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Abstract \
The neural mechanisms for the persistence of pain after a technically successful arthroplasty in osteoarthritis (OA) remain minimally
studied, and direct evidence of the brain as a predisposing factor for pain chronicity in this setting has not been investigated. We
undertook this study as a first effort to identify presurgical brain and clinical markers of postarthroplasty pain in knee OA. Patients with
knee OA (n = 81) awaiting total arthroplasty underwent clinical and psychological assessment and brain magnetic resonance
imagining. Postoperative pain scores were measured at 6 months after surgery. Brain subcortical anatomic properties (volume and
shape) and clinical indices were studied as determinants of postoperative pain. We show that presurgical subcortical volumes
(bilateral amygdala, thalamus, and left hippocampus), together with shape deformations of the right anterior hippocampus and right
amygdala, associate with pain persistence 6 months after surgery in OA. Longer pain duration, higher levels of presurgical anxiety,
and the neuropathic character of pain were also prognostic of postsurgical pain outcome. Brain and clinical indices accounted for
unique influences on postoperative pain. Our study demonstrates the presence of presurgical subcortical brain factors that relate to
postsurgical persistence of OA pain. These preliminary results challenge the current dominant view that mechanisms of OA pain
predominantly underlie local joint mechanisms, implying novel clinical management and treatment strategies.
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1. Introduction o

as a highly successful surgery,5 an important proportion of
patients still report pain post-TKR.#26

Clinical, demographic, and psychologic factors have been
proposed as risk factors for persistent pain in patients undergoing
TKR®'; eg, anxiety and depressive symptoms, pain catastroph-
izing,*?® coping strategies, '® higher levels of presurgical pain,®’
and neuropathic quality of pain.?® Presurgical pain thresholds
obtained from quantitative sensory testing (QST) have also been
proposed as predictors of pain persistence after TKR in OA.%°
Although psychosocial factors and QST do not evaluate the same
construct, these variables are usually considered proxies of

Osteoarthritis (OA) is one of the most prevalent musculoskeletal
diseases™? and its prevalence is projected to increase.®® Total
knee replacement (TKR) is commonly performed to treat the
disease when pharmacological and conservative treatments
cannot provide adequate pain relief and level of function.?® In
2018 alone, around 715,000 TKR?? surgeries were performed in
the United States and the annual use of TKR procedures is
expected to increase by 400% by 2040.%2 Although TKR is seen
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altered central pain modulation in OA, and while central
sensitization has been associated with pain persistence after
TKR, it has mostly been studied at the spinal cord and
antinociceptive descending modulation levels.®*

Brain structural and functional changes associated with OA have
been described: differences in brain cortical and subcortical
anatomic indices between healthy controls and patients with OA,
936 \whole-brain reorganization of resting-state functional connec-
tivity,®® and major changes in information sharing within sensory
motor regions and the insular cortex. ! Nevertheless, direct evidence
of brain properties as a precursor to OA pain persistence after TKR is
still lacking. By contrast, the importance of brain mechanisms for the
persistence of low back pain has been better characterized, with
corticolimbic white matter connectivity, anatomical properties of the
amygdala and hippocampus,®® and functional connectivity between
corticolimbic regions being implicated in the progression from acute
to chronic pain.®%® Our current knowledge of brain adaptations in
OA pain and brain corticolimbic characteristics as prognostic factors
for persistent pain® suggests that pain in OA may be contingent on
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both peripheral nociceptive signaling and brain properties. Chronic
OA is also characterized by significant impact in physical function,
motor control, action planning, and proprioceptive changes.?®%°
We® and others®'*® have shown anatomical dissimilarities in the
thalamus, putamen, and caudate in patients with knee OA vs
controls.

We followed patients with knee OA scheduled for TKR (n = 81),
from before to 6 months after surgery; performed preoperative
brain anatomical scans using magnetic resonance imaging (MRI);
and collected OA clinically related indices and questionnaires. In
this first effort to study brain biomarkers of postsurgical OA pain,
we focus on brain subcortical structural properties, namely,
volume and shape. Our main hypothesis, in line with research in
chronic back pain (CBP) patients, is that preoperative anatomic
characteristics of subcortical regions including the amygdala,
hippocampus, and nucleus accumbens are associated with pain
persistence in patients with OA after surgery. Moreover, given the
clear impact of OA on physical function and motor or action
planning, we further examine the contribution of the dorsal
striatum, pallidum, and thalamus in postsurgical pain.

2. Methods
2.1. Study design

The present work is part of a longitudinal observational project in
which a convenience sample of patients with osteoarthritis was
evaluated before joint replacement surgery and followed for 6
months after surgery. '° The protocol constituted a total of 4 visits:
1to 3 months before surgery (visit 1), a second presurgical visit 2
to 6 weeks before surgery (visit 2), and 2 postsurgical visits at 3
and 6 months after surgery (visits 3 and 4, respectively). Visits 1, 3,
and 4 consisted of a clinical evaluation and multiple pain, mood,
and general health questionnaires; brain MRI scans were
performed at visits 2 and 4. Only patients who completed the 4
visits were included in this report (n = 82), and only MRIs
collected at visit 2 were analyzed.

2.2. Participants (study population)

Participants included in this study were patients with knee OA
with a clinical indication for TKR surgery, recruited at the
orthopedic surgery department, Centro Hospitalar e Universitario
de Sao Jodo, Porto, Portugal. The study protocol was approved
by the local ethics committee, and all participants provided
written informed consent before initiating the study.

Inclusion criteria were age between 45 and 75 years, knee OA
diagnosis according to the clinical classification criteria of the
American College of Rheumatology,*® and clinical indication for TKR
surgery by a certified orthopedic surgeon in our center. Exclusion
criteria were evidence of secondary osteoarthritis due to congenital
or development disease, inflammatory, or autoimmune disorders;
indication for bilateral arthroplasty or bilateral knee pain with =4
points difference (numeric rating scale [NRS]) between the 2 joints;
other chronic pain conditions (eg, fioromyalgia, chronic pelvic pain,
and chronic headache); chronic neurological or psychiatric disease
(eg, dementia, Parkinson disease, demyelinating diseases, major
depressive disorder, obsessive compulsive disorders); and previous
history of stroke or traumatic brain injury.

2.3. Clinical outcomes

The main clinical outcome of the study was the NRS for pain over
the previous week. All patients completed a battery of question-
naires assessing multiple domains: Knee Injury and Osteoarthritis

PAIN®

Score (KOOS),"® Hospital Anxiety and Depression Scale
(HADS),*° Pain Catastrophizing Scale (PCS),%® and Neuropathic
pain scale (DN4)."® Physical performance was assessed with 2
tasks: timed up and go test (TUG)** and six-minute walking test
(BMWT).*” Knee x-rays were reviewed by 2 radiologists and
classified using the Kellgren-Lawrence scale.?® Because KOOS-
P and SF-36 are on a 0 to 100 scale, with higher values indicating
less pain, we transformed and inverted them to a O to 10 scale
(x" =199=%) in which higher values indicated more pain, following
the same direction as the NRS.

2.4. Magnetic resonance imaging acquisition and data
quality control

MPRAGE T;-anatomical brain images were acquired with a 3.0-T
Siemens Magnetom Spectra scanner (Siemens Medical, Erlan-
gen, Germany). Acquisition parameters: time of repetition (TR) =
2500 milliseconds, echo time (TE) = 3.31 milliseconds, flip angle
= O, field-of-view (FOV) = 256 X 256 mm?, voxel size = 1 X 1 X
1 mm, and number of slices = 160.

Individual T1-weighted structural images were visually
inspected for technical artifacts. Contrast to noise ratio (CNR)
for gray matter was calculated for each subject and we used
mean CNR minus 2 standard deviations as a threshold for group
outliers. No subjects were excluded given these criteria.

2.5. Statistical analysis

To classify pain surgery outcome—OA recovering (OAr) and
OA persisting (OAp)—we evaluated pain scores before and 6
months after surgery. First, we visually inspected the distribu-
tion of absolute pain scores after surgery for 3 different scales:
NRS, KOOS pain, and SF-36 pain. Next, using the same cutoff
for classification for the 3 scales, we evaluated the accuracy of
classification between them, along with its 95% confidence
intervals calculated using 1000 bootstraps for each model
(basic bootstrap or reverse percentile method). Finally, we
assessed the agreement between absolute NRS score and
percent change from baseline using the same methodology as
described above.

For demographic and clinical data, comparisons between
OA groups were made using analysis of variance (ANOVA) and
independent sample t-tests or x° tests for continuous
variables and categorical data, respectively. Finally, we
compared all clinical variables at baseline using analyses of
covariance, adjusting for initial pain levels, with OA groups as
between-subject factor. Benjamin—-Hochberg correction of the
false discovery rate (FDR) for multiple comparisons was
applied.'?

2.6. Magnetic resonance imagining data analysis

Subcortical volumes and shape data were analyzed with the
standard automated processing stream from the FMRIB’s
Integrated Registration and Segmentation Tool (FIRST).* Visual
inspection of the subcortical segmentation was performed for all
subjects. No gross mismatches between underlying anatomy
and FIRST outcome were identified.

The volumes of right and left amygdala, caudate, hippo-
campus, nucleus accumbens, putamen, pallidum, and thala-
mus were calculated for each subject. We choose to study the
interaction between subcortical anatomical volumes and
surgical pain outcomes, by using a mixed-design analysis of
covariance (ANCOVA) model, where the random factor was
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the subjects’ identity; within-subject factors were brain region
volumes (7 levels: thalamus, amygdala, hippocampus, nucleus
accumbens, pallidum, and caudate) and brain hemisphere (2
levels: right/left). Studying brain regions as a within-subject
effect allows us to isolate the variance between participants
which would result in a smaller residual error. Between-subject
factors were postsurgical outcome (OAr/OAp); age, sex, initial
pain level (presurgical), and total intracranial volume (estimated
using FMRIB Software Library FSL SIENAX®*) were introduced
as covariates of no interest. Of principal interest was the
interaction between subcortical structure (within-subject
factor) and OA group (subcortical volume X OA group).
Three separate post hoc exploratory analyses were per-
formed to explore the etiology of the structure by the OA group
effect. The first analyses used the same model as above but
explored each subcortical structure independently. The second
analysis included an interaction with the hemisphere (structure
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by OA group by hemisphere). The third analysis included an
interaction with the OA site (structure by OA group by laterality).
In each, post hoc effects were calculated within each sub-
cortical structure.

Next, we studied localized specific differences using vertex-wise
statistics. Here, we choose to direct our analysis to the thalamus,
hippocampus, and amygdala. Using FSL’s FIRST, we generated a
vertex representation of subcortical structures (FSL FIRST user
guide [fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST])*": “manual labels are
parameterized as surface meshes and modelled as a point
distribution model. Deformable surfaces are then used to
automatically parameterize volumetric labels in terms of meshes
where deformable surfaces are constrained to preserve vertex
correspondence for the entire training data. The shape and
appearance of the model is based on multivariate Gaussian
assumptions. Based on the learned models, FIRST searches
through linear combinations of shape modes of variation for the
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Figure 1. Classification of postoperative pain outcomes and baseline clinical data. (A) Distribution of pain scores 6 months after surgery for 3 distinct scales. The
dotted line corresponds to the threshold used to classify outcomes into 2 distinct groups: OA recovering (OAr) and OA persisting (OAp). (B) Group differences at
baseline and 6 months using the 3 different scales and the defined cutoff (=3 points). At baseline, there were no differences between groups; NRS and KOOS
scale showed a statistically significant difference at 6 months. (C) Presurgery clinical variables distinguishing the outcome groups. DN4 scale and HADS-Anxiety
subscale (red dots) were statistically significantly different between the 2 outcome groups (OAr and OAp) after adjusting for presurgical pain levels and correcting
for multiple comparisons (FDR corrected). Dotted line corresponds to uncorrected o = 0.05. (D) Both presurgical DN4 and HADS-A presented higher values in the
patients with OA progressing to persistent pain (OAp) after surgery. **P < 0.01; *P < 0.05; #P > 0.05. BMWT, 6-minute walking test; BMI, body mass index; DN4,
Douleur Neuropathique en 4 questions; HADS, Hospital Anxiety and Depression Scale; KOOS, Knee Injury and Osteoarthritis Outcome Score (ADL, activities of
daily living; SR, sports and recreation; QoL, quality of life); PCS, Pain Catastrophizing Scale (R—Rumination subscale, M—Magnification subscale,
H—Helplessness subscale); KL, Kellgren-Lawrence scale; sf-36, Short-Form 36 Health Survey; PF, physical functioning; PH, physical role functioning; EP,
emotional role functioning; EF, energy/fatigue; (E, emotional well-being; SF, social functioning; GH, general health; TUG, test stand-up and go.
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Demographic and socioeconomic characteristics of patients categorized as recovering or persisting (osteoarthritis recovering
and osteoarthritis persisting) with knee pain 6 months after total knee replacement surgery.

0Ap%® 0Ar*® P

Subjects, n (%) 27 8Er8 54 66.67
Age (y), mean, SD 65.81 5.71 65.68 6.90 0.93
Female, n (%) 23 85.48 42 77.77 0.42
BMI (kg/m?), mean, SD 32.03 5.0 29.99 477 0.078
Education, n (%) 0.45

Primary education 20 73 43 80

Secondary education 4 154 9 16.4

Postsecondary education 3 11.5 2 3.4
Smoking, n (%) 3 11.5 3 55 0.40
Pain duration (y), mean, SD 10.21 6.57 6.71 5.61 0.013*
Pain intensity (NRS), mean, SD 6.92 1.75 6.38 1.58 0.16
Radiographic KL, n (%) 0.50

Grade 1 1 3.8 0 0

Grade 2 6 23.1 14 255

Grade 3 13 50 25 455

Grade 4 7 23.1 15 19.1

#tests and ANOVAs were used to test differences in continuous outcomes. x° tests were applied for categorical data.

*P<0.05.

ANOQVA, analysis of variance; BMI, body mass index; KL, Kellgren—Lawrence scale; NRS, numeric rating scale; OAp, osteoarthritis persisting; OAr, osteoarthritis recovering.

most probable shape instance given the observed intensities in T1
images.”41 After, vertex locations for each participant were
projected onto the group average surface (all 81 patients) to obtain
vertex-wise displacement values for each subject—4D file that
contains the associated displacement values at each of the
vertices per subject (positive values indicated outward displace-
ments from the mean surface, whereas negative values indicated
inward displacements from the mean surface). Finally, using FSL’s
randomise option for nonparametric statistics, a multivariate
permutation test on the displacement values of corresponding
vertices provides the F values representing differences between
groups (OAr/OAp). Significant clusters were determined through
threshold-free cluster enhancement (TFCE)®® using FWE Family
wise error rate correction to control for multiple comparisons. Of
note, and after previous analysis, total intracranial volume (TICV),
age, sex, and initial (baseline pain) were used as covariates.

Finally, to evaluate whether clinical predictors and subcortical
brain biomarkers were redundantly explaining the pain outcome,
we constructed a series of multiple regression models (sequential
regression), with each consecutive model incorporating an
additional block of variables. We modeled absolute pain score
after surgery (NRS, 0-10) using 4 distinct blocks. First, we
adjusted for covariates of no interest (age, sex, TICV, and baseline
pain); the following 3 blocks were clinical outcomes: brain
volumetric properties of thalamus, amygdala, and left hippocam-
pus; and finally, shape displacement of the right hippocampus
and amygdala. R? changes between each step were evaluated
and model comparisons were performed using ANOVAs.

2.7. Software and code

Data were preprocessed and analyzed using MATLAB 2019b
(MATLAB 2019a, The MathWorks, Inc, Natick, MA) and tools
from the Oxford Center for Functional Magnetic Resonance
Imaging of the Brain Software Library (FMRIB, Oxford, United
Kingdom; FSL version 5.0.10). Brain regions were visualized on a
surface rendering of a human brain template with BrainNet Viewer
(http://www.nitrc.org/projects/bnvy/).

3. Results
3.1. Pain outcomes after surgery

The selection of a cutoff for persisting vs recovering OA pain (OAp
and OAYr) after total knee replacement surgery can be arbitrary
and remains contentious. We started by examining the co-
herence of different pain scales 6 months after surgery using 3
different scales: NRS, KOOS pain (KOOS-P), and SF-36 pain
subscale. A clear pattern emerged with 2 subgroups at a pain
intensity cutoff of 3 (on a 0-10 scale) for the 2 first scales (Fig. 1).
We explored the robustness of this cutoff point by contrasting

Mixed-design analysis of covariance (ANCOVA), subcortical
volumes as the dependent variable; brain hemisphere and
subcortical structure (7 levels) as a within-subject factor; the
group as a between-subject factor; and age, sex, baseline
pain level, and total intracranial volume as covariates of no
interest.

Variable Sumsq (type Ill)  df Fvalue P

Within-subject
Intercept (SCv) 7,633,583.20 542 3.952 0.001
SCv X OA group 806,756.43 545 2.26 0.043*
Error (SCv) 356,386.98 75

Between-subject
Intercept (SCv) 6,615,513.05 1 4.881 0.030
Group (OAp/OAr) 5,262,323.70 1 3.883 0.052
Age (y) 275,340.96 1 0.203 0.653
Sex (male 0, female 1) 12,616,956.23 1 9.310 0.003
Baseline pain (NRS, 0-10)  1,339,295.47 1 0.988 0.323
TICV (mm?) 12,139,256.76 1 8.957 0.004
Error (SCv) 101,643,17094 75

Of principal interest was the interaction between subcortical structure and OA group.

*P<0.05.

df, degrees of freedom; FDR, false discovery rate; NRS, numeric rating scale; OA, osteoarthritis; OAp,
osteoarthritis persisting; OAr, osteoarthritis recovering; SCv, subcortical volumes, mm?®; Sumsa, sum of
squares (adjusted for age, sex, TICV, and baseline pain); TICV, total intracranial volume.
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different scales: using KOOS to classify the outcome (=3), we
achieved a mean accuracy of 0.83 (95% CI [0.76, 0.89)]) in
classifying NRS outcomes; for SF-36, we achieved a mean
accuracy of 0.48 [0.35, 0.57]. Next, we looked at the impact of
presurgical pain on the outcome by computing the percent
change in pain from baseline using NRS; a mean accuracy of 0.92
[0.87, 0.97] was obtained between absolute NRS (cutoff of 3) and
50% change for classifying recovering or persisting pain.

Taken together, these findings suggest that an absolute score
of NRS =3 after surgery is a robust threshold for categorizing OAr
and OAp. This same cutoff value has been previously used in the
literature to define pain outcomes after surgery, lending
confidence to our classification criterion.>*° With this cutoff
(=3) applied to NRS 6 months after TKR surgery, 54 patients
were classified as OAr and 27 as OAp.

3.2. Demographic, socioeconomic, clinical, and
psychological characteristics of osteoarthritis recovering
and osteoarthritis persisting patients

No significant differences for age, sex, BMI, educational level,
smoking habit, or presurgical pain intensity were seen between
the OAr and OAp groups (Table 1). However, on average,
patients with OAp showed longer pain duration before surgery
(mean = SD: 10.21 = 6.57) when compared to patients with OAr
(mean *= SD: 6.71* 5.61, P = 0.013).

Next, we studied clinical and psychological differences
between groups before surgery using multiple questionnaires.
Only initial neuropathic pain, measured with the DN4 scale (F
[2,81] = 12.91, P < 0.001), and anxiety, measured with HADS-
Anxiety subscale (F[2,81], P = 9.865, P = 0.002), were distinctive
among patients with OAp and OAr, after correcting for multiple
comparisons (Fig. 1). The OAp group presented with significantly
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higher levels of presurgery anxiety (OAp, mean = SD = 11.1 =
0.794; OAr, mean + SD = 8.033 =+ 0.559) and higher scores on
neuropathic pain (OAp, mean *+ SD = 3.94 + 0.374; OAr, mean
+ SD = 2289 = 0.263). In sum, longer pain duration,
neuropathic pain profile, and anxiety before surgery were
associated with pain persistence after surgery.

3.3. Presurgical subcortical volumes of the bilateral
thalamus, amygdala, and left hippocampus associate with
pain persistence after surgery

We first examined preoperative subcortical gray matter volumes
in relation to the surgical pain outcome. A significant group (OAp/
OAr) by subcortical volume interaction was observed (Table 2),
revealing significant differences in presurgery subcortical brain
volume between postsurgical OA groups. This interaction was
further studied at each factor level (subcortical brain regions)
which revealed significant, uncorrected group differences in
bilateral (right + left) thalamus and amygdala (Table 3).

Next, for each subcortical structure, we studied the influence of
brain hemisphere and laterality of nociceptive input (OA site) by
evaluating the interactions between OA outcome group and brain
hemisphere and OA side. No significant interaction was found
between group and side of OA for the thalamus and amygdala, nor
amain effect of laterality (Table 3). For the hippocampus, there was
a significant interaction between brain hemisphere and OA group
that seemed to be primarily driven by a difference between groups
in the left hippocampus (F [1,75] = 5.508, P = 0.022, mean
difference [OAp-OAr: 246.392 + 104.9 mm?©]), which did not exist
forthe right hippocampus (F [1,74] = 0.482, P = 0.490). Finally, the
caudate showed a significant, uncorrected interaction between
group and brain hemisphere (F [1,74] = 6.69, P = 0.012) and
group and side of OA (F [1,74] = 5.7, P = 0.020). Pairwise

Post hoc exploratory analysis for (1) each subcortical structure volume independently, (2) interaction with hemisphere (structure
by osteoarthritis group by hemisphere), and (3) interaction with osteoarthritis site (structure by osteoarthritis group by laterality).

Variable Sumsq (type Ill) df F value P
SCv X OA group

Thalamus 32,664,679.52 1 2.296 0.009*
Group X hemisphere (L/R) 64,321.567 1 2.281 0.141
Group X OA site (CL/IL) 1055.069 1 0.032 0.859

Caudate 10,565.993 1 0.041 0.841
Group X hemisphere (L/R) 152,182.973 1 6.684 0.012*
Group X OA site (CL/IL) 133,623.114 1 5.697 0.020*

Putamen 67,979.195 1 0.176 0.676
Group X hemisphere (L/R) 53,151.763 1 1.158 0.222
Group X OA site (CL/IL) 44,578.387 1 1.237 0.270

Pallidum 281,081.446 1 1.409 0.239
Group X hemisphere (L/R) 16,124.086 1 1.195 0.278
Group X OA site (CL/IL) 28,457.428 1 2.070 0.154

Hippocampus 824,334.967 1 3.212 0.077
Group X hemisphere (L/R) 296,293.344 1 4111 0.046*
Group X OA site (CL/IL) 69,253.610 1 0.906 0.344

Amygdala 361,998.612 1 4.708 0.033*
Group X hemisphere (L/R) 11,097.294 1 0.33 0.556
Group X OA site (CL/IL) 80,234.046 1 2.408 0.125

N. accumbens 6644.916 1 0.406 0.526
Group X hemisphere (L/R) 3929.046 1 1.066 0.305
Group X OA site (CL/IL) 99.317 1 0.025 0.875

There was a statistically significant interaction between OA group and brain subcortical volumes. Exploratory analysis showed significant volumetric differences in the thalamus (2= 0.009; FDR corrected 0.061) and amygdala
(= 0.033, FDR corrected = 0.11). A significant interaction was found between OA group and brain hemisphere for the hippocampus (#= 0.046, FDR corrected = 0.16) and caudate (#= 0.022, FDR corrected 0.08).

*P<0.05.

CL, contralateral; df, degrees of freedom; FDR, false discovery rate; NIL, ipsilateral; RS, numeric rating scale; OA, osteoarthritis; OAp, osteoarthritis persisting; OAr, osteoarthritis recovering; SCv, subcortical volumes, mm?;

Sumsg, sum of squares (adjusted for age, sex, TICV, and baseline pain); TICV, total intracranial volume.
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Figure 2. Preoperative subcortical volumes of the bilateral thalamus,
amygdala, and left hippocampus associate with the surgical outcome (OAr
and OAp) at 6 months after TKR surgery. (A—-C) Boxplots show subcortical
volumes per OAr and OAp groups for the bilateral thalamus, bilateral
amygdala, and left hippocampus. Brain diagrams show heat maps of overlap
(from 0O to 1) in the segmentation of subcortical regions across OAr and OAp
groups. Subcortical volumes are projected into the cortical surface for
illustration. Blue color represents the OAr group; red color represents the OAp
group. **P < 0.01; *P < 0.05. FPR, false positive rate; OAp, osteoarthritis
persisting; OAr, osteoarthritis recovering; TPR, true positive rate.

comparisons revealed no significant differences (P = 0.262) for left
and right caudate, ipsilateral, and contralateral caudate between
the 2 groups. This result is thus explained by a volumetric ratio
difference between groups; however, absolute volumes were not
distinctive between groups.

PAIN®

This analysis revealed that in our sample, patients who
progress to persistent pain after surgery—OAp group—display
larger volumes in bilateral thalamus, amygdala, and left hippo-
campus presurgically (Fig. 2).

3.4. Shape of the right anterior hippocampus and right
amygdala and osteoarthritis pain persistence

After, we queried whether more granular, localized structural
deformations could be associated with the surgery outcome. As
shown in Figure 3, the right anterior hippocampus and right
amygdala displayed a significant shape displacement (TFCE P <
0.05, FWE-corrected for multiple comparisons). The right
amygdala cluster has its statistical peak at the superficial
amygdala, extending into the basolateral nucleus (subregions
defined with Juelich histological atlas’).

The OAp group presented an outward displacement of these 2
circumscribed regions, indicating anterior hippocampal and
amygdala shape extrusion was related to OA pain persistence.

3.5. Brain and clinical parameters distinct influence on
postsurgery pain intensity

Next, by combining the above brain anatomical properties and
clinical variables, we aimed to evaluate whether these parameters
have a unigue or shared contribution to pain persistence. To do so,
we studied postsurgical pain as a continuous variable (NRS, 0-10)
and sequentially built multiple regression models to explain its
variance (Table 4). The first block included covariates of no interest
(age, sex, TICV, and presurgery pain level) and was not statistically
significant (R° = 0.052, P = 0.391). The second block, clinical
predictors (pain duration, neuropathic scale, and anxiety level),
showed a significant adjusted R° value of 0.306, P < 0.001. Adding
the volumetric information (left + right) of thalamus, amygdala, and
left hippocampus led to a significant R change of 0.117, P =0.002,
for a total R? of 0.410, P < 0.001. The final model included adding
the shape of the right anterior hippocampus and right amygdala (R
change of 0.053, P = 0.026, for a final R* of 0.455, P < 0.001). A
post hoc linear regression analysis was conducted to evaluate the
possible influence of pain duration, HADS, and DN4 in the thalamic,
amygdala, and hippocampus brain volumes, and no significant
associations were observed (for all structures and all clinical
variables, P > 0.3). These results demonstrate that the predictive
value of subcortical anatomic indices for postsurgical pain is additive
to the clinical predictors, thus revealing singular influences.

4. Discussion

This is a longitudinal study assessing subcortical brain bio-
markers of pain persistence after knee replacement surgery for
OA. We have shown that presurgical subcortical brain anatomic
properties, namely, the volume of bilateral thalamus, amygdala,
and left hippocampus, and subregional shape alterations in the
right anterior hippocampus and right amygdala associate with
persistent OA pain after knee surgery. Longer pain duration,
presurgical neuropathic pain, and anxiety were also predictive of
pain maintenance after surgery but, importantly, the prognostic
information of the constituent parameters is not redundant;
rather, brain and clinical predictors account for unique influences.

Duration of OA pain, anxiety, and neuropathic pain associated
with postsurgery persistent pain. Duration of OA pain having an
impact on surgical outcome suggests the general concept that
knee pain in time becomes more centralized, less dependent on
injury-related nociceptive signaling, and thus contributes to
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Figure 3. Preoperative shape displacements of the right amygdala and right hippocampus associate with pain persistence (OAp and OAr) 6 months after TKR
surgery. (A) Right anterior hippocampal and (B) right amygdala outward displacement before surgery classifies surgical outcome (OAr and OAp). Statistics were
corrected for multiple comparisons using threshold-free cluster enhancement (TFCE); blue masks displayed on the surface of the hippocampus and amygdala
indicate the area with P values <0.05 after correction. Boxplot shows vertex displacement difference for the displayed clusters between OAr and OAp groups.
Blue color represents the OAr group; red color represents the OAp group. **P < 0.001. FPR, false positive rate; TKR, total knee replacement; OAp, osteoarthritis

persisting; OAr, osteoarthritis recovering; TPR, true positive rate.

increased TKR failure rates. Consistent with this, previous
evidence shows that brain anatomic adaptations continue to
evolve for more than 10 years in patients with OA.” Three previous
studies have considered pain duration as a factor for pain
persistence after surgery; however, only one reports it as a
significant factor.” Regarding anxiety and neuropathic pain, these
traits have been reported to be associated with worse outcomes
after an intervention, both for OA and other pain conditions.'®2% A
quantitative meta-analysis for predicting pain after TKR showed
that most consistent parameters are baseline pain, mental health,
and pain catastrophizing (Fischer Z < 0.3; corresponding to a R?
= 0.08),%" although anxiety has been reported as a significant
factor in 1 of 7 studies. We have previously demonstrated that
baseline pain is not predictive of the outcome in our sample and
that anxiety and neuropathic pain belong to a larger cluster of
correlated behavioral and clinical components, and such clusters
were not stable across pain scales.'® Thus, it is not surprising that
in different environments diverse but correlated psychological
parameters may emerge to predict TKR outcome.

Larger volumes of thalamus, amygdala, and left hippocampus
were predictive of persistent pain after TKR. Partially consistent
evidence has been reported in a small-sample cross-sectional
study, where larger amygdala gray matter volume, as well as for
nucleus accumbens and periaqueductal gray, is observed in
patients with high pain vs low pain at 6 months after TKR.*

Volumes of the amygdala and hippocampus have been identified as
important risk factors for the transition from acute to chronic back
pain, in which case smaller volumes were related to pain
chronification.®® Volumetric changes in these structures have also
been associated with affective disorders.®® Larger volumes of the
amygdala have been associated with the severity of the depressive
state in major depression'” and with anxiety disorders.?%” These
structures are implicated in different cognitive processes, such as
emotional leaming™® and stress regulation.® Thus, limbic volume-
related properties differentiating TKR outcomes support our pro-
posed thesis: the same continuum of processes underly pain and
negative emotional experiences.®

The volume of a subcortical brain structure is the integral of
many properties that does not necessarily captures its
complexity—subcortical structures comprised subfields with
distinct neuronal populations, connectivity patterns, and func-
tions. The shape of a subcortical region is a more granular
measure than volume and may assist in the detection of localized
differences in the brain structure; for instance, in Alzheimer
disease, disrupted episodic memory was not driven by global
atrophy but instead associated with regionally specific changes in
the shape of the left hippocampus.*® It is known that several
aspects of neuroplasticity occur in adult brains (eg, dendritic
arborization, synaptic remodeling, and synaptogenesis).'® Shape
deformation indices may provide relevant biological information;
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Sequential regression models for pain intensity 6 months after surgery (continuous variable numeric rating scale: 0-10) using

derived presurgery brain clinical and psychological measures.

Predictors Block 1 Block2 Block 3 Block 4
B [ B [ B P B P

Sex (1, female; 0, male) 0.022 0.853 —0.046 0.646 0.030 0.752 0.053 0.538
Age (y) 0.175 0.211 0.193 0.122 0.213 0.067 0.235 0.040
Baseline pain (NRS) 0.184 0.192 —0.039 0.716 —-0.079 0.439 —0.097 0.333
TICV (mm?) 0.184 0.117 0.142 0.248 0.017 0.885 0.102 0.835
DN4 0.396 0.001 0.371 0.001 0.365 0.001
HADS-A 0.284 0.013 0.314 0.004 0.307 0.004
Pain duration (y) 0.258 0.009 0.255 0.006 0.197 0.032
Thalamus L/R volume (mm°) 0.285 0.016 0.255 0.036
Amygdala L/R volume (mm?®) 0.097 0.366 —0.035 0.783
Hippocampus L volume (mm°) 0.058 0.626 0.108 0.918
Shape—R anterior hippocampus 0.185 0.181
Shape—R amygdala —-0.114 0.290
R2INd). AP 0.052/0.002 0.367/0.306* 0.484/0.410* 0.536/0.455*

A R 0.314, < 0.001* 0.117, A= 0.002t 0.053, A= 0.026t1

Block 1 independent variables were covariates of no interest in the analysis. Block 2 introduced clinical meaningful data for the group outcome (DN4 scale, HADS, and pain duration). Blocks 3 and 4 were significant brain
properties derived from the previous analysis (volumetric properties and shape analysis results). The 4 change between each block was significant, showing the independent and additive predictive value of clinical variables

and identified subcortical brain structural variables. The beta values (B) correspond to standardized coefficients.

*P<0.001
t < 0.05.

DN4, Douleur Neuropathique en 4 questions; HADS, Hospital anxiety and Depression Scale; NRS, numeric rating scale; TICV, total intracranial volume.

regional abnormality patterns may reflect regional-specific
atrophies and local hypertrophies.

We show patients whose pain persists after surgery presented
with an outward displacement in the right anterior hippocampus
and right amygdala. Concordantly, previous data from our group
in chronic low back pain show an outward shape deformation in
the left anterior ventral hippocampus in female patients.*® The
anterior hippocampus seems to be important in emotional and
motivating behavior regulation.®® Mutso et al.>” studied the
functional profile of the hippocampus and showed that chronic
and subacute back pain are associated with larger anterior
hippocampal connectivity. Their data suggest an important role
for this region in the transition from acute to chronic pain and in
the pathophysiology of chronic pain, possibly reflecting learning
and emotional deficits seen in chronic pain.

Altered amygdala shape has been associated with different
conditions, namely, with panic disorder,®" and the severity of
PTSD post-traumatic stress disorder symptoms (right amyg-
dala).?” In our data, we show that the right amygdala presented
an outward displacement from the mean surface in patients with
persistent pain. Importantly, it was previously shown in an animal
model of OA that there is a right hemispheric lateralization of pain
processing in the amygdala.?* The right amygdala is known to
have a predominant role in negative emotions.®> Hemisphere
lateralization of amygdala shape changes in persistent pain
subjects is thus consistent with the negative emotional-affective
component of chronic pain.?* In sum, our data show that
individuals more prone to continue experiencing pain after TKR
display specific outward displacement of the anterior right
hippocampus and right amygdala, which are involved in
emotional and cognitive regulation of memory and emotional
processes.

The thalamus has a central role in processing information related
to pain; it is a relay of ascending nociceptive information and is

associated with both sensory discriminative and affective motiva-
tional components of pain.® We observed bilateral involvement of
this region. If we had observed solely a contralateral adjustment, it
would suggest somatic lateral thalamic nociceptive signaling
involvement. The bilaterality instead suggests engagement of
medial thalamic affective circuitry, perhaps providing a direct route
to pain-associated affect integration to the hippocampus and
amygdala. Gwilym et al.?! showed that patients with hip OA have
smaller thalamus grey matter volumes than healthy subjects, and
these thalamic volume differences reverse after hip arthroplasty
and concomitant decreases in pain. At this point, we do not know
whether the volumetric changes are reversible in our sample.

The directionality of volumetric outcomes warrants further
discussion. Patients with OA live with ongoing pain for months,
years, or even decades. Central adaptations secondary to persistent
nociceptive stimuli can occur because of the long-lasting pain—
continuous barrage of nociceptive signaling—resulting in adaptive or
maladaptive plasticity, beyond that observed in subacute pain
models. In addition, the equally long-lasting affective and emotional
toll of pain, and the stress of living in pain, may further affect the
differences in thalamus, hippocampus, and amygdala anatomy
between patients with OAp or OAr. On the other hand, the evolution
of pain after TKR surgery is complex: how much of the pain after TKR
reflects the presurgical pain? How much of the pain is induced by the
surgical aggression? The cross-sectional study of OA brain
biomarkers prevents us to disentangle biomarkers that arise with
and reflect the status of the disorder from a priori traits conditioning
the outcome of the disease. Further study of brain changes
postsurgically is warranted.

We uncovered brain anatomical and clinical variables that
capture pain after surgery. It is critical to understand whether
brain biomarkers and clinical variables are associated in explain-
ing the surgical outcome. By applying sequentially model blocks
or groups of variables, we demonstrated that brain anatomical
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and clinical variables are additive in explaining the outcome and
thus not interchangeable. A longer period living with the stress of
chronic pain and the sensory nociceptive drive may lead to the
emergence of a neuropathic pain profile and higher levels of
anxiety. At the same time, primary brain properties associated
with trait anxiety and a neuropathic pain profile from onset may
lead to a persistent pain state. These concepts remain to be
disentangled, and finding clinical brain correlates are of uttermost
importance in the future.

The present work has limitations that should be acknowledged. It
is an observational longitudinal study. Thus, although the obtained
results could be considered causal mechanistic insights of biological
processes that underlie pain persistence after knee surgery, it is
important to highlight that our study is one of the first of its kind and
given its exploratory nature, it requires further validation and
replication. We do not control for multiplicity of tests of our post
hoc analysis; from this perspective, our post hoc analysis should be
seen as preliminary and replication analysis should follow. Finally, we
only evaluated structural properties of subcortical brain areas; the
study of functional properties and anatomic connectivity besides the
study of cortical brain properties is of high importance and will be
performed in continuity of this studly.

Current notions of persistent pain after a technically successful TKR
surgery have focused on peripheral and spinal cord sensitization,
abnormal descending pain modulation, or clinical and psychological
dimensions, without a clear mechanistic link to pain physiology. We
have shown that structural properties of the brain’s limbic circuitry—
particularly the amygdala, hippocampus, together with the
thalamus—associate with pain persistence after TKR surgery. These
results support the importance of limbic neuroanatomical factors in the
persistence of chronic pain and open a new avenue not only for
studying postsurgery pain mechanisms but also in clinical care and
management of patients with OA pain.
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