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Abstract

Objective. To study the impact of therapeutic interventions on pain analgesia and endogenous pain modulation in
knee osteoarthritis (KOA). Design. Systematic review and meta-analysis. Methods. We searched for KOA randomized
clinical trials and observational studies with data on therapeutic interventions comparing pain intensity, temporal
summation (TS), and conditioned pain modulation (CPM) scores relative to control. These data were pooled as
Hedge’s g. To study the relationship between pain intensity and TS/CPM, we performed metaregression with 10,000
Monte-Carlo permutations. Results. We reviewed 11 studies (559 participants). On studying all the interventions to-
gether, we found no significant changes in pain modulation, TS, or CPM. Our findings show that this lack of differ-
ence is likely because surgical and nonsurgical interventions resulted in contrary effects. Metaregression signifi-
cantly correlated pain reduction with normalization of TS and CPM. Conclusions. We demonstrate an association
between pain reduction and TS/CPM normalization. Though we cannot directly compare these interventions, the
results allow us to draw hypotheses on potential practice schemas. Recovering defective endogenous pain modula-
tion mechanisms may help establish long-term analgesia. However, to validate these paradigms as robust clinical
biomarkers, further investigation into their mechanisms would be necessary. The registration number for this review
is CRD42017072066.
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Introduction nociceptor sensitization) and central (e.g., spinal cord

Knee osteoarthritis (KOA) is a leading cause of chronic
pain, ranked as the 11th greatest contributor to disability
worldwide (along with hip osteoarthritis), and signifi-
cantly impacts the economy [1,2]. Patients with painful,
chronic KOA show local and generalized hyperesthesia,
attributed to neurophysiological and neuropathological
mechanisms that are both peripheral (e.g., tissue

dorsal horn neuron sensitization) [3]. Multiple studies
support that chronic pain sufferers share a pattern of in-
creased excitability to pain and limited endogenous pain
modulation relative to healthy controls [4-9].
Endogenous pain modulation refers to central nervous
system (CNS) mechanisms altering the saliency and expe-
rience of pain; it can be assessed by two psychophysical
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parameters, temporal summation (TS) and conditioned
pain modulation (CPM) [10].

There are various observational studies that examine
the relationship between different treatment interven-
tions in KOA, examining TS and CPM. For example, in a
cohort of KOA patients who received total knee replace-
ment (TKR), patients with greater pain levels before sur-
gery on average developed worse pain outcomes
12 months after surgery and exhibited higher TS (as com-
pared with patients with lower presurgical pain and TS)
[11]. Despite surgical removal of the pain-generating
mechanism (i.e., mechanical knee degradation), these
high-pain patients with aberrant TS scores continued to
experience poor treatment response after surgery [11].
Also, the authors found that KOA patients with more TS
before surgery experienced less pain relief after surgery
[11]. Ensuing studies showed that unlike radiologic sever-
ity—which was not a robust predictor of KOA pain—TS
correlated better with high preoperative pain levels and
predicted postoperative analgesic outcomes more effec-
tively than radiography [12]. Another group also showed
that TS predicted sensitivity to physical activity and non-
steroidal anti-inflammatory drug response [13,14]. In con-
trast, Christensen et al. [15] did not find TS to be
prognostically important, although this study was on rheu-
matoid arthritis. Likewise, negative results were found in
diabetic neuropathy [16]. On the other end of the spec-
trum, dysfunctional CPM predicted chronic pain develop-
ment in various interventions, and multiple studies allude
to decreased CPM as an indicator of pain sensitization
and a predictor of analgesic efficacy [14,17-23].

Therefore, TS and CPM may be useful biomarkers to
predict a treatment’s analgesic efficacy, as suggested by a
considerable number of studies in KOA. Additionally,
these paradigms have high good to excellent interclass
correlation coefficients [24]. However, to date, no meta-
analysis addresses the effects of different therapies on en-
dogenous pain mechanisms and pain intensity in KOA.
We consequently performed a systematic review and
meta-analysis to assess and quantify the pooled effects of
therapeutic interventions on endogenous pain modula-
tion mechanisms and pain intensity in KOA. This ap-
proach may advance our understanding of the
relationship between endogenous pain modulation, pain
sensitivity, and treatment effects in KOA.

Methods

This systematic review is reported in accordance with the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses statement. The International Prospective
Register of Systematic Reviews (PROSPERO) registra-
tion number is CRD42017072066.

Search Strategy and Selection Criteria
We searched PubMed, EMBASE, ClinicalTrials.gov,
Cochrane central register of controlled trials and

database of systematic reviews, Google Scholar, LILACS,
and PEDRO (without time limits retrospectively) for ob-
servational and randomized clinical studies with data on
therapeutic interventions in KOA that report pain inten-
sity and TS/CPM scores before and after intervention rel-
ative to a control group.

We used the search strategy below and screened addi-
tional records from the references of included studies:

* PUBMED (inception to 2017) ((knee osteoarthritis) AND (condi-
tioned pain modulation OR CPM OR descending noxious inhibi-
tory control OR DNIC OR temporal summation OR TS OR
wind up OR WU OR second pain)) NOT (animal*[Title] OR
rat*[Title] OR mouse[Title] OR mice[Title])

* ClinicalTrials.gov (inception to 2017) Knee osteoarthritis con-
ditioned pain modulation OR CPM OR temporal summation
OR TS OR wind up OR WU Cochrane central register of con-
trolled trials and database of systematic reviews (2005-2017)
knee osteoarthritis AND (conditioned pain modulation OR
CPM OR descending noxious inhibitory control OR DNIC OR
temporal summation OR TS OR wind up OR WU OR second
pain)

* EMBASE (inception to 2017) knee osteoarthritis AND (condi-
tioned pain modulation OR CPM OR descending noxious inhibi-
tory control OR DNIC OR temporal summation OR TS OR
wind up OR WU OR second pain) AND pain NOT (‘animal*’: ti
OR ‘rat*’: ti OR ‘mouse’: ti OR ‘mice’: ti)/lim NOT [medline]/
lim

*  Google Scholar (inception to 2017) ((knee osteoarthritis) AND
(conditioned pain modulation OR CPM OR descending noxious
inhibitory control OR DNIC OR temporal summation OR TS
OR wind up OR WU OR second pain)) LILACS (inception to
2017) (tw:(knee osteoarthritis)) AND (tw:(conditioned pain
modulation OR CPM OR descending noxious inhibitory control
OR DNIC OR temporal summation OR TS OR wind up OR
WU OR second pain) ) AND NOT (tw:((animal OR rat OR
mouse)))

¢ PEDRO (inception to 2017) Knee osteoarthritis and conditioned
pain modulation Knee osteoarthritis and temporal summation

* Cochrane Knee osteoarthritis AND (conditioned pain modula-
tion OR CPM OR descending noxious inhibitory control OR
DNIC OR temporal summation OR TS OR wind up OR WU
OR second pain) (sin terminus relacionados) EBM Reviews —
Cochrane Database of Systematic Review <2005 to July 6
2017> EBM Reviews — Cochrane Central Register of Controlled
Trials <June 2017>

* LILACS (tw:(knee osteoarthritis)) AND (tw:(conditioned pain
modulation OR CPM OR descending noxious inhibitory control
OR DNIC OR temporal summation OR TS OR wind up OR
WU OR second pain) ) AND NOT (tw:((animal OR rat OR
mouse)))

As we are evaluating central pain inhibitory mecha-
nisms, we decided to exclude studies that used nonpain-
ful conditioned stimuli, spatial summation protocols,
those solely about inhibition—sensitization profiles, and
those without a comparison group. As our focus is on
therapeutic interventions, we excluded studies that ap-
praised endogenous pain modulation profiles without
addressing treatment responses in KOA. We also ex-
cluded letters, commentaries, conference reports, case
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series, case studies, and all studies published in languages
other than English, Spanish, or Portuguese.

Screening and Selection of Studies

Two independent researchers (ATO, GR) screened all
records from extracted titles and abstracts using Rayyan,
a Cochrane-recommended, web-based and mobile appli-
cation, to maintain blinding [25]. Studies reported some
measure of TS/CPM and pain outcomes to pass the initial
screening phase, after which the screened studies were
partitioned and fully reviewed for eligibility by ATO,
MME, RH, PS, and SC. These results were then cross-
validated by ATO. We also reviewed the references of ac-
cepted articles (ATO, HR, SC).

Assessment of Risk of Bias in Included Studies
Risk of bias was assessed by ATO. Randomized con-
trolled trials were evaluated with the Cochrane
Collaboration tool for assessing the risk of bias [26]. The
following elements were reviewed: 1) random sequence
generation, 2) allocation concealment, 3) blinding of par-
ticipants and personnel, 4) blinding of outcome asses-
sment, 5) incomplete outcome data, and 6) selective
reporting. Observational studies’ risk of bias was
assessed using the Newcastle-Ottawa (NOS) checklist;
using this scale, each study was judged as low, unclear,
or high risk. The NOS scale ranges between 0 and 9
points (stars) and consists of three sections: 1) selection
(four points), 2) comparability (two points), and 3) expo-
sure (three points) for case-control studies; higher scores
indicate less risk of systematic error [27].

Data Extraction

We extracted the following data: 1) bibliographic
details: author, year of publication, and location;
2) demographics: number of participants, age, gender;
3) clinical information: disease duration, clinical pain in-
tensity, medication discontinuation, intervention charac-
teristics, type of stimuli used for respective quantitative
sensory testing (QST), site of QST, number of stimuli
used for TS, interstimulus interval for TS, use/lack of ad-
justed thresholds for TS, outcome measures (eg. visual
analog scale [VAS], temperature, weight, and pressure),
test stimulus, conditioning stimulus for CPM, time of
CPM, and respective results per study.

Data Synthesis

First, we synthesized the articles in narrative form. Then
we pooled data as Hedge’s g for pain intensity, TS, and
CPM paradigms. Interventions were categorized into one
of four groups: 1) exercise (e.g., exercise); 2) neuromodu-
lation (e.g., electrical stimulation); 3) pharmacological
(e.g., nonsteroidal anti-inflammatory drugs); and 4)
surgical (e.g., TKR). Although these are very different
therapeutic interventions indicated in different stages of
KOA and for different patient profiles, we wanted to

compare pain reduction with endogenous pain modula-
tion (TS and CPM) across the spectrum of available
KOA therapies. We selected the model for the forest plot
based on Cochrane’s Q; when possible, we used pre and
post scores of the pain analog scales, or thresholds (e.g.,
C or kPa), for each outcome to calculate the mean differ-
ence between KOA patients and controls. The difference
was then converted to a standardized mean difference
(i.e., an effect size, Cohen’s d). Given that Cohen’s d has
a slight bias to overestimate in small sample sizes, we ad-
justed Cohen’s d to Hedge’s g by applying a correction
factor (Supplementary Data).

For multiple comparisons within the same study, we
considered each comparison as one contributor in the
meta-analysis. For example, if a TS paradigm was tested
separately at 38°C and 40°C, these were each used in the
meta-analysis as independent variables. To overcome
unit of analysis error, we split the shared group into two
or more groups with smaller sample sizes, as described
by The Cochrane Handbook, Chapter 16, Section 5.4
(“How to Include Multiple Groups from One Study”)
[26]. We studied publication bias of main outcomes via
Begg’s funnel plot and Egger’s test. This section of the
analysis was completed with RevMan 5.3 software and is
available in the Supplementary Data.

Metaregression

We conducted metaregression to identify associations be-
tween covariate effects and main outcomes. We followed a
method determined a priori and delineated in the
PROSPERO registry. Models were constructed based on
the entry criterion of P=0.2 for independent variables. We
set a high P value of <0.2 to reduce the risk of omitting var-
iables thought to be potential confounders. A stepdown ap-
proach was used to test the variables’ association with each
outcome and their contribution to the fit of the model. The
maintenance of variables in the final models was deter-
mined by statistical significance (P < 0.05), as well as by the
best fit of the multiple models, which was evaluated based
on Tau?, I?, and adjusted R*. We performed Monte Carlo
permutation tests (i.e., repeated random sampling) using
10,000 random permutations to account for the high false-
positive rates associated with metaregression. The metare-
gression was performed using Stata 13 MP.

For the first analysis, which included studies evaluat-
ing pain and TS, we used Hedge’s g for pain as the depen-
dent variable (continuous), and the following as
independent covariates: Hedge’s g for TS (continuous),
group (categorical: 1=pharmacological, 2 =exercise,
3 =surgical, 4=neuromodulation), stimuli (binary:
1 =mechanical, 2 =thermal), age (continuous in years),
number of females and males (continuous), and medica-
tion discontinuation (binary, yes/no). For the second
analysis, which included studies evaluating pain and
CPM, Hedge’s g for pain was the dependent variable,
and the independent variables were Hedge’s g for CPM
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(continuous),  conditioning  stimuli  (categorical:
1 =mechanical, 2 =thermal, 3 =cold), age, number of
females and males, and medication discontinuation. We
did not include the CPM test stimuli as a covariate in the
second model as all studies used a mechanical noxious
test stimulus.

Management of Missing Data

When the main outcome data (i.e., means before and af-
ter intervention for pain, TS, and CPM) were missing or
unclear, we contacted the authors. We used
WebPlotDigitizer v.3.11 to extract data from relevant
graphs, and if a study only reported postintervention
data, we determined whether to include the data in the
analysis by studying baseline comparability on the
graphs. If we were unable to contact the authors or ex-
tract the data graphically, we excluded the study from
the quantitative analysis.

Results

Search Strategy Results

Our electronic search found 2,102 records; we identified
one additional record by manually searching the referen-
ces of included studies. In total, we extracted 11 eligible
studies published between 2012 and 2017 based on the
search strategy mentioned above. See Figure 1 for a flow-
chart of the selection process.

Descriptive Statistics
Across all studies, there were 559 participants (~201-
214 males, 35.9-38.3%); the average age of participants
was 62.4 (+36.02) years, and the range of disease dura-
tion (=SD) was 64.3 (=11.4) to 181.8 (+6.0) months.
Please note that the range in sex is due to Tarragé et al.
[28] reporting their sex variable as a total number instead
of stratifying by male and female. Eight studies were ran-
domized clinical trials (73%), two were cohorts (18%),
and one was a cross-sectional study (9%). Of these 11
studies, two used the same data divided into separate pub-
lications (Soriano-Maldonado et al., Henriksen et al.)
[29,30]. Seven of the studies were from the same group in
Denmark (64%); two studies were conducted in the
United States (18%), one in Australia (9%), and one in
Brazil (9%). The interventions used were exercise (N =2),
pharmacological (N = 3), neuromodulation (N = 3), and
surgical (N=3). Of these 11 studies, five used only TS,
three used only CPM, and three used both paradigms.
Mechanical modalities (i.e., pressure or cuff ischemia)
were the most commonly used methods for noxious stim-
uli in both TS and CPM, and for conditioning stimuli in
CPM. Six studies controlled for medication use (55%),
and all studies were considered low risk for bias.

See Table 1 for the general characteristics of included
studies. See the online Supplementary Data for the results
of pain intensity, TS, and CPM, for all included studies in

this review (including the risk of bias), and for the list of
excluded full-text studies.

Effects of Interventions on Pain, TS, and CPM for
All Interventions

When we studied all interventions together, the effect
size for each of the primary outcomes was nonsignificant.
To account for the heterogeneity of effects across differ-
ent treatments, we then performed a sensitivity analysis
by type of intervention.

Sensitivity Analysis and Metaregression

For the exercise interventions, there were significant and
homogenous effects on pain reduction (0.52, 95% confi-
dence interval [CI] = -0.91 to -0.41, P=0.008, Q =
0.74, df =1, P=0.39, I> = 0%) and CPM increase (0.54,
95% CI = 0.17 to 0.91, P=0.004, Q = 0.86, df=1,
P <0.35, I = 0%), but not TS. The neuromodulation
group did not have significant pain reduction, although
there were significant improvements in CPM and TS at a
respective increase of 0.79 (95% CI = 0.21 to 1.36,
P=0.007, Q = 0.43, df=1, P<0.51, I* = 0%) and de-
crease of 1.88 (95% CI = -3.08 to -0.69, P =0.01, Tau>
=0.62,Q=6.03,df=1, P<0.01, I’= 83%). The phar-
macological group had significant effects only on CPM
increase (0.64, 95% CI = 0.00 to 1.29, P=0.05) but no
effects on TS or pain reduction. The surgical interven-
tions did not have significant effects on any outcome
(Figure 3).

Using Monte-Carlo permutations, we found a sub-
stantial correlation between pain reduction and a de-
crease in TS (P=0.02) and an increase in CPM
(P =0.04). See Table 2 for the results.

Discussion

Our central hypothesis for this meta-analysis was that
the degree to which an intervention impacts a patient’s
endogenous pain modulation profile, as measured by TS/
CPM, would determine its analgesic efficacy. Due to the
heterogeneity and limited availability of data, we are un-
able to make strong conclusions about the different types
of interventions. To note, we were not comparing effi-
cacy between groups of interventions as they are often in-
dicated for different types of patients at different KOA
stages. However, we uncovered encouraging relation-
ships between pain, TS, and CPM in our a priori
metaregression.

When we pooled the interventions by group, we ob-
served that 1) exercise interventions significantly reduced
pain, enhanced CPM, and had a nonsignificant TS reduc-
tion; 2) neither neuromodulation nor pharmacological
treatment had significant analgesic effects; 3) neuromo-
dulation techniques significantly reduced TS and in-
creased CPM; 4) pharmacological interventions only
enhanced CPM; 5) surgical interventions did not
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Figure 1. Flowchart of selection process.

favorably modify pain, TS, or CPM. Based on our hy-
potheses, regulation of TS/CPM should parallel pain re-
duction (and vice-versa); however, this did not occur for
the neuromodulation or pharmacological groups (which
did alter TS/CPM in favor of the experimental interven-
tion). There are multiple considerations, such as the lim-
ited number of studies, high variability in types of
interventions studied within each group, differences in
techniques used to measure endogenous pain modula-
tion, and differences in study design.

However, we were able to discern pertinent and signif-
icant relationships between pain, TS, and CPM. We
found that as participants had higher TS or lower CPM
thresholds, they would report higher levels of pain; this
suggests that patients with lower TS and higher CPM
will conversely experience less pain. It also suggests that
patients with better endogenous pain mechanisms would
benefit more from therapeutic interventions as opposed
to patients in a state of chronic central pain sensitization,
a hypothesis that has also been noted by other studies
[11-13,21-23].

Endogenous Pain Modulation, Analgesia, and
Central Sensitization in KOA

Impaired endogenous pain modulation in the absence of
structural pathology is evident in multiple central

sensitization conditions, such as fibromyalgia, chronic
migraine, and complex regional pain syndrome type I
[4,9,33,34]. Patients with KOA and higher levels of pain
demonstrated significantly decreased resting motor
thresholds and increased intracortical facilitation on
transcranial magnetic stimulation (TMS), that is, in-
creased cortical excitability [35]. Other studies of chronic
pain populations show that patients with higher intra-
cortical facilitation also report higher pain on VAS scores
and that greater disinhibition in the motor cortex was as-
sociated with lower CPM scores (i.e., less endogenous
pain modulation) [28,32]. Up to 30% of KOA patients
continued to experience chronic pain after TKR, poten-
tially also due to defective endogenous pain modulation;
although local causes may contribute to the pain, this is
unlikely after a 12-month period [18]. Patients with
higher pressure or thermal TS experienced greater pain
intensity relative to healthy controls and patients with
less pain [36,37]. Similarly, dysfunctional CPM predicted
chronic pain development after various interventions
[14,38]. These mechanisms may bridge discrepancies be-
tween high pain intensity and low disease structural se-
verity [19,20]. Various studies allude to TS and CPM as
indicators of pain-sensitized patients, and predictors of
analgesic efficacy following therapeutic interventions
[11,21,22,24].
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Experimental Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD_ Total Weight IV, Random, 95% Cl IV, Random, 95% CI

1.1.1 Exercise

Henriksen M et al. 2014 -6.1 164 25 0.7 148 23 8.1% -0.34 [-0.91, 0.23] b

Courtney et al. 2016 -17.96 26.2 29 3.56 35.3 29 8.1% -0.68 [-1.21, -0.15] by

Subtotal (95% Cl) 54 52 16.1% -0.52 [-0.91, -0.14] 4

Heterogeneity: Tau® = 0.00; Chi*=0.74, df = 1 (P = 0.39); F = 0%

Test for overall effect: Z = 2.65 (P = 0.008)

1.1.2 Pharmacological

Soriano-Maldonado et al. 2016 (Week 26) -13.98 2.62 50 -14.93 344 50 8.2% 0.31 [-0.09, 0.70] "

Soriano-Maldonado et al. 2016 (Week 14) -14.51 2.62 50 -13.98 332 50 8.2% -0.18 [-0.57, 0.22] T

Arendt-Nielson L et al. 2016 -14 1.7 19 0.5 14 20 8.0% -0.57 [-1.21, 0.07] 1

Subtotal (95% CI) 119 120 24.4% -0.10 [-0.56, 0.37] 4

Heterogeneity: Tau® = 0.11; Chi* = 6,05, df = 2 (P = 0.05); F = 67%

Test for overall effect: Z = 0.41 (P = 0.68)

1.1.3 Neuromodulation

Vance et al 2012 (LF-placebo) -16.14 523 25 -1684 481 25 B.1% 0.14 [-0.42, 0.69] T

Vance et al 2012 (HF-placebo) -10.32 4 25 -16.84 4.81 25 8.0% 1.45[0.82, 2.08) =

Graca-Tarrago et al. 2016 -218 245 13 -0.6 229 13 7.8% -0.65 [-1.44, 0.15] -

Chang et al. 2016 -414 239 13 -20.7 30.121 12 7.8% -0.74 [-1.56, 0.08] Bad

Subtotal (95% CI) 76 75 31.6% 0.08 [-0.91, 1.06] &

Heterogeneity: Tau® = 0.88; Chi* = 24.72, df = 3 (P < 0.0001); I* = 88%

Test for overall effect: £=0.15 (P = 0.88)

1.1.4 Surgery

Skou S et al. 2014 (EJP) 59 942 10 3.2 8.6 10 T.7% 0.29 [-0.60, 1.17] T

Skou S et al. 2013 (PAIN) 149 604 20 -559 68 20 B65% 6.25 [4.68, 7.82] s

Petersen K et al. 2015 (2 Months)* -5.102 0.7 17 -4.1497 0.34 61 8.0% -2.14 [-2.78, -1.50] >

Petersen K et al. 2015 (12 Months)* -2.517 059 17 -6.5986 0.22 61 5.7% 12.10 [10.08, 14.12] —_

Subtotal (95% CI) 64 152 27.8% 4.04 [-0.81, 8.89] e

Heterogeneity: Tau® = 23.99; Chi® = 241.70, df = 3 (P < 0.00001); I* = 99%

Test for overall effect: Z = 1.63 (P = 0.10)

Total (95% Cl) 313 399 100.0% 0.85 [-0.00, 1.70] P

Heterogeneity: Tau? = 2.25; Chi® = 282.08, df = 12 (P < 0.00001); I* = 96% 20 o 0 10 20

Test for overall effect: £ = 1.95 (P = 0.05)
Test for subgroup differences: Chi® = 5.65, df = 3 (P = 0.13), I = 46.9%

Figure 2. Forest plot of interventions in pain efficacy by Hedge's g.

Animal models of KOA show that following periph-
eral nerve injury (due to constant joint inflammation),
microglia and astrocytes become overly active in the spi-
nal dorsal horn, releasing pro-inflammatory cytokines
[39,40]. Nerve growth factor and brain-derived neuro-
tropic factor are also upregulated, maintaining central
dorsal horn activation [41]. Additionally, inhibitory
gamma-aminobutyric acid immunoreactive cells and
fibers are downregulated, which positively correlates
with increased sensitivity to pain [42-44]. In humans,
there is (an initial) peripheral agent causing pain (e.g.,
KOA); however, it may not be enough to treat this agent
in centrally sensitized patients [18]. Instead, these
patients may benefit from interventions focused on
adjusting sensorimotor integration and output and on
reestablishing aberrant neuronal networks’ integrity and
function [45]. Therefore, QST paradigms can aid in iden-
tifying patients with aberrant endogenous pain modu-
lation for tailored treatments and modified rehabilitation
interventions [46].

Review of Studies Included in Our Meta-analysis

We acknowledge that individual characteristics of in-
cluded studies are equally as important to the overall
quality and utility of our meta-analysis; to this extent, we
report on pertinent characteristics and limitations of the
individual studies included in our meta-analysis. First, we
consider Chang et al. (classified under neuromodulation,
N =30) [47]. In this study, pain scores improved in both

Favours [experimental] Favours [control]

the active transcranial direct current stimulation (tDCS)
+ exercise and the sham tDCS + exercise groups, but
there were no significant differences in pain reduction be-
tween the groups. It may be that exercise led to a ceiling
effect with no additional improvements from active tDCS
compared with sham. However, pain reduction in the ac-
tive tDCS group was double that of sham, and the 95%
CI barely overlapped 0; therefore, pain reduction may
have been significant with improved power, particularly
as CPM significantly improved in the active tDCS group.
Also consistent with the low-power interpretation,
Henriksen et al. (classified as an exercise intervention,
N =60) [47,48] showed no significant effect size differ-
ences in pain reduction between the exercise and no exer-
cise groups, though pain reduction was greater in the
exercise group and TS decreased in the exercise group
but increased in the control group.

The transcutaneous electrical nerve stimulation
(TENS) study is more difficult to interpret. In Vance
et al. (N=75), the three groups saw reduced raw pain
scores compared with baseline, but pain in the placebo
and low-frequency TENS (LF-TENS) groups was reduced
almost to the same degree (overlapping, nonsignificant),
whereas high-frequency TENS (HF-TENS) had less pain
reduction than placebo (worse results, significant). Both
HF-TENS and LF-TENS had significantly improved (re-
duced) TS effect sizes compared with placebo, yet when
compared with baseline, the raw data showed a worsen-
ing of TS in the HF-TENS group and a minor


Deleted Text:  
Deleted Text: -
Deleted Text: ,
Deleted Text: ,
Deleted Text: ,
Deleted Text: ,
Deleted Text: s
Deleted Text: i
Deleted Text: o
Deleted Text: a
Deleted Text: A
Deleted Text:  2017
Deleted Text: [
Deleted Text: 49
Deleted Text: ]
Deleted Text:  
Deleted Text: n
Deleted Text:  [32]
Deleted Text: to
Deleted Text: zero
Deleted Text:  
Deleted Text: 2014
Deleted Text:  [
Deleted Text: 49,50
Deleted Text: ]
Deleted Text:  
Deleted Text: n
Deleted Text: ,
Deleted Text:  [32, 33]
Deleted Text: 2012 
Deleted Text: n
Deleted Text: 3
Deleted Text: to
Deleted Text: pain 
Deleted Text: while 
Deleted Text: to
Deleted Text: ;
Deleted Text: to
Deleted Text: ,

O’Brien et al.

1006

‘uonewwns [erodwel = §J fUOMEBINWINS JUILIND 1DIIIP [BIULIISURI]

= ¢O( ‘[e1N pajjonuod paziwopuel = )Y ‘Aise[doIyie 2ouy 8101 UOISIAdI = YWY LAY ‘Ployserys aanssaid ured = ] JJ SNUYIIROASO = YO D[qe[ieAk 10u = YN az1s jduwes = N ‘UONE[NWNS JAIIU [BILII[J SNOUBINISULI)
A£ouanbaij-mo] = GNHL-JT ‘UOLEB[NWIS dAIIU [BILIDI[A snodueindsueny Louanbany-ySiy = GNHI-JH ‘UOBEB[NWNS JB[NISNWEIIUL [BILIOII = SINTY [BUONIIS-SSOId = ¢ ‘uonempow ured pauonipuod = NJD 410yod =

(€572) §8799 7 dnoin

€1 =N [B0] i dnoin weyg :7 dnoin

[zl 910T

ON ow 1< S(pp°L) 1769 i1 dnoiny ‘€T = N [e30], ;] dnoin ‘SINTA 2410V (T dnoiny WD [1zeig 104 ‘Te 30 oge1re ] -BoRID)
ndur
(26°€0T1) SNOQUEIND [ENUEA
91°LET g dnon (8%°8) 9¢°8¢ ¢ dnorn wQ 17 :g dnorny :g dnoxg fuoneziq
(4 #7) 9K S(4°L0T) 8°£ST :1 dnoin {(¢€°8) T¥°6S 1 dnor fwey §97 :1 dnorn -our yutof souy| :1 dnorn NdD vsn 10Y 9107 [e 30 £ounmop)
ISIOIIXI 2 SOH(I? Weys
(9°£8) 807 *¢ dnony (T°T1) T'%9 :g dnoin w9 96 1T 1 dnoin) fasraxd
ON $9°¢9) 798 :1 dnoxn {1'6) 86 *1 dnorn dnoxg fwiy 4y 11 dnoxn X SO 24y : dnorn WNdD  Eleasny 104 9107 [e 10 Suey)
L«%OUCOHQ :uﬂu Oﬂuum—m
1z dnoin moﬁum_m 910
(4 #7) 9K (06) 8°0€T B30, (85°2) €7€9 *[ea0, w ] JET eI, uoy) qixodwoyy i dnorny D ‘S Jrewud(q 10 ‘& 39 UOS[RIN-IPUDIY
l6T] $T0T T30
(6°6) £'19 ¢ dnoxn wy 787 i dnorn 0qadeq :g dnorn uasNLIUdH X [0€] 910T
ON VN £€°8) §°69 1 m:ohO w/yyee ] m:o;@ {PI1OI2ISOI1II0D) ] m:ohO SL Syrewua (g 1D0Y ‘[€ 39 OpBUOP[EJA-OUBLIOG
dnoi3 ured
(VN) 72T wOl ‘34T dnoin Y3y :g dnouir) tdnois
(4 $7) 2k VN dnorp {(yN) 99 :T dnoin ‘wyy Je¢ 1 dnorn ured mo:pdnory D SL dEWUR o) [T1] $T0OT Te 32 uasiong
(1°2) €19 7 dnoxn wg J17 1T [onuo) g
ON VN £('8) 6°69 :1 dnoiny dnoin) fury, LT T dnoin) dnoin) fasraxy :1 dnoiny SL yrewud(q hio): $10T ‘T 39 UasLIUd
Ldd mo[
R VLAY i dnorn
(8°1) $'19 ¥ dnoxn we 5/ i dnoin 1dd YyS1q 2@ VLAY
1°€) $'19 :¢ dnoiny fwe 3/ i dnoin) :¢ dnoiny f1 44 MO
(¥"11) €9 7 dnoxny £(9°1) $°19 ¢ dnoxn ‘w461 ig dnoxn R VO iz dnorn f1dd
(CRZARSIN $9°7T) £91 T dnoxn {$°T) T'49 *1 dnoin ‘w9t J07 1 dnorn Y3y ¢ yO 1 dnorn SL  rewudg SO #10T ‘[e 32 noYS
(0°9) 8'181 * dnoxn
{1+7) TTST +¢ dnorn
{8°¢T) T'68 g dnorn (€1) £°69 g dnoxn wel 98 i ured o] ;g dnorn
(CRZARSIN HIv1) 9798 :1 dnoin {8°1) §719 :1 dnoin dnorn fwg gy :1 dnorn ‘ured ooy iy dnory NGO SI yrewud( o) [¥1] €107 "Te 32 noxs
(+°98)
§'¢8 :¢ dnoxn {1y 1) (6°0T) LS *¢ dnoin we 7971 ¢ dnorn 0qadeq :¢ dnor
9'171 :7 dnorn SFp1) §¢ 7 dnoin ‘wg G971 i dnorn ‘SNA.L-AT :¢ dnoin
(Y ) saX S(€11) 8°801 T dnoxny {8°TT) £S ;T dnoxn ‘w1 i1 dnorn ‘SNAL-H 1 dnoin SL vsn 10Y [1€] 210T "Te 32 2ouBA
UOLIBDIPIIN owr ‘uoneIn(J AseasI(| £4(S) ueay 98y XaG “ON uonduosa dnoin [020301 Anunon) ad4 1, Apmig Apnag
panunuodsI(q

S81pN1s pPapn|oul Jo So1IsII8l0RIRYD |BIBUSN) *| d|qe]



Knee Osteoarthritis Treatment and Pain Modulation

1007

Std. Mean Difference
IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

Experimental Control
Study or Subgroup Mean SD_Total Mean SD_Total Weight
6.1.1 Exercise
Henriksen M et al. 2014 -1,641 5244 25 967 5549 23 10.3%
Subtotal (95% CI) 25 23 10.3%
Heterogeneity: Not applicable
Test for overall effect: Z = 1.62 (P = 0.10)
6.1.2 Pharmacological
Arendt-Nielson L et al. 2016 -6.8 32.26 19 -5.8 4436 20 10.2%
Soriano-Maldonado et al. 2016 (Week 14) 4,149 1,196 50 -3,764 1,196 50 10.7%
Soriano-Maldonado et al. 2016 (Week 26) 4,128 1,196 50 -4,020 1,196 50 10.7%
Subtotal (95% CI) 120 31.7%
Heterogeneity: Tau® = 0.00; Chi* = 0.92, df = 2 (P = 0.63); I* = 0%
Test for overall effect: Z = 1.34 (P = 0.18)
6.1.3 Neuromodulation
Vance et al 2012 (HF-placebo) 1.3 16 25 39 23 25 10.2%
Vance et al 2012 (LF-placebo) -0.3 0.36 25 39 23 25 9.8%
Subtotal (95% CI) 50 50 20.0%
Heterogeneity: Tau® = 0.62; Chi*=6.03, df =1 (P =0.01); I =83%
Test for overall effect: Z = 3.09 (P = 0.002)
6.1.4 Surgery
Petersen K et al. 2015 (12 Months)* 0.02 1 17 061 038 61 10.4%
Petersen K et al. 2015 (2 Months)* -0.16 0.89 17 -008 0.32 61 10.4%
Skou S et al. 2013 (PAIN) 345 056 20 134 026 20 8.1%
Skou S et al. 2014 (EJP) -1.73 065 10 -251 073 10 91%
Subtotal (95% CI) 64 152  38.0%
Heterogeneity: Tau® = 3.27; Chi* = 72.56, df = 3 (P < 0.00001); I* = 96%
Test for overall effect: Z = 1.16 (P = 0.25)
Total (95% CI) 258 345 100.0%

Heterogeneity: Tau® = 1.08; Chi® = 121.01, df = 9 (P < 0.00001); I* = 93%
Test for overall effect: Z = 0.33 (P = 0.74)
Test for subgroup differences: Chi# = 10.11, df = 3 (P = 0.02), I* = 70.3%

-0.03 [-0.65, 0.60]
-0.32 [-0.71, 0.08)
-0.09 [-0.48, 0.30)
-0.17 [-0.43, 0.08]

-1.29[-1.91, -0.68]
-251[-3.27, -1.76]
-1.88 [-3.08, -0.69]

-1.03 [-1.59, -0.46]
-0.16 [-0.70, 0.38)
4.74 [3.48, 5.99]
1.08 [0.13, 2.03]
1.08 [-0.75, 2.90]

-0.12 [-0.80, 0.56]

Figure 3. Forest plot of interventions in temporal summation (TS) by Hedge's g.

Experimental Control

Study or Subgroup Mean SD Total Mean

SD_Total Weight

11.1.1 Exercise

Courtney et al. 2016 (Least affected knee) 29.44 8892 29 -379
Courtney et al. 2016 (Most affected knee) 522 7649 29 -365
Subtotal (95% CI) 58
Heterogeneity: Tau? = 0.00; Chi* = 0.86, df = 1 (P =0.35); = 0%

Test for overall effect: Z = 2.85 (P = 0.004)

11.1.2 Pharmacological

Arendt-Nielson L et al. 2016 48.1 12044 19 -16.9
Subtotal (95% CI) 19
Heterogeneity: Not applicabl

Test for overall effect: Z = 1.95 (P = 0.05)

11.1.3 Neuromodulation

Chang et al. 2016 25.7 9.1 13 -27.2
Graca-Tarrago et al. 2016 269 242 13 119
Subtotal (95% CI) 26

Heterogeneity: Tau® = 0.00; Chi* = 0,43, df =1 (P=0.51); F=0%
Test for overall effect: Z = 2.68 (P = 0.007)

11.1.4 Surgery

Petersen K et al. 2015 (12 Months)* -806 57.78 17 20
Petersen K et al. 2015 (2 Months)* 2015 43.01 17 936
Skou S et al. 2013 (PAIN) -5.68 33.03 20 93
Subtotal (95% CI) 54

Heterogeneity: Tau® = 4.20; Chi* = 63.99, df = 2 (P < 0.00001); F = 97%
Test for overall effect: Z = 2.00 (P = 0.05)

Total (95% CI) 157
Heterogeneity: Tau? = 2.59; Ch* = 166.66, df = 7 (P < 0.00001); I* = 96%
Test for overall effect: Z = 0.82 (P = 0.41)

Test for subgroup differences: Chi? = 6.74, df = 3 (P = 0.08), I = 55.5%

Figure 4. Forest plot of interventions in conditioned pain modulation (CPM) by Hedge's g.
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improvement in the LF-TENS group (the placebo group
did three times worse than HF-TENS in TS when com-
pared with baseline). It seems that TS had little relation
to pain reduction in this study despite the significantly
improved TS effect size in HF-TENS and LF-TENS when
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compared with placebo, which may relate to study het-
erogeneity [31].

Regarding pharmacological groups, the two treat-

ments studied were an injected corticosteroid and a non-
steroidal anti-inflammatory drug. The corticosteroid
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Table 2. Metaregression results

Monte-Carlo

Independent Variable Beta Coefficient Standard Error P Value 95% Confidence Interval Unadjusted P Value
Analysis 1
Hedges g TS 5.63 2.16 0.04 0.36 t0 10.92 0.02
Stimuli 34.70 8.79 0.00 13.20 to 56.20 0.00
Age 3.49 0.72 0.00 1.73t0 5.25 0.00
Constant -255.79 54.09 0.00 -388.14 t0 -123.43 -
N = 10, Tau® = 15.89, I* = 92.48%, adjusted R* = 75.23%, F(4, 3) = 8.09, P = 0.01
Analysis 2
Hedges g CPM -12.61 3.80 0.05 -24.71 to -0.51 0.04
Conditioning stimuli -34.37 12.11 0.07 -72.89 to 4.16 0.09
No. of females 1.40 0.44 0.05 0.00 to 2.80 0.06
Medication discontinuation -95.78 31.74 0.06 -196.79 t0 5.23 0.07
Constant 100.99 35.52 0.07 -12.05 to 215.02 -

N =8, Tau® = 16.12, I> = 97.67%, adjusted R? = 80.05%, F(4, 3) = 6.93, P = 0.07

CPM = conditioned pain modulation; TS = temporal summation.

study included as many subjects as the combined exercise
interventions, and neither study showed significant
effects on pain reduction, TS, or CPM, so the null results
are unlikely to be due to type Il error.

Finally, the surgical studies in this meta-analysis were
derived from observational study data, and therefore
lack some of the rigor possessed by randomized clinical
trials. Additionally, the data were analyzed in a retro-
spective manner, specifically between patients with ab-
normal TS and CPM vs patients with functional
endogenous pain modulation. Therefore, it is under-
standable why the interventions (revision total knee
athroplasty or total knee replacement) were less effective
in modulating pain up to 12months in these groups.
Perhaps earlier surgery (before entrenched central sensiti-
zation) may have led to better results.

Aside from particulars, we draw the reader’s attention
to the common element (and from the metaregression),
which suggests that patients with more pronounced aber-
rant endogenous pain modulation were likely to experi-
ence higher pain levels before the interventions, and even
after them.

Strengths and Weaknesses of Our Study

The strengths of our study include the registration of our
meta-analysis before commencement; the thorough na-
ture of our literature search, study selection, and data ab-
straction process; and our predefined data analysis plan.
However, there are limitations that merit discussion.
Despite having a moderately large sample size of individ-
ual participants, we only included 11 studies, which were
further stratified into their respective interventions.
Therefore, there were limited data, and due to the diver-
sity of the interventions, it is difficult to completely ap-
preciate their pooled relevance. However, this problem
reflects the current state of the literature. Therefore, we
focused on the metaregression results, which highlight
the relationship between pain intensity, TS, and CPM.
Furthermore, although we are unable to confirm our

initial hypothesis, we were able to model a relationship
between pain and TS/CPM in KOA patients. Another
limitation is that QST requires participant cooperation
and may not be standardized across studies. Participants’
expectancy management was not explicitly described in
most studies, which may bias outcomes, given that par-
ticipants’ expectancy significantly affects TS/CPM results
[9,49-52]. KOA severity also varied between the differ-
ent intervention categories, a fact worth mentioning even
though radiologic severity and chronic pain intensity
does not seem to correlate [19]. Most of the sample was
derived from Denmark, which limits the generalizability
of the results; we encourage replication of these methods
in other settings. Likewise, further research into covariate
effects and protocols is still needed to optimize the appli-
cability of QST paradigms in clinical scenarios for KOA.

Concerning other sources of systematic error, we
found that the largest source of potential bias was de-
rived from improper reporting of the “random sequence
generation” in two studies (Courtney et al. and Graca-
Tarrago et al. [32]), blinding of participants and person-
nel in four studies (Chang et al., Courtney et al.,
Henriksen et al., and Vance et al. [31]), and blinding of
outcome assessment in one study (Courtney et al.).
Although unclear reporting is not akin to their being ac-
tual methodological limitations, it is suggestive.
Improper randomization sequence generation affects
baseline exchangeability between groups, and thereby
the distribution of unknown bias. Likewise, improper
blinding of participants, personnel, and assessors can
lead to selection and measurement bias.

Strengths and Weakness of Our Study in Relation
to Other Meta-analyses

There are three published systematic reviews and meta-
analyses on CPM and TS in KOA. In one, CPM was
reviewed by Lewis et al. [53] across multiple pain condi-
tions (two observational studies on KOA were included).
The overall conclusion was that descending pain
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modulation was impaired in KOA patients >40 years of
age (though this conclusion is limited considering the
number of studies aggregated). In another meta-analysis,
Fingleton et al. [3] reviewed various QST approaches in
15 KOA publications, some of which included TS and
CPM. Like Lewis et al. [53], Fingleton et al. [3] found
that most studies on CPM and KOA demonstrated a dys-
functional pain inhibitory response (with the exception
of one study comparing different symptom and disease
severity groups).

For TS, Fingleton et al. [3] found increased TS in
KOA both around the knee and in remote areas (areas
such as the arms, back, and abdomen are used to test if
the pain is localized or generalized) when compared with
healthy controls. Also, TS and pain severity were posi-
tively and significantly correlated, whereas TS dys-
function—but not disease severity—was associated with
the development of chronic pain postoperatively. Finally,
O’Leary et al. [54] reviewed 13 publications on different
musculoskeletal conditions (eight of which were on
KOA) and different QST paradigms. Unlike the other
two studies, which were more focused on phenotyping
the KOA patients’ endogenous pain response, the study
by O’Leary and colleagues used these QST paradigms to
predict treatment response. Only one of the included
studies in the review examined CPM and TS in KOA; this
study demonstrated higher TS in their “high-pain” group
postoperatively when compared with the “low-pain
group” at 12 months. Additionally, there was a positive
and significant correlation between preoperative TS and
postoperative pain at 12 months.

Two of the aforementioned meta-analyses were
designed to phenotype KOA patients, whereas the study
by O’Leary used these QST paradigms to predict treat-
ment response. These prior works establish the theoreti-
cal foundations for our hypothesis: that reduction of pain
should parallel beneficial changes in TS and CPM (i.e.,
reduced hyperexcitability and enhanced pain inhibition).
Indeed, through the metaregressions, we show that such
a relationship is conceivable.

Conclusions

By aggregating multiple studies, we studied the effects of
therapeutic interventions on endogenous pain modulation
mechanisms relative to pain intensity in KOA. Though we
cannot directly compare these interventions side by side,
the results allow us to hypothesize that phenotyping KOA
patients with TS/CPM may be useful for understanding
therapeutic approaches. To validate TS and CPM as ro-
bust clinical biomarkers, it will be necessary to further in-
vestigate their mechanisms—and any patient factors
driving responses—in a strict methodological manner. We
established preliminary evidence of a relationship between
pain reduction and TS/CPM normalization, which is en-
couraging and should motivate clinicians and researchers
to further study these paradigms.

Supplementary Data

Supplementary data are available at Pain Medicine
online.
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