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Abstract
A fundamental question for placebo research is whether such responses are a predisposition,
quantifiable by brain characteristics. We examine this issue in chronic back pain (CBP) patients
that participated in a double-blind brain imaging (fMRI) clinical trial. We recently reported that
when the 30 CBP participants were treated, for two weeks, with topical analgesic or no drug
patches, pain and brain activity decreased independently of treatment type, and thus were
attributed to placebo responses. Here we examine in the same group brain markers for predicting
placebo responses, that is for differentiating between post-treatment persistent (CBPp) and
decreasing (CBPd) groups. At baseline, pain and brain activity for rating spontaneous fluctuations
of back pain were not different between the two groups. However, based on brain activity
differences after treatment, we identified that at baseline the extent of information shared
(functional connectivity) between left medial prefrontal cortex and bilateral insula accurately (0.8)
predicted post-treatment groups. This was validated in an independent cohort. Additionally, using
frequency domain contrasts we observe that, at baseline, left dorsolateral prefrontal cortex high-
frequency oscillations also predicted treatment outcomes and identified an additional set of
functional connections distinguishing treatment outcomes. Combining medial and lateral
prefrontal functional connections we observe a statistically higher accuracy (0.9) for predicting
post-treatment groups. These findings show that placebo response can be identified a priori at least
in CBP, and that neuronal population interactions between prefrontal cognitive and pain
processing regions predetermine probability of placebo response in the clinical setting.

Introduction
Placebo conditioning studies show that placebo analgesia is a true antinociceptive effect
with psychobiological origins [9,20,39,41]. These mechanisms interact with the effects of
active drugs such as mu-opioids and can in turn interfere with a drug’s therapeutic effects
[10–12,41,42,54]. Placebo responses in clinical populations are less clearly understood. A
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series of studies in IBS patients demonstrated that positive conditioning with a placebo
cream reduced the intensity of clinical pain though mechanisms similar to those observed for
placebo analgesia in healthy subjects [16,42,43]. However, further investigations into
mechanisms that induce placebo analgesia in chronic pain are warranted, to potentially
improve treatment strategies and also to be able to design more effective clinical trials.

In a recent placebo controlled, double blind, clinical trial for 5 % lidocaine topical patch
treatment we reported that the active treatment was not significantly different from placebo
in its effectiveness for treating chronic back pain [24]. A thorough examination of the data
corroborated by several reports in the literature [13,24,28,29,35,49] demonstrated that 5%
lidocaine relieves pain through a placebo effect. We also confirmed that the overall decrease
in clinical pain was due to the use of the patch or treatment, and not a consequence of
spontaneous remission in chronic pain because an untreated CBP group (observation only
control) showed minimal change in back pain. The placebo patch treatment was effective in
nearly half of the patients (independent of the type of treatment), while the remaining
patients showed little or no change in back pain [24]. To investigate the mechanisms for this
marked interindividual variability in pain relief with a placebo treatment, here we investigate
brain functional connectivity differences between the two groups at baseline, testing the
hypothesis that in CBP patients placebo responses are contingent on predispositions that
may be captured with brain network properties.

The rationale for this investigation was examination of brain placebo mechanisms in the
clinical population and for the clinical trial setting in which they were studied. Existing
studies have demonstrated the predictive role of brain networks to placebo response only in
healthy subjects and specifically in response to placebo conditioning [26,32,46,48].
However, there is no knowledge for brain based placebo prediction in clinical populations,
and especially when tested during a clinical trial. Therefore, a secondary aim of the study
was to demonstrate that, in chronic pain patients, the clinical trial setting (combination of
presence of physicians, brain scanner, and therapy), with neutral instructions (“the treatment
may or may not improve your pain”), is sufficient to evoke a placebo effect based on
predisposing factors. Towards these goals, we focused on baseline brain activity to identify
networks that predict placebo response using two separate approaches one targeting
spontaneous back pain related networks and the other comparing BOLD oscillation
properties in the whole brain, using a model free approach. We test that 1) specific brain
network properties predispose chronic pain patients towards placebo analgesia before start
of a clinical treatment, and 2) multiple networks synergistically interact and enhance ability
to forecast placebo response.

Methods
The present study is a reanalysis of data presented regarding the effects of 5% lidocaine on
spontaneous pain of CBP [24]. In the latter study we showed that active treatment was not
different from the placebo arm. Here we regroup the CBP participants into placebo
responders and non-responders and analyze brain network properties for predicting these
groupings.

Subjects
Data from a total of 30 patients (16 males, 14 females, mean age 51.36 ± 9 years SD) with
chronic back pain was used. All subjects were right-handed and gave informed consent to
procedures approved by the Northwestern University Institutional Review Board. Patients
were included if they had CBP for >1 year, and a pain score > 40/100 VAS at the baseline
visit. For 72 hours prior to the first session, the subjects refrained from analgesic
medications. During the 2 weeks of treatment period, subjects could take up to 2 regular
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strength acetaminophen tablets (325 mg) per day if needed. For more details and
demographics see [24].

To validate the main finding we examined brain properties in a separate group of 7 CBP and
5 OA (osteoarthritis) subjects that we had studied in the past [7].

Subject groups and experimental sessions
The CBP patients were assigned to two groups based on the level of absolute change in pain.
The patients that reported more than median decrease in pain were assigned to the CBP
decreasing (CBPd) group and the remaining subjects were designated to the CBP persisting
(CBPp) group.

Data acquisition and pain rating task
Data was collected from participants in three experimental sessions. The baseline session
was conducted immediately before start of treatment and the post treatment session was
performed after 2 weeks of daily administration of the patch.

Functional scans were acquired while the subjects rated spontaneous fluctuations in their
back pain. In addition T1-weighted structural images were acquired. Scan parameters and
image preprocessing details are described in [24].

Statistical analysis
GLM analysis for pain related activations in CBPp and CBPd groups—To assess
spontaneous pain related activations, we used the procedure by Baliki et al., [5]. Briefly, the
ratings obtained in the scanner were binarized relative to the mean [5]. The binarised vector
was convolved with a canonical hemodynamic response function (gamma function: lag, 6 s;
SD, 3 s) in FEAT. The significance of the model fit to BOLD signal in each voxel time was
calculated, yielding statistical parametric maps for each subject and condition. All group
level analyses were carried out using FEAT in a random effects analysis after the co-
registration of individual scans to standard space [152 subject average Montreal
Neurological Institute (MNI) space, http://www.bic.mni.mcgill.ca/cgi/icbm_view/]. The T1
images acquired for every patient was used for properly aligning and registering the
functional data to the standard template. Average group activity map was generated for the
CBPp and the CBPd groups from the baseline scan to ascertain the region that corresponds
significantly with spontaneous pain ratings. Contrast maps were generated by comparing the
CBPd and CBPp groups with a random effects un-paired t-test. To correct for multiple
comparisons, cluster-based corrections was applied to at Z-scores > 2.3 and a cluster
probability threshold of p < 0.05. All imaging analyses were corrected for confounds due to
age and sex.

Functional connectivity analysis in regions activated by spontaneous pain—
Functional connectivity between pain processing brain regions was tested for differences
between the two groups at baseline. The regions that showed differences in spontaneous
pain related activations between the CBPp and CBPd groups after treatment were selected as
regions of interest (ROIs) (see Table 2 for list of regions). To assess baseline differences in
the connectivity within the pain related network, masks (5 × 5 × 5 voxels) were selected and
the average activity within the ROI extracted. These time series were z-transformed and
correlated with corresponding time series of all other ROIs, on a per subject basis.
Connectivity was measured as zero-lag Pearson correlations between pairs of regions, which
is a measure of amount of information, or temporal synchrony, between shared pairs of
regions (throughout the paper we refer to functional connectivity between a region A and a
region B as A.B). Only mean correlations with R-values greater than 0.2 were studied
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(pairwise p-value <0.001). Next, mean connectivity for each pair of regions was calculated
for each group (CBPp and CBPd), which quantifies the magnitude of information shared
between pairs of brain regions. An unpaired t-test of R-values identified significant group
differences in functional connectivity. Based on a Bonferroni correction for multiple
comparisons (in this case 5 for 6 ROIs), a p-value of 0.01 was considered as significant.

Baseline spectral power differences—Spectral analysis was carried out using custom
routines in MATLAB 7.9 (The MathWorks, 2009). Specifically, power of the BOLD signal
in frequency space was determined voxel-wise using Welch’s method and normalized by
total power [4]. The average power of each frequency band in BOLD response (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. For each frequency band, individual subject whole-brain
spectral power maps were generated. The subject maps were then transformed into standard
space using FLIRT while making use of the T1 maps of each subject. Individual spectral
power maps for each frequency band were submitted separately to a two-sample unpaired-t
test for a between group comparison. Statistical differences between groups were computed
using a random effects analysis (z-score > 2.3, cluster threshold P < 0.01 corrected for
multiple comparisons).

Validation study—The findings were validated in a separate group of 7 CBP and 5 OA
subjects that we had studied in the past [7]. The validation group had undergone treatment,
testing and scanning procedures similar to those used in the double-blind study except this
group had participated in an open-label trial (i.e., there was no placebo arm) and fMRI and
pain measurements were obtained at baseline and after two weeks of treatment. fMRI scans
were preprocessed using the same procedures as above and the resultant data was only used
for ROI analysis using brain coordinates derived from results obtained in the double-blind
study. The 12 chronic pain patients (7 CBP and 5 OA) were grouped by pain relief at 2-
weeks of treatment based on median change in pain.

Differences between CBPd and CBPp in whole-brain LdlPFC functional
connectivity—Based on the group comparison, dorsal lateral prefrontal cortex or LdlPFC
showed significant differences in BOLD frequency. The BOLD signal time series was
extracted from the LdlPFC and was used as a vector to measure LdlPFC whole brain
connectivity. Correlation coefficients measured in every voxel were converted to normally
distributed z scores using the Fischer's transform, i.e., dividing by the square root of the
variance, estimated as 1/√(df-3), where df represents the degrees of freedom. Because the
BOLD time course consecutive samples are not statistically independent, the df was
corrected by a factor of 2.86, in accordance to Bartlett theory [51,52]. To compare between
the CBPp and CBPd groups, a two-sample paired-t test was used to compare connectivity
maps between the two groups (random effects analysis z-score > 2.3, cluster threshold P <
0.05 corrected for multiple comparisons). Brain regions identified as significantly differently
connected in each group were then used in functional connectivity analysis, using the same
approach as described above.

Principal components analysis—A multivariate PCA approach was used to identify
interrelationships between networks. Prior to performing PCA (SPSS, Chicago, IL), the
suitability of data for factor analysis was assessed with the Kaiser-Meyer-Olkin (KMO) test
and significance testing with Barlett’s test of sphericity. The number of orthogonal
components was limited according to a significance threshold determined by the Scree test.
Components with eigenvalues greater than 1 were regarded as significant. Factors that
loaded with values less than 0.4 were removed to determine only the most robust factors.
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The extracted components were then further analysed to study the demarcated relationships
using linear regressions.

Results
Patient pain scores and grouping

At baseline, the mean pain intensity for the 30 CBP patients was 71.6 ± 4.3 SEM. We used a
median split to categorize the placebo responders. The median of the absolute change in pain
was 18.5 (NRS) after 2 weeks of treatment in the 30 subjects [24]. This value corresponds to
a clinically significant value of 28.4% decrease in chronic pain [21,23]. Based on this
classification, the subjects with more than median decrease were designated as CBP
decreasing (CBPd) group. The remaining subjects were designated persisting or CBPp
group. There were no significant differences between the two groups in demographics,
disease parameters or medication use at baseline (Table 1).

Pain network connectivity at baseline predicts placebo response
To identify brain parameters predictive of placebo response we first determined the
difference between the CBPp and CBPd groups based on brain activity for spontaneous pain
ratings. Brain activity related to the spontaneous pain ratings were determined using general
linear modeling, corrected for age and sex. At baseline, mean activation associated with
spontaneous pain fluctuations (Fig. 1A and 1B) were observed in the medial prefrontal and
rostral anterior cingulate in the CBPd group and also in the CBPp group, and the contrast
between groups was null. But after 2 weeks of treatment, there was a significantly greater
activation in CBPp than in CBPd (Fig. 1C) (opposite contrast was null). This activation was
localized to the bilateral aINS (anterior insula, BA 13), RmINS and LmINS (right and left
mid insula, BA 13), mid cingulate (BA 32) extending into the RdmPFC (right dorsal medial
prefrontal cortex, BA 8) and r LPFC (right lateral prefrontal cortex BA 10) (Table.2). The
RdmPFC and ACC were contiguous with the peak activation in the dmPFC. Therefore, the
dmPFC was chosen to represent this region.

We hypothesised that the functional connectivity between these six regions differs between
the two groups at baseline. The time series from these six regions was extracted, and
pairwise correlations between them were calculated for the CBPp and CBPd group. The
mean connectivity between these regions is shown in Fig. 2A. The CBPd group showed no
connectivity above threshold (0.2) between the dmPFC and the insula regions, including
right and left anterior and right and left mid insula (Fig. 2A), while the CBPp showed a
greater than threshold connectivity between these regions (Fig. 2A, second column).
Contrasting these functional connections between the two groups indicated two links
significantly stronger in CBPp: RdmPFC connectivity with LaINS (p=0.0025), and with
RaINS (p=0.01, borderline significant after Bonferroni correction for 5 comparisons) (Fig.
2A, third column, C and D). None of the functional connections was significantly stronger
in the CBPd group. Thus, two functional connections are identified, from within the brain
regions related to spontaneous pain, that differentiated the groups before treatment. As the
connectivity strengths were higher for CBPp, this result suggests that these networks
predispose the subjects to be less susceptible to placebo response. The dmPFC has a well-
described role in affective states [22,25,36] and here it was discovered that affective MPQ
scores correlated with RdmPFC.LaINS connectivity (R= 0.39, p=0.037) and marginally with
RdmPFC.RaINS connectivity (R= 0.35, p=0.064). No relationship was observed for
RdmPFC.LaINS connectivity with pain intensity (VAS) (R=−0.009, p=0.96) or sensory
MPQ scores (R=0.21, p=0.26), implying that the RdmPFC.aINS connectivity is related to
negative affective properties of back pain.
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ROC analysis for predicting placebo response by functional connectivity
To assess the strength of predictability of the two groups (identified after two weeks of
treatment) from functional connectivity measures at baseline, we calculated the receiver
operating characteristics (ROC). The ROC for discriminating between the two groups was
0.82 (chi2 test for logistic regression, p<0.002) for the connectivity strength between
RdmPFC.LaINS (95% confidence interval [CI]: 0.65–0.98) and 0.78 (chi2 test, p = 0.006,
95% CI: 0.60–0.96) for connectivity between RdmPFC.RaINS. Thus, both pairs of
functional connections measured at baseline distinguished the CBPp and CBPd subjects that
were grouped based on placebo analgesia observed two weeks later (Fig. 2C–E).

Validating the prediction of placebo response by functional connectivity
The predictive capacity of the functional connectivity between the RdmPFC.LaINS and
RdmPFC.RaINS were validated in a separate data set. This data set consisted of 7 CBP and
5 OA patients had participated in an open label trial for a 2 week treatment with the 5 %
lidocaine patch (see [7] for details). We hypothesised that the functional connections
identified in the 30 CBP subjects predicts interindividual differences in placebo response in
this separate group of chronic pain patients, assuming that the analgesia observed in this new
cohort is also a placebo effect.

As in the first cohort, subjects were segregated into two groups based on a median split of
absolute change in pain. The patients that responded to the treatment were classified as the
chronic pain decreasing group (CPd; n = 7), and the remaining were categorised as chronic
pain persistent group (CPp, n = 5). BOLD time series was extracted from the RdmPFC,
LaINS and RaINS in the baseline scans of the validation cohort, using co ordinates from the
first cohort of 30 subjects. Functional connectivity was significantly greater in CPp between
RdmPFC.RaINS (F1,11 =10.2, p=0.01) and also between RdmPFC.LaINS (F1,11 =12.9,
p=0.005). Moreover, ROC analysis for the RdmPFC.LaINS connectivity (Fig. 2F)
discriminated between CPp and CPd with accuracy of 0.97 (p=0.07; 95% CI: 0.88–1.0). The
RdmPFC.RaINS connectivity also significantly discriminated the two groups with accuracy
of 0.86 (p=0.04; 95% CI: 0.63–1.0). These results sufficiently validate the main observations
discovered in the initial cohort.

BOLD oscillations at baseline discriminate between placebo responses
As we have recently demonstrated that analysis of BOLD oscillations in the frequency
domain provides additional information regarding brain properties, above that detected by
general linear modeling [8], we hypothesized that there are additional brain networks that
might further enhance predictability of placebo responders and that these networks can be
identified when searched for in the frequency domain. We 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), in CBPp and CBPd groups for baseline
brain activity (Fig.3). The CBPd group had significantly greater high frequency power (HF)
in the LdlPFC BOLD response than in the CBPp groups (x= −30, y=14, z=42; Table 1, (Fig.
3B)). Other regions included the right dlPFC (x= 36, y=22, z=46) and the precuneus (x= 0,
y=−56, z=18). No significant differences were detected for power in the mid frequency band
(MF). The CBPp showed significantly greater lower frequency power (LF) than CBPd in the
LdlPFC (same co-ordinates as the high frequency contrast) and also showed more LF power
in the superior temporal gyrus. To constrain the analysis to the most pertinent finding, all
subsequent analysis were directed to the LdlPFC because it has a well acknowledged role in
placebo response [27,46,48,53].

The BOLD time series was extracted from the LdlPFC, and power in the three frequency
bands was measured in a post hoc test. The HF power was greater (F1,29 = 8.9, p = 0.006) in
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the CBPd when compared to the CBPp group (MANOVA main effect F1,29=4.3, p= 0.013,
Fig. 3B). Conversely, LF power was significantly higher in the CBPp as compared to the
CBPd group (F1,29 = 8.8, p=0.006,). There was no difference in the power for the mid
frequency band between the two groups (F1,29=1.6, p = 0.22). In addition the LdlPFC power
in HF band (at baseline) correlated significantly with the extent of change in pain by the
treatment (two weeks later) (R29=0.5, p=0.005, see Fig. 3C).

ROC analysis for predicting placebo response by power of BOLD oscillations
The HF power within LdlPFC was evaluated as a predictive measure of placebo response
using ROC analysis. The accuracy of this measure for discriminating between the two
groups was 0.78 (p=0.01; 95% confidence interval [CI]: 0.61–0.95; Fig. 3D).

Validating the prediction of placebo response by power of BOLD oscillations
As with the pain network connectivity measures, the LdlPFC high frequency power in
BOLD response was also evaluated for its predictive effectiveness by testing it in the 12 CP
validation cohort. The HF measure (Fig. 3D) for discriminating of CP had an accuracy of
0.83, with borderline significance (p=0.062; 95% CI: 0.51–1.1).

CBPp and CBPd groups show distinct LdlPFC functional connectivity at baseline
The LdlPFC has been established as an important contributor to the placebo response in
multiple studies in healthy subjects [27,46,48,53], and its HF oscillations discriminate
between CBPp and CBPd. We next hypothesized that the LdlPFC BOLD oscillations are
shared between brain regions such that underlying functional connections would uniquely
modulate different brain circuits in placebo responders and non responders in CBP. To
identify these circuits we compared whole brain LdlPFC functional connectivity between the
CBPp and CBPd groups. The LdlPFC showed connectivity within the frontal parietal
attention network and with temporal cortices in both groups. The contrast between the two
groups (Fig. 4 A–G) showed that the LdlPFC was more connected with sensorimotor
regions and the mid cingulate in the CBPd group, while in the CBPp group LdlPFC
connectivity was predominantly with prefrontal brain regions, such as parts of the lateral
prefrontal, orbitofrontal, and dorsal medial prefrontal cortices, as well as with bilateral
posterior parietal cortex (Table 3). Therefore, we observe that the CBPp and CBPd groups
exhibit distinct networks linked with LdlPFC, and these differential interactions are based on
sharing specific BOLD oscillations with LdlPFC.

Distinct BOLD frequencies are coupled with distinct brain connectivity patterns and
behavioural measures

The next analysis determines the properties of LdlPFC linked networks relative to the
networks identified in relation to spontaneous pain, their interactions with pain parameters
and their combined influence on placebo response. With this aim, we combined
representative measures from the three pertinent findings in a principal components analysis
along with delta pain scores as a behavioural measure of placebo response.

First, RdmPFC.LaINS connectivity and affective MPQ scores were added to the PCA to
represent the pain network connectivity that correlated with affect and discriminated placebo
non responders from responders among CBP patients. The second sets of values added to the
PCA represented LdlPFC connectivity differences between CBPp and CBPd groups. This
included three regions that showed highest LdlPFC connectivity in the CBPd > CBPp
contrast and were RS1 (right somatosensory area 1), RM1 (right primary motor area 1), and
LmCC (mid cingulate cortex), see Table 3. Areas representing highest dlPFC connectivity
with brain regions identified in the CBPp>CBPd contrast were right RdmPFC, LaPPC (left
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angular posterior parietal cortex) and RlPFC (right lateral prefrontal cortex). Then, dlPFC
power in two frequency bands, the HF and MF, were added to the PCA. LF values were
excluded since LF and HF were highly correlated with each other (for the LdlPFC, LF and
HF R= −0.8, p<0.0001).

The PCA yielded two principal components (with eigenvalues > 1, Fig. 5A, B). The strength
of the model was significant (KMO =0.69, and Barletts test of sphericity p<0.0001 with 55
degrees of freedom). After varimax rotation, the cumulative variance explained by the two
components was 63%. Component 1 showed the variables that group with the placebo
response measure (delta pain) and with the HF oscillations in LdlPFC, where some
functional connections loaded positively (regions observed in the CBPd>CBPp contrast:
LdlPFC.RM1, LdlPFC.RS1 and LdlPFC.LmCC), and others loaded negatively (regions
observed in CBPp> CBPd contrast: LdlPFC.RlPFC, LdlPFC.RdmPFC and LdlPFC.LaPPC).
The positive and negative loadings identify the networks facilitating or inhibiting the
placebo response, which were related to the HF oscillations in LdlPFC as confirmed in the
correlation results (Fig. 5C).

Component 2 grouped LdlPFC oscillations in MF band with affective MPQ and with the
functional connection RdmPFC.LaINS (Fig. 5A, B), identifying that the LdlPFC oscillations
in MF band is negatively correlated with RdmPFC.LaINS, and also negatively correlated
with affective MPQ (Fig. 5D). Overall, the PCA analysis unravels that LdlPFC oscillations
in different frequency bands underlie all the networks involved in predicting placebo
response, with separate bands being involved in distinct behavioural outcomes.

Placebo prediction estimates based on combining brain networks
We tested whether combining the multiple functional connections would significantly
improve prediction of placebo outcomes. First, we built a logistic multiple regression where
all functional networks loading on component 1 were used as independent variables to
predict CBPp and CBPd groupings. None of these networks showed a significant
contribution, after correcting for the variance of the other networks, suggesting that all five
networks provide similar and thus redundant information. Therefore, we selected
connectivity values of one, LdlPFC.LmCC, that showed the greatest prediction accuracy for
discriminating the two groups (accuracy= 0.81). When functional connectivity strength of
LdlPFC.LmCC was partitioned into quartiles (increments of correlation coefficient of 0.12),
an odds ratio of 9.1 was obtained (p <0.03, 95% CI 1.3–63.2) for predicting placebo
response.

The functional connection, RdmPFC.LaINS, derived from component 2 of PCA analysis, on
its own predicted responders with an accuracy of 0.82; with odds ratio of 0.34 for quartile
partitioning (p<0.01, 95%CI 0.15–0.78). When the two functional networks derived from
component 1 and component 2, LdlPFC.LmCC and RdmPFC.LaINS, were combined in a
logistic multiple regression model prediction accuracy increased to 0.9 (with SEM 0.06 and
95%CI 0.78–1.0), which was significantly better than predictions by each network
independently (chi-square = 9.2, p<0.01). Thus, the two functional connections
synergistically predict placebo analgesia, where one (LdlPFC.LmCC) identifies responders
and the other (RdmPFC.LaINS) non-responders.

Discussion
The primary observation of this study is that baseline brain functional connections predict
future placebo response in CBP. These connectivity differences were observed before
treatment, that is at a time when back pain properties were matched, and when brain activity
for spontaneous fluctuations of back pain were similar between the groups. The treatment
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outcome grouping was determined in the experimental setting of a standard clinical trial,
coupled with neutral instructions, and without the use of placebo conditioning or deception.
We demonstrate that BOLD oscillations predict placebo responses, and that the localized
oscillatory activity is closely related with functional connectivity suggesting that the two
phenomena are different manifestations of a unitary mechanism. Placebo prediction by
functional connectivity and by BOLD oscillatory properties were replicated in a separate
chronic pain cohort, validating our main observations and implying that these results may be
generalized, at least, to CBP at large.

The findings demonstrate that multiple brain measures predispose and thus effectively
forecast placebo response in CBP. The predictive networks were derived from two different,
and independent, analysis techniques that resulted in complementary findings. Both
approaches, to our knowledge, are novel methodologies for identifying predictive brain
functional biomarkers. We observe that the CBP patients with greater connectivity between
brain regions that are known for their role in processing pain, emotion and self referential
thinking have a decreased probability to respond to placebo treatment. Not only were the
dmPFC/ACC and the bilateral anterior insula more functionally connected in the CBPp
group, the strength of these connectivity measures were also positively correlated with
negative affect. The dmPFC has a well described role in affective states, anxiety, fear,
disgust, emotional appraisal, situations of uncertainty or ambiguity and conscious threat
appraisal [22,25,36]. On the other hand, the anterior insula has been widely shown to be
linked with self related processes such as self reflection and appraisal of one’s own internal
states [18]. Both regions show greater activation and increased connectivity in a number of
pathological conditions involving stress and emotional dysregulation, for example in post
traumatic stress disorder [30], phobia [40], and panic disorder [15]. The fact that neuronal
populations across these two regions are more synchronised with each other and the extent
of this synchrony correlates with negative affect suggests that heightened emotional
processes prevent these CBP patients from responding to placebo treatment.

Our lab has previously shown brain anatomical/functional organization for BOLD
oscillations as a function of frequency [8], and delineated an association between high
frequency in BOLD and chronic pain intensity, thus demonstrating an association between
the BOLD energy content and behaviour [4]. Similarly, an association between BOLD
frequency and functional connectivity has been demonstrated in related brain regions in
patients suffering with diabetic neuropathy [14] and in chronic pain [4,33]. Thus, the role of
BOLD oscillations is extended in the present study to demonstrate that local BOLD
oscillations reflect behavioural predispositions and can be used to quantify prediction of
future outcomes.

Our frequency based approach suggests a central role of bandwidth specific BOLD
oscillations in the LdlPFC in predicting placebo analgesia. We demonstrate that the coupling
between frequency and brain connectivity was a strong determinant of placebo response.
The LdlPFC functional connections seem to broadcast similar information to a multiplicity
of brain regions, positively and negatively related to HF. In particular, HF mediated LdlPFC
connectivity to regions that are known to respond to acute noxious stimuli such as mid
cingulate, S1, S2 and M1 stimuli [1,19] predict greater placebo analgesia. The LdlPFC is
strongly linked with pain modulation and placebo response. For instance, Zubeita et al. have
shown that opioid binding is significantly elevated in LdlPFC in placebo responders after
placebo conditioning [55]. Other studies also show that increased activity in LdlPFC is
coupled with greater placebo responses [45,46,48]. In addition, a series of placebo
conditioning studies in IBS patients suggest a top down influence of LdlPFC in placebo
effect [16,17,38],[3,31,44]. Moreover, temporary lesions of the LdlPFC, induced with
repetitive transcranial magnetic stimulation (rTMS), blocks placebo analgesia [27]
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suggesting a necessary and sufficient modulatory role of LdlPFC in experimental placebo
responses.

In addition, we show evidence that the two complementary set of networks, the dmPFC
centered and the LdlPFC centered, interact with each other to set the direction of placebo
response. The level of MF oscillations in LdlPFC correlated negatively with dmPFC-insula
connectivity and with affective MPQ scores suggesting that LdlPFC oscillations in this
frequency band is involved in regulation of emotional processes that facilitate placebo
response. In non responders on the other hand, the LdlPFC was more synchronized with the
dmPFC and other higher order associative regions involved in cognition and in processing
emotion. Taken together, these findings suggest that increased LdlPFC interaction with other
prefrontal regions and the dmPFC connectivity with insula reflects a heightened emotional
state that interferes with and diminishes the capacity of cognitive and pain modulatory
networks in inducing expectation based analgesia. The specifics of these links need
systematic investigation and are possibly associated with experience and conditioning in
CBP patients.

Placebo response is inextricably linked to the context in which an inert treatment is
administered [20,37,54] but very little has been known about placebo mechanisms in
chronic pain. Chronic pain alters brain circuitry, induces maladaptive brain plasticity, and is
associated with cognitive abnormalities [2,5,6,50]. Since treatment expectations and beliefs
are altered in chronic pain due to each patient’s particular clinical history, and list of
successful or failed treatments [11,41], it is likely that brain circuitry for placebo analgesia
in chronic pain patients differs from that in healthy subjects. A recent elegant study
examined predictability of placebo for thermal pain in healthy subjects using a pattern-based
regression technique where estimates of whole-brain activity were generated for placebo
predictability [46,47]. Brain regions involved in emotional appraisal predicted placebo
analgesia, and this finding agrees with our results. On the other hand the predictive power of
their approach was 2–8 times weaker than ours. The latter may be due to the use of placebo
conditioning that result in placebo analgesia in a high proportion of subjects and thus
reduces the spread of differences between groups. A more important difference was the
subjects (healthy vs. CBP), and our success rate of accurate prediction may be a direct
consequence of studying chronic pain patients.

An important limitation of this study is that it nearly half of the subjects in the CBPp and
CBPd groups had received 5% Lidocaine patches. Yet, this near equal distribution of type of
treatment in the two groups also insures minimal bias, especially regarding brain markers,
by the type of treatment. Importantly, in the initial study we showed that the 5% lidocaine
had no independent drug effect [24]. This was further confirmed by observing that only the
patch treated subjects reported changes in pain when compared to a separate untreated group
of CBP patients. Additionally, here we validated the primary outcomes of our placebo
prediction in the CBP in a second independent cohort. Another limitation of this study is that
the participants were allowed to use rescue medication (acetaminophen), the use of which
was not quantified. As we did not document individual subject use of rescue medication, it is
possible that the CBPd group consumed more rescue medication (up to 2 regular strength
acetaminophen tablets per day). However, even in that situation, given the low efficacy of
acetaminophen against chronic back pain, it is unlikely that this difference would account
for a greater than 60% decrease in back pain. The marked analgesia was arguably linked
with psychoneurobiological parameters that were found in this study and corroborate
previous studies [17,27,34,48]. Moreover, it should be kept in mind that the predictive
mechanisms discovered in this study are specific to CBP patients and may not necessarily
generalize to other patient groups.
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Overall, this study provides the first evidence for brain based placebo prediction in clinical
populations. The evidence suggests that placebo response can be accurately predicted and is
mediated by competing networks, one set of functional connections increases and another
set decreases the probability of response. If these results can be replicated, and expanded
into other chronic pain conditions, they should reveal brain mechanisms of placebo specific
to chronic pain conditions, and also pave the way for developing more efficient clinical trial
designs and for understanding the biological underpinnings of clinical trial outcomes.
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Fig.1. Brain activity for spontaneous fluctuations of back pain, in persisting and decreasing CBP
groups
A, B. Group-averaged brain activity for rating back pain at baseline (prior to start of
treatment), in CBPd (A) and CBPp (B) (n=15 subjects per group). In both groups brain
activity was limited to the medial prefrontal cortex (BA 9) and the genual anterior cingulate
cortex (BA 32), and the contrast between the groups was null. C. Two weeks after treatment
brain activity contrast between the two groups (CBPp > CBPd) shows greater activation in
CBPp in bilateral anterior insula (BA 13; horizontal slice at z=0), bilateral dorsal cingulate
(BA 24 and 32; sagittal slice at x=2), right dorsal medial prefrontal cortex (RdmPFC, BA 8;
coronal slice at y = 46), and lateral frontal pole (BA 10). Activity and contrast maps were
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generated using random-effects statistics with z score > 2.3 and cluster threshold p < 0.05,
corrected for multiple comparisons.
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Fig.2. Brain functional connectivity strengths at baseline predict patients who will report
persisting or decreasing back pain after a 2-week placebo treatment
A. Adjacency matrices showing strengths of baseline functional connectivity between 6
regions of interest, in CBPd (left) and CBPp (middle). The contrast between the two groups
(CBPp > CBPd) shows regions with significantly stronger connectivity in CBPp (right). B.
Three dimensional schematic of the functional network examined at baseline in standard
space. Connections in red are significantly stronger in CBPp. C. D. Functional connectivity
strengths are distinct between CBPp and CBPd (individual values overlaid upon box plots)
for between RdmPFC and LaINS (C), and RdmPFC and RaINS (D). E. Receiver operator
curve (ROC) characteristics for discriminating between CBPp and CBPd at 2 weeks after
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treatment based on functional connectivities calculated at baseline between RdmPFC and
LaINS (filled circles) and between RdmPFC and RaINS (open circles). Both functional
connectivities significantly predict future outcomes at an accuracy of about 0.8. F. In a
separate group of 12 chronic pain subjects ROC characteristics were measured to test
validity of discriminating between persisting versus decreasing chronic pain, after 2 weeks
of assumed inert treatment. Functional connectivities at baseline between RdmPFC and
LaINS (filled circles) and between RdmPFC and RaINS (open circles, symbols are not seen
as outcomes are identical) again strongly predict future outcomes (accuracy > 0.9).
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Fig.3. Difference in power spectral density between CBPp and CBPd, during back pain rating
task, measured at baseline predicts placebo reponse
A. Whole brain voxel-wise differences in power for the high frequency band of BOLD
oscillations, contrasted between CBPp and CBPd groups at baseline. Regions shown in red-
yellow depict significantly greater power in in CBPd (un-paired t-test, random-effects
model, z-core >2.3, cluster p<0.01, corrected for multiple comparisons), localized mainly to
the left dorsal lateral prefrontal cortex (LdlPFC). B. Bar graphs depicting the mean ± SEM
spectral power for LdlPFC, for three frequency bands (low, mid, high), in CBPp and CBPd
groups (* p< 0.05). C. High frequency power in LdlPFC BOLD is related to extent of pain
relief with placebo (delta pain = pain between baseline and 2 weeks post treatment). D.
Receiver operating curve (ROC, filled circles) characteristics for discriminating between
CBPp and CBPd at 2 weeks after treatment based on LdlPFC high frequency power in
BOLD response calculated at baseline. Prediction was at an accuracy of 0.78 (p = 0.01).
ROC for a separate group of 12 chronic pain subjects (grey circles) where only high
frequency power in BOLD at LdlPFC was calculated, to test differences between CBPp and
CBPd, after 2 weeks of placebo treatment. Prediction accuracy was 0.8 (p=0.078).
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Fig.4. Differences in LdlPFC whole brain connectivity between CBPp and CBPd groups at
baseline
A–B. Show mean connectivity for CBPp (blue) and CBPd (red) groups with LdlPFC. Purple
represents regions with connectivity overlap of CBPp and CBPd groups. C–G. Difference
between CBPp and CBPd in whole brain LdlPFC connectivity (contrast for CBPp > CBPd is
blue, and for CBPd> CBPp is red; un-paired t-test, random-effects model, z-core >2.3,
cluster p<0.05, corrected for multiple comparisons).
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Fig.5. Distinct BOLD frequencies are coupled with distinct LdlPFC brain connectivity patterns
and behavioural measures
A. Loading plot for principal components analysis. Only two components were extracted. B.
Factor loadings of each variable on principal component 1 and 2. HF= high frequency,
MF=mid frequency, LdlPFC=left dorsal lateral prefrontal cortex; RdmPFC= right dorsal
medial prefrontal cortex, LaPPC = left angular posterior partietal cortex, RlPFC= Right
lateral prefrontal cortex, RM1=left primary motor area 1, RS1= right primary somatosensory
area 1, LmCC = left mid cingulate cortex, LaINS= left anterior insula.
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Table 1

Demographic parameters for CBPp and CBPp patients.

CBPp CBPd t-test

Number of subjects 15 15

Age 52.6 ±2.6 50.13 ±2.1 0.74

Sex 7 females (46.6%) 7 females (46.6%) 232

Duration 16.5±3.8 years 11.5±2.2months 1.1

VAS 7.9±0.4 7.6±0.3 0.62

MPQ sensory 16.5±2.2 16.5±1.4 0.81

MPQ affective 4.9±1.1 2.66±0.66 0.36

BAI 11.8±2.3 12.8±2.3 −0.3

BDI 6.5±1.1 6.7±1.0 −0.17

NPS 55.6±4.5 54.5±3.5 0.20

MQS 3.9±1.2 5.9±1.9 0.76

VAS=visual analogue scale; MPQ = McGill pain questionnaire; NPS = Neuropathic pain scale; BDI = Beck’s depression index. BAI = Beck’s
anxiety index; MQS = Medication Quantification Scale. Data presented as Mean±SEM
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