). Correlation maps were produced for the resting-state functional
scans by first extracting the BOLD time course from the mPFC ROI and then computing
correlation coefficient between its time course and the time variability of all other brain
voxels. Correlation coefficients were converted to a normal distribution using the
Fischer’sz-transform. These values were then converted to z-scores (i.e. normalized
correlation values) by dividing by the square root of the variance, estimated as 1/√(df-3),
where df represents the degrees of freedom in our measurement (300 data points). Because
the BOLD time course of consecutive samples are not statistically independent, the degrees
of freedom were corrected by a factor of 2.86, in accordance to Bartlett theory (Jenkins and
Watts, 1968), resulting in 300/2.86 = 104 degrees of freedom. A two-sided unpaired-t test
was used to compute significant differences in correlations (Fischer’s z-transformed values)
between the two groups using a random effects analysis (z-score > 3.0, cluster threshold P <
0.01, cluster-based corrected for multiple comparisons).

Spectral power and spontaneous pain ratings
The spectrogram for the mPFC BOLD time series was generated using the custom Matlab
(The MathWorks, 2009) signal processing toolbox. The spectrogram was computed using
short-time Fourier transform of the input signal with 95% window overlap. The averaged
spectral power for the low (0.01–0.05 Hz), mid (0.05–0.12 Hz) and high (0.12–0.25)
frequency bands were derived from the spectrogram by averaging across all frequencies for
a given band and normalizing with respect to its mean. Correlation between the averaged
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spectral power of each band and the pain or visual rating was computed using a Pearson
correlation after convolving the rating with homodynamic response function and temporal
resampling to match the time course of the spectrogram

Surface-based mapping
Surface-based mapping (Figure 1) was constructed using the PALS (population-average,
landmark- and surface-based) average fiducial surface from 12 individual subjects as the
atlas target (Van Essen, 2005).

Results
CBP is coupled with increased high frequency BOLD oscillations in the brain

We first assessed whole brain full bandwidth spectral properties of BOLD oscillations for 3
frequency bands (low: 0.01–0.05 Hz, mid: 0.05–0.12 Hz and high: 0.12–0.20 Hz) for
healthy subjects and CBP patients during resting state fMRI. The three frequency bands
were defined based on a previous report (Malinen et al., 2010) that showed frequency
dependent changes for BOLD oscillations between healthy subjects and chronic pain
patients, as well as on results of Baria et al. (Baria et al., 2011). In healthy subjects, the
spatial distribution of power for the three frequency bands showed segregation, which
corroborated our previous findings (Baria et al., 2011) and was consistent with previous
reports (Mitra et al., 1997; Fukunaga et al., 2006; Duff et al., 2008; Salvador et al., 2008).
Low frequency power was strongest in lateral parietal regions and along the midline
especially the medial prefrontal cortex (mPFC), posterior cingulate cortex (PCC) and the
visual regions. In contrast mid frequency power was primarily localized to mid portions of
the cingulate (ACC), bilateral insula (INS) and sub cortical nuclei including the basal
ganglia and thalamus. High frequency power exhibited a similar spatial distribution and was
mainly located in the ACC, INS, and subcortical regions, in addition to temporal poles and
hippocampal formation. Visually, CBP patients exhibited similar anatomical segregations
across the three frequency bands, albeit an increase in spatial representation and increased
power for the mid and high frequency bands in the ACC and insula and a decrease of low
frequency power in the mPFC (Figure 1A).

For both groups, spectral power was strongest for the low frequency band (i.e. frequencies
below 0.05 Hz) and reduced over the mid and high frequency bands. Figure 1B show group-
averaged histograms of power distributions for the three frequency bands for all voxels in
the brain in healthy subjects and CBP patients. The low frequency band showed the highest
power and widest distribution (in healthy subjects: 56.01 ± 7.31, mean ± s.d; range: 31.71 –
77.75; and in CBP patients: 53.67 ± 7.00; range: 32.79–73.86). The mid frequency band
showed lower power and the narrowest distribution (in healthy: 38.66 ± 1.99; range: 24.10 –
44.68; and in CBP 39.11 ± 1.97; range: 24.16 – 44.16). The high frequency band exhibited
the lowest power and intermediate width (in healthy: 24.20 ± 3.55; range: 12.25 – 33.55; and
in CBP 25.98 ± 3.70; range: 14.04 – 33.24).

Increased high frequency BOLD oscillations is localized to the mPFC in CBP
In order to localize the brain regions that exhibited changes in spectral power between
healthy and CBP, we performed a whole-brain voxel-wise contrast analysis separately for
the 3 frequency bands, after z-transforming individual brain and band specific power
distributions (unpaired two-sided t-test, random effects analysis, z-score > 3.0, cluster
threshold P<0.01, cluster-based corrected for multiple comparisons). Results are shown in
Figure 2A. Only the high frequency band showed significant differences in spectral power
between the two groups after correcting for multiple comparisons. CBP showed increased
power for high frequency BOLD oscillations primarily in the mPFC (cluster size = 1595
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voxels; peak coordinates: x= −6, y=58, z=0; peak z-value = 4.98). Other regions included
the PCC cluster size = 450 voxels; peak coordinates: x= 12, y=−60, z=22; peak z-value =
3.91), left lateral parietal cortex (LP; cluster size = 512 voxels; peak coordinates: x= −32, y=
−62, z=38; peak z-value = 3.79) and right lateral parietal cortex (cluster size = 507 voxels;
peak coordinates: x= 44, y=−56, z=48; peak z-value = 3.50). Note that the four brain regions
(mPFC, PCC, and right and left LP) that show increased power in high frequency BOLD
oscillations are components of the DMN, indicating that the DMN is the primary resting
state network modulated in frequency by CBP.

Figure 2B shows the corresponding individual mPFC BOLD time course from healthy
subjects and CBP patients. The BOLD signal was extracted from a 6 mm diameter ROI
region centered on the peak coordinates. The temporal patterns differ upon visual inspection.
While the mPFC BOLD signal from healthy subjects display slow rhythmic fluctuations,
those from the CBP patients show increased high frequency jitter. Figure 2C shows the
individual power spectra for the mPFC BOLD signal in healthy (left panel, black traces) and
CBP (right panel, gray traces). Consistent with time series observations, the power spectra in
CBP patients show more power for higher frequencies. When we statistically compared the
power for the three bands between the two groups we observe a significant increase in
power for the high frequency band in CBP compared to healthy (healthy: 14.17 ± 1.87;
CBP: 21.61 ± 6.04; two-sided unpaired t-test: t=−4.49, p<0.01). This increase in high
frequency power in CBP was accompanied by a decrease in power for the low frequency
band (healthy: 74.39 ± 2.99; CBP: 70.05 ± 4.74; two-sided unpaired t-test: t=3.45, p<0.01).
There were no differences in the power for the mid frequency band between the two groups
(healthy: 33.83 ± 1.09; CBP: 33.45 ± 0.98; two-sided unpaired t-test: t=0.96, p=0.85)
(Figure 2D).

mPFC frequency changes is related to functional connectivity in CBP
Here we examine the relationship between frequency changes in the mPFC in CBP and its
intrinsic connectivity to the rest of the brain during resting state fMRI. First we generated
whole brain connectivity maps for the mPFC by computing correlation coefficients between
its BOLD time course and the time variability of all other brain voxels (see methods for
details). After registering the individual connectivity maps to standard space, we submit
them to an unpaired t-test analysis (random effects analysis, z-score > 3.0, cluster threshold
P < 0.01 corrected for multiple comparisons). Results are shown in Figure 3A. The mPFC
exhibited increased correlation to ACC (x= 6, y=8, z=32), right INS (x= 42, y=0, z=−4) and
secondary somatosensory cortex (S2; x= 60, y=−32, z=30) in CBP compared to controls. It
is worthy to note that all these regions are known to receive nociceptive input from the
periphery and play seminal roles in pain perception and modulation (Price, 2000; Apkarian
et al., 2005).

Next we investigated the relationship between differences in correlation and increased
spectral power observed in the mPFC signal. Figure 3B shows the relationship between the
strength of mPFC –ACC BOLD time course correlation (6 mm ROI in each area) and its
spectral power for the high frequency band for the mPFC. As seen above for whole brain
contrast, the mPFC ROI showed altered correlation to the ACC ROI (measured by
normalized correlation values, z-scores)) in CBP compared to healthy (Healthy: −1.28 ±
1.28; CBP: 0.68 ± 1.11; two-sided unpaired t-test: t= −4.25, p<0.01). More importantly, this
altered correlation showed a significant positive relationship with spectral power for the
high frequency band in CBP but not in healthy subjects (Healthy: R=−0.05, p=0.85; CBP: R
=0.83, p<0.01). Furthermore, the mPFC-INS correlation was also significantly altered in
CBP (Healthy: −1.20 ± 1.12; CBP: 0.98 ± 1.31; two-sided unpaired t-test: t= −4.73, p<0.01)
and also was related to increased spectral power for the high frequency band in the mPFC
BOLD time course in CBP (Healthy: R=0.24, p=0.38; CBP: R =0.82, p<0.01) (Figure 3C).

Baliki et al. Page 6

J Neurosci. Author manuscript; available in PMC 2012 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Similar to the mPFC-ACC and mPFC-INS changes, mPFC-S2 exhibited significantly altered
correlation in CBP (Healthy: −1.41 ± 0.73; CBP: 0.07 ± 0.05; two-sided unpaired t-test: t=
−4.34, p<0.01) and also was related to increased spectral power for the high frequency band
in the mPFC BOLD time course in CBP (Healthy: R=0.19, p=0.48; CBP: R =0.71, p<0.01)
(Figure 3D). These results show that the increase in high frequency BOLD oscillations in
mPFC in CBP are accompanied by increased functional connectivity (more positive
correlations) with multiple brain regions involved in nociceptive processing, and this
enhanced connectivity is due to enhanced power in the high frequency BOLD.

It is worthy to note that all correlation analyses were performed after regressing the global
bold signal (see methods). However, regressing out the global signal has been shown to
introduce anti-correlations that might be artifactual (Van Dijk et al., 2010). In order to
corroborate our findings, we performed the same analysis without regressing out the global
bold signal. The mPFC connectivity contrast (CBP>Healthy) produced similar results with
the mPFC exhibiting increased correlation to ACC, INS and S2 (contrast maps for the two
analyses showed 94.7 % overlap, data not shown).

mPFC frequency changes reflects spontaneous pain perception in CBP
We next assessed the relationship between the high frequency oscillations of the BOLD
signal in the mPFC to pain perception. We test the specific hypothesis that the mPFC region
identified as having higher frequency BOLD oscillations in CBP is the same area that
reflects fluctuations of back pain in the task where CBP patients are actually rating their
spontaneous pain (the region is in fact very close to mPFC identified in the past using a
general linear modeling analysis for ratings of back pain, (Baliki et al., 2006). Thus, we use
the mPFC coordinates from the resting state contrast to look for the properties of this region
in relation to back pain ratings. Thirteen of the CBP subjects rated their online fluctuations
of spontaneous pain for 10 mins in the absence of external intervention during the scan (pain
rating task). The individual pain ratings from the thirteen CBP patients are shown in Figure
4A. The mPFC BOLD time courses during rating of spontaneous pain (6 mm ROI peak
coordinates derived from resting state fMRI) were computed for each individual and
submitted for a spectrogram analysis using 90 sec windows with 95 % overlap. This allowed
us to track the change in power for the entire BOLD frequency range in time. An example of
the mPFC BOLD time course from the pain rating scan from patient 7 is shown in Figure
4B. The spectrogram derived from the corresponding BOLD signal is shown in Figure 4C.
The spectrogram was used to compute time courses for the three frequency bands by
averaging the power for each time point within the given band and normalizing them to their
respective means (Figure 4C, lower panel). To directly correlate these time courses with the
pain perception, the pain rating was 1) convolved with the hemodynamic response function
(to compensate for delay of blood flow), 2) resampled in time to match the brain activity
time courses (Figure 4D) and 3) submitted to a Pearson correlation analysis separately for
the low, mid and high frequency band. The same analysis was performed for visual ratings
obtained for the visual rating task, in which subjects rated online changes in the length of a
bar projected on the screen.

Figure 4E shows the group average correlation for pain rating and visual ratings with brain
activity time courses derived for the three frequency bands. The high frequency oscillations
in the mPFC BOLD time course exhibited statistically significant positive correlations with
pain rating, but not with visual ratings (pain rating: 0.46 ± 0.28; visual rating −0.03 ± 0.35;
two-sided unpaired t-test: t=5.89, p<0.01). In addition, neither pain nor visual ratings
showed any statistically significant correlations with brain activity of the low frequency
band (pain rating: −0.24 ± 0.23; visual rating: 0.09 ± 0.32) and mid frequency band (pain
rating: −0.11 ± 0.20; visual rating: −0.10 ± 0.33). These results indicate that the high
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frequency events in the mPFC BOLD signal are associated with the fluctuations of
spontaneous pain of CBP reported by these patients.

Discussion
The current investigation is the most recent installment of a series of studies aimed to
investigate the neural mechanisms associated with and modulated by spontaneous pain in
CBP patients. The first seminal observation was that spontaneous CBP had a unique brain
representation different from that of acute pain. Elevated spontaneous CBP pain was
perpetuated by sustained activation of the medial prefrontal cortex (a region involved in
emotional/self-referential information processing) and punctuated by transient nociceptive
input that perpetuate the state of continued negative affect (suffering) regarding the self in
CBP patients (Baliki et al., 2006). These results, coupled with behavioral data, showing
impaired performance of CBP patients on a gambling task (Apkarian et al., 2004b), led us to
the conclusion that chronic pain can no longer be fully characterized within the classical
pain system. We reasoned that CBP might indeed impact and modulate brain functions
beyond the pain system itself. This spurred our second study in which we investigated the
functional re-organization of brain networks in CBP patients during the performance of a
simple attention task (Baliki et al., 2008). We discovered that CBP patients, despite
performing the task equally well as healthy controls, displayed increased activation in
several key DMN regions. This abnormal activity was also associated with disrupted
correlation/anti-correlation of selective regions with the DMN and attention networks, thus
demonstrating that chronic pain has a widespread impact on overall brain function. The
current study is designed to further identify the cortical ‘signature’ of CBP and explore the
predominant mechanisms of CBP perception. We observe that CBP is associated with a shift
towards higher frequencies in the oscillatory activity in the brains of patients during rest as
measured by fMRI. This enhanced high frequency fluctuations primarily mapped to the
mPFC and brain regions within the DMN, thus corroborating our previous findings.
Functionally, the shift in oscillations was associated with reorganized connectivity between
the mPFC and insula, cingulate, and secondary somatosensory regions, areas involved in
pain processing and receiving inputs from peripheral pain pathways. In addition to changes
in function, increases in high frequency fluctuations exhibited a significant temporal
coupling with surges in spontaneous CBP intensity.

The functional relevance of high frequency BOLD oscillations (0.10 to 0.25 Hz) is not fully
understood. Multiple groups have examined resting state fMRI for higher frequency BOLD
oscillations (Mitra et al., 1997; Cordes et al., 2002; Wise et al., 2004; Duff et al., 2008;
Salvador et al., 2008; He et al., 2010; Malinen et al., 2010; Zuo et al., 2010). Recently we
showed that BOLD fluctuations pertain a spatio-temporal organization with different
frequency mapping to distinct brain networks (Baria et al., 2011). In accordance to these
findings, here we show that spontaneous activity in healthy subjects exhibit a frequency
dependent large-scale neural organization with limbic, subcortical and temporal regions
displaying largest measures of power in higher frequency bands, while visual, parietal and
frontal regions are dominated with lowest frequency BOLD oscillations, replicating our
recent findings (Baria et al., 2011). Compared to controls, CBP patients exhibited a similar
organization with a shift to high frequencies especially in the mPFC and brain regions
within the DMN network, including the PCC and bilateral LP regions. These increases in
high frequency power could reflect changes in ongoing neural activity and/or cortical
excitability associated with spontaneous pain, since mutually interacting oscillations would
be well positioned to regulate information integration across multiple spatial and temporal
scales (Canolty and Knight, 2010). Brain oscillations have been a prominent theme in
animal (local field potential) and human (electroencephalography) research, with different
frequency bands distinguishing specific behavioral states such as sleep, cognition, eye-
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closure and activation (He et al., 2010). Within this framework, there is accumulating
evidence showing that changes in BOLD oscillation may also be related to changes in
behavioral state such as task performance and thus may reflect changes in neural activity
(Duff et al., 2008; Baria et al., 2011).

Modulation of BOLD temporal fluctuations has been observed within the resting-state
networks of two other chronic pain patient groups. Cauda and colleagues observed increased
power in the 0.05 – 0.25 Hz range of the DMN in patients suffering from diabetic
neuropathy (Cauda et al., 2009a). Likewise, Malinen and colleagues showed that patients
with chronic pain exhibited increased power in the high frequency band in the ACC and INS
(Malinen et al., 2010). Both studies argued that these alterations reflect a change in the
functional connectivity of the related brain regions involved in both affective (ACC and
INS) and sensory (thalamus, S1 and S2) processing of pain perception. When we examined
the intrinsic connectivity of the mPFC during rest we observed congruent modulations. The
mPFC showed localized increased functional connectivity (shift from negative to positive
correlations) to the ACC, INS and S2. These results suggest that the change in the
oscillatory properties is coupled with change in functional connectivity, which can be
explained as increased nociceptive input via peripheral pain pathways that permeates the
brain and disturbs resting state dynamics. Thus, the affected neuronal assemblies receiving
input from nociceptive pathways turn into disorderly sources of central generators swaying
the system towards inflexibility and attenuating its ability in sampling information along
different discharge frequency bands (Cauda et al., 2009a). It can therefore be suggested that
this ‘signature’ of restructured connectivity is mirrored in changes of correlation/anti-
correlation within the DMN network observed in our previous work (Baliki et al., 2008) and
by other groups (Cauda et al., 2009a; Tagliazucchi et al., 2010).

In addition to changes in functional connectivity, the shift in the frequency profile within the
mPFC mirrored changes in spontaneous pain intensity in CBP. This observation provides
direct evidence for the specificity of the BOLD frequency changes observed in patients since
it exhibits direct correlation to their pain report in real time. Furthermore, this correlation
was unique for changes in spontaneous pain, since it was not observed when subjects rated
the length of a moving bar (visual control task). These results are consistent with our earlier
observations that the activity in the mPFC is sustained during high pain periods in patients
using a general linear model (GLM) analysis (Baliki et al., 2006). Thus using two different
approaches (frequency based analysis in resting state fMRI and GLM analysis during pain
rating) we were able to identify the mPFC as the primary module underlying spontaneous
pain processing in CBP. In a previous study we also showed that mPFC activity is mediated
by more transient bursts in activity in the ACC and INS (Baliki et al., 2006). This mPFC-
ACC and mPFC-Ins coupling is also evident in this study in the form of increased
correlation within these regions that is directly dependent on increases in high frequency
power in the mPFC. It is worthy to note that complementary results were reported by
Tagliazucchi and colleagues, where they showed that brain regions within the frontal cortex,
mainly orbital areas, show increased co-activation with bilateral insula in CBP patients
during resting state fMRI (Tagliazucchi et al., 2010). The neuronal mechanisms linking
spontaneous pain processing to high frequency BOLD fluctuations within the frontal cortex
remains unknown and can be attributed to both peripheral and central processes.
Peripherally, it can be due to increased ectopic discharges in nociceptive fibers coupled with
enhanced spinal prefrontal projections through the spinothalamic tract and other pathways
such as spinoparabrachial, spinostriatal, and spinoreticular pathways (Willis and Westlund,
1997; Gauriau and Bernard, 2002; Braz et al., 2005). Alternatively, the observed increase in
high frequency oscillations can be the result of central changes including increased
disinbition of thalamo-cortical projections (Cauda et al., 2009a) and/or morphological
changes, which have been shown in CBP patients (Apkarian et al., 2004a) and other chronic
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pain conditions (Davis et al., 1995; Schmidt-Wilcke et al., 2005; Schmidt-Wilcke et al.,
2007; Seminowicz and Davis; Kim et al., 2008; May, 2008; Valfre et al., 2008; Blankstein et
al., 2010).

This is the first study that directly links temporal changes in high frequency oscillations to a
behavioral output, linking perception and high frequency BOLD. Recent studies indicate
that BOLD signal reflects local dendrosomatic processing (Lippert et al., 2010) and is due
mainly to excitatory neuronal activity (Lee et al., 2010), suggesting that the changes in high
frequency fluctuation observed in this study are consequence of altered neuronal firing
properties. However it has been shown that cardiac and respiratory rhythms as well as head
motion artifacts are aliased into the high frequency spectrum of the BOLD signal (De Luca
et al., 2006; Duff et al., 2008). Here increases in high power are unlikely due to
physiological or motion artifacts since the spatial distribution of regions showing increased
high frequency fluctuations did not map to regions and/or edges typically associated with
physiological noise or motion artifacts. Furthermore, the two groups showed minimal head
motion (healthy: 1.12 ± 1.89 mm; CBP: 1.69 ± 1.44 mm; two-sided unpaired t-test: t=−0.76,
p=0.87), and regression of motion parameters from the brain data did not affect the observed
changes in the power distribution.

In conclusion, these findings provide novel insights about the nature of CBP and the
mechanisms by which it alters brain function. Spontaneous pain in chronic pain seems
uniquely conveyed through increased high frequency oscillations during rating of ongoing
pain, and the same brain region in resting brain activity in turn also reflects changes in
connectivity within resting state networks, especially between the frontal cortex and pain
related regions. It is our contention that these changes, coupled with changes in brain
salience and motivation valuation circuitry, are essential mediators for the functional,
cognitive and behavioral alterations commonly seen in chronic pain patients.
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Figure 1. Spatial distribution of spectral power for BOLD oscilations in healthy and CBP during
resting state fMRI
(A) Brain maps show spatial distribution of the group average spectral power for the three
frequency bands (low: 0.01–0.05 Hz, mid: 0.05 – 0.12 Hz and High: 0.12 – 0.20 Hz) for
CBP patients (n=15) and healthy controls (n=15). In the control group, the lowest frequency
exhibited highest power, and was localized mainly to prefrontal, parietal, and occipital
cortices. The mid and high frequency bands, consecutively exhibited less power, and
localized more within cingulate, insular and temporal cortices, in addition to sub-cortical
structures. The CBP group generally shows a similar pattern of spatial distribution of
spectral power to the healthy group, with increases in the high frequency power in parts of
the medial frontal and insular regions and mid frequency power in the cingulate cortex. (B)
Group average histograms of power for BOLD oscillations for the three frequency bands in
healthy (black trace) and CBP (gray trace).

Baliki et al. Page 13

J Neurosci. Author manuscript; available in PMC 2012 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Regional differences in power spectral density between Healthy and CBP during
resting state fMRI
(A) Whole brain voxel-wise differences in power for the high frequency band between CBP
and healthy. Brain areas in red-yellow depict statistically significantly higher power in CBP
compared to controls (unpaired t-test, random-effects model, z-score>3.0, cluster p < 0.01,
corrected for multiple comparisons), localized mainly to the medial prefrontal cortex
(mPFC), posterior cingulate (PCC) and bilateral parietal cortices (LP). No significant
differences were detected for the mid and low frequency bands. Brain images in standard
MNI space, coordinates in mm. (B) Individual BOLD time courses from the mPFC for
healthy (left) and CBP (right). (C) Individual power spectra for the mPFC BOLD time
courses superimposed separately for Healthy (black traces) and CBP (gray traces). Red
traces represent group averages. (D) Bar graphs show the mean ± s.d. spectral power from
the mPFC time courses for the three frequency bands in healthy (black bars) and CBP (gray
bars). CBP exhibited significant increase in spectral power for the high frequency band and
decrease for the low frequency band (** p<0.01). (Compare to Figs 2 – 4 in (Malinen et al.,
2010))
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Figure 3. Functional connectivity differences for the mPFC between healthy and CBP during
resting state fMRI
(A) Whole brain voxel-wise contrast in mPFC connectivity between CBP and healthy. Brain
regions in red-yellow depict statistically significant increased mPFC connectivity in CBP
compared to controls (unpaired t-test, random-effects model, z-score>3.0, cluster p < 0.01,
corrected for multiple comparisons). CBP showed increased correlation between the mPFC
and anterior cingular (ACC), insular (INS) and secondary somatosensory (S2) cortices;
regions known to be involved in pain perception and modulation. Brain images in standard
MNI space, coordinates in mm. (B) Bar graphs show the mean ± s.d. of normalized
correlation values (z-scores) between mPFC and ACC BOLD time courses (6 mm ROI) for
healthy (black bars) and CBP (gray bars). The mPFC showed a negative correlation with the
ACC in healthy subjects. This relationship was significantly reversed in CBP. Scatter plot
depicts the relationship between the high frequency spectral power for the mPFC BOLD
time courses and the strength of mPFC –ACC correlations in healthy (black triangles) and
CBP (grey circles). The strength of the mPFC-ACC correlation showed a significant positive
relationship with mPFC BOLD power spectra in CBP (R=0.83, p<0.01) but not in healthy
subjects (R = −0.05, p=0.85). (C) and (D) Same as B for mPFC-INS and mPFC-S2
correlations. (** p<0.01).
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Figure 4. Relationship between mPFC BOLD spectral power and spontaneous pain ratings in
CBP
(A) Spontaneous pain ratings for 13 CBP patients. Patients used a finger-span device to
continuously rate spontaneous fluctuations of their back pain (pain rating task) on a scale of
0–100 in the absence of external stimulation during fMRI scanning. In a separate scan,
patients also performed a visual control task, in which they rated the size of a bar projected
on a screen. (B) An example of the mPFC BOLD time course from cbp patient 07 (pat 07)
during the pain-rating task. (C) Top color panel shows the spectrogram of the mPFC BOLD
signal. Lower line plots show the averaged normalized spectral power for the low (0.01–
0.05 Hz, blue trace), mid (0.05–0.12 Hz, green trace) and high (0.12–0.25, red trace)
frequency bands derived from the spectrogram. Power was averaged across all frequencies
for a given band and normalized with respect to the mean. (D) Spontaneous pain rating for
patient 7, after convolving with homodynamic response function and temporal resampling to
match the time course of the spectrogram. The pain rating exhibits similar temporal
fluctuations only to the high frequency band spectrum. (E) Bar graphs show the mean ± s.d.
Pearson correlation coefficients of the ratings and power spectra for the three frequency
bands during pain rating (black bars) and visual rating (white bars) tasks. Individual
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patients’ ratings showed a significant relationship only to the mPFC power for the high
frequency band and only for pain rating task. ** p<0.01
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