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Abstract  

Background: Rehabilitation approaches should be based on an understanding of the 

mechanisms underpinning functional recovery. Yet, the mediators that drive an improvement 

in post-surgical pain-related disability in individuals with cervical radiculopathy (CR) is 

unknown. The aim of the present study is to use Bayesian Networks (BN) to learn the 

probabilistic relationships between physical and psychological factors, and pain-related 

disability in CR.  

Methods: We analysed a prospective cohort dataset of 201 post-surgical individuals with 

CR. Fifteen variables were used to build a BN model: age, sex, neck muscle endurance, neck 

range of motion, neck proprioception, hand grip strength, self-efficacy, catastrophizing, 

depression, somatic perception, arm pain intensity, neck pain intensity, and disability.  

Results: A one point increase in a change of self-efficacy at six months was associated with a 

0.09 point decrease in a change in disability at 12 months (t = -64.09, P < 0.001). Two 

pathways led to a change in disability: a direct path leading from a change in self-efficacy at 

six months to disability, and an indirect path which was mediated by neck and arm pain 

intensity changes at six and 12 months.  

Conclusions: This is the first study to apply BN modelling to understand the mechanisms of 

recovery in post-surgical individuals with CR. Improvements in pain-related disability was 

directly and indirectly driven by changes in self-efficacy levels. The present study provides 

candidate modifiable mediators that could be the target of future intervention trials. BN 

models could increase the precision of treatment and outcome assessment of individuals with 

CR.   

Keywords: Cervical Radiculopathy, Pain, Mediation analysis, Bayesian networks  
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Introduction  

 Cervical radiculopathy (CR) is a prevalent disorder with an incidence of 83 per 100 

000 individuals, and together with neck pain, ranks fourth in the burden of disease within the 

United States (Murray et al., 2013; Radhakrishnan et al., 1994). The natural history of CR is 

typically favourable (Radhakrishnan et al., 1994), but individuals who fail to improve may be 

managed surgically (Bono et al., 2011). Whilst surgery may be effective at resolving pain and 

neurological symptoms (Bono et al., 2011), its effects on physical recovery in individuals 

with CR is uncertain (Hermansen et al., 2011; Hermansen et al., 2014; Peolsson et al., 2002; 

Ylinen et al., 2003). Individuals with CR who underwent surgery are known to have 

persistent deficits in neck muscle endurance, cervical range of motion (ROM), and hand grip 

strength, relative to age matched healthy controls (Peolsson et al., 2013). These persistent 

post-surgical physical deficits have been thought to exacerbate pain-related disability in 

individuals with CR (Engquist et al., 2015; Peolsson et al., 2013; Wibault et al., 2018; 

Wibault et al., 2017). An exercise-based intervention designed specifically to target the 

aforementioned physical deficits was effective, but not superior to routine clinical care, at 

improving neck pain-related disability in individuals with CR following surgery (Wibault et 

al., 2018; Wibault et al., 2017). 

Psychological features could also be important variables that influence recovery in 

individuals with CR. For example, in individuals with low back pain (LBP), pain 

catastrophizing (Hall et al., 2016), fear avoidance and self-efficacy (Fordham et al., 2017; 

Mansell et al., 2016; Spinhoven et al., 2004; Whittle et al., 2017) have been reported to be 

mediators of pain-related disability. Catastrophizing, self-efficacy, and psychological 

flexibility are reported mediators of pain-related disability in individuals with whiplash 

associated disorders (WAD) (Andersen et al., 2016; Nieto et al., 2009; Söderlund and 

Åsenlöf 2010; Soderlund et al., 2017; Wicksell et al., 2010). Yet, no studies have investigated 
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the role of psychological features as mediators of pain-related disability in individuals with 

CR. In a recent prognostic study on conservatively managed CR, factors which predicted 

poor recovery of disability after one year were the cervical range of motion (ROM) towards 

the affected side, and the baseline neck disability score (Sleijser-Koehorst et al., 2018). 

Earlier prognostic studies also reported that cervical ROM, hand grip strength, and measures 

of depression with psychosomaticsm, were important predictors of long term disability, albeit 

in post-surgical patients with CR (Peolsson and Peolsson 2008; Peolsson et al., 2006). 

An understanding of the mediators of recovery of pain-related disability would enable 

researchers and clinicians to better design specific interventions to manage a complex 

disorder such as CR. The first aim of the present study was to model the probabilistic 

relationships between physical and psychological factors, and pain-related disability in 

individuals with CR, post-surgery. For the second aim, we wanted to use the model to 

understand the mediators (if any) of pain-related disability. We used Bayesian Networks 

(BN) to “learn” and quantify the relationships between multiple variables (Scutari et al., 

2017), and the ensuing model can be used for a causal analysis of the mechanisms 

underpinning the recovery of disability in individuals with CR. Based on the best available 

literature in CR and other neck pain disorders, we hypothesized that psychological features, 

such as catastrophizing, self-efficacy, depression and psychosomatic scores, as well as 

features of physical function, such as cervical ROM and hand grip strength, would mediate 

the relationship between pain and disability. 

Methods 

Study design 

 The present analysis was undertaken on a prospective cohort dataset collected from a 

multicentre, parallel-grouped, randomized controlled trial, the methodological details of 
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which have been previously reported (Peolsson et al., 2014; Wibault et al., 2018; Wibault et 

al., 2017). This study received approval from the regional ethics review board in Linköping 

(Dnr M126-08) and was conducted in accordance with the Declaration of Helsinki. 

Participants 

Eligible patients with CR referred for surgery at four spinal centres in the south of 

Sweden were selected for the present study, if they fulfilled all of the following inclusion 

criteria: aged 18-70 years old, persistent CR symptoms ≥ 2 months (median [25th to 75th 

percentile] arm pain duration of 12 [9 to 24] months), unsatisfactory improvement after non-

surgical treatments, and magnetic resonance imaging results of disc disease that was 

compatible with clinical findings. Patients were excluded if they had: previous neck surgery, 

cervical column fracture or traumatic subluxation, cervical myelopathy, malignancy or spinal 

tumours, spinal infection, any disorders which contraindicate the performance of an extensive 

rehabilitation program, myofascial pain syndromes, persistent or recurrent severe back pain, 

diagnosis of a severe psychiatric disorder, such as schizophrenia or psychosis, drug or alcohol 

addiction, and lack of fluency in Swedish (Peolsson et al., 2014).  

Surgery 

 The present analysis pooled data from both intervention groups, to form a single 

prospective cohort. Hence, the variable of “intervention group” was not included in the 

present analysis. The variable “intervention group” was excluded since both groups had an 

equivalent outcome for their neck-pain related disability (Wibault et al., 2018). The type of 

surgery and the post-operative clinical care received, are both summarized for descriptive 

purposes.  

A total of 201 participants (mean [standard deviation (SD)] age = 50.0 [8.4] years, 

males = 105, females = 96) were included. 163 participants received an anterior cervical 
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discectomy and fusion (ACDF), whilst 38 participants received a posterior cervical 

foraminotomy (PCF) with or without laminectomy. The type of surgery received by each 

participant was individually determined by the surgeons at each of the four spinal centers, 

based on the patient’s clinical presentation (Wibault et al., 2017). 

Interventions 

Differences in the clinical outcomes of the two post-operative rehabilitation 

approaches have been previously reported (Wibault et al., 2018; Wibault et al., 2017). 

Common post-surgical care (weeks 1 to 6 post-surgery) 

 For the first six weeks immediately post-surgery, all participants followed an identical 

rehabilitation pathway (Wibault et al., 2018; Wibault et al., 2017). The pathway included 

advice about appropriate ergonomics and posture, movement tasks to avoid during the first 

post-surgical week, and instructions about shoulder mobility exercises. No neck collar was 

prescribed. On the sixth week, patients returned for a final routine visit to the spinal centre 

with the surgeon and a physiotherapist; the latter instructing patients about the performance 

of neck mobility exercises. After the sixth week postoperative visit, participants were 

randomly allocated to either a structured post-surgical rehabilitation or a standard post-

surgical rehabilitation group (Wibault et al., 2018; Wibault et al., 2017). 

Structured post-surgical rehabilitation (weeks 7 to 26) 

 Participants in this group were referred to a primary care physiotherapist local to each 

participant’s residential setting. Each physiotherapist received a half day practical training 

session with the project leader with written and oral communications on the rehabilitation 

program. The structured physiotherapy program was based on the management of other neck 

pain disorders, and included both a neuromuscular training component and a cognitive-

behavioural component (Gross et al., 2015; Monticone et al., 2015). The neuromuscular 
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training component started with retraining the activation of the deep neck muscles; which 

progressed into isometric and dynamic exercises focused on improving the pattern and 

endurance of neck muscle activation. Participants also performed exercises designed to 

improve the control and endurance of the shoulder and trunk muscles. The cognitive-

behavioural component focused broadly on goal setting, pain neurophysiology education, 

coping strategies (e.g. strategies such as relaxation training, breathing techniques when 

symptoms worsen), and stress management (Peolsson et al., 2014). Between weeks 6 to 12, 

patients visited the physiotherapists once per week. Between weeks 13 to 26, the number of 

physiotherapy visits increased to twice per week. Participants were also advised on the 

performance of a home exercise program. At week 27, participants were discharged and were 

encouraged to continue with their home exercise program and to continue increasing their 

physical activity levels.  

Standard post-surgical rehabilitation (weeks 7 to 26) 

 Participants in this group were treated in accordance with the Swedish usual post-

surgical care of individuals with CR. Briefly, patients were referred to their local 

physiotherapist on an as-needed basis, decided by the patients themselves. Any physiotherapy 

interventions were pragmatic and not designed specific to rehabilitate known neuromuscular 

deficits of neck pain disorders. 

Data collection 

All continuous variables (i.e. variables 3 to 13 below) were assessed at baseline (pre-

surgery), 6, and 12 months follow-up. The maximum proportion of missing data was at 37.8 

% for the neck proprioception data at 12 months follow-up. The number of participants with 

complete missing data of variables 3 to 13 at baseline, 6 months, and 12 months follow-up 
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were zero, 14, and 27, respectively. Reasons for the missing data can be found in previous 

reports of the study (Wibault et al., 2018; Wibault et al., 2017). 

Outcome measures 

The following 13 variables were used to form a BN:  

1. Sex: men or women  

2. Age: in years 

3. Total neck endurance (NeckEndr): cervical extensor and flexor timed endurance were 

measured in the prone and supine position respectively (Peolsson et al., 2013). Total 

endurance (seconds) was calculated by adding extensor and flexor endurance. 

4. Total hand strength (HandStr): a Jamar hand dynamometer was used to measure 

isometric grip strength bilaterally (Peolsson et al., 2013). Total hand strength (kg) was 

calculated by combining left and right hand strength. 

5. Total range of motion (TotROM): active cervical ROM in all three cardinal planes 

were measured with a cervical ROM device in a seated position (Peolsson et al., 

2013). The total ROM (°) was calculated by adding ROM from all six directions. 

6. Average neck proprioception (Propriop): a measure of the ability to return the head to 

a neutral head posture from 30° of cervical rotation with the eyes closed. Neck 

proprioception was tested across three repetitions, twice following both right and left 

cervical rotation. Proprioception (°) was averaged across the three repetitions. 

7. Self-efficacy scale (SES): a measure to evaluate each participant’s confidence in their 

ability to perform 20 activities of daily living. Score ranges from 0 (not confident) to 

200 (very confident) (Altmaier et al., 1993; Bunketorp et al., 2005). 
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8. Coping strategy questionnaire, catastrophizing subscale (CSQ-CAT): the 

catastrophizing subscale (questions 5, 12, 14, 28, 38, 42) of the Swedish version of 

the CSQ (Jensen and Linton 1993) was used to assess negative thinking. Score ranges 

from 0 (no catastrophizing) to 36 (maximal catastrophizing). 

9. Modified Zung self-rating depression scale: measures the level of depressive 

symptoms. Score ranges from 0 (no depression) to 69 (severe depression) (Zung 

1965) 

10. Modified somatic perception questionnaire (MSPQ): measures the magnitude of 

heightened somatic awareness and anxiety (Main 1983). Score ranges from 0 (no 

heightened somatic awareness) to 39 (maximal heightened awareness). 

11. Neck pain intensity: a self-reported measure of current neck pain intensity on the 

visual analogue scale (VAS). Score ranges from 0 (no pain) to 100 (worst imaginable 

pain). 

12. Arm pain intensity: a self-reported measure of current arm pain intensity on the visual 

analogue scale (VAS). Score ranges from 0 (no pain) to 100 (worst imaginable pain). 

13. Neck disability index (NDI): a measure to quantify disability attributed to neck pain. 

Score ranges from 0 (no activity limitations) to 50 (maximal activity limitations). 

The physical variables (variables 3 to 7) were presently included as previous studies have 

reported persistent deficits in these variables in individuals with CR post-surgery, compared 

to healthy controls; and are thought to be associated with persistent disability in the former 

cohort (Engquist et al., 2015; Peolsson et al., 2013; Wibault et al., 2018; Wibault et al., 

2017). Psychological variables (7 to 10) were presently included as these variables have been 

reported to be either mediators or prognostic factors of disability recovery in musculoskeletal 
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pain disorders (Fordham et al., 2017; Hall et al., 2016; Marshall et al., 2017; Peolsson et al., 

2006).  

Approach to data analysis  

Descriptive summary measures of mean and standard deviation (SD) for all 

continuous variables 3 to 13 as described above were calculated for each follow up time 

point. All analyses codes and data are included in the supplementary material. 

Unfolding of repeated outcome measures. We modelled the change scores of 

outcomes 3 to 12 between 6 months and baseline (i.e. difference between 6 month scores 

from baseline), and between 12 months and 6 months (i.e. difference between 12 month 

scores from 6 month) of the physical and psychosocial variables, to understand the response 

to treatment over time. The change scores between 6 months and baseline are suffixed with 

“d6”, whilst the change scores between 12 months and 6 months are suffixed with “d12”. For 

the variable of NDI, we used the change scores between baseline and 12 months (suffixed 

with “final”). The absolute values of age at baseline, and sex was used in the Bayesian 

Networks (BN) analysis (suffixed with “base”). The specific nature of the unfolding enabled 

us to quantify which variables needed to change and when, to alter the reduction in pain-

related disability. 

Bayesian network analysis. All analyses were performed in R software using the 

bnlearn package (Scutari 2010). BN is a graphical modelling technique (Nagarajan et al., 

2013), used increasingly in the health sciences to understand causal relationships (Farmer 

2014; Sesen et al., 2013; Takenaka and Aono 2017; Zhang et al., 2015). BN are able to 

handle missing data (Friedman 1997), which makes them practical in settings where patient 

records are often incomplete. BN quantifies the relationships among a set of variables X = 

{X1, …,  XN}*, where N is the number of different variables, using a directed acyclic graph 
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(DAG). Each variable is associated with a node and directed arcs represent conditional 

dependencies between pairs of nodes. Building a BN model using a data-driven approach 

involve two stages: 1) structural learning - identifying which arcs are present in the DAG; 

and 2) parameter learning - estimating the parameters that regulate the strength and the 

direction of the corresponding relationships. 

BN can easily include prior knowledge, sourced from the literature and experts, 

during the model building process. In the BN framework, prior knowledge can be included in 

the model as blacklist and whitelist arcs. Blacklist arcs are those which contravene known 

biological/physical mechanisms. For example, depression does not influence age. We 

blacklisted all arcs which point backwards in time (e.g. from ArmPain_d12 to ArmPain_d6). 

We also blacklisted arcs pointing between the nodes of age and sex; and pointing from NDI 

to all other variables – since we were interested in understanding the mediators of pain-

related disability as an outcome. Whitelisted arcs are those where there is knowledge from 

the literature, experts, or where the mechanisms for supporting such arcs are realistic. We 

included arcs as whitelist connecting the change scores for each variable (variables 3-12) 

from 6 months (d6) to the change scores of the same variable at 12 months (d12). Such 

whitelisted arcs represent a form of temporal correlation structure, such as in an Auto-

Regressive process. 

We made use of model averaging to reduce the number of arcs that are incorrectly 

included in the BN. We used the most common implementation of model averaging, that 

consists of resampling the data multiple times (B = 200) using bootstrap and performing 

structure learning on each of the resulting sample using Structural Expectation-Maximization 

(EM) (Friedman 1997). We computed an “average” consensus DAG by selecting those arcs 

that have a frequency of > 70% in the bootstrapped samples, to create a sparse and interpre 

network (Scutari and Nagarajan 2013). We randomly split the data (n = 201) into a training 
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set (n = 181, 90%) and a testing set (n = 20, 10%), and performed structural and parameter 

learning on the training dataset. We used the BN model learned from the training set to 

perform validation on the testing set by computing the correlation coefficient between the 

predicted and observed values of each continuous variable. The strength of correlation was 

categorized as negligible (|r| ≤ 0.30), low (|r| = 0.31 to 0.50), moderate (|r| = 0.51 to 0.70), 

high (|r| = 0.71 to 0.90) and very high (|r| = 0.91 to 1) (Hinkle et al., 2003). A model with 

high predictive performance should have as high a positive correlation as possible in the 

testing dataset. 

Conditional probability queries. The derived averaged BN model can be considered 

an “expert system”, which means that we can elicit a sample of realisations of the modelled 

variables under specific conditions. For example, we can query the system to infer the values 

of NDI_final when NeckPain_d6 reduced by a threshold value. For each conditional 

probability query, we sampled 104 realisations of the variables of interest in order to obtain 

precise probability estimates. We used a technique known as belief updating, which estimates 

the posterior probability of an event happening based on the available evidence on the values 

of certain variables. In particular, we adopted a specific method of belief updating known as 

logic sampling (Nagarajan et al., 2013). 

Results 

The mean (SD) values for all continuous variables 3 to 13 at each follow up time 

point is reported in Fig 1. Bivariate relationships between the change scores for variables 3 to 

13 can be found in Fig2. Fig 3 shows the averaged BN consensus model learnt from 200 

networks constructed from the data, with arcs appearing at least in 70% of the networks kept. 

The predictive correlations for all variables are included in Table 1.  
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**Figure 1**

 

**Figure 2** 

 

**Table 1** 

Table 1. Correlation values between observed and predicted variables in the testing subset of 
data 
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Variables Correlation Strength 

ZUNG_d6 0.31 low 

MSPQ_d6 0.8 high 

SES_d6 0.83 high 

csq_cat_d6 0.69 moderate 

TotROM_d6 0.21 negligible 

Propriop_d6 0.58 moderate 

HandStr_d6 -0.05 negligible 

NeckEndr_d6 0.59 moderate 

ArmPain_d6 0.79 high 

NeckPain_d6 0.85 high 

ZUNG_d12 0.54 moderate 

MSPQ_d12 0.75 high 

SES_d12 0.58 moderate 

csq_cat_d12 0.99 very high 

TotROM_d12 0.26 negligible 

Propriop_d12 0.59 moderate 

HandStr_d12 -0.14 negligible 

NeckEndr_d12 0.57 moderate 

ArmPain_d12 0.74 high 

NeckPain_d12 0.85 high 

NDI_final 0.87 high 

Abbreviation: _d6 – change from baseline to six month follow up; _d12 change from 
baseline to 12 month follow up; _final - change scores between baseline and 12 months; 
HandStr – Total hand strength; NeckEndr – Total neck muscle endurance; Propr – 
Averaged neck proprioception; SES - Self-Efficacy Scale; TotROM – Total range of 
motion; MSPQ - Modified somatic perception questionnaire; csq_cat - Coping strategy 
questionnaire, catastrophizing subscale; ZUNG - self-rating depression scale; NeckPain 
– neck pain intensity; ArmPain – arm pain intensity; NDI- Neck disability index; 

 

Pathway(s) leading to a reduction in pain-related disability 
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Two pathways led to a change in NDI_final: a direct path from SES_d6 to NDI_final, 

and an indirect path from SES_d6, passing through NeckPain (d6 and d12) and ArmPain (d6 

and d12) (Fig 3). From the sampled posterior distribution, a one point increase in SES_d6 

was associated with a 0.10 point decrease in NDI_final (t = -64.09, P < 0.001). The 

probability of having a greater than 50th percentile reduction in NDI_final increased from 4% 

if SES_d6 worsened (i.e. < 0 points), to 47% if SES_d6 improved (i.e. > 0 points). A one 

point increase in SES_d6 was associated with a 0.37 percentage point reduction in 

NeckPain_d6 (t = -46.61, P < 0.001). A one percentage point reduction in NeckPain_d6 was 

associated with a 0.12 reduction in NDI_final (t = 68.89, P < 0.001) and with a 0.56 

percentage point reduction in ArmPain_d6 (t = 74.42, P < 0.001). 

**Figure 3**

 

Simulating an intervention for mediation analysis 

We simulated a scenario where neck pain was not dependent on self-efficacy change 

at 6 months, by fixing the value of the NeckPain_d6 regression coefficients in the local 

distributions to zero, which removed the SES_d6- NeckPain_d6 arc. When fixing the value of 

NeckPain_d6 to zero (i.e. the only path from SES_d6 to NDI_final is the direct path), a one 
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point increase in SES_d6 was associated with a 0.07 point decrease in NDI_final (t = -47.99, 

P < 0.001) (Fig 4). When fixing the values of ArmPain_d12 to zero (i.e. only the direct path 

from NeckPain_d6 to NDI_final remained), a one percentage point reduction in NeckPain_d6 

was associated with a 0.09 reduction in NDI_final (t = 53.38, P < 0.001); and a one point 

increase in SES_d6 was associated with a 0.09 point decrease in NDI_final (t = -60.94, P < 

0.001) (Fig 4). 

The 𝛽𝛽𝑆𝑆𝑆𝑆𝑆𝑆_𝑑𝑑6for the outcome of NDI_final reduced from 0.10 to 0.07, after removing 

the indirect pathway passing through NeckPain_d6; and reduced from 0.10 to 0.09 after 

removing the indirect pathway passing through ArmPain_d12. Hence, 30% of the influence 

of self-efficacy change on disability was due to the simultaneous reduction of neck pain 

and/or arm pain, 10% was due to an eventual reduction in arm pain, and 20% was due to the 

reduction in neck pain alone (Fig 4). The 𝛽𝛽𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁_𝑑𝑑6for the outcome of NDI_final reduced 

from 0.12 to 0.09, after removing the indirect pathway passing through ArmPain_d12. 25% 

of the influence of neck pain reduction at six months on disability was due to the reduction of 

arm pain.  

**Figure 4** 
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Discussion 

Compared to several other musculoskeletal disorders, the mediators that drive an 

improvement in pain-related disability in individuals with CR is unknown. We used BN to 

learn from data, the probabilistic relationships between physical and psychological factors, 

and pain-related disability. Contrary to our hypothesis, physical and psychological factors did 

not mediate the pain-disability relationship. However, neck and arm pain partially mediated 

the relationship between improvements in self-efficacy and pain-related disability.    

Surprisingly, self-efficacy was the only psychological factor which influenced pain-

related disability. A lack of mediation analysis studies in the area of CR, meant that we have 

to compare our findings with that of other painful disorders. In a heterogeneous group of pain 

disorders, self-efficacy has been shown to either mediate the relationship from pain intensity 

to depressive symptoms (Arnstein et al., 1999; Cheng et al., 2018; Craig et al., 2013), or from 

depressive symptoms to pain intensity (Skidmore et al., 2015). This was in contrast to the 

present finding that changes in self-efficacy levels was not related to changes in depressive 

symptoms, but the former was critical in its influence on both neck pain intensity and 
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disability. At the associative level, many studies which investigated post-surgical recovery in 

individuals with CR have reported depressive symptoms to be an important predictor of 

disability (Li et al., 2015; Peolsson et al., 2006; Persson and Lilja 2001; Skeppholm et al., 

2017). A limitation of these studies was that depressive symptoms was not investigated 

together with other psychological factors (Li et al., 2015; Peolsson et al., 2006; Persson and 

Lilja 2001; Skeppholm et al., 2017). This means that the predictive influence of depressive 

symptoms on disability, after accounting for the simultaneous influence of other 

psychological factors, remains uncertain.  

Reduction in levels of neck and arm pain has been thought to be important factors 

influencing the recovery of disability in individuals with CR (Engquist et al., 2015; Passias et 

al., 2018). However, the reduction in neck and arm pain explained only a third of the 

influence of self-efficacy on the recovery of disability. This means that the mechanism of the 

direct pathway between self-efficacy and disability remains to be established. In a study on 

individuals with WAD, two factors were hypothesised to mediate the relationship between 

self-efficacy and disability: ability to decrease pain and coping with pain (Soderlund et al., 

2017). Both mediators were found not to have mediated the strong direct effect self-efficacy 

had on disability (Soderlund et al., 2017). The direction relationship between self-efficacy 

and disability has been consistently reported in spinal pain disorders (Lee et al., 2015; 

Mansell et al., 2013), suggesting that it is a clinically important variable to consider in the 

clinical management of CR. It may be that individuals with higher self-efficacy engaged in 

adaptive behaviours to a greater extent, such as exercises, which improved disability more 

than individuals with lower self-efficacy. 

An interesting question that remains to be explored is what facets of disability are 

differently influenced by direct changes in self-efficacy, indirectly by factors such as neck 

and arm pain, or by latent factors not included in the present study’s model. This is because 
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outcome measures such as the NDI, evaluates the response to ten different domains 

(Steinhaus et al., 2019). A clearer understanding of the causal mechanisms of recovery of 

physical function in people with painful disorders, may first require a more precise definition 

and operationalization of the construct. Towards this end, directly quantifying physical 

function can be achieved using wearable accelerometers to quantify physical activity levels in 

naturalistic settings (Pedler et al., 2018). 

The smaller contribution of arm pain recovery, compared to neck pain recovery, on 

the recovery of disability had indirect support from the literature. A previous study reported 

that the minimum clinically important difference (MCID) after anterior cervical discectomy 

and fusion was 4.1
10

 points for arm pain, and 2.6
10

 for neck pain (Parker et al., 2013). This 

suggests that a unit recovery of neck pain is clinically more important than a unit recovery in 

arm pain in individuals with CR. The odds ratio (OR) of predicting patient satisfaction after 

surgery in individuals with CR, was greater when the recovery of neck pain exceeded the 

MCID (OR = 3.42) than when the recovery of arm pain exceeded the MCID (OR = 2.01) 

(Andresen et al., 2018). The present cohort had on average similar levels of baseline neck and 

arm pain (VASneck = 71.4
100

, VASarm = 64.8
100

). The relative importance of neck versus arm pain 

recovery on disability may differ between clinical sub-groups where neck pain may exceed 

arm pain, and vice-versa. 

Physical factors such as ROM, neck muscle endurance, neck proprioceptive ability, 

and hand grip strength, did not influence the change in disability, which is in disagreement 

with previous studies (Halvorsen et al., 2015; Peolsson and Peolsson 2008; Wibault et al., 

2014). Baseline cervical ROM and self-efficacy values were predictors of baseline disability 

in individuals with CR (Wibault et al., 2014). However, the predictive capacity of self-

efficacy (𝛽𝛽 =  −0.13) was higher than ROM (𝛽𝛽 =  −0.06) (Wibault et al., 2014). In a cross-
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sectional study which used principal components analysis (PCA), the first component which 

explained 56% of the data’s variance had a high weighting for neck muscle endurance 

(Halvorsen et al., 2015). A limitation of using a PCA is that it does not model the relationship 

between the extracted components on the outcome of disability. Peolsson and Peolsson 

(Peolsson and Peolsson 2008) reported in a prospective analysis that cervical ROM and hand 

grip strength were important predictors of long term (range 56 to 94 months) disability. 

However, a limitation of the study was that psychological factors were not included in the 

model (Peolsson and Peolsson 2008).  

The findings of the present study provide unique insights which could optimize post-

surgical management of patients with CR. Although factors such as depression, cervical 

ROM, and neck muscle endurance have been suggested to be important variables (Engquist et 

al., 2015; Li et al., 2015; Peolsson et al., 2013; Peolsson et al., 2006; Persson and Lilja 2001; 

Skeppholm et al., 2017; Wibault et al., 2018; Wibault et al., 2017), the present study suggests 

that therapeutic efforts could be aimed at improving self-efficacy levels within the first six 

months post-surgery to improve pain-related disability in individuals with CR. When 

designing future intervention studies, our findings would predict that two interventions with 

similar effects on self-efficacy would have similar effects on the change in pain-related 

disability in post-surgical individuals with CR. In addition, interventions designed to enhance 

self-efficacy may be better tested on a cohort with low baseline self-efficacy levels – 

otherwise a ceiling effect of improvement in self-efficacy would be reached. A hypothetical 

scenario could be that when baseline self-efficacy level is normal, SES_d6 tends towards a 

fixed value of zero, and arrows leading out of SES_d6 are removed. This means that the 

primary driver of recovery in disability would be the reduction of neck pain.   

Our findings should not be misconstrued to suggest that only cognitive-based 

approaches, and not physical-based approaches should be used in the rehabilitation of post-
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surgical individuals with CR. Physical-based approaches when framed as a means of 

reconceptualising the painful disorder whilst normalizing painful postures and movements, 

have been shown to reduce pain (Vibe Fersum et al., 2013; Vibe Fersum et al., 2019) and 

disability (Vibe Fersum et al., 2013; Vibe Fersum et al., 2019), and improve self-efficacy 

(O'Sullivan et al., 2015).  

Given that the predictive correlation of the model was not high across all variables, it 

suggests some limitations of the model. A limitation may be that we may not have included 

all candidate variables into the BN model. The model’s predictive performance, and the 

learnt dependency relationships, may also be influenced by the sample size of the cohort (see 

range of sample sizes in (Holla et al., 2014)), and the stage of recovery of a disorder. The 

variables included in the current study were based on prior knowledge about their mediating 

and prognostic value. Realistically, the number of variables included into a BN model must 

depend not only on prior knowledge but should also consider the logistical feasibility of 

measuring these measures in a busy clinical environment. Hence, we view the relationships 

learnt in this study within a “hypothesis-generation” framework, where plausible mediators 

identified could be targets of intervention in future randomized controlled studies. Future 

mediation studies would benefit from the present study’s methods, given the capacity to build 

and compare competing models, to evaluate which model best fits the data.  

Conclusions 

Presently there is little high quality evidence from RCTs to guide the optimal post-

operative management in individuals with CR. Improvements in self-efficacy was the 

primary driver influencing the change in neck-pain disability post-operation. Changes in self-

efficacy levels at six months post-surgery had both a direct influence and an indirect 

influence via the mediation of changes in neck and arm pain at six and 12 months, on the 



23 
 

change in disability in individuals with CR. The present study provides candidate modifiable 

mediators that could be the target of future intervention trials. BN models could increase the 

precision of treatment and outcome assessment of individuals with CR.  
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Figure captions 

Fig 1. Mean and standard deviation of clinical variables used in Bayesian Network model. 

Abbreviation: HandStr – Total hand strength; NeckEndr – Total neck muscle endurance; 

Propr – Averaged neck proprioception; SES - Self-Efficacy Scale; TotROM – Total range of 

motion; MSPQ - Modified somatic perception questionnaire; csq_cat - Coping strategy 

questionnaire, catastrophizing subscale; ZUNG - self-rating depression scale; NeckPain – 

neck pain intensity; ArmPain – arm pain intensity; NDI- Neck disability index; 

Fig 2. Pairwise bivariate relationships (Pearson’s correlation) between clinical variables used 

in the Bayesian Network model. Correlation was calculated on instances with complete data. 

Abbreviation: Abbreviation: _d6 – change from baseline to six month follow up; _d12 

change from baseline to 12 month follow up; _final - change scores between baseline and 12 

months; HandStr – Total hand strength; NeckEndr – Total neck muscle endurance; Propr – 

Averaged neck proprioception; SES - Self-Efficacy Scale; TotROM – Total range of motion; 

MSPQ - Modified somatic perception questionnaire; csq_cat - Coping strategy questionnaire, 

catastrophizing subscale; ZUNG - self-rating depression scale; NeckPain – neck pain 

intensity; ArmPain – arm pain intensity; NDI- Neck disability index; 

Fig 3. The directed acyclic graph (DAG) underlying the consensus Bayesian Network of 

learned from the variables across 201 participants. The thickness of the arcs is in proportion 

to their strength. Arcs in red are enforced to be present in the network by the whitelist. Only 

arcs with strength > 0.7 are included in the consensus network. Abbreviation: Abbreviation: 

_d6 – change from baseline to six month follow up; _d12 change from baseline to 12 month 

follow up; _final - change scores between baseline and 12 months; HandStr – Total hand 

strength; NeckEndr – Total neck muscle endurance; Propr – Averaged neck proprioception; 

SES - Self-Efficacy Scale; TotROM – Total range of motion; MSPQ - Modified somatic 

perception questionnaire; csq_cat - Coping strategy questionnaire, catastrophizing subscale; 
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ZUNG - self-rating depression scale; NeckPain – neck pain intensity; ArmPain – arm pain 

intensity; NDI- Neck disability index; 

Fig 4. Contribution of direct and indirect pathways from SES_d6 to NDI_final. (a) total effect 

SES_d6 has on NDI_final, (b) direct effect SES_d6 has on NDI_final, and (c) effect SES_d6 

has on NDI_final after fixing ArmPain_d12. Abbreviation: Abbreviation: _d6 – change from 

baseline to six month follow up; _d12 change from baseline to 12 month follow up; _final - 

change scores between baseline and 12 months; SES - Self-Efficacy Scale; NeckPain – neck 

pain intensity; ArmPain – arm pain intensity; NDI- Neck disability index; 
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