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Abstract

Improving the ability to predict persistent paineafspine surgery would allow identification

of patients at risk and guide treatment decisidQaantitative sensory tests (QST) are
measures of altered pain processes, but in ourquegtudy preoperative QST did not predict
pain and disability at single time-points. Trajegt@nalysis accounts for time-dependent
patterns. We hypothesized that QST predict trajexgtf pain and disability during one year

after low back surgery.

We performed a trajectory analysis on the cohorbwf previous study (n=141). Baseline
QST included electrical, pressure, heat and caldusation of the low back and lower
extremity, temporal summation and conditioned pagdulation. Pain intensity and Oswestry
Disability Index were measured before, 2, 6 and ri@nths after surgery. Bivariate
trajectories for pain and disability were computesing group-based trajectory models.
Multivariable regressions were used to identify Q&Tpredictors of trajectory-groups, with

sociodemographic, psychological and clinical chiemastics as covariates.

Cold pain hypersensitivity at the leg, not being'meal and long pain duration independently
predicted worse recovery (complete-to-incompletegomplete-to-no recovery). Cold pain
hypersensitivity increased the odds for worse reppby 3.8 (95% CI 1.8-8.0, p<0.001) and

3.0 (1.3-7.0, p= 0.012) in the univariable and maliable analyses, respectively.

Trajectory analysis, but not analysis at singlestipoints, identified cold pain hypersensitivity

as strong predictor of worse recovery, supportiteyed pain processes as predisposing factor



for persisting pain and disability, and a broadss af trajectory analysis. Assessment of cold

pain sensitivity may be a clinically applicablepgnostic test.

Keywords: Low back pain; failed back surgery symdep quantitative sensory tests;

prediction

Introduction

Up to one third of patients complain of persistew back pain and disability after spine
surgery [9,11,22,28,37,79]. Most of these patielotsiot respond to conservative treatment or
repeat surgery [11,34,42,48,56], which resultsoin guality of life and high unemployment
rate [11,46,73]. Given the high prevalence of clwdow back pain [2,27,35,36,58], the high
number of surgery for this condition [20,21], thghcosts of surgery [18] and the burden of
persistent pain and disability, it is crucial topimave our ability to identify patients at risk of

poor recovery.

Alterations in pain processing resulting in painpdification have been widely documented in
animal studies and confirmed by human investigatiom chronic low back pain using
mechanistic quantitative sensory tests (QST) [B336,/]. If altered pain processing of
patients with chronic low back pain is a predispgdiactor for persistent post-surgical pain,

QST may contribute to predict the outcome of sgungery.

Previous research on persistent impairment afi@esgurgery examined recovery at a single
follow-up time point, and thus did not investigait®e-depending patterns of recovery. In a
previous analysis, we found none of 14 QST paramédebe predictive of pain and disability

12 months after spine surgery [51]. Trajectory gsed account for time-dependent patterns
of disease development [39,52]. Studies adoptigyrttethod are emerging in pain research

and have identified different trajectories for Ibpack pain [6,12,19,23,25,39,40,72]. Because



trajectory analysis is able to reflect the dynamature of low back pain [5,39], it could

identify predictors that are missed in prognodticiges using outcomes at single time-points.

Based on these premises, we performed a trajeattaysis on the cohort of our previous
study [51], using follow-up time-points of 2, 6 ah@ months. The aim was to determine the

ability of QST to predict the course of pain ansladhility during one year after spine surgery.

Methods

Study population and study setting

Patients undergoing up to three-level spine surf@rghronic low back pain associated with
degenerative changes of the lumbar spine wereitedrat three surgical tertiary care centers
in Bern, Switzerland. Two assessors performed miceli examination to confirm study
eligibility. Patients with planned surgery for luodacral radiculopathy due to herniated discs,
cancer or trauma were ineligible because clinidaracteristics, surgical techniques and
prognosis are different in these conditions, as pamed to low back pain associated with

degenerative changes [18].

Chronic low back pain.was defined as lumbar badk p&>3 on a numerical rating scale
(NRS, 0 "no pain” and 10 “worst pain imaginablet)maost days during the week and with a
minimum duration of three months, with or withoatation to the leg. Exclusion criteria
were bilateral pain below the knees; rheumatolagiammatory diseases; neurologic co-
morbidities affecting the neurological functiontbe lower extremity to be tested; psychiatric
co-morbidities other than unipolar depressive disgrprevious instrumented spine surgery
(i.e. total disc replacement or spinal fusion wpikdicle screws, cages or internal splints);
planned surgery of more than three segments; antiplausomatic co-morbidities. We also

excluded patients who could not be contacted byelow mail before surgery.



Two assessors performed all study-related procedaceording to a previously applied,
standardized, prospective protocol [51,53] at trepd&tment of Anesthesiology and Pain

Medicine of the University Hospital of Bern.

The protocol was approved by the local researdlesttommittee (no. 176/11) and conducted
in accordance with the Declaration of Helsinki [7All patients gave written informed

consent.

Assessment of pain intensity and disability

Pain intensity was assessed using the NRS the @swesability Index (ODI) to assess
disability [26] at baseline, 2, 6 and 12 monthem@furgery. Maximum pain during the last 7
days and average pain during the last 24 hours vem@ded. The ODI describes current
back-related disability with a score ranging from“rib disability” to 100 “maximum
disability” [26]. An ODI of 10-20 indicates minimal21-40 moderate and >40 severe

disability.

Quantitative Sensory Tests (QST)

QSTs were performed at the extremity contralater#the most painful area of the lower back
and at the most painful area at the lower back easores of generalized and localized pain
sensitivity, respectively. In case of bilateral kamain, the testing extremity was selected

randomly according to a computer-generated list.

Patients were lying in a bed in a quiet room, vaitleg rest placed under the knees to obtain a
30° semi-flexion. All patients underwent a trainisgssion to familiarize themselves with the
stimulation procedure before data collection wagdiated. Two measurements were
performed, and the mean value was considered tar atalysis, except for the cold pressor
test and the assessment of conditioned pain maoallgCPM), for which only one
measurement was performed. The sequence of testougplities was randomly assigned

according to a computer-generated list to avoid bma result of testing order [32].



Single and repeated electrical stimulation

Bipolar surface Ag/AgCl-electrodes were placed ehud the lateral malleolus (innervation
area of the sural nerve). Using a computer-comtioltonstant current stimulator (NCS
System, Evidence 3102 evo, Neurosoft, Russia)ctineent intensity was increased from 1
mA in steps of 1 mA until the electrical stimulusasvperceived as painful, which was

considered as pain detection threshold.

A) Single stimulation: Single electrical stimulati@onsisted of a train-of-five 1-ms square-
wave impulse of an overall duration of 25 ms. Ttien-of-five is perceived as a single

stimulus.

B) Repeated stimulation (temporal summation): Tempsummation was elicited by
repetition at a fixed stimulus intensity, which ses an increase in pain perception [3,60].
The train-of-five stimulus was repeated five timeigh a frequency of 2 Hz at a constant
intensity. The intensity was increased as descréiye to assess the pain threshold, i.e., the

stimulus intensity at which the repeated stimulati@as perceived as painful.

Pressure stimulation

Pressure pain detection and tolerance thresholds determined by an electronic pressure
algometer with a 1 cfrsurface probe (Somedic, Horby, Sweden) [8]. Ttesgure tests were
applied to the center of the pulp of tH¥ @e and the site of most pain at the back. Pressur
was increased from O at a rate of 30 kPa/s to amuam of 1000 kPa. The pain detection
threshold was defined as the point at which thequre sensation turned into pain and pain
tolerance threshold as the point at which the pafielt the pain as intolerable. The patients
had to press a button when reaching these points tha algometer displayed the
corresponding pressure intensity. Whenever a patiehnot press the button below 1000

kPa, we considered this value as threshold.



Heat and cold stimulation

Pain detection threshold to heat and cold stimutatvere assessed with a thermode of a 30 x
30 mm surface (TSA-Il; Medoc, Ramat Yishai, Isrdé}]. The tests were performed at the

lateral aspect of the leg (midway between the larekthe lateral malleolus) and at the site of
most pain at the back. The temperature of the thdenwas changed at a rate of 0.5 °C/sec
from 30 °C to a maximum of 50.5°C and to a minimoir0.0 °C for heat and cold pain,

respectively, until the stimulus was perceived amfpl. The patients had to press a button
when reaching these points. Threshold values wareated in case patients did not report
pain at the maximum of 50.5°C or the minimum of°Q.0Orespectively, and in this case these

values were considered as thresholds.

Cold pressor test

The cold pressor test assesses the pain respoastmic cold painful stimulus. The device
consisted of a container separated into an outéaarnnner part by a mesh screen, containing
ice-saturated water (51 °C monitored with a thermometer). The mesh sc@evented
direct contact between the ice (placed in the oodet) and the hand of the subject (placed in
the inner part). We asked the patients to immérse hand for two minutes and withdraw the
hand when they considered pain as intolerable. hemel withdrawal time was recorded for
data analysis. Whenever a patient did not perctieestimulus as intolerable below two

minutes, this was considered as withdrawal time.

Conditioned pain modulation (CPM)

CPM was assessed using the cold pressor test a#ionmg stimulus and pressure pain
detection threshold at thé%oe as test stimulus [13,17,24,61,71]. Both stimuhodalities

are described above. The pressure threshold wasuneelbefore the application of the
conditioning stimulus (PPT1) and immediately attgo minutes of hand immersion (PPT2).

Patients who experienced intolerable pain before tmwnutes elapsed could briefly retract



their hand from the cold water and re-immersednitil uwo minutes were reached. The
absolute CPM was assessed as the thresholds ddéetsetween PPT2 and PPT1, and a

difference >0 was considered as a positive CPMoresp

Basdline and surgery-related covariates

The evaluation of socio-demographic covariatesusheti age, gender (female vs male),
education (high school or university degree vs loggucation), working status (regular work
including houseworkers vs no regular work) and|cstatus (married vs unmarried). The
Beck Depression Inventory version 2 (BDI-Il) wasddo assess depression [50], the State-
Trait-Anxiety-Inventory (STAI) for anxiety [44] anthe Pain Catastrophizing Scale (PCS)

[49,70] to determine the degree of catastrophizing.

The following clinical variables were recorded: Bedass-Index (BMI), smoking status (yes

vs no), finger-ground distance (>10 cm ¥s10 cm), positive Lasegue sign (yes vs no),
previous non-instrumented back surgery (yes vspai radiating to the leg (yes vs no), pain
duration (years), as well as intake of non-opiaid apioid analgesics (yes vs no). Non-opioid

analgesics were non-steroidal anti-inflammatorygdracetaminophen and metamizole.

The following surgery-related variables were reeordype of surgery (instrumented vs non-
instrumented surgery), number of segments to beratge (multi-segmental vs uni-

segmental), intensity of acute post-surgical paitha first day after surgery and at the last
day before discharge using the maximum pain expeeig on that day on the NRS. The

average value of these two days was used for apalys

Clinical management

Senior surgeons based the decision on the typargéry and the number of segments to be
operated upon clinical reasoning and radiologidifigs [62,79]. They performed all surgeries
under standard general anesthesia. Post-surgeatirtent was standardized for all patients

and included perioperative pain control using wegrsous patient-controlled analgesia,



prescription of non-opioid analgesics for at leasd weeks after surgery and stepwise
rehabilitation. Prescription of opioids at discharg/as not standard of practice in the
participating institutions, except for preoperatma@oids. Immediate rehabilitation consisted
of stabilizing muscle exercises for trunk musclesupine position according to a handout
and encouragement of walking as much as toler@teehabilitation training guided by the

physical therapist begun two months after surgery.

Statistical analysis

The sample size has been calculated for the prglyiqaublished study on the same cohort
[51], based on an expected a frequency of failezk Isairgery of 30% [9,22,28]. A sample
size of 155 patients can detect a dichotomized igheadthat is approximately twice as
frequent in patients with failed back surgery,hé tfrequency of the predictor was 25% or
more. For continuous predictors, this sample siaald detect a difference between patients
with and without failed back surgery of 0.5 stambdeviation (SD) units (power of 80% and
a two-sided alpha of 0.05). Time and resource caims$ led us to close the study 14 patients

(9%) short of the planned 155 [51].

To model recovery after spine surgery, we compbtedriate trajectories for maximum pain
during the last 7 days and disability using groagda trajectory models (GBTM) with
censored normal distributions [52]. The time pahfollow-up was used as a time variable
and its effect was modelled with polynomials offeliént orders in each group. All possible
bivariate models with up to three groups and tlirdier polynomials were fitted and the best
model with at least five patients in each group we&®sen according to the Akaike
information criteria [1]. Based on the trajectoriek the selected model, patients were
classified into three ordered groups of completepmplete or no recovery. The average

trajectories were plotted, including model-base#3®nfidence intervals (95% CI) for each

group.
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The QST were analyzed as potential predictors edelthree trajectory-groups using ordinal
logistic regression models, with sociodemograppsychological, pain-related and surgical
characteristics at baseline as covariates. The eallisted predictors were used as their
possible association with poor recovery after siyrdas been discussed in previous studies
[10,47]. Since acute post-surgical pain is an irtgodr predictor for persistent post-surgical
pain in general [31], but also an intermediate ontte lying on the causal pathway between
baseline predictors and long-term pain and didgbilihis variable was included in a

sensitivity analysis rather than in the main model.

Education, working conditions, marital status, typkelow back pain and finger-ground
distance were dichotomized according to pre-sptiferiteria to facilitate a clinically
meaningful interpretation. Heat and cold pain d@&achresholds as well as hand withdrawal
time of the cold pressor test were truncated amddooot be analyzed as continuous variables.
Therefore, these variables were dichotomized post-tlusing the maximally attainable
stimulus as cut-off for heat and cold pain detectimreshold (< 50.5°C and > 0.0° C) and the

maximum time of hand immersion as cut-off for hanthdrawal time (< 120 sec).

Imputed missing baseline predictors were multipliesing chained equations with logistic
regression for binary and predictive mean matcHmgcontinuous or ordinal variables,
respectively, and generated 100 imputed datas8t69®9]. Within these datasets, we also
accounted for the uncertainty in the group allasatirom the GBTM. Instead of a fixed
group allocation, the probability to belong to egcbup was used to simulate the allocation

for each of the 100 datasets, so called pseuds-diasvs [75].

Ordinal logistic regression models were computedusng proportional odds for the
simultaneous comparison of no to incomplete regovand of incomplete to complete
recovery, and reported effects as odds ratios (@&sq worse recovery with model-based

95% CI. This analysis yields a single set of resutie ORs refer to “worse recovery”, i.e. no
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recovery instead of incomplete recovery or incorngl@stead of complete recovery. The
regression models were calculated for each datas®taveraged using Rubin’s rules [64].
First, univariable analyses were performed and greslictors associated at p<0.10 were
selected for a multivariable model. In case of higlrelation between two variables, the one
with the stronger association was chosen for thitivatiable model. To ensure comparability
of continuous and binary variables, the effectdtbrcontinuous variables was expressed per
two standard deviations (2 SD) change [29]. For tinonus socio-demographic,
psychological and pain-related predictors, theatffeas expressed per 2 SD increase, and for
continuous QST as per 2 SD decrease. ORs abovesuggest that dysfunction in pain
processing (i.e. lower thresholds after pressutectiecal and heat stimulation, higher
thresholds after cold stimulation, shorter hanchdnawal time of the cold pressor test and

impaired CPM) is associated with poor recovery.

Then, three sets of GBTM sensitivity analyses vpendormed to assess the robustness of our
main bivariate trajectory model. First, the inflaerof missing pain and disability values was
assessed at different follow-up time points, usmgtiple imputation as described above. The
number of patients with different assignment tgetttory-groups before and after multiple
imputation was defined. Second, separate, uniea@&BTM were fitted for both pain and
disability and the resulting univariate trajectgnpups were compared to evaluate the
appropriateness of the bivariate trajectory modehmin model. The Krippendorff's alpha
with bias-corrected bootstrapped 95% CI based @0 I¥@plications was used to quantify
agreement between the univariate trajectory-grogfised either by pain or disability [41]. A
Krippendorff's alpha of O indicates no agreement,pdrfect agreement and -1 total
disagreement. Third, bivariate GBTM for pain andathility was performed using average
pain instead of maximum pain as secondary painoowtc Bivariate trajectory-groups of the
sensitivity analyses were compared with those ef nimin analysis using Krippendorff's

alpha. Finally, two sets of sensitivity analyseseveerformed to assess the robustness of our
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regression analyses. First, univariable generalzddred logit models were used to relax the
proportional odds assumption when simultaneoustyparing no to incomplete recovery and
incomplete to complete recovery [76]. Second, axileed above, acute post-surgical pain

was included as potential predictor in a multivialeéasensitivity model.

All statistical analyses were done in Stata 15 té&arp. 2017, Stata Statistical Software
Release 15, College Station, TX, StataCorp LLCptPivere prepared in R 3.4.3 (R Core
Team (2017). R: A language and environment forsstedl computing. R Foundation for

Statistical Computing, Vienna, Austria. URL httpsww.R-project.org/).

Results

Study flow and completeness of data

A total of 958 patients undergoing surgery wereasged for chronic low back pain between
2012 and 2015 and found 392 patients (41%) to bk (Figure 1). The three most
important reasons for exclusion were previous baakery (173 patients, 31%), multilevel
degenerative changes with planned surgery of ni@e three segment (149 patients, 26%),
and neurologic or psychiatric co-morbidity othemrnhunipolar depressive disorder (94
patients, 17%). Of 392 eligible patients, 72 caubd be reached (18%) and 132 refused study
participation (46%). We included and analyzed ldfiemts, with 135 (96%), 140 (99%) and
137 (97%) patients presenting at the 2, 6 and 1@tmtollow-up, respectively. No patient
was completely lost to follow-up. Baseline assesgnmecluding quantitative sensory testing
took place before surgery. The median time betwssseline assessment and surgery was 5
days (IQR 2-9 days). Data completeness for sociodeaphic, psychological and pain-
related characteristics was high and ranged frof 84 100%, with missing data due to
incompletely filled assessment forms. Part of datgpressure, heat and cold pain detection

thresholds, hand withdrawal time of the cold pregsst and CPM were missing due to
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logistic reasons. Even for these data, completeaessriables was high and ranged from

82% to 100%.

Trajectoriesof pain and disability

The trajectories of pain and disability were cowdlemt and defined three possible clinical
courses of recovery. Figure 2 displays bivariatgettories with 95% CI bands of pain
intensity and disability. Table 1 shows pain intgnand disability at baseline, 2, 6 and 12
months after surgery in the whole cohort and dteatiaccording to the three trajectory-

groups.

Only 22 patients (16%) completely recovered aft@igsry. Most patients had incomplete
recovery (N=67, 48%). Both groups with complete ammbmplete recovery showed marked
reduction in pain and disability within 2 monthseafsurgery, and thereafter a continuing but
slow decrease. Fifty-two patients (37%) did notoker, with about the same pain and
disability scores over time as at baseline. Stesistor the best models and a detailed
specification of the selected model are presentedEiSupplement 1 (available at
http://links.lww.com/PAIN/B122). E-Supplement 2 gablable at

http://links.lww.com/PAIN/B122)displays bivariateajectories of pain and disability of each

patient with the average trajectory in red.

Characterization of the study population

The baseline and surgery-related characteristicsvels as QST according to bivariate
trajectory-groups are shown in Table 2. Eighty-@i&%) of all patients were female and the
mean age was 61.1 (SD 13.7). The majority of theipts was married (N = 92, 65%). Mean
depression and catastrophizing scores of the gtogulation were low, i.e., 11.3 (SD 6.6)

and 17.7 (SD 10.8), respectively.

Most patients complained of back pain radiatinghte leg (N = 119, 84%), and 113 (80%)

reported an average pain at baseline of more thanoin the NRS. This was also reflected by
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55 (39%) and 75 (53%) of study patrticipants repgrtDDI values reflecting moderate and
severe disability at baseline. Sixty-three (45%galbfpatients were taking non-opioid and 25

(18%) opioid analgesic at baseline.

Twenty-eight (20%) patients had a previous nonrimsented back surgery. Ninety-six (68
%) were operated at a single, 34 (24 %) at twoHh@ %) at three segments, respectively.
In 49 (35 %) patients, decompression without addél instrumental stabilization was
performed. We did not encounter any surgical cooapibns. Mean acute postsurgical pain

was 5.7 (SD 2.5).

Predictorsof trajectories

Figure 3 shows the forest plot of QST and basealimaracteristics as predictors of bivariate
trajectories after surgery based on  univariableinafd logistic regressions assuming
proportional odds. Three QST variables were astatiavith worse recovery in the
univariable analyses. Cold pain hypersensitivityhat leg and at the back was predictive of
worse recovery with an OR of 3.85 (95% CI 1.85-8®20.001) and 2.13 (95% CI 1.10-4.11,
p=0.024), respectively. As mentioned in the Methselstion, worse (or poor) recovery means
complete-to-incomplete and incomplete-to-no recpvepw pressure pain threshold at the
back showed an association with the trajectory-gsouith an OR of 2.32 (95% CI 1.20-4.48,

p=0.013).

Not being married, high depression, high catasizpl, positive Lasegue sign, long pain
duration, high pain and high disability at baseliméake of opioid and non-opioid analgesics
were predictors of poor recovery in univariable lgs@s. Neither instrumented nor multi-
segmental surgery was associated with an increaskdof poor recovery in univariable

ordinal logistic regressions. Maximum pain aftergauy was highly associated with poor

recovery with an OR of 6.90 (95% CI 3.15 — 15.% @.001).
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The results of the multivariable ordinal logistegression are reported in table 3. The model
included all predictors with p < 0.10 in univarieblegressions, except average pain over the
last 24 hours (highly correlated with maximum pawer the last 7 days), cold pain at the
back (highly correlated with cold pain at the leg)d acute post-surgical pain (sensitivity
analysis). Cold pain sensitivity at the leg indegemtly predicted poor recovery with an OR
of 2.98 (95% CI 1.27 - 7.00, p = 0.012). Among towariates, not being married and long

pain duration independently predicted poor recavery

A previously published analysis of the same colisihg persistent pain at the single time-
point of 12 months after surgery as main outconeddgd largely negative results: the point
estimates of all QST were scattered around onak®%% CI included one as measure of no
association [51]. Cold pain detection thresholthatleg, which was highly significant in the

present trajectory analysis, showed a statistreaict with an an OR of 1.88 (95% CI 0.89 to
3.99) and a p-value of 0.10. None of the seconédagafyses revealed significant associations

of any QST with persistent pain and disability.

Sengitivity analyses

The bivariate trajectory model based on maximumn ghiring the last 7 days and ODI

remained robust in all three sensitivity analyddsitiple imputation of missing pain and

disability values at different follow-ups had ndeet on the three recovery groups, with a
maximum of 5 out of 141 patients (3.5%) having #&edent group assignment after

imputation. Univariate trajectories of either paindisability as displayed in E-Supplement 3

(available at http://links.lww.com/PAIN/B122) deéd the same recovery pattern as the main
bivariate trajectories of pain and disability. Theivariate trajectory-groups showed high
concordance with a Krippendorff's alpha of 0.62 Y95CI 0.51-0.73). E-Supplement 4

(available at_http://links.lww.com/PAIN/B122) shovsvariate trajectories of average pain

intensity of last 24 hours and disability. Againgreement of the bivariate sensitivity
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trajectory-groups and the bivariate main trajectgmyups was high, with a Krippendorff’s
alpha of 0.85 (95% CI 0.77 — 0.91). The forest plotE-Supplement 5 (available at

http://links.lww.com/PAIN/B122) represents the réswf univariable generalized ordered

logit models for bivariate trajectories of maximygain of last 7 days and ODI. We did not
find evidence for a violation of the proportionalds assumption. As shown in E-Supplement
6 (available at http://links.lww.com/PAIN/B122), wh including acute post-surgical pain in
the sensitivity multivariable ordinal logistic regsion model, cold pain sensitivity at the leg,
not being married and long pain duration still ipeedently predicted poor recovery. The

strongest predictor was acute post-surgical pain.

Discussion

Main findings

Cold pain sensitivity was a strong predictor ofectéories of persistent pain and disability one
year after surgery. This finding has implications dlevelopment and validation of clinically

applicable prognostic tests. The trajectory analidgentified predictors that with the previous
study on the same cohort did not predict pain asdhbdity at 12-month follow-up [51]. This

finding has methodological implications.

Quantitative sensory tests

Quantitative sensory tests (QST) explore aspegisiof perception and nociceptive processes
in humans. When applied to uninjured and healthyyl®ites, responses to QST reflect pain
and nociceptive processes very likely occurringh@ central nervous system [4,16]. Thus,
the finding of pain hypersensitivity with cold stitation at the leg suggests that alterations in
central pain processes render patients vulnerabpmor long-term surgical outcome. In the
univariable analyses, also cold pain hypersensjtat the back and pressure pain threshold at

the back were associated with poor recovery.
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The results are supported by previous studiesorgitudinal studies on cervical trauma by
Sterling et al, baseline cold pain threshold wasahly QST variable that predicted persisting
pain 6 and 12 months post-trauma [67,68], as veetraectories of poor recovery [66]. In a
cohort study on lateral epicondylalgia, baselintl quain threshold was the only consistent
predictor of pain, function and mechanical hypesaig at 12-month follow-up [15]. In a large
cohort study using machine learning methodologin palerance to hand immersion in cold
water was strongly associated with lack of persispain 3 years after breast surgery, with a

negative predictive value of 94.4% [45].

In our previous case-control study, several QSTewable to discriminate patients with
chronic low back from pain-free controls [53]. Cqildin thresholds were discriminative for
all four body sites where the stimulation was aghliwhich included leg and back as in the
present investigation. The areas under the receperating characteristic curves (ROC) for
these four measurements were 0.62 to 0.76. The RO@essure pain threshold at the back,
which was predictive in the univariate analysighed present study, was 0.87 (95% CI 0.81—
0.94). Early life stressors are associated witheiased cold pain sensitivity, but not increased
pressure pain sensitivity, at age 22 years, suggestat cold modalities may be particularly
sensitive in detecting the influence of socio-eowmental and biologic factors on the

development of pain and nociceptive hypersensytivit].

Little is known about the specific pain and noctoep processes associated with different
stimulus modalities. Therefore, there is no clegilanation for the predictive effect of cold
stimulation as compared with other QST modalitiesis question may be addressed by
imaging studies elucidating the neural correlatedifferent stimulation modalities and their

association with pain outcomes.
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Covariates

Not being married, long pain duration and acutet-saggical pain independently predicted
poor recovery. Acute post-surgical pain showedstinengest association with poor recovery
with an OR of 5.88 (95% CI 2.34 - 14.8). These ifngd are in line with results of other

studies that investigated persistent impairmet afpine surgery [14,35,48].

Trajectory analysis

To our knowledge, the present study is the firs trat determined trajectories of recovery
after low back pain surgery. Previous cohorts itigaged trajectories of low back pain in

primary care patients [6,12,19,23,25,39,40,72]. tMifsthem observed three or four distinct
trajectories that included clusters of completeovecy, incomplete recovery with either

constant or fluctuating pain, and no recovery yinsistently high pain. We found the similar

recovery patterns.

The use of a trajectory analysis allowed the ideation of predictors that had not been
significantly associated with pain or disabilityl#2 months in the same cohort [51], in which
no QST showed a statistically significant assoorativith pain and disability at 12 months
(main analysis). We have interpreted the statistread of cold pain sensitivity in the main
analysis (p=0.10) and the statistical significamcene of the sensitivity analyses (p=0.04) as

chance finding in view of 126 statistical testsfpaned [51].

The different findings of the previous and curramalysis are likely explained by the

different statistical approaches and outcomesthénprevious analysis, persistent pain at a
single follow-up time-point was analyzed using ki@ regression models. While this is a
standard approach in prognostic studies, thereiderece that the prognosis of low back pain
may not be adequately characterized by defininguexy at a single time-point and using a
binary outcome measure [5,12,19,23,39]. Conversejgctory analyses account for patterns

evolving over time, which enabled us to includenpand disability at all time-points and may
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give a better picture of the course of recovery.il@Vpreviously only two groups were used
(recovery / non-recovery), introducing an internageligroup improved the resulting trajectory
models substantially. Forcing the incomplete recegein either of the other two groups is
likely to increase variance, reducing the powethef final predictor analysis. We also used a
stochastic rather than a fixed group assignmeaet, patients were allowed to belong to
recovery groups with probabilities other than ofbis procedure reduces the influence of
patients with uncertain group assignments (as toegribute to more than one group), which

may reduce variance and increase power.

Clinical course of pain and disability

An interesting question is whether pain and disgbhave a different course after spine
surgery. We found a high overlap between pain asdbdity during follow-up, consistent
with a previous cohort study in patients with adoete back pain, who experienced the same

recovery pattern for pain and disability [19].

The most marked reduction in pain and disabilitysvedserved within two months after
surgery, with a continuing but slow decrease tHeredfigure 2). However, 40% of the
participants did not benefit from surgery with pstent and relatively high pain and

disability.

Strengths and limitations

We consider the use of recovery trajectories wibthlpain and disability to define these
trajectories as major strengths. Other strengtblsidie the long follow-up period with three

assessments, the near complete follow-up at ak-points, the comprehensive baseline
predictors, and the excellent data quality withslésan 10% missing data for all predictors
except for CPM (18%). GBTM is a flexible statisti@oproach that takes advantage of the

full longitudinal information on more than one dtial outcome [52].
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The statistical approach to define trajectoriedata-driven. This may limit generalizability,
especially in the lack of external validation. Wimited the maximum number of trajectory
groups (three), the highest polynomial grades éhamd the minimum number of patients per

group (five). This can be seen as arbitrary butiessclinical interpretability.

An extensive, multimodal QST protocol was appliesing in total 14 tests to assess different
dimensions of nociception and pain experience [Bdje stimulation modalities were applied
(electrical, pressure, heat dynamic, cold dynammd a&old tonic). Pain facilitation and
inhibition were studied with a temporal summatiord &CPM model, respectively. Such an
extensive protocol is another major strength. Gndther hand, the evaluation of this large
number of predictors increased the chance to d&tkse positive associations. Therefore, the
reported p-values have to be interpreted accondinglo base both univariable and
multivariable regressions on the total study samplegtiple imputation was used to account
for missing data [63,65,69]. The multivariable miodxamined eleven predictors with
p<0.10, which is at the upper limit for the aval@amumber of patients [59]. However,
precision of the estimates was still reasonablel anexpected differences between the

univariable and multivariable models were not obsédr

Implications

The association of cold pain hypersensitivity withjectories of pain and disability was
clinically relevant. This finding justifies furthestudies to establish the prognostic value of
cold pain testing. Noticeably, cold pain test candelivered very quickly, making it suitable
for large multi-site validation studies and of putal clinical use. The availability of a
clinically applicable prognostic QST may improver @bility to reduce the failure rate of
spine surgery with associated pain, disability aaciloeconomic consequences. This could be
accomplished by considering treatment alternatigepatients at risk. Pre- and peri-operative

pain management could be optimized, aiming to rechain sensitivity by pharmacological
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[38,55,78] and behavioral-health [14,43] intervens. Close follow-up could be planned to
identify lack of recovery early and enroll patientsr advanced treatments, such as
multidisciplinary programs [33]. In addition, patts at risk of developing long term pain and

disability could be selected for investigation aimnio develop and test preventive strategies.

A second implication is of methodological naturdeTidentification of predictors with the
trajectory analysis, but not with the analysis omirgle time-point on the same cohort,
suggests that trajectory analyses should have brazk to improve our ability to identify

significant predictors and detect time-dependettepas of outcomes.

Finally, the most marked change in pain and diggbr lack thereof, occurred during the
first two months after spine surgery. This findBuggests that preventive strategies aiming to
shift the clinical course from a poor to a favombkcovery should be evaluated and

implemented during the first two months.
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Figurelegends

Figure1: Flow chart of study participant recruitment and follow-up.

#NRS: Numerical Rating Scale from 0 (no pain) to(\d@@rst pain imaginable).

P Two patients with multiple sclerosis, two with dettia, one with postpolio-syndrome and

one with epilepsy.

¢Other: two withdrew consent, 6 had poly-morbidity.

Figure 2: Bivariatetrajectories of maximum pain of the last 7 days and disability,

defining three groups of recovery after spinesurgery.

Data are presented as average effect for each gmithp95% confidence bands. N=141.
Group-based multi-trajectory model with polynomm@iades 2, 3, 3, for both pain and

disability.

£ Maximum pain during the last 7 days assessed bydyigal Rating Scale (0: no pain, 10:

worst pain imaginable).

¥ Disability assessed by Oswestry Disability Indéx fio disability to 100: maximum

disability).
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Figure 3: Forest plot of quantitative sensory tests (QST), socio-demogr aphic,

psychological and pain-related characteristics as predictorsof bivariate trajectories

after spinesurgery.

Results are odds ratios with corresponding 95%ident€e intervals (95% CI) and p-values

of univariable ordinal logistic regressions*. N=141

* Model assuming proportional odds when comparimgdmplete recovery” with “complete
recovery” and “no recovery” with “incomplete recoy& with effects of continuous

predictors expressed per two standard deviationggh§oer 2 SD)

OR > 1.0 means altered quantitative sensory testassociated with increased risk for poor
recovery (i.e. lower thresholds after electricaégsure and heat stimulation, higher thresholds
after cold stimulation, shorter hand withdrawal @imand impaired conditioned pain

modulation).
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Table 1. Pain and disability during the study period. Results are mean (SD). N = 141.

All patients Complete recovery Incomplete recovery No recovery
(n=141) (group 1,n =22,16%) | (group 2, n =67,48%) | (group 3, n =52, 37%)
Pain intensity (NRS) £
N* N* N* N*

Baseline 140 | 7.79(1.37) 22 7.73(1.03) 66 7.48 (1.50) 52 8.19(1.22)

2 months 135 | 3.97 (2.67) 21 0.76 (1.14) 66 3.38(2.14) 48 6.19 (1.82)

6 months 140 | 3.90(3.01) 22 0.00 (0.00) 67 2.99 (1.99) 51 6.78 (1.91)

12 months 137 | 3.62(3.11) 22 0.09 (0.29) 67 2.57(2.15) 48 6.71(2.06)
Disability (ODI) ®

Baseline 140 | 40.4(12.8) 22 36.5 (15.5) 66 37.6 (11.5) 52 45,5 (11.8)

2 months 133 | 22.2(15.3) 21 8.71(9.9) 65 18.7 (12:2) 47 33.1(14.1)

6 months 140 | 20.4(17.9) 22 1.59 (4.01) 67 13.4(8.92) 51 37.5(16.1)

12 months 137 | 18.6(16.1) 22 1.86 (3.47) 67 12.4 (8.24) 48 35.0(13.8)

N* No. of patients with complete data of the corresponding variable.
£ Maximum pain during the last 7 days. NRS: Numerical Rating Scale (0: no pain, 10: worst pain imaginable).
® Oswestry Disability Index (0: no disability to 100: maximum disability).




Table 2: Baseline characteristics, Quantitative Sensory Testsand surgery related characteristics per group defined by the bivariate traj ectories based

on maximum pain and disability after surgery. Resultsare number of patients (%), mean (SD) or median [lq, uq]. N = 141.

Complete recovery
(group 1, n = 22, 16%)

Incomplete recovery
(group 2, n = 67, 48%)

No recovery

(group 3, n =52, 37%

Sociodemogr aphic characteristics N* N* N*
Age (years) 22 61.6 (11.5) 67 61.4 (13.8) 852 60.6 (14.7
Female 22 12 (55%) 67 39 (58%) 5p 30 (58%)
Higher education 22 4(18%) 67 18 (27%) 5p 12 (23%)
Regular work# 22 10 (45%) 67 26 (39%) 5p 19 (37%)
Married 22 17 (77%) 67 49 (73%) 5p 26 (50%)
Psychological characteristics
Depression (BDI-II) 22 8.23 (5.94) 66 10.7 (6.21) 52 13.3 (6.83
Anxiety (STAI Trait) 21 53.1 (7.91) 65 53.7 (8.62) 52 55.5 (6.92
Catastrophizing (PCS) 20 12.8 (11.9) 60 16.5 (9.22) 48 21.4 (11.2
Pain-related characteristics
Body mass index (kg/m2) 22 29.0 (4.60) 67 27.9 (4.82) 52 28.5 (4.08
Smoking 22 4 (18%) 66 19 (28%) 51 16 (31%)
Large finger ground distance (>10 cm) 21 11 (50%) 65 33 (49%) 510 34 (65%)
Laségue positive 21 8 (36%) 64 25 (37%) 5p 33 (63%)
Previous low back surgery 22 4 (18%) 67 10 (15%) 5p 14 (27%)
Low back pain with irradiation to leg 22 19 (86%) 65 56 (84%) 5p 44 (85%)
Pain duration (years) 22 1.75[0.83, 2.00] 63 2.00[0.75, 5.0049 | 4.00[1.50, 15.0
Maximum pain over the last 7 days at baseline (NRS) 22 7.73 (1.03) 66 7.48 (1.50) 52 8.19 (1.22
Average pain over the last 24 hours at baselineSINR 22 5.73 (1.45) 67 5.48 (1.49) 52 6.13 (1.55
Disability (ODI) 22 36.5 (15.5) 66 37.6 (11.5) 52 45,5 (11.8
Intake of non-opioid analgesics 22 7 (32%) 67 26 (39%) 5p 30 (58%)
Intake of opioid analgesics 22 3 (14%) 66 5 (7.5%) 51 17 (33%)
Quantitative Sensory Tests
Electrical pain detection threshold single stimola{mA) 22 9.8 (4.29) 67 9.35 (4.24) 52 9.48 (5.65




Electrical pain detection threshold repeated statioh (mA) 22 6.80 (2.60) 67 6.37 (2.78) 52 6.5882
Pressure pain detection threshold at 2nd toe (kPa) 22 272 (91.6) 67 269 (114) 52 264 (109)
Pressure pain detection threshold at back (kPa) 22 370 (198) 66 366 (179) 5p 275 (146)
Heat pain at leg (<50.5°C) 22 15 (68%) 65 42 (63%) 50 41 (79%)
Heat pain at back (<50.5°C) 21 19 (86%) 65 54 (81%) 50 48 (92%)
Cold pain at leg (>0.0°C) 22 5 (23%) 65 14 (21%) 49 28 (54%)
Cold pain at back (>0.0°C) 22 9 (41%) 66 26 (39%) 49 32 (62%)
Cold pressor test hand withdrawal (<120 sec) 21 (68%06) 65 57 (85%) 5( 43 (83%)
Impaired conditioned pain modulation 18 2 (9.1%) 57 11 (16%) 40 7 (13%)
Surgery-related characteristics

Instrumented surgery 22 11 (50%) 66 44 (66%) 5p 36 (69%)
Multi-segmental surgery 22 10 (45%) 67 18 (27%) 5p 17 (33%)
Acute post-surgical pain (NRS) 21 3.48 (2.24) 60 5.57 (2.40) 47 6.98 (1.81

N* No. of patients with complete data of the copmsding variable

# Includes houseworkers

BDI-IIl: Beck Depression Inventory Version 2 (0: depression to.63: maximum depression)
STAI: State Trait Anxiety Index

PCS: Pain Catastrophizing Scale (0: no catastrohtn 52: maximum catastrophizing)
NRS: Numerical Rating Scale (0: no pain,10: maxinpain)

ODI: Oswestry Disability Index (0: no disabilityp@: maximum disability)




Table 3: Predictorsof bivariatetrajectories based on maximum pain of thelast 7 days and
disability after surgery. Results are oddsratios (OR) with corresponding 95% confidence
intervals (95 % CI), and p-values of a multivariable ordinal logistic regression*. N=141.

OR (95% CI) P-valug
Cold pain at leg (>0.0°C) 2.98 (1.27-7.00) 0.012
Pressure pain detection threshold at back (per Aesibease) 1.52 (0.72 - 3.24) 0.2]
Married 0.36 (0.15-0.84)] 0.017
Depression (per 2 SD increase) 1.18 (0.45 - 3/10) .73 0
Catastrophizing (per 2 SD increase) 1.92 (0.722)5, ~ 0.19
Lasegue positive 1.13 (0:50 - 2.57) 0.77
Pain duration (per 2 SD increase) 3.56 (1.37 -)9/260.009
Maximum pain over the last 7 days at baseline 208D increase) 0.73 (0.32 -1.6bH) 0.45
Disability at baseline (per 2 SD increase) 1.6%8{0.4.17) 0.27
Intake of non-opioid analgesics 2.15 (0.94 - 4.93)0.07
Intake of opioid analgesics 1.96 (0.64 -5.98) 0.24

* The model assumes proportional odds when comgédniitomplete recovery” with “complete
recovery” and “no recovery” with “incomplete recoyewith effect of continuous predictors

expressed per two standard deviation change (B&)2The model includes all predictors with p
0.10 in univariable regressions except average @anthe last 24 hours (highly correlated with
maximum pain over the last 7 days); cold pain dited¢hreshold at the most painful site of the b)
(highly correlated with cold pain detection threlshat the leg) and acute post-surgical pain
(sensitivity analysis).

N

ack

OR > 1.0 suggests association with poor recovery




Patients screened

N=958

Patients excluded N=566
Acute pain of < 3 months N=8
Pain at recruitment <3 NRS * N=18
Isolated leg pain N=8
Bilateral pain below both knees N=60
Rheumatologic disease N=48
Neurologic or psychiatric co-morbidity N=94
Polyneuropathy N=52
Parkinson disease N=11
Bilateral sensory/motor loss legs N=10
Residual symptoms after stroke N=9
Other neurological co-morbidity ° N=6
Psychiatric co-morbidity N=6
Previous instrumented surgery back N=173
>3 segmental surgery planned N=149
Other ¢ N=8
Patients eligible N=392
Could not be reached N=72
Participation denied N=179
Patients included and analyzed N=141




Maximum pain intensity over

the last 7 days (NRS)

Oswestry disability index

—— No recovery (group 3, n =52, 37%)
—— Incomplete recovery (group 2, n = 67, 48%)
—— Complete recovery (group 1, n = 22, 16%)
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Quantitative sensory tests

Electrical pain detection threshold single stimulation (per 2 SD decrease)
Electrical pain detection threshold repeated stimulation (per 2 SD decrease)

Pressure pain detection threshold 2nd toe (per 2 SD decrease)

Pressure pain detection threshold site most pain back (per 2 SD decrease)

Heat pain detection threshold leg (<50.5°C)

Heat pain detection threshold site most pain back (<50.5°C)
Cold pain detection threshold leg (>0.0°C)

Cold pain detection threshold site most pain back (>0.0°C)
Cold pressor test: hand withdrawal time (<120 sec)

Impaired conditioned pain modulation

Sociodemographic characteristics
Age (per 2 SD)

Female

Higher education

Regular work

Married

Psychological characteristics
Depression (per 2 SD)
Anxiety (per 2 SD)

Catastrophizing (per 2 SD)

Clinical and pain-related characteristics

Body mass index (per 2 SD)

Smoking

Large finger ground distance (>10 cm)

Laségue positive

Previous low back surgery

Low back pain with irradiation to leg

Pain duration (per 2 SD)

Maximum pain over the last 7 days at baseline (per 2 SD)
Average pain over the last 24 hours at baseline (per 2 SD)
Disability at baseline (per 2 SD)

Intake of non-opioid analgesics

Intake of opioid analgesics

Odds ratio (95% CI)
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1.02 (0.54 - 1.95)
1.01 (0.54 - 1.91)
1.08 (0.58 - 2.01)
2.32 (1.20 - 4.48)
1.76 (0.87 - 3.59)
1.73 (0.65 - 4.60)
3.85 (1.85 - 8.02)
2.13(1.10 - 4.11)
1.69 (0.66 - 4.32)
1.15 (0.46 - 2.86)

0.95 (0.50 - 1.79)
1.04 (0.54 - 1.99)
1.15 (0.54 - 2.44)
0.75 (0.39 - 1.46)
0.38(0.19 - 0.77)

2.88 (1.46 - 5.69)
1.53 (0.82 - 2.87)
3.25 (1.57 - 6.72)

1.06 (0.56 — 2.00)
1.31 (0.65 - 2.66)
1.72 (0.89 - 3.33)
2.28 (1.17 - 4.45)
1.65 (0.72 - 3.80)
0.80 (0.32 - 2.03)
4.23 (1.78 - 10.0)
1.97 (1.05 - 3.69)
1.83 (0.95 - 3.50)
3.50 (1.74 - 7.03)
2.14 (1.10 - 4.16)
4.09 (1.60 - 10.4)

P-value

0.94
0.97
0.80
0.013
0.12
0.27
<0.001
0.024
0.27
0.77

0.87
0.91
0.71
0.40

0.007

0.002
0.18
0.001

0.85
0.45
0.11
0.016
0.24
0.64
0.001
0.036
0.07
<0.001
0.024
0.003



