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In the multidisciplinary fields of pain medicine and rehabilitation, advancing techniques such
as functional magnetic resonance imaging (fMRI) are used to enhance our understanding of the
pain experience. Given that such measures, in some circles, are expected to help us under-
stand the brain in pain, future research in pain measurement is undeniably rich with possibility.
However, pain remains intensely personal and represents a multifaceted experience, unique to
each individual; no single measure in isolation, fMRI included, can prove or quantify its
magnitude beyond the patient self-report. Physical therapists should be aware of cutting-edge
advances in measuring the patient’s pain experience, and they should work closely with
professionals in other disciplines (eg, magnetic resonance physicists, biomedical engineers,
radiologists, psychologists) to guide the exploration and development of multimodal pain
measurement and management on a patient-by-patient basis. The primary purpose of this
perspective article is to provide a brief overview of fMRI and inform physical therapist
clinicians of the pros and cons when utilized as a measure of the patient’s perception of pain.
A secondary purpose is to describe current known factors that influence the quality of fMRI
data and its analyses, as well as the potential for future clinical applications relevant to physical
therapist practice. Lastly, the interested reader is introduced and referred to existing guidelines
and recommendations for reporting fMRI research.
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Over the past 15 years, functional
magnetic resonance imaging
(fMRI) has become a measure

endorsed as a potential and external
complement to patient-reported mea-
sures for pain. Recent publications have
provided fMRI evidence for quantifying
dimensional aspects of pain and patho-
physiology in chronic low back pain,1

chronic musculoskeletal pain,2 migraine
headache,3 posttraumatic stress disor-
der,4 fibromyalgia,5 cancer,6 and experi-
mental pain paradigms in otherwise
healthy people,7–9 among others. Laud-
able though the aim of quantifying the
experience or perception of pain with
fMRI might be, there remain limitations
to its widespread uptake and, more
importantly, its interpretation. These lim-
itations are less related to the physics and
engineering of scanning with advanced
machinery. They are instead ostensibly
the consequence of an incomplete scien-
tific understanding of the brain and its
complexities, as well as an overly sim-
plistic or even flawed collection, analy-
sis, and interpretation of fMRI data.10

Like other health care professions, phys-
ical therapy is witnessing an increasing
interest in fMRI as a surrogate measure
for quantifying pain. Supporting the
infancy of the field to date, most physical
therapy-focused fMRI evidence has been
in the form of single case studies or con-
ference abstracts,11,12 but alarmingly
some of this evidence is already being
presented in professional development
workshops to clinical audiences who
may not be prepared to critically judge
the merit of the information prior to
application.

In the interest of preventing early adop-
tion of inaccurate, or at least incomplete,
knowledge into clinical practice, it is use-
ful to provide guidance for nonimaging-
focused clinicians who want to critically
appraise and adopt new knowledge as it
emerges. In this perspective article, we
pose the following general question:
“Are physical therapists and physical
therapy researchers ready to (1) autono-
mously use, (2) report, and (3) make clin-
ical reference to and management deci-
sions for a patient’s pain experience
based on fMRI investigations?” The pri-
mary purpose of this perspective article

is to provide a brief overview of fMRI and
inform clinicians who do not have a
background in this method about the
pros and cons of using fMRI to measure
a patient’s pain experience. A secondary
purpose is to describe current known
factors that influence the quality of fMRI
data and its analyses,13 as well as the
potential for future clinical applications
relevant to physical therapist practice.
Lastly, we will introduce and refer the
interested reader to existing guidelines
for good reporting practices in fMRI
research.

Brief Overview of fMRI
Functional magnetic resonance imaging
is a safe and noninvasive technique that
uses strong magnetic fields and magnetic
gradients to directly detect and record
magnetic resonance signals that, through
appropriate processing and interpreta-
tion, can serve as a useful proxy for neu-
ral activity in a working and actively
changing human brain. This technique
has excellent spatial resolution (ability
to locate brain activity), but traditionally
suffers poor temporal resolution (inabil-
ity to match changes in activity to exact
timing of actual events). This is chang-
ing, however, as the past few years have
witnessed advances toward improving
temporal resolution as evinced by evolv-
ing simultaneous multi-slice technolo-
gies. Temporal restraints still exist, but
faster imaging times would allow
patients in pain to tolerate new quantita-
tive studies of the brain that are currently
prohibitively long in duration.14

The magnetic resonance signal depends
on varying levels of deoxygenated hemo-
globin in the blood.15,16 In order to pro-
duce energy, neurons require a sustained
presence of oxygen, which travels
through the blood bound to hemoglobin,
a specialized protein. Neuronal activity
alters the relative levels of oxygenated
hemoglobin and deoxygenated hemoglo-
bin, which causes the magnetic reso-
nance signal to change. This signal
change serves as the foundation for
the blood oxygenation level-dependent
(BOLD) signal measured in fMRI.15,16

During an fMRI scan, a series of BOLD
measurements are collected over time,
and changes in the BOLD signal are used
to infer areas of neural activity. The
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images are then statistically analyzed,
and areas of the brain that exceed a sig-
nificance threshold are determined to be
active.17 Figure 1 details the BOLD
response to a painful thermal stimulus
applied to the hand.

The BOLD signal results from a complex
interaction among neural activity, blood
flow, and tissue oxygenation and is com-
monly referred to as the hemodynamic
response (HDR). The HDR is commonly
modeled as an acknowledged canonical

hemodynamic response function, which
can be used to normalize the BOLD sig-
nal over time or for detecting abnormal-
ities that might affect interpretation
when investigating normal and abnormal
vascular physiology.18 While complex, it
is important to understand that the
BOLD signal measured in fMRI experi-
ments represents a primary indirect mea-
sure of metabolism, cerebral blood flow,
and cerebral blood volume and, although
proportional to levels of neural activity,19

should not be construed as a direct mea-

sure of neural activity.20 Poor temporal
resolution with traditional fMRI is related
to the time required to image an entire
brain; however, with the advent of mod-
ern multi-slice sequencing, whole brain
images can be collected in a fraction of
the time (eg, 500–750 milliseconds). It is
important that users acknowledge the
poor temporal resolution from tradi-
tional fMRI sequences, yet appreciate
that more modern rapid sequences are
available.

Figure 1.
(A) A stimulus (eg, painful thermal stimulation of the palmar surface of the hand) results in an increase in neural activity and corresponding
blood flow changes in brain regions responding to the stimulus. This is the basis of the blood oxygenation level-dependent (BOLD) response,
which is used to infer neural activity with functional magnetic resonance imaging (fMRI). During an fMRI study, repeated stimuli may be
presented while BOLD measurements are collected over the study session. (B) The BOLD measurements collected during the study session
are then preprocessed and analyzed to generate statistical activation maps. The activation map (B) shows brain regions activated during
painful thermal stimulation of the right upper extremity. The brain regions activated included the bilateral thalamus, bilateral insular cortex,
and left primary motor and somatosensory cortices. The activation map was thresholded with z score �2.3 and a cluster threshold of P�.05
to correct for multiple comparisons. R�right, L�left, A�anterior, P�posterior, S�superior, I�inferior.
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Magnetic Resonance
Imaging Safety
Although magnetic resonance imaging
(MRI) and fMRI applications are gener-
ally very safe and widely used in clinical
and research practice, it remains crucial
for all users to understand that some
safety concerns for patients and staff
exist.21 Magnetic resonance imaging
involves the use of a strong static mag-
netic field, time-varying (gradient) fields,
and radiofrequency energy. Any ferro-
magnetic object brought into the mag-
netic field will experience strong attrac-
tive forces to the magnet, which is
always on. Fittingly, unsecured items,
ranging from smaller objects (eg, hair-
clips, pens) to larger objects (eg, oxygen
tubes, rolling hospital beds) have the
potential to become projectiles. Inci-
dents involving projectiles can, and do,
happen, many of which are benign (or
go unreported); however, injuries and
even death22 involving projectiles are
preventable through good practice and
safety screening. Beyond projectile risks,
devices containing ferrous materials may
move, become dislodged, or malfunction
with exposure to a magnetic field, pos-
ing a health risk to the patient and affect-
ing the quality of the images produced.

Another consideration in conducting
MRI and fMRI studies is the potential for
anxiety-related reactions (eg, claustro-
phobia and premature termination of the
scan). The reported incidence of prema-
ture termination (or even unwillingness
to undergo the scan) due to claustropho-
bic reactions ranges from 0.5% and
14.5%; however, most of the data were
obtained from small study cohorts and
relatively older scanners.23 Although sed-
ative medications can be provided to
help patients tolerate the confinement
(and potential distress) during a clinical
MRI study, such a strategy cannot be
used in studying the brain during fMRI
because they have neural effects.
Accordingly, motivational factors, cogni-
tive coping strategies,24 and patient posi-
tioning23 would be appropriate strate-
gies for participants in neuroimaging
research studies.

Clearly, appropriate screening before
allowing anyone to undergo a magnetic
resonance scan, let alone enter the mag-

net room, best circumvents the dangers
associated with performing any MRI
scan and helps to ensure accurate data
collection.

Study Design
Functional magnetic resonance imaging
study designs fall into different catego-
ries, each with many subtle nuances.
Here, we focus on the 2 most
common study designs: task-based and
resting-state.

Task-Based Designs
The early fMRI experiments consisted of
a simple block design (Fig. 2), where the
scan is divided into timed blocks that are
associated with 2 or more conditions and
aims to find the difference between
them. For example, a design could alter-
nate between a block of receiving an
innocuous stimulus (eg, warm and cool
thermal stimulation of the palmar surface
of the hand) and a block of noxious stim-
uli (eg, painful hot and cold thermal stim-
ulation) to determine task-related activa-
tions. Because each block is followed by
a rest condition, it allows enough time
for the HDR to return to baseline. The
basic analysis involves modeling the
time-series data (Appendix) with a refer-
ence model function defined by the
design.25 Those voxels (Appendix) that
are activated in conjunction with the
task are thought to be involved in the
response to that specific stimulus.

Since these early experiments, statistical
analyses have grown in sophistica-
tion,26,27 leading to the introduction of
event-related (Fig. 2), designs. With this
approach, stimuli (such as laser pain on
the hand and pinprick pain on the hand)
can be presented randomly instead of in
alternating (and potentially predictable)
blocks. The fMRI signals can be under-
stood based on the specific pattern and
timing of stimuli presentation, and the
investigator is able to determine the spa-
tial patterns of activity associated with
each stimulus. Figure 2 displays block
and event-related designs.

Resting-State Functional
Connectivity
While one can determine which regions
become activated during a task, such as
the insula during a painful stimulus28 or

the motor cortex during a movement,29

there is also important information in the
signals obtained at rest.30–32 Spontane-
ous, low-frequency BOLD signal correla-
tions between distinct regions at rest,
known as resting-state functional con-
nectivity (rs-FC) and depicted in Figure
3, provide insight into the functional
organization of the brain and can reflect
networks that are active during a task.33

Resting-state functional connectivity can
serve as an additional tool for character-
izing patient populations and quantifying
neural changes in response to clinical
interventions.34,35 Recent work suggests
that an rs-FC approach may be useful in
disease discovery36,37 by identifying
unique biomarkers for specific condi-
tions. For example, Du et al37 showed
that rs-FC approaches demonstrate high
classification rates in discriminating
healthy controls from patients with
known schizophrenia. This approach
also has demonstrated altered functional
connectivity patterns in people with
chronic pain and migraine.38,39 Despite
its promising nature, more stringent
research is necessary to evaluate the clin-
ical utility of this imaging tool and its
ability to accurately influence clinical
decision making. At this stage, we are
unaware of robust evidence to suggest
that fMRI findings can guide clinical deci-
sion making.

One method commonly used in rs-FC
analysis is seed-based analysis. This
method involves selecting a region of
interest (ROI) a priori and correlating the
average BOLD signal within this region
(or seed) with the BOLD signal from
every other voxel in the brain. Seed-
based analysis can provide a precise and
detailed look at the connectivity (or lack
thereof) between brain areas of inter-
est.32,40 For example, if you hypothesize
that connectivity to a specific region
might change after treatment, you could
compare pretreatment connectivity with
this region and posttreatment connectiv-
ity, which may provide insight into
mechanisms of treatment success. How-
ever, reliability with repeated testing
would need to be established before
definitive conclusions could be drawn
and clinical decision making influenced.
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Another method of detecting brain net-
works and connectivity is independent
component analysis (ICA). This is a sta-
tistical approach that separates a signal
into nonoverlapping components of
space and time such that the sources are
“maximally independent.” This method
is especially powerful when there is no
clear a priori hypothesis about the study
results, providing a more exploratory,
data-driven technique for clinical
research.41 For example, researchers

seeking to explore brain connectivity in
patients with fibromyalgia used ICA
to demonstrate greater connectivity
between some brain networks and the
insular cortex, a region associated with
processing evoked pain.42

Study Design Key Points

• Task-based: Recording of BOLD sig-
nal while participant is performing

a task. Helps link brain areas with
specific activities.

• Resting-state: Recording of BOLD
signal while participant is at rest
(no specific task). Can explore con-
nectivity between functionally
linked, but anatomically separate,
regions.

• Reliability with repeated testing
would need to be established
before clinical use could be
inferred.

Figure 2.
Block (top panel) and event-related (bottom panel) functional magnetic resonance imaging designs for 3 task conditions: laser pain on the
hand, pinprick pain on the hand, and noxious cold on the hand. The x-axis is time from left to right.

Figure 3.
Functional connectivity is defined as the temporal correlation of a neurophysiologic index measured in different brain areas. This term has
been applied to functional magnetic resonance imaging, where the changes in blood oxygenation level-dependent (BOLD) signal over time
are compared between 2 regions of interest. The correlation between the time series equals the estimated functional connectivity. SI�primary
somatosensory cortex, PAG�periaqueductal gray. Reprinted from Gay CW, Robinson ME, George SZ, et al. Immediate changes after manual
therapy in resting-state functional connectivity as measured by functional magnetic resonance imaging in participants with induced low back
pain. J Manipulative Physiol Ther. 2014;37:614–627, with permission of Elsevier.
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Factors Influencing Data
Quality and Interpretation
As with any approach to data collection
and interpretation, there are threats to
both internal and external validity in
fMRI research that should be considered
when appraising new research. Here we
present an introductory framework for
appraisal of research and present com-
mon sources of bias, but readers are
encouraged to seek more detailed guid-
ance prior to implementing new
knowledge.

Acquisition
Factors such as signal-to-noise ratio, spa-
tial distortions, and image contrast deter-
mine the quality of an image.43 Image
resolution, echo time, slice positioning,
temporal resolution, and other parame-
ters can influence data quality. As such,
they should be carefully chosen to fit the
specific experimental aims and reported
in adequate detail in manuscripts. Addi-
tionally, head motion while inside the
magnet induces fMRI signal fluctua-
tions44 and should be minimized as much
as possible to ensure good image quality
and to avoid spurious results.

The BOLD signal is susceptible to influ-
ence from physiological processes, such
as heart beat and respiration, that are not
related to neural activity.45 If acquired,
these nonneural signals can be regressed
during preprocessing, thus “cleaning”
and isolating the neural signals of interest
(see Preprocessing section). Authors
should provide this information if such
data filtering was conducted.

Finally, instructions to participants
should be consistent throughout the
experiment. It has been demonstrated
that varied instructions given to partici-
pants during a resting-state scan (eg,
relax and be still OR attend to the scan-
ner noise) produce different results.46 It
is important to minimize as much vari-
ability as possible during scan acquisition
through consistent and explicit instruc-
tions to the participant.32

Preprocessing
Each imaging study typically requires a
robust preprocessing pipeline to prepare
data for final analysis. Preprocessing typ-
ically includes motion and distortion cor-

rection of the main magnetic field (B0),
spatial smoothing, temporal filtering, and
registering to standard space—all occur-
ring before higher-level analyses can be
performed. The specific parameters will
depend on the type of study design (task-
based or resting-state) and should be
clearly reported.

The individual’s motion changes the con-
tent of each voxel and alters the unifor-
mity of the magnetic field, so it is impor-
tant to understand and mitigate this
confound. Typically, 6 motion parame-
ters are derived (3 translations, 3 rota-
tions) by estimating the displacement of
the head at each time point in the scan
relative to some fixed position44 and can
be removed from the BOLD signal. A
“scrubbing” process (discarding unreli-
able data) also can be used with a chosen
movement threshold. It is especially
important to correct for motion artifact
when working with human participants
in pain, as they may be expected to move
more in the scanner than their asymp-
tomatic counterparts. Such movement
can and will introduce noise into task-
related designs and potentially bias cor-
relations between regions in rs-FC stud-
ies.47,48 Consistent with Poldrack et al,13

instituting a journal-wide policy for the
reporting of all prescribed parameters
used during preprocessing should
become the norm to ensure that findings
can be replicated, compared, and gener-
alized across different cohorts and
scanners.

Analysis
After acquisition and preprocessing, a
number of approaches can be used to
analyze the data, each possessing advan-
tages and disadvantages. For task-based
studies (event or block designs), the gen-
eral linear model is a common statistical
approach with one dependent vari-
able.49,50 The common resting-state anal-
ysis approaches include seed-based anal-
ysis and ICA discussed above.

Regardless of which analysis approach is
used, it is crucial to use appropriate sta-
tistical tests and corrections to obtain
reliable and valid results. In fMRI, the
BOLD time series is statistically analyzed
separately for each voxel.17 As a typical
BOLD brain image may contain upward

of 100,000 voxels, with each requiring a
separate statistical test, the likelihood of
false-positive activations in fMRI is high.
For a typical brain with 100,000 voxels
and an alpha value of .05, statistically
5,000 voxels would be considered to be
active by chance alone, which may lead
to invalid findings and conclusions. Sev-
eral methods for correcting for multiple
comparisons are available, and for a
given study, the appropriate corrections
should be used and clearly reported.51–53

To illustrate the impact of not correcting
for chance findings, Bennett and col-
leagues54 administered an open-ended
mentalizing task to a dead Atlantic
salmon. During their later analysis, they
deliberately used an uncorrected
statistical threshold and found significant
activation. Although this is a humorous
demonstration, it underscores the impor-
tance of correcting for multiple compar-
isons during statistical testing.

Although this is not an argument against
the use of fMRI, it does underscore the
extreme importance of judicious applica-
tion of appropriate acquisition, prepro-
cessing, and analysis techniques and cor-
recting for multiple comparisons.55 Still,
some researchers may be tempted to (or
unknowingly) forego these steps when
using small numbers of participants, but
it is crucial to understand that doing so
may compromise the accuracy, reliabil-
ity, and interpretability of the results.

Interpretation of Results
Even when all of the above steps are
carried out with great precision, several
challenges exist to successful interpreta-
tion of the findings. An increase in BOLD
response (and, therefore, blood flow)
suggests an increase in neural activity,
although it is not possible to determine
whether it results from increased facili-
tation or inhibition. Accordingly, multi-
ple modalities, including fMRI with
transcranial magnetic stimulation,
somatosensory-evoked potentials, and
diffusion weighted/tensor imaging,
could be used to (1) facilitate interpreta-
tion of changes in BOLD signal and (2)
fully (or, at least, better) understand the
“brain in pain.”
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Furthermore, it is important to interpret
fMRI results with caution and to not fall
into the trap of incorrectly using reverse
inference. For example, if an individual
experiences pain, a set of neural regions
could become either activated or inhib-
ited (deactivated). However, it does not
necessarily follow that the person show-
ing activity in those regions is experienc-
ing pain or no pain.56 As a useful analog,
consider the following: when John turns
on his microwave, he uses more house-
hold electricity. That causal association
does not necessarily work the other way
around: If John is using more household
electricity, it would be inaccurate and
misleading to assume that he has turned
on his microwave.56 Concluding an indi-
vidual’s subjective experience based on
a specific pattern of activation or deacti-
vation may be flawed. Improved meth-
ods such as network-based studies and
multivariate pattern analysis could lead
to more accurate interpretations.57

Dictating which specific methods should
be used to quantify the patient’s pain
experience is beyond the scope of this
perspective article; however, we want to
stress the importance of carefully consid-
ering the issues discussed and of report-
ing decisions in detail within a methods
section. This approach will help main-
tain high standards for neuroimaging
research, ensuring the findings are more
relevant for clinical use, application, and
interpretation.

Data Quality Key Points

• Choose scan parameters optimized
for your study, minimize motion
artifact, and keep participant
instructions consistent.

• Use conservative preprocessing
steps to clean the raw data for
analysis.

• Choose an appropriate model and
statistical test for your analysis.

• Realize the potential benefit of
consistency through multimodal
measures.

Is fMRI a Valid Surrogate of
Self-Report Pain?
There is debate about whether fMRI data
should (or could) replace self-report data
as a source of validity for pain.58–63 The

pain experience is not directly observ-
able from a third-person perspective.
Two sources of information can be used
to imperfectly infer the pain of others:
behavior and physiological processes.
Behavior associated with pain ranges
from verbal reports and facial expression
to posture and bodily movements. Often
only a subset of observable behavior that
could be related to pain is quantified,
such as ratings of pain intensity or both-
ersomeness. Although these relatively
narrow measures are helpful in under-
standing and managing pain conditions,
they should not be used in isolation. For
instance, pain intensity rated at a single
time point and within a specific context
would not be helpful in determining the
presence, quality, or nature of a chronic
pain condition.58

To date, behavioral data have been pri-
oritized as the source of validity for phys-
iological data. McCaffery’s adage advo-
cates that a broad collection of verbal
pain behavior—whatever the experienc-
ing person says pain is—be used as the
source of validity for the nonobservable
pain experience.64 This is in contrast to
the narrow subset of pain measures that
have been associated with fMRI data.
However, as of yet, no discrete “pain
center” has been located in the brain.65

Rather, physiological activity in the brain
is linked to pain through its association
with self-report measures (eg, pain inten-
sity, pain threshold). Activation patterns
associated with pain in this manner are
particular to both the self-report mea-
sures used and the time and context of
data collection. The fMRI method
requires individuals to be immobile
within a socially isolated, loud, and
highly controlled environment—very dif-
ferent from the context related to the
patient’s experience of pain. Further-
more, BOLD-based changes in various
areas of the brain are not specific to
pain, as they also are seen in other con-
ditions, such as depression,66 general-
ized anxiety,67 and posttraumatic stress
disorders.4,68

Our position is that physiological data
should not be regarded as a replacement
for pain behavior data, nor should these
data be used to invalidate the report or
description of an individual’s pain expe-

rience. However, data from fMRI and
neuroimaging studies have potential to
complement other clinical measures and
improve our understanding of the under-
lying mechanisms of common, yet enig-
matic, persistent pain conditions (eg,
fibromyalgia.69,70 low back pain,71 osteo-
arthritis, postherpetic neuralgia, chronic
pelvic pain72).

Clinicians should be prepared to
embrace (and possibly combine) emer-
gent technologies, but also recognize
and respect the limitations of any one
indicator for quantifying pain or any
other subjective and intensely personal
experience.

Key Points

• The pain experience is not directly
measurable, but rather inferred
through behavior and physiological
processes.

• Pain behavior, particularly the sub-
jective narrative, provides meaning
and validity to pain-related physio-
logical processes.

• Physiological data (from fMRI or
other methods) should not be
regarded as a surrogate for pain
behavior data or be used to in-
validate an individual’s pain
experience.

Emerging Applications of
fMRI Research in Physical
Therapy and Neuroscience
The physical therapy profession is wit-
nessing an increasing interest in fMRI as
a surrogate measure for quantifying pain,
emotions, and brain dynamics, as well as
neurophysiologic changes following
treatment. As one example, physical
therapist researchers have provided pre-
liminary evidence of alterations in corti-
cal activity with fMRI in response to nox-
ious mechanical stimuli and thrust
manipulation to the thoracic spine in
healthy individuals.9 Also, Gay et al73

recently demonstrated that manual ther-
apies (spinal manipulation, mobilization,
and therapeutic touch) have an immedi-
ate effect on the functional connectivity
between brain regions involved in pro-
cessing and modulating the patient’s
pain experience. Although such work
provides a foundation for using fMRI to
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unearth the complex human brain
response to commonly utilized manual
interventions, it does not provide a defin-
itive end-point to our questions.

There remain a number of factors that
could influence a patient’s response to
commonly used interventions. For exam-
ple, the extent to which patient expec-
tations tied to manipulation (or touch
alone)73 may have influenced the find-
ings is unclear, and these patient expec-
tations cannot be ignored. Furthermore,
the parameters used when conducting
fMRI experimentation are better suited
to investigating the immediate effects of
manual therapies, and not those that
occur in the intermediate or long term.

Another exciting, but equally founda-
tional, area of work pertains to spinal
cord fMRI. Spinal cord fMRI, however,
has been much slower to develop due to:
(1) technical challenges with the imag-
ing of the spinal cord (eg, its small
dimensions, its deep location within the
vertebral column, the increased influ-
ence of the respiratory and cardiac
cycles) and (2) the technical analysis of
functional spinal cord images.74,75

Slowly, the field has moved forward, and
the validity and reliability of spinal cord
fMRI are starting to be rigorously estab-
lished.76,77 However, it is important to
realize that, as in the brain, the fMRI
signal in the spinal cord is a complex
signal with both sensory and motor com-
ponents, with modulation by intrinsic
interneuronal circuits and pathways.
Accordingly, much more research is
needed to better characterize, under-
stand, and use the signals in the spinal
cord before cord fMRI will become a
valuable research tool capable of influ-
encing clinical decision making. A rea-
sonable and welcomed outcome from
such investigations would be an
improved understanding of spinal cord
nociceptive processing in a wide variety
of clinical pain states, which could
greatly advance clinical pain research.

Key Points

• Preliminary evidence has revealed
alterations in cortical activity fol-
lowing thrust manipulation to the
thoracic spine.

• Functional magnetic resonance

imaging provides a means to visual-
ize indirect patterns of neural activ-
ity in the human brain and spinal
cord, providing foundation for
investigations of the afferent and
efferent circuitry in the patient
with pain.

How Can a Researcher
Improve fMRI Results and
Reliability?
Although it is of interest (and fun) to
summarize the most advanced methods
in fMRI experiments, it is crucial to note
the known, but often missed (or
ignored), methodological and concep-
tual limitations for those interested in
conducting and interpreting fMRI stud-
ies. This section will introduce sugges-
tions for quality control and effective
reporting.

There are several examples of consensus-
generated effective reporting guidelines
for different types of research questions,
including those of the CONSORT,
COSMIN, STROBE, and AMSTAR groups
(Appendix). There are also available
guideline statements regarding the
design of and effective reporting on fMRI
research.13 Clinicians and novice
researchers can use these guidelines for
critically appraising the value and useful-
ness of fMRI research.

At minimum, experts opine that papers
include sufficient detail on the following:
participant selection/characteristics; task
specification and planned comparisons;
data acquisition parameters; data prepro-
cessing; ROI determination; precise sta-
tistical comparisons; and visual represen-
tation of data utilizing figures, tables, and
probabilistic atlases.

Poldrack et al13 provided a full discussion
of these guidelines and a checklist for
authors preparing submissions. Further-
more, we advise investigators to use
examination techniques and postpro-
cessing analyses as recommended by the
American College of Radiology practice
parameter on brain fMRI so that the
work may be uniformly reproduced
and compared across scanners.78 We
strongly support that raw data be made
available for independent replication of
work being considered for publication.

Beyond these endorsements, appropriate
reviewers must be secured for all reha-
bilitation (eg, physical therapy, occupa-
tional therapy, speech-language pathol-
ogy, audiology, chiropractic) journals to
aptly critique the multidisciplinary
efforts of neuroimaging research.

Key Points

• Effective guidelines are available
and should be utilized.

• This is a call for our professional
journals to use such guidelines.

Conclusion
Seeking and securing collaborations
across disciplines can result in an
improved working knowledge for the
complexities of fMRI, emerging evidence
highlighting advanced fMRI applications,
and a professional vigilance regarding
the utilization of and reporting from
fMRI studies (be they from case reports,
cross-sectional, or prospective). In pur-
est terms, this perspective article is not a
call to abandon fMRI but rather to
embrace the technology by working col-
laboratively with content-area experts.

We hope that the information presented
here will inspire readers to seek and
embrace opportunities for fostering and
maintaining connections inside and out-
side their professional boundaries. The
physical therapy profession has an anec-
dotal history of eagerly embracing early
research findings in the interest of
improved care, but at times doing so
without fully understanding the nuances
of the discipline, technique, or
interpretation.

We hope that this perspective article
encourages the reader to critically evalu-
ate findings from fMRI studies in light of
the design and potential methodological
issues discussed. We equally hope that
the reader will glean that the value of
interdisciplinary research provides a
wonderful opportunity to utilize this
powerful tool toward helping all stake-
holders (the patient included) under-
stand the complex nature of pain and the
experience thereof.

Dr Elliott, Dr Walton, and Dr Wideman pro-
vided concept/idea/project design. All
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authors provided writing. Dr Elliott provided
project management and facilities/equip-
ment. Dr Bishop, Dr Sparks, Dr Tsao, Dr
Weber, and Dr Wideman provided consulta-
tion (including review of manuscript before
submission).

Dr Elliott’s relevant activities outside the
body of work include 35% ownership and
investment interest in a medical consulting
company: Pain ID, LLC. Dr Walton is owner
and operator of David Walton Rehabilitation
Education, Consulting and Research.
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Appendix.
Magnetic Resonance Imaging and Functional Magnetic Resonance Imaging fMRI Terms and Consensus-Generated Effective Reporting
Guidelines for Different Types of Research Questions

AMSTAR stands for A Measurement Tool to Assess Systematic Reviews. The tool consists of 11 items and has good face and
content validity for measuring the methodological quality of systematic reviews (http://amstar.ca/About_Amstar.php).

BOLD Signal stands for blood oxygenation level-dependent signal, which represents the changes in oxygen levels in the human
brain caused by alterations in blood flow.

CONSORT stands for Consolidated Standards of Reporting Trials and encompasses various initiatives developed by the
CONSORT group to alleviate the problems arising from inadequate reporting of randomized controlled trials (http://www.
consort-statement.org/).

COSMIN stands for COnsensus-based Standards for the selection of health Measurement INstruments (http://www.cosmin.nl/).

Distortion Correction is a preprocessing step in functional magnetic resonance imaging (fMRI) analysis that allows for
correction based on mapping magnetic field in homogeneities.

General Linear Model (GLM) is a multivariate linear regression method to deal with violations of the assumptions of the
multivariate regression framework.

Canonical Hemodynamic Response (HDR) allows the rapid delivery of blood to active neuronal tissues.

Independent Component Analysis is an analysis technique used in resting-state functional connectivity studies. It is a statistical
approach that separates the recorded fMRI signal into nonoverlapping components of space and time such that the resulting
sources are considered “maximally independent.”

Multivariate Pattern Analysis is an fMRI analysis technique examining the spatial pattern of activity distributed within a brain
region, which is thought to represent discriminative information across multiple conditions.

Registering to Standard Space is a common preprocessing step where individual participants’ scans are registered into a
standard space (common reference coordinate system for reporting results).

Resting State is one method used in fMRI research. It is based on the finding that low-frequency correlations between distinct
neural regions at rest reflect the functional organization of the brain.

Seed-Based Analysis is a technique used in resting-state functional connectivity studies. It requires defining a region of interest
(seed region) and looks at how activity in other regions of the brain correlates with this region of interest.

Signal to Noise (SNR) is a characteristic of data that tells you how much signal there is compared with noise. Ideally, a high
signal with low noise is optimal.

STROBE stands for STrengthening the Reporting of OBservational studies in Epidemiology, an international, collaborative
initiative of epidemiologists, methodologists, statisticians, researchers, and journal editors involved in the conduct and dissem-
ination of observational studies, with the common aim of strengthening the reporting of observational studies in epidemiology
(http://www.strobe-statement.org/).

Time-Series Data are a collection of BOLD measurements taken over a period of time.

Voxels are small 3-dimensional spatial units analogous to the 2-dimensional pixels on a television encompassing a tiny cube of
brain tissue within a scan. Typical fMRI voxel size is 2 mm3, supporting the excellent spatial resolution.79
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