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Abstract

Test-retest reliability, or reproducibility of results over time, is poorly established for functional
brain connectivity (fcMRI) during painful stimulation. As reliability informs the validity of
research findings, it is imperative to examine, especially given recent emphasis on using
functional neuroimaging as a tool for biomarker development. Although proposed pain neural
signatures have been derived using complex, multivariate algorithms, even the reliability of less
complex fcMRI findings has yet to be reported. The present study examined the test-retest
reliability for fcMRI of pain-related brain regions, as well as self-reported pain [via visual
analogue scales (VASS)]. Thirty-two healthy individuals completed three consecutive fMRI runs
of a thermal pain task. Functional connectivity analyses were completed on pain-related brain
regions. Intraclass correlations (ICC) were conducted on fcMRI values and VAS scores across the
fMRI runs. ICC coefficients for fcMRI values varied widely (range = —.174-.766), with fcMRI
between right nucleus accumbens and medial prefrontal cortex showing the highest reliability
(range = .649-.766). ICC coefficients for VAS scores ranged from .906—.947. Overall, self-
reported pain was more reliable than fcMRI data. These results highlight that fMRI findings might
be less reliable than inherently assumed, and have implications for future studies proposing pain
markers.
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Introduction

The psychometric properties of neuroimaging findings related to experimental, acute, and
chronic pain are rarely reported. This knowledge is imperative, given the increased number
of studies proposing neural markers of pain. These studies often inherently assume that
neural markers are more reliable than self-reported pain [1,6,18]. In biomarker development
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across diseases, test-retest reliability (TRR) is a crucial measure, because unrepeatable
results render findings uninterpretable [20].

TRR is the extent to which a dependent variable is consistent and error-free [15].
Importantly, TRR places an upper limit on validity. Whereas the TRR of self-reported pain
has been extensively examined in clinical measures [12,16,25,36], there are presently no
studies of pain neural markers that report information about TRR. In fact, very few studies
have even examined TRR related simply to fMRI findings about pain processing.

We are aware of three studies examining the TRR of pain-related BOLD fMRI signal. These
studies have used intraclass correlations (ICCs), which is a measure of TRR. Quiton et al.
[26] measured intersession reliability of signal amplitude representinghealthy individuals’
brain activity during a thermal pain task. Across several days, ICCs ranged from 0.31-0.78
for task-related signal amplitude in “cortical pain network” regions. Similarly, we previously
reported on the TRR of pain-related BOLD fMRI signal amplitude and cluster size in
healthy controls undergoing a thermal pain task [17]. We compared these ICCs with that of
participants’ pain ratings captured via visual analogue scales (VASSs). ICCs for fMRI values
ranged from 0.32-0.88, whereas participants’ pain ratings ranged from 0.93-0.96.
Updadhyay et al. [34] had similar findings, with pain rating ICCs ranging from 0.86-0.94
for painful temperatures, and fMRI BOLD signal ranging from0.5-0.85.

Because neural activity representing pain is likely better captured through coherent
activation among pain-related regions, or functional connectivity (fcMRI) [29], the present
study elaborates on previous work examining the TRR of pain-related BOLD fMRI by
measuring TRR of fcMRI. Establishing the TRR of fcMRI findings is important because
fcMRI analyses have been described as potentially “the best avenue to discover biomarkers
of the brain in health and chronic pain” [6]. Additionally, correlation-based fcMRI can be
used as the feature set entered into a machine learning model, which is a statistical technique
that is commonly used in the development of neural markers for pain [28]. Our goal was not
to propose or develop a new marker of pain; instead, the purpose of this study was to
examine the TRR of fcMRI between pain-related brain regions of interest (ROISs) in a
controlled, experimental environment. We also compared fcMRI TRR to that of self-
reported pain, with a goal of determining whether this technology proved to be more reliable
than pain ratings, in order to provide suggestions for future research on neural pain marker
development.

The data used for this study were taken from the baseline visit of a larger, multi-visit study
designed to examine mechanisms of placebo analgesia. During a screening visit for the
larger study, thermal quantitative sensory testing (QST) was used to obtain individualized
temperature thresholds producing a rating between 40-60 via VAS responses. This
procedure was completed to make it more likely that participants received a stimulus during
fMRI scanning that they would perceive as painful, as brain activity differs depending on
whether a thermal stimulus is simply perceived as warm compared to painful [24].
Individuals who met study criteria then completed the first of three fMRI visits (i.e.,
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baseline). Only thermal “pain” temperatures were used during the baseline visit, and no
placebo conditioning or other manipulations were involved. Data used for the present
study’s analyses were only taken from the baseline fMRI visit. Placebo conditioning was
completed before either the second or third fMRI visits; however, those data are not reported
in the present analyses.

Data from 32 pain-free participants (mean age = 22.5y, SD = 3.2; 15 females) were
analyzed to determine the TRR of VAS pain ratings and task-based fcMRI. Twelve
participants identified as Caucasian, 4 as African-American, 11 as Asian, 4 as Hispanic, and
1 as Pacific Islander. Exclusion criteria included: 1) enrollment in another research study
that could influence participation; 2) inability to stop using pain medications seven days
prior to undergoing QST; 3) history of psychological, neurologic, or psychiatric disorder; 4)
history of chronic pain, 5) current medical condition that could interfere with study
participation; 5) positive pregnancy test in females; 6) irremovable ferromagnetic metal
within the body; and 7) inability to provide informed consent. The University of Florida
Institutional Review Board approved the study, and all participants provided written
informed consent to study procedures.

Experimental Materials

An MR-compatible, peltier-element-based stimulator (Medoc Thermal Sensory Analyzer,
TSA-2001, Ramat Yishai, Israel) was used to deliver thermal stimuli during fMRI scanning.
Temperatures ranged from 33°C to 51°C. Participants used computerized VASs (anchored
by “no pain” and “the most intense pain imaginable™) to provide subjective pain ratings to
thermal stimuli.

Experimental Procedures

Before participants completed the baseline fMRI visit, a screening visit was conducted to
determine individualized temperatures. Location of the QST thermal pulses wason the dorsal
aspect for both feet. Temperatures began at 43°C and increased by 1°C until tolerance or
51°C was reached. Pain intensity was rated on a VAS after each pulse. Thermal stimuli
temperatures used during the baseline fMRI visit were set at each individual’s lowest
temperature rated between 40-60 on the VAS. Participants were not told that only one
temperature would be used during scanning procedures.

One anatomical and three task-based functional MRI scans were collected during the
baseline fMRI visit. The task used for this study was consistent across all three functional
scans, wherein 16 thermal stimuli were delivered to one of four sites on the dorsal aspects of
both feet in a random order. Stimuli lasted for four seconds each, with a 12-second
interstimulus interval. VAS pain intensity ratings were collected following each stimulus.
Functional scans lasted five minutes and 40 seconds each. Runs were completed
consecutively within the span of approximately thirty minutes.

Pain. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Letzen et al. Page 4

Data Acquisition and Preprocessing

Scanning was completed on a 3.0T Phillips Achieva scanner, using an 8-channel head coil.
A T1-weighted MP-RAGE protocol was used to collect a high-resolution, 3D, anatomical
image. Protocol parameters included the following: 180 1mm sagittal slices, matrix (mm) =
256 x 256 x 180, repetition time (TR) = 8.1ms, echo time (TE) = 3.7ms, FOV (mm) = 240 x
240 x 180, FA = 8°, voxel size = 1Imm3). An echo planar acquisition protocol was used to
collect functional images. Protocol parameters included: 38 contiguous 3mm trans-axial
slices, matrix (mm) = 80 x 80 x 39, TR/TE = 2000/30ms, FOV (mm) = 240 x 240 x 114,
FA = 80°, voxel size = 3mm?3). To reduce potential saturation effects from By field
inhomogeneity, four dummy volumes were discarded at the beginning of each functional
scan.

SPM12 (Wellcome Trust Centre for Neuroimaging, London, UK) in MATLAB 2011b
(MathWorks, Sherbon, MA, USA) was used to preprocess fMRI data. Preprocessing
procedures includedl) slice-time correction, 2) 3D motion correction with realignment to the
middle volume of each sequence, 3) coregistration to the individual’s structural MRI,4)
normalization to an MNI template, and 5) spatial smoothing [Bmm3Gaussian kernel
(FWHM)].

Motion parameters and signal-to-noise ratios (SNR) for all three fMRI runs were examined
using a one-way ANOVA to determine whether systematic differences in these values might
have influenced subsequent analyses. Average motion [F(2,93) = 2.1, p > .05] and average
SNR [F(2,93) = 2.297,p > .05] were not significantly different among fMRI runs.

Functional Connectivity Analyses

To assess the fcMRI of a priori ROIs, we used the CONN toolbox [35]implemented through
MATLAB. Each participant’s preprocessed structural and functional images were entered
into the toolbox. Confounding variables that affect fcMRI values were removed via CONN’s
CompCor algorithm for physiological noise [3], as well as temporal filtering and removal of
confounding temporal covariates [35]. For task-based data, stimuli onsets and duration were
specified in the toolbox, so that BOLD time series could be appropriately divided into task-
specific blocks. Block regressors were then convolved with a canonical hemodynamic
response function, and subsequently temporally filtered.

We then conducted 1) ROI-to-ROI analyses to determine fcMRI strength among selected
ROIls and 2) seed-to-voxel analyses to measure fcMRI strength between each a priori ROI
and all other voxels in the brain. ROIs used for this study were provided by default in the
CONN toolbox.

For ROI-to-ROI analyses, we selected several a priori ROIs based on previous studies of
pain processing. These ROIs included insular cortex (IC), medial prefrontal cortex (mPFC),
anterior cingulate cortex (ACC), thalamus (Thal), and primary somatosensory cortex
(S1)].Within each ROI, the average BOLD time series is calculated across all voxels.
Bivariate correlations were computed on each individual’s time series from these ROIs for
each fMRI run at the single-subject level. The bivariate correlations provide a measure of
the linear association between each pair of the ROIs’ averaged BOLD time series. As
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standardized within the toolbox, correlations underwent a Fisher’s Z-transformation to
improve assumptions of normality [35]. ROI-to-ROI correlation matrices were yielded, and
we extracted Z-transformed correlation values from a priori ROI pairs for each participant
and run. These values were imported into SPSS v21.0 (SPSS Inc., Chicago, IL, USA) to
calculate TRR.

Seed-to-voxel analyses were completed at the group-level to generate statistical connectivity
maps for each a priori ROI. For these analyses, bivariate temporal correlations were
calculated between the seed ROI and all other voxels in the brain, and subsequently Z-
transformed. For a comprehensive explanation of CONN’s processing stream, see Whitfield-
Gabrieli and Nieto-Castanon [35].

Test-Retest Reliability

Results

To measure TRR, we conducted two-way mixed single measures ICCs of consistency in
SPSS v21.0 (SPSS Inc., Chicago, IL, USA) on Z-transformed correlation values from
individual-level ROI-to-ROI matrices, as well as VAS pain ratings. ICCs are generally
measured as the ratio of the variance of interest divided by the total variance (variance of
interest and error;[32]). There are several versions of ICCs depending on the data
characteristics to be measured [4]. Compared to ICCs of absolute agreement, ICCs of
consistency assume that systematic differences among measures are irrelevant [23]. For the
present study, the following formula was used in SPSS to calculate ICCs:

(BMS — EMS)

1CC(3,1)=
3.1 BMS+(k—1)EMS

In this equation, BMS refers to the between-subjects mean square (i.e., between-subject
variability), whereas EMS refers to the error mean square (i.e., within-subject variability).
The variable k is the number of scans per participant (i.e., 3 in the present study). In other
words, a high ICC coefficient suggests that the within-subject variability across scans was
relatively smaller than the between-subject variability across scans [33]. This ICC model has
been used in previous studies to examine TRR of fcMRI data [7,30,33]. For each ROI pair
and pain ratings, we compared the following run pairs using ICCs: run 1 vs. run 2, run 2 vs.
run 3, and run 1 vs. run 3. Additionally, we examined consistency across all three runs.

Group-Level Functional Connectivity Analyses

All participants reported pain to thermal stimuli across runs (Table 1). Group-level ROI-to-
ROI fcMRI was significant for all ROI pairs when averaged across the three fMRI runs
(Table 2), with right IC - right ACC showing the strongest average fcMRI and right Thal —
right 1C showing the weakest fcMRI. Individual runs also demonstrated significant group-
level fcMRI among ROIs, with the exception of the first run (right Thal — right IC fcMRI
was not significant). Figure 1 demonstrates group-level seed-to-voxel connectivity maps
across runs with ROI-ROI overlays for ROI pairs tested in the right hemisphere.
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Test-Retest Reliability of fcMRI and Pain Ratings

ICC coefficients range from 0 (no reliability) to 1 (perfect reliability). We classified ICC
coefficients by the following descriptors based on previous work [8]: less than 0.4 = “poor,”
between 0.4-0.6 = “fair,” between 0.61-0.8 = “good,” and greater than 0.8 = “excellent.”
Results pertaining to ICC coefficients are discussed using these criteria.

Table 3 shows ICCs for ROI-ROI fcMRI across all three runs. The best ICC coefficient was
for fcMRI between NAc and mPFC in the right hemisphere, which was in the “good” range
for all fMRI runs. ICCs across runs for left NAc — mPFC and left IC — ACC fcMRI were
between “fair” to “good” ranges. ICCs across runs were between the “poor” to “good”
ranges for the following ROI pairs: right IC — ACC, left IC — left Thal, and bilateral Thal -
respective ipsilateral S1. Of note, ICCs for the latter ROI pairs was highly variable between
runs, with the poorest reliability comparing the first two runs. Table 4 shows ICC
coefficients for participants’ pain ratings across all three fMRI runs. Comparing all runs,
ICCs for self-reported pain all fell within the “excellent” range for TRR.

Discussion

One aim of this study was to measure the TRR of fcMRI among pain-related brain regions,
because this information has not yet been reported. ICC coefficients were variable across
ROI pairs, ranging from “poor” to “good.” The strongest and most consistent TRR was
identified for right NAc-mPFC, whereas bilateral Thal-S1 and Thal-IC showed the poorest
reliability.

Because some ROI pairs showed higher TRR, it is likely that these coactivations are better
reproduced over time, and therefore more likely to be consistently interpretable. For
example, only right NAc-mPFC showed “good” reliability among all runs. Functional
connectivity between these regions has been previously described as a predictive “brain
marker” for transition from acute to chronic pain [2], as well as involved in self-regulation
for increasing and decreasing pain [37]. The results from the present study suggest that
although fcMRI between these regions was not reproduced to a reliable enough degree in
our study that would be appropriate to make individual-level conclusions, this fronto-striatal
pathway warrants future research for understanding mechanisms of pain chronification and
modulation. Comparatively, fcMRI between ROI pairs with poorer TRR (e.g., Thal-S1)
should receive less focus until procedural or technological advances improve their
reliability.

Reliability of fcMRI Compared to Self-Reported Pain

We also examined the TRR of pain intensity ratings collected via VASs to compare with the
TRR of neuroimaging findings. ICCs among all run pairs for VAS pain ratings were in the
“excellent” range of reliability. Overall, the pattern of ICCs in our study showed that fcMRI
among the tested pain-related ROIs was not more reliable than participants’ VAS responses.
These results suggest that fMRI findings do not necessarily exceed the reliability of
individuals’ pain ratings, and the rationale of “flawed” self-report for biomarker
development is potentially unfounded [1,6,18]. Future research examining the psychometric
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properties of neural markers and how they compare to self-report will help establish the
validity of this rationale.

Implications for the Development of Neural Pain Markers

As detailed in the National Pain Strategy, we agree that improved understanding of factors
predicting the transition from acute to chronic pain is critical [22], as is the improvement of
treatments and diagnostic techniques. Neuroimaging can be helpful in achieving these goals,
mainly in making group-level conclusions. However, our results and others’ suggest that
reliability and validity of fMRI findings at the individual-level are questionable in their
current states.

The most standard measure used to attain TRR is ICC [4]. ICCs for fcMRI in other
disciplines have thus far proved widely disparate in range depending on the scan duration,
preprocessing, modeling, and network tested [5,10,14,31]. Current estimates suggest that
fcMRI ICCs range from 0.35-0.93, with ICCs of 0.5-0.6 most commonly reported. To
provide a translational approach to neuroimaging findings, systematic work is needed to
refine the psychometric properties of fMRI findings, especially for future studies reporting
on neural pain markers. Because ICCs rely on between-subject variability to measure
within-subject consistency, it should be noted that studies comparing a group with high
between-subject variability to a group with low between-subject variability could result in
artificial differences in ICC coefficients [4].

The present study was not aimed at proposing a neural maker of pain, given that the
sensitivity and specificity of these ROI pairs for pain is not well established. Instead, we
used a highly-controlled, experimental design as a “best case scenario” to measure TRR of
fcMRI results, with the purpose of determining implications for future studies proposing
neural pain markers. Machine learning techniques are commonly applied to neuroimaging
marker development across clinical conditions. However, these techniques require feature
extraction (i.e., selecting data as features that will be used in model training). Features are
often based on data from general linear model analyses, such as regressions or correlations
on the fMRI data [28]. Thus, measuring the TRR of these features is important, given that
the TRR of the machine learning model is limited by the TRR of the data entered into the
model.

Woo and Wager [38] suggested several desirable characteristics of neural pain markers.
However, they did not specifically mention TRR as an imperative metric to be examined in
biomarker development. Although classification metrics (e.g., sensitivity and specificity) are
typically reported in these studies, TRR at the single-subject level is rarely reported,
ultimately making the repeatability and validity of these markers unclear. Results from the
present study suggest that TRR should be reported in future neural pain marker studies,
especially as it compares to TRR of self-reported pain from study participants. Other
suggestions for future research concern standardization in preprocessing and analysis
procedures across studies to help establish the TRR and generalizability of findings. Future
studies are needed to determine the optimal number of runs, or scan time, needed to produce
the highest TRR.
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Aside from focusing on TRR, we also suggest that future studies focus on validity and
clinical utility of neural pain markers. Criteria for recovery and/or pain chronification vary
widely in the literature, with various groups using disability [2,13], pain intensity [9], or
return to work [11]as primary determinants. To date, studies regarding the use of
neuroimaging markers have focused on reductions in pain intensity as their criteria for
recovery [2,19]. It is not clear to what degree neural biomarkers identified to date reflect
criteria that are ecologically or even statistically valid for a clinical setting (e.g., disability or
work status).

Our study was the first report of fcMRI TRR among pain-related brain regions during pain
processing. However, the study’s limitations should be noted. Although valuable
information was gained in highlighting that fcMRI results were as not as reliable as
potentially presumed, we cannot make any conclusions about the reproducibility of neural
pain markers that have already been proposed. Additionally, we acknowledge that our study
design and sample were experimentally controlled to yield optimal reproducibility of fcMRI
results and reported pain. This high degree of experimental control should have enhanced
the possibility of finding highly reliable fcMRI results. In less controlled environments, it is
possible that self-report would be less reliable than in an experimental setting. However, the
same variables that would affect the reliability of pain ratings in these situations would
presumably also affect associated brain activity, if fMRI were a valid tool for the assessment
of pain. It should be noted that studies aimed at developing neural pain markers are also
conducted in controlled experimental environments with stringent inclusion criteria.

It is still unclear how reproducible fcMRI results are within chronic pain populations, or
how this TRR compares to that of patients’ self-report. Although patients’ accounts of pain
in a clinic might vary due to other factors (e.g., psychological or motivational influences),
again, it is likely that these factors would affect concomitant brain signatures. By definition,
pain is always a subjective experience [21]. If a neural marker of pain is not altered with an
individual’s change in pain ratings, the neural marker is not likely explaining all of the
variance associated with the individual’s subjective experience of pain. Further, neural pain
markers are typically validated against self-reported pain, which in turn acts as an upper
limit for the psychometric properties of neuroimaging results [27].

Another potential concern for the development of neural pain markers is that patients
presenting to a clinic with a primary complaint of pain are likely to have psychosocial and
medical comorbidities. Future studies should examine effects of comorbid medical and
psychological conditions, medications, and pain etiology on the TRR of fcMRI, as well as
pain-specific neural markers in acute and chronic pain patients.

Functional neuroimaging is a very important tool to help elucidate mechanisms of pain
etiology and treatment. However, TRR findings from the present study suggest that results
should not be inherently assumed as highly reliable, and not necessarily more reliable than
self-reported pain, as others have suggested [1,6,18]. Future work to improve psychometric
properties of fMRI data will be essential for clinical translation of this tool.
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mPFC — Right NAcc ® Right IC — Right Thal

d

Figure 1.
Cortical renderings of group-level fcMRI between a priori ROIls and the whole brain for

voxels significantly correlated at pFWE < .001. Figure 1a used mPFC as a seed region, 1b
and 1c used right insular cortex, and 1d used right posterior gyrus (S1). Areas used for ROI-
to-ROI fcMRI analyses are shown in black over each statistical map.
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Group-level descriptive statistics for subjective VAS pain ratings across all three fMRI runs.

Run Mean SD
Average | 41.75 | 13.97
1 42,91 | 12.88
2 41.43 | 15.70
3 40.91 | 15.30

Table 1
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Letzen et al.

Group-level functional connectivity statistics for ROls among fMRI runs.

ROI-ROI Run beta T
R NAc-mPFC | Average | .35 | gg0***
1 38 | 607"
2 39 | 649"
3 30 | 47g***
LNAc-mPFC | Average | .35 | ggp***
1 35 | 655"
2 29 | 4g0**
3 33 | 5772+
RThal-RIC | Average | .19 | 5g7***
1 12 | 199
2 24 | 385"
3 21 | 379"
L Thal-LIC Average | .24 | gog***
1 24 | 3g0**
2 24 | 443"
3 23 | 448
RIC-ACC Average | .36 | 7.95***
1 21 | 448"
2 37 | 652"
3 43 | g+
L IC-ACC Average | .30 | go7***
1 25 | 362"
2 34 | gq7e**
3 32 | 520"
R Thal -R S1 Average | .21 | 5g1***
1 21 | 369"
2 21 [ 365"
3 22 | 390"
LThal-LSL | Average [ .22 | g39***
1 21 [ 393
2 19 1 400"
3 24 | 505"
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*
significant at p <.05;

* %

significant at p < .01;

*kk

significant at p <.001

Region of interest (ROI), right (R), left (L), nucleus accumbens (NAc), medial prefrontal cortex (mPFC), thalamus (Thal), anterior cingulate cortex
(ACC), insular cortex (IC), primary somatosensory cortex (S1)
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Intraclass correlation coefficients for fcMRI between a prioriROIs among fMRI runs.

Table 3

ROI-ROI Runlvs.Run2 | Run2vs.Run3 | Runlvs.Run3 | All Runs

R NAc —mPFC 700™* 649" 706" 766"

L Nac — mPFC 509" 737 425 671"
RThal-RIC 349 250 -.001 294
L Thal-LIC 258 418 261 480"

RIC-ACC 532" 474 364 557"

LIC-ACC 518" 596" 614™* 672"
R Thal -R S1 -.006 6a1** 230 420*
L Thal - L S1 -174 5o1™* 180 328

significant at p <.05;

*%

significant at p < .01;

*kk

significant at p <.001

Page 15

Region of interest (ROI), right (R), left (L), nucleus accumbens (NAc), medial prefrontal cortex (mPFC), thalamus (Thal), anterior cingulate cortex
(ACC), insular cortex (IC), primary somatosensory cortex (S1)
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Table 4

Intraclass correlation coefficients for VAS pain ratings test-retest reliability among fMRI runs

Runlvs.Run2 | Run2vs.Run3 | Runlvs.Run3 | All Runs

* Kk * kK * Kk * Kk

.936 .925 .906 947

significant at p < .05;

*%

significant at p < .01;

*kk
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significant at p <.001
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