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Abstract 

Different pathophysiological mechanisms contribute to the pain development in 

osteoarthritis (OA). Sensitization mechanisms play an important role in the 

amplification and chronification of pain and may predict the therapeutic outcome. 

Stratification of patients according to their pain mechanisms could help to target pain 

therapy. This study aimed at developing an easy-to-use, bedside tool-kit to assess 

sensitization in patients with chronic painful knee OA or chronic pain after total knee 

replacement (TKR). 

In total, 100 patients were examined at the most affected knee and extra-segmentally 

by use of four standardized quantitative sensory testing parameters reflecting 

sensitization (mechanical pain threshold, mechanical pain sensitivity, dynamic 

mechanical allodynia, pressure pain threshold), a bedside testing battery of 

equivalent parameters including also temporal summation and conditioned pain 

modulation, and pain questionnaires. Machine learning techniques were applied to 

identify an appropriate set of bedside screening tools. 

Approximately half of the patients showed signs of sensitization (46%). Based on 

machine learning techniques a composition of tests consisting of three modalities 

were developed. The most adequate bedside tools to detect sensitization were 

pressure pain sensitivity (pain intensity at 4 ml pressure using a 10 ml blunted 

syringe), mechanical pinprick pain sensitivity (pain intensity of a 0.7 mm nylon-

filament) over the most affected knee, and extra-segmental pressure pain sensitivity 

(pain threshold).  

This pilot study presents a first attempt to develop an easy-to-use bedside test to 

probe sensitization in patients with chronic OA knee pain or chronic pain after TKR. 

This tool may be used to optimize individualized, mechanism-based pain therapy. 
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Introduction 

Osteoarthritis (OA) is a degenerative joint disease characterized by gradual loss of 

articular cartilage [20]. OA is considered the most common form of arthritis and  

is affecting approximately 12% of adults over the age of 60 [34,54]. Hallmark 

symptoms of OA are pain, tenderness, and variable degrees of local inflammation 

[27,34]. In Europe around 20% of chronic pain is related to osteoarthritis [35]. 

Different pathophysiological mechanisms seem to be involved in pain development in 

OA patients such as peripheral and central sensitization, where the latter may 

contribute to the manifestation of diffuse radiating referred pain [4,5,32,44]. In some 

patients, sensory abnormalities can be found in these referred pain areas, i.e. 

cutaneous mechanical hyperalgesia and allodynia [48], and more recently cold 

hyperalgesia [30].  

Central manifestations of sensitization are likely to be important factors contributing 

to the chronification and amplification of pain in OA and are responsible for 

generating extra-segmental widespread sensitization [21,53]. In addition, impaired 

function of the descending pain modulating pathways can enhance the process of 

widespread sensitization [5,24]. In a recent meta-analysis sensitization was 

estimated to be present in about 30% of OA patients [28]. Furthermore, pre-operative 

sensitization is found to be a predictor for developing chronic postoperative pain after 

total knee replacements (TKR) [4,46]. 

Clinically, proxies for centralized sensitization may be detected by e.g. mechanical 

cutaneous hyperalgesia, cold hyperalgesia, tactile allodynia, deep somatic 

hyperalgesia, enhanced temporal summation, and impaired conditioned pain 
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modulation (CPM) [4,21,24]. Subgroups of patients with painful knee OA have 

already been identified in previous studies by use of different stratification tools such 

as sensory testing, comorbidity questionnaires and epidemiological data [11,13,15]. 

However, in order to implement more routine clinical screening and profiling of pain 

mechanisms in chronic pain patients with e.g. OA there is a need to develop a simple 

to use and clinical applicable, bedside tool-kit for detecting sensitization and thereby 

phenotyping patients. Such a diagnostic test may in the future provide better options 

for stratifying the pain management regime.  

Thus, the aim of this pilot study was to develop a clinical applicable, easy-to-use, 

bedside screening tool-kit to identify sensitization in groups of patients with chronic 

knee OA pain or chronic postoperative pain after TKR. To achieve this, we applied 

supervised and unsupervised machine learning techniques in order to identify the 

most accurate combination of parameters indicating sensitization, i.e. quantitative 

sensory testing (QST) and bedside items, temporal summation, CPM, pain 

questionnaires and demographic data. 

 

Methods 

 

This pilot study was approved by the independent local ethics committees of the 

University Hospital of Kiel (AZ D403/18) and committee of the North Denmark Region 

(N-20170088).  

The conduction of the study was in accordance with the declaration of Helsinki. All 

patients signed informed written consent prior to initiation of any protocol required 

procedures. 
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Study design  

The study was conducted in two study centers (Kiel, Germany; Aalborg, Denmark). 

Patients were recruited through personal contact in department of orthopedics and 

trauma surgery of the University Hospital of Kiel, through notice sheets in practices of 

orthopedics and general practitioners, and through telephone calls based on 

information from medical charts of patients from the Aalborg University Hospital.  

After an initial evaluation of eligibility, the patients were invited to the study center. At 

the beginning of the visit the patients were informed, the in- and exclusion criteria 

were checked, and demographic data (age, sex, body mass index (BMI), usage of 

pain medications, and general pain intensities) were collected. The outcome 

assessment tests were performed as follows  

1) Familiarization with the bedside test equipment and the CPM bedside testing 

procedure 

2) Questions about general pain intensities regarding the last week prior to the visit 

3) Quantitative sensory testing (4 parameters) 

Finally, the patients had to fill out a set of questionnaires.  

 

Study population 

To be included in the study, the following requirements had to be fulfilled: 1) Male or 

female between 40 and 80 years of age, 2) body weight between 40 kg and 150 kg  

with a BMI between 19-40 kg/m2, 3) idiopathic osteoarthritic knee pain (index knee) 

diagnosed in accordance with the American College of Rheumatology modified 

clinical classification criteria [1] and verified radiologically as Kellgren-Lawrence 

grade I, II or III at the index knee or chronic knee pain after TKR [23], 4) duration of 

knee pain >6 months with an average daily pain score of ≥4 on a numeric rating 

scale (NRS) over the last week prior to visit [17]. Analgesic medications, including 
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over-the-counter analgesics, non-steroidal anti-inflammatory drug, gabapentin, 

pregabalin, opioids and antidepressants, were allowed.  

The following criteria excluded patients from the study: 1) diagnosed condition 

suggestive of a secondary cause of knee OA (including but not limited to knee 

trauma, septic arthritis, inflammatory joint disease, articular fracture, major dysplasia 

or congenital abnormality, ochronosis, acromegaly, hemochromatosis, Wilson's 

disease, or primary osteochondromatosis), 2) history of surgery (including 

arthroscopy) in the index knee within 3 months prior to visit, 3) history of complicated 

prior injury to the index knee within 12 months prior to visit, 4) history of prior synovial 

fluid analysis showing a white blood cell count ≥2000mm3 that is indicative of a 

diagnosis other than OA at the index knee, 5) use of lower extremity assistive 

devices other than a knee brace or 'shoe lift', use of a cane in the hand opposite to 

the index knee was acceptable, 6) presence of any confounding painful or 

neurological condition that may interfere with assessment of the index knee joint. 

Knee pain should be the predominant pain, but mild OA of the hands and hips were 

allowed, 7) skin lesions in the test area, and 8) history of any other musculoskeletal 

or arthritic condition that may affect the interpretation of clinical efficacy and/or safety 

data or otherwise contraindicates participation in this clinical study (i.e. currently 

symptomatic fractures or any concurrent rheumatic disease such as but not limited to 

fibromyalgia, rheumatoid arthritis, gout, pseudo-gout or Paget's disease and Reiter's 

syndrome).  

 

Quantitative assessment of sensory function  

A comprehensive QST protocol was used to assess the somatosensory signs 

associated with sensitization. A standardized QST protocol was established by the 

German Research Network on Neuropathic Pain to precisely assess the function of 
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the somatosensory innervation in humans [41]. For the present investigation, a sub-

set of four QST parameters were selected to detect sensitization, i.e., mechanical 

pain threshold (MPT), mechanical pain sensitivity (MPS), dynamic mechanical 

allodynia (DMA) and pressure pain threshold (PPT). The Wind-up Ratio (WUR) was 

not included as parameter for sensitization as it does not seem to be able to 

distinguish between different patient groups [7]. In addition, descending pain control 

was assessed (see below). All tests were performed in the area over the most 

affected knee (10 cm proximal of the most affected knee on the vastus medialis of 

the quadriceps femoris), and extra-segmentally at the ipsilateral ventral forearm 

(superficial flexors). Data evaluation was performed as described elsewhere [41]. 

Briefly, z-values were calculated for MPT, MPS and PPT in order to compare 

patient’s data with gender- and age-matched healthy controls. Since there are no 

QST reference values for the thigh and the forearm, the most adjacent reference 

areas were used for calculation of z-values instead, i.e. the dorsum of the hand and 

foot. Z-values above +1.96 indicate abnormal gain of function (hyperalgesia) and 

below -1.96 abnormal loss of function (hypoalgesia) [29]. For DMA, which is normally 

absent in healthy subjects, raw data were used and values above 0 were defined as 

abnormal.  

 

Bedside sensory testing battery 

All bedside tests (Fig. 1) were performed in the area over the most affected knee, (10 

cm proximal of the most affected knee on the vastus medialis of the quadriceps 

femoris), and extra-segmentally at the ipsilateral ventral forearm (superficial flexors). 

 

Mechanical pinprick pain sensitivity 
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A single pinprick, using a 0.7 mm CMS-nylon-filament (Chicago Medical Supply, 

LLC., USA) was applied perpendicularly to the skin (90° angle, until slight bending of 

the hair, which occurs when a force of 75 gram is applied). The patient had to rate 

the pain intensity of the filament on an 11-point numerical rating scale (NRS, 0=no 

pain, 10=worst pain imaginable).  

 

Mechanical temporal summation 

The nylon-filament (0.7 mm) was applied perpendicularly to the skin (90 angle, until 

slight bending of the hair, which occurs when a force of 75 gram is applied). The pain 

intensity of this single application was compared to a series of 10 repetitive stimuli 

(1/s applied within an area of 1 cm2). The patient had to rate the pain intensity of the 

single stimulus and of the last stimulus of the series on a NRS, directly after each 

application. Beside the separate rating of both the single and series stimuli, temporal 

summation was calculated as the difference in pain intensity rating between the last 

stimulus of the series and the single stimulus. In addition, a modified ratio 

(series/single stimulus) was calculated with a 0.5 and a 1.0 shift of the NRS. This 

ratio was used to prevent too many values being lost when dividing by zero, i.e. in 

case the single stimulus is evaluated as 0. 

 

Dynamic mechanical allodynia 

The skin was stroked with a cotton swab for 4 times, i.e. 2 times from each direction 

of a cross with 90° angles and a velocity of 2-3 cm /sec. The length of each stroke 

was 3-5 cm. The patient had to rate the evoked pain intensity on a NRS. 
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Pressure pain sensitivity 

A bedside algometer (10 ml syringe with a covered application button) was applied 

on the skin over a muscle, i.e. vastus medialis or forearm flexor group. First, the air in 

the syringe was compressed with constant speed (1 ml per second, starting at 10 ml) 

until the 4 ml mark was reached and 6ml of air had been compressed (see Video 

Supplement Digital Content 1, which demonstrates the application of the bedside 

algometer, available at http://links.lww.com/PAIN/B385). After this stimulus, the patient 

had to rate whether the stimulus was painful or not. If the stimulus was painful, the 

patient rated the pain intensity on an NRS. Next, the air in the syringe was 

compressed with constant speed (1 ml per second) until the pressure became 

painful. The patient had to indicate immediately when the pressure became painful 

(pressure pain threshold in ml of compressed air within the syringe, with values of 

10ml indicate a low threshold, and values of 0 ml high threshold) [40].  

 

Conditioned pain modulation  

To investigate the descending pain control system, a newly developed CPM bedside 

test was used. This bedside tool has been shown to be reliable [25]. The test 

stimulus was a 6 kg, spring-based pressure algometer, which was applied for 10 sec 

at the m. tibialis anterior (contralateral to the most affected knee side) followed by a 

rating of the pain intensity of the test stimulus (continuous 10 cm visual analog scale 

(VAS), 0=no pain, 10=worst pain imaginable). Then, as conditioning stimulus, a 1.3 

kg pressure clip, was applied to the ipsilateral earlobe for 60 sec, followed by a rating 

of the pain intensity of the conditioning stimulus (VAS). While the tonic earlobe pain 

stimulation still was ongoing at the end of the 60 sec, the 6 kg pressure algometer 

was applied again for 10 sec and followed by a rating of pain intensity of the test 

stimulus (VAS). Conditioned pain modulation effect was calculated as the difference 
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between test stimulus pain ratings without and with conditioning stimulus. Patients 

were defined as CPM responders if they perceived a decreased test stimulus pain 

intensity during conditioning stimulus and as non-responders if they experienced no 

change or an increased test stimulus pain intensity during conditioning stimulus. 

 

Patient reported outcome measures 

Pain intensity ratings 

For the index knee, the average daily pain NRS intensity score over the last week 

prior to the visit was assessed (0=no pain, 10=worst pain imaginable). Furthermore, 

maximal pain intensity during rest (day and night), stair climbing, and walking was 

assessed.  

 

Brief Pain Inventory (BPI) 

The BPI (Severity and Interference scores) is a self-reported questionnaire that 

measures the severity of pain and the interference of pain with function [10,49]. The 

scores range from 0 (no pain) to 10 (pain as severe as you can imagine). There are 4 

questions assessing worst pain, least pain, and average pain in the past 24 hours, 

and the pain right now. The Interference scores range from 0 (does not interfere) to 

10 (completely interferes). There are 7 questions assessing the interference of pain 

in the past 24 hours for general activity, mood, walking ability, normal work, and 

relations with other people, sleep, and enjoyment of life. 

 

Knee injury and Osteoarthritis Outcome Score (KOOS) 

The KOOS is a knee-specific questionnaire which was developed to detect the 

subjective joint discomfort and the related impairment of the patients [43]. It evaluates 

short- and long-term knee-conditions and consists of 42 questions. The questions are 
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grouped into five subscales (pain, symptoms, activities of daily life, sport/recreation 

and knee related quality of life) and items are assessed on a 5-point Likert-scale 

(ranging from 0=no symptoms/presence to 4=extreme symptoms/presence). The 

KOOS scores ranges from 0 (worst) to 100 (best) and are calculated for each 

subscale [42]. 

 

PainDETECT-Questionnaire (PD-Q)  

The PD-Q has been developed as a screening tool for assessing neuropathic 

symptoms in chronic pain disorders. Furthermore, sensitization characteristics in 

chronic musculoskeletal pain such as chronic low back pain and osteoarthritis can 

most likely to some degree be captured [16,19]. 

The questionnaire is comprised of three major components: general pain intensity 

(current, average, maximum pain), pain course pattern and radiating pain as well as 

graduation of pain. Pain graduation consists of 7 questions evaluating typical 

neuropathic symptoms on a 6-point Likert scale (0=never, 5=very strongly). The PD-

Q sum score is calculated by addition of the subject’s responses to all questions 

ranging from -1 to 38. Total PD-Q scores of ≤ 12 (negative) indicate that a 

neuropathic pain component is unlikely, scores of ≥ 19 (positive) indicate that a 

neuropathic pain component is likely and scores of 13 to 18 are uncertain.  

 

Pain Quality Assessment Scale (PQAS) 

The PQAS evaluates both neuropathic pain and non-neuropathic pain components 

by asking patients to rate 20 pain domains (e.g., intensity, shooting, numb, dull) on 

an 11-point NRS (0=no pain or [not sensation/item], 10=the most [descriptor] pain 

sensation imaginable) as the average over the last week [22]. Fifteen items can be 

categorized in three subgroups, i.e. paroxysmal pain (shooting, sharp, electric, hot, 
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radiating), surface pain (itchy, cold, numb, sensitive, tingling) and deep/dull pain 

(aching, heavy, dull, cramping, throbbing) [51]. 

 

Self-constructed questions 

The patients had to answer three questions concerning sensory qualities, which 

indicate the presence of sensitization (pinprick hyperalgesia, allodynia, pressure 

pain) with ‘yes’ or ‘no’: 

1) Have you experienced pain caused by a pointed object touching your skin (the 

point of a pencil, for example) on your skin in the area(s) you indicated on the pain 

drawing during the last week? 

2) Have you experienced pain when something brushed lightly against you in the 

area(s) you indicated on the pain drawing during the last week? 

3) Have you recently experienced pain caused by slight pressure on your skin (a 

finger pushing against you, for example) in the area(s) you indicated on the pain 

drawing during the last week? 

 

Statistics 

 

Sample size considerations 

Sample size was assessed based on the error/precision of the  coefficient [12]. 

Based on observations in previously performed clinical trials and clinical 

experience/routine, it was assumed that 40% of the study cohort would show signs of 

sensitization [2,28]. The above-proposed analyses were performed to identify a well 

performing screening tool. Thus, � was not expected to be very low and for sample 

size purposes, �=0.85 was assumed. The sample size of 100 subjects yielded an 

acceptable lower bound of the confidence interval of � of 0.736.  
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Descriptive statistics 

Continuous variables are expressed as mean values ± standard deviation (SD). 

Categorical data are presented by absolute frequencies and/or percentages. 

Agreement between two variables was assessed by the kappa () coefficient.  

 

Group allocation 

a) QSTGroup method 

The patients were sub-grouped into patients with and without sensitization based on 

two different approaches. First, the four QST parameters were used to assign a 

sensitization status. A patient was identified as ‘sensitized’ if at least one of the four 

investigated QST parameters over the most affected knee indicated hyperalgesia 

(MPT, MPS, PPT) or DMA. 

 

b) StatGroup method 

The second sub-grouping approach was based on a combination of different 

unsupervised machine learning techniques. Four clustering algorithms were applied 

to divide the study cohort into several subsets. Hierarchical clustering was performed 

twice, once for each Ward-fusion-algorithm found in the literature [33] and each of 

them assessing dissimilarities by an Euclidean distances metric. Additionally, the 

partitioning clustering algorithm k-means was applied on the data set as well as a 

principal component analysis (PCA). The latter reduced dimensionality to one 

dimension allowing the natural ordering on real numbers to create two subsets. A 

scree-plot for the PCA identified the reduction to one dimension as meaningful. The 

optimal number of clusters was found by scree-plots for the hierarchical clustering 

algorithms and, in case of the k-means algorithm, by the average silhouette-method. 
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The optimal number of clusters was two for all techniques (see Supplement Digital 

Content 2, available at http://links.lww.com/PAIN/B386, which shows the scree plots 

for the PCA and both hierarchical clustering analyses and the silhouette plot for the k-

means clustering techniques). A patient received the status ‘sensitized’ if at least 

three of the four statistical methods clustered the patient accordingly. All four 

clustering methods have a common advantage compared to the above described 

QST-method, using the complete information of all assessments as opposed to four 

single items. As all assessments are at least to some extent clinically sensible to 

address sensitization, the two clusters which are found by a combination of these 

methods can indeed be connected to sensitization. Thorough point to point and 

overall comparisons to QST findings strengthen this conjecture (see results). 

 

Supervised machine learning to identify best performing bedside test 

Supervised machine learning algorithms were trained on and applied to the data set. 

For robustness, again several procedures were applied: Recursive partitioning, 

random forests, k-nearest neighbors, Naïve Bayes, logistic regression and linear 

discriminant analyses. First, these algorithms were trained on a defined proportion of 

the cohort. Next, the algorithm was exerted on the rest of the study cohort, 

investigating its performance on “unseen”, independent data. Due to the low sample 

size for application of machine learning techniques, the ‘Leave-one-out’-method was 

used: For each patient, the algorithm was trained on the remaining 99 patients and 

the resulting algorithm utilized to classify the patient, who was left out during the 

training. This procedure was repeated for all 100 patients. The relative frequency of 

correct classifications is referred to as the accuracy.  

 

Decision tree 
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To identify potential variables for a new screening tool, recursive partitioning was 

applied to create several decision trees. Due to the sample size, the full data set was 

used to train the algorithm. To prevent over-parametrization and enable a better 

application of the parameter-combination to other patient cohorts, the decision trees 

underwent a procedure called ‘pruning’. The optimal pruning parameter was identified 

by a thorough cross validation technique. To identify the most appropriate tool for 

clinical use, the four time-consuming QST parameters were excluded prior to building 

the decision trees. The decision trees show different possible combinations of the 

investigated parameters, which can be used in a defined sequence to characterize a 

patient as ‘sensitized’ or ‘not sensitized’. 

 

The above supervised machine learning techniques were conducted for both label-

variables (QST and the result of the combined clustering technique). Different 

variables were fed into the supervised machine learning including demographic data 

like age, weight and height, QST and bedside parameters as well as patient reported 

outcome measure as the PD-Q, the KOOS and the BPI (see Supplement Digital 

Content 3, which presents a complete list of variables included in the supervised 

machine learning algorithms, available at http://links.lww.com/PAIN/B386). Clearly 

prior to all supervised machine learning techniques on the QST-label, the QST 

parameters were locally removed to avoid circular reasoning. 

 

Descriptive statistics were performed with IBM SPSS statistics for Windows (version 

23.0, NY). The main statistical analyses were conducted using the statistical software 

R (R Core Team, 2019) [38]. 
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Results 

 

In this study, 100 patients with chronic painful knee OA (n=86) or chronic pain after 

TKR (n=14) were included. Table 1 and 2 show the descriptive analyses of the 

questionnaires and bedside test results. As seen in Table 2, the pain intensity of the 

bedside CMS hair was rated low overall, which may be explained by the fact, that this 

tool is less sharp compared to the pinpricks used within the DFNS QST protocol.  

The sub-set of QST analyses, i.e. frequencies of sensory abnormalities, which were 

used to allocate the patients into the two groups (sensitized/not sensitized) is 

displayed in Table 3.  

Although no CPM effect was observed when comparing the mean values of all 

patients, individual analysis showed a CPM effect in 34% of patients (responders), 

whereas 66% of patients were non-responders, i.e. 36% exhibited an insufficient 

CPM effect and 30% showed no change in pain intensity (non-responders) (Fig. 2). 

 

Subgrouping: Identifying subgroups of patients with and without sensitization 

(QST and unsupervised machine learning) 

Subgrouping of the patients by the two different approaches, i.e. QST and combined 

machine learning techniques, identified 46% of the patients as being ‘sensitized’. 

However, 18 patients received different allocations by the two approaches (Table 4), 

yielding an agreement of  These discordant pairs were revised on a patient level from 

a medical point of view. Overall, the statistical approach seems to be more 

comprehensive compared with the standardized QST, as the unsupervised machine 

learning algorithm includes additional variables, that may have an impact on pain 

sensitization. 
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The variable indicating the QST classification was termed QSTGroup. The variable 

indicating the cluster based on the machine learning techniques was named 

StatGroup. As there is no definite answer which of the two allocations actually 

corresponds to reality, the subsequent analyses were performed for both of these two 

label-variables. 

 

Classification: Identifying a new screening tool for assessing sensitization 

(supervised machine learning) 

As a first step to identify a new screening tool for assessing sensitization, supervised 

machine learning techniques were performed for both label-variables, StatGroup and 

QSTGroup. The accuracy of the different supervised machine learning techniques for 

both label-variables are illustrated in Table 5.  

As a second step, different decision trees containing varying combinations of the 

investigated parameters, were generated depending on the label-variable, StatGroup 

or QSTGroup. The two most promising decision trees are shown in Figure 2 and 

Figure 3. The most promising decision tree for the label-variable StatGroup consists 

of three bedside tests, performed as an if/then approach (Fig. 3). The first test 

assesses pressure pain sensitivity, i.e. pain intensity at 4 ml pressure with the 10 ml 

bedside syringe in the area over the most affected knee (vastus medialis). A pain 

intensity below 1.5 on NRS at the 4 ml mark indicates ‘not sensitized’. In total, 53 

patients rated below 1.5, of whom 85% were correctly defined as ‘not sensitized’. 

These 53 patients are further assessed with the second test of mechanical pinprick 

pain sensitivity (CMS-nylon) over the most affected knee (vastus medialis). An 

evoked pain intensity of <2.5 on the NRS indicates ‘not sensitized’ (n=47). 96% of 

these patients were correctly defined as ‘not sensitized’. Patients with a NRS ≥1.5 

within the first step (pressure pain sensitivity, pain intensity at 4 ml pressure), were 
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further assessed with the third test measuring pressure pain sensitivity, i.e. pain 

threshold (ml compressed) extra-segmentally (ipsilateral forearm). A pressure pain 

threshold of <4 ml indicates ‘not sensitized’ (n=6). The most promising decision tree 

for the label-variable QSTGroup consists of two bedside tests (mechanical temporal 

summation single stimulus extra-segmentally and pressure pain sensitivity, i.e. 

painful when compressed to 4 ml at the index knee) and one questionnaire subscale 

(KOOS knee related quality of life) (Fig. 4).  

 

With regard to the initial sample size calculation (�=0.85), the most promising 

decision tree for the label-variable StatGroup (Fig. 2) revealed an almost perfect 

agreement (0.90), while the most promising tree for QSTGroup revealed a substantial 

agreement higher than the lower bound of the sample size determination ( 0.76).  
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Discussion  

 

According to both sensitization classification approaches (QST, combined machine 

learning techniques) 46% of the patients showed signs of sensitization. The 

classifications of the two approaches coincide for 82 of the 100 patients, showing an 

agreement of .  

Depending on the label-variable, two promising bedside tool-kits were identified that 

reach an average accuracy of 91.8% for the outcome variable StatGroup and 75.8% 

for the outcome variable QSTGroup. Different decision trees were created to 

discriminate patients with and without sensitization. Two decision trees, one each for 

the label-variable StatGroup and QSTGroup, were derived based on optimal 

statistical properties. These decision trees identify variables for a new, easy-to-use 

bedside screening tool, revealing a substantial (QSTGroup) to almost perfect 

(StatGroup) agreement. 

 

Detection and degree of sensitization 

Approximately half of the patients with chronic painful knee OA or chronic pain after 

TKR demonstrated signs of sensitization. Our finding is higher as compared with 

previous estimations from a systematic literature review or results of another 

screening tool where around 30% and 27-38% were found sensitized [2,28]. This is 

most likely because we included chronic patients (>10 years pain duration) who 

suffered from a high pain intensity (NRS >5) [5]. A higher degree of pain in OA is 

related to higher degrees of sensitization [4,14].  

It has been reported that 70% of patients with knee OA had at least one sensory 

QST abnormality [52]. In particular, there was a lower knee pressure pain threshold, 

which occurred in 32% of the patients and in 20% extra-segmentally on the forearm. 
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Focusing on parameters that have been described as reflecting sensitization [4,6], we 

did not examine the full battery of QST parameters. However, cold pain hyperalgesia 

has recently been shown as an interesting possible proxy for sensitization [31] and 

hence, the bedside tool kit can be optimized. Still, compared to previous data [52], in 

the present study almost the same number of patients (34%) showed a reduced 

pressure pain threshold at the knee, while the pressure pain threshold at the forearm 

was reduced more frequently (52%). Both studies, the one described above and 

ours, emphasize the importance of deep somatic hyperalgesia in OA of the knee and 

the apparent spread of hyperalgesia into extra-segmental areas [26]. The presence 

of preoperative sensitization is of clinical importance because it is associated with a 

worse outcome after joint replacement [53]. There have been few studies regarding 

the mechanical detection threshold, but it has been shown that patients with knee OA 

also had higher pain intensities to von Frey filament indicating mechanical 

hyperalgesia [39]. Likewise, we found a lower mechanical pain threshold in 20% of 

the patients segmentally and 46% extra-segmentally, as well as an increased 

mechanical pain sensitivity in 11% segmentally and 18% extra-segmentally. A 

previous study showed that these changes occur even in mild forms of OA and that 

they are also detectable extra-segmentally on the contralateral leg [39].  

 

Although no averaged CPM effect was observed when comparing the mean values of 

all patients, the individual CPM values contained CPM-responders and non-

responders. Hence, the presentation of the distribution of individual CPM responses 

provide information of the underlying variation and subgroups, respectively [3]. The 

mixed distribution of CPM responders and non-responders as previously highlighted 

[3,45,47] should be considered in the future. In addition, the CPM effect is generally 
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influenced by the used testing regime applied [36,50]. This variation is not fully 

understood and future work should address this knowledge gap [37].  

 

Bedside testing 

The tool-kit phenotyping of OA and TKR patients with signs of sensitization may help 

capturing additional facets of the patient’s suffering. This is of importance as pain 

intensity alone cannot mirror the multidimensional pain mechanisms. OA patients 

experience difficulties to express their impairment because of a lack of fitting 

descriptors [9]. Also, psychological constraints, like self-imposed stoicism or 

perseveration of the social-/self-image, complicate the assessment of OA pain [9]. An 

easy-to-use, clinical applicable, bedside tool-kit may expand the repertoire of 

assessment options to improve the care and possible stratify management of OA 

patients. In particular counselling OA patients with signs of sensitization prior to 

surgery may be an important asset. 

 

Identification of a screening tool based on unsupervised and supervised 

machine learning 

To select the most promising algorithm for the identification of sensitization in OA and 

TKR chronic pain patients, the method of unsupervised machine learning was used. 

By this procedure, all assessed parameters could be included into the analysis, 

accounting for the heterogeneity of sensitization. This does not only include bedside 

testing or QST, but also all questionnaires and epidemiological data. 

Subsequently supervised machine learning techniques were applied to the QST- and 

the newly determined unsupervised machine learning-labels. The two most powerful 

screening tools mainly rely on bedside testing except one item of the KOOS (knee 

related quality of life). A connection between pain intensity and quality of life has 
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already been described in previous studies [39]. Signs of sensitization assessed via 

QST were more likely to be found in knee OA patients with higher scores in the 

modified PD-Q [19]. Thus, the PD-Q could be a useful tool for the identification of 

sensitization in OA. PD-Q symptoms and QST seem to address different aspects of 

the pain and sensitization manifestations [18]. In line with this, we found that signs of 

sensitization were present in 46% of the investigated patients, whereas only 13% 

showed a likely neuropathic pain component according to the PD-Q score. The 

majority of patients, however, were characterized by a PD-Q score below 12 

(unlikely). Overall, the PD-Q may not be as relevant as other parameters for 

identification of sensitization in OA. 

 

The most promising algorithm reached an agreement of 90% and consists of three 

bedside tests. 

The first test assesses pressure pain sensitivity with the bedside syringe over the 

most affected knee. A pain intensity <1.5 (NRS 0-10) during a pressure reaching the 

4 ml mark of the syringe indicates ‘not sensitized’. The second test assesses 

mechanical pinprick pain sensitivity using the stiff nylon-filament (0.7 mm) over the 

most affected knee. An evoked pain intensity of <2.5 (NRS 0-10) indicates ‘not 

sensitized’. The third test measures pressure pain sensitivity extra-segmentally. A 

pressure pain threshold below 4 ml indicates ‘not sensitized’. Thus, three simple 

bedside tests, two at the affected joint and one at the forearm, allow classifying 

sensitized OA or TKR patients with high accuracy. It takes about 1 min at most to 

perform the test battery and hence may form the basis for further tests and 

applications. Whether these parameters should be used as an if/then approach as 

shown in the decision tree, or whether it might be easier to perform them 

sequentially, should be discussed in future studies. 
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Limitations 

Machine learning techniques are generally applied to large data sets. A sample size 

of 100 automatically restrains performance and performance measures. Especially 

the split into training and test data set applying supervised machine learning 

techniques further reduces the respective sample sizes. Results of this pilot study 

have to be interpreted with caution and should be validated in studies including larger 

sample sizes. Nevertheless, our sample size calculation using kappa-coefficient 

yielded an acceptable lower bound of the confidence interval. 

Since there are no QST reference values for the thigh and the forearm, the most 

adjacent reference areas were used for calculation of z-values. This might have had 

an influence on our results and could potentially explain the higher frequency of 

mechanical hyperalgesia extra-segmentally compared to the index knee. An 

important limitation of this study concerns the generalizability of the results. Due to 

strict in- and exclusion criteria, our results are limited to a specific patient subgroup. 

Our study population is patients with chronic (>10 years) and moderate-to-high pain 

intensity (NRS >5). Since sensitization has shown various correlations with pain 

duration and pain intensity [4], it remains unknown if the bedside tests would exhibit 

similar findings in pain cohorts with less pain durations and lower pain intensities. In 

addition, an impact of patients’ medication on the presented results could not be fully 

excluded. Sensitization is complex and can present with different sensory symptoms 

and signs. For example, sensitization mechanisms reflected by CPM and PPT seem 

to be different and provide complementary information [8]. Since the bedside tests 

are based on an a priori definition of sensitization (QSTGroup) or a defined selection 

of variables (StatGroup) our results should be considered an attempt to assess 

patients with specific markers of sensitization. 
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Conclusion 

Using different machine learning techniques enabled us to identify the most accurate 

parameters out of a variety of questionnaires and clinical items for identification of 

sensitization in a sample of OA and TKR chronic pain patients. The resulting bedside 

kit contains three easy-to-use items (pressure pain sensitivity and mechanical 

pinprick pain sensitivity over the most affected knee, pressure pain sensitivity extra-

segmentally). Validation of this tool in a larger cohort is necessary to use it in clinical 

practice for mechanistically phenotyping OA and TKR pain patients. 

Potentially, a validated version of these bedside tools could then assist in the concept 

and development of individualized, mechanism-based pain therapy. 
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Legends to the figures 

Figure 1: Bedside sensory testing devices. 

(1) 0.7 mm CMS-nylon filament, (2) cotton swab, (3) 10 ml syringe with blocked tip, 

(4) 1.3 kg pressure clip, (5) 6 kg pressure algometer. 

Figure 2: Individual conditioned pain modulation (CPM) effect. 

Individual CPM effect are ranked and plotted as function of individuals (n=99). The 

CPM effect was calculated as change between pain ratings without conditioning 

stimulus and pain ratings with conditioning stimulus. Patients with negative VAS 

scores were defined as CPM responders (n=34) and patients with no change or 

positive VAS scores were defined as CPM non-responders (n=65). VAS, visual 

analog scale (0=no pain, 10=worst pain imaginable) 

Figure 3: Most promising decision tree for the label-variable StatGroup. 

‘Pruned’ decision tree with all PCA-variables, factor loadings >0,5; green = not 

sensitized (NS), red = sensitized (S). 

 

Figure 4: Most promising decision tree for the label-variable QSTGroup. 

‘Pruned’ decision tree based on all variables (green = not sensitized (NS), red = 

sensitized (S). 

 ACCEPTED

8 8Copyright � by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.            2021



Table 1: Descriptive statistics of the study cohort. 
 
Descriptive statistics n = 100 
Age, years 62.9 ± 9.6 
Females (%) 66 (66%) 
BMI (kg/m2) 28.4 ± 5.0 
Pain duration in index knee (years) 10.9 ± 10.2 
Average daily pain intensity in index knee, last 7 days (NRS) 5.3 ± 1.6 
Max daily pain intensity at rest (NRS)  4.0 ± 2.6 
Max nightly pain intensity at rest (NRS) 4.1 ± 3.1 
Pain walking (NRS)  4.9 ± 2.1 
Pain climbing stairs (NRS)  5.8 ± 2.1 
Brief Pain Inventory (0-10 each)  

Pain severity score 3.7 ± 1.8 
Pain interference score 3.4 ± 2.3 

Knee injury and Osteoarthritis Outcome Score (0-100 
each) 

 

Symptoms 50.0 ±17.9 
Pain 51.3 ± 15.3 
Activities of daily living 49.6 ± 20.5 
Sport and recreation 55.8 ± 32.3 
Knee-related quality of life 57.1 ± 20.3 

PainDETECT Questionnaire score (0-38)  
Total score 11.0 ± 6.3 
Neuropathic component:   
Unlikely (%) 66% 
Uncertain (%) 21% 
Likely (%) 13% 

Pain Quality Assessment Scale (0-10 each)  
Paroxysmal pain 3.5 ± 2.0 
Surface pain 1.6 ± 1.5 
Deep pain 3.3 ± 2.0 

Self-constructed questions  
1) Pain caused by sharp object in the last week (%) 16% 
2) Pain caused by light touch in the last week (%) 20% 
3) Pain caused by light pressure in the last week (%) 44% 

Values are given as mean ± standard deviation or by absolute frequencies and/or 
percentages 
NRS, numeric rating scale (0=no pain, 10=worst pain imaginable) 
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Table 2: Descriptive data of bed-side tests. 
 
Bed-side tests Index knee 

(most affected 
knee) 

Extra-segmental 
(ipsilateral 
ventral forearm) 

Mechanical pinprick pain sensitivity (NRS) 1.3 ± 4.6 1.2 ± 1.4 
Mechanical temporal summation (NRS)   

single stimulus 1.04 ± 1.2 1.3 ± 1.4 
series stimuli 2.6 ± 1.9 2.6 ± 2.0 
difference (series-single stimulus) 1.6 ± 1.4 1.3 ± 1.1 
ratio (series/single stimulus)# 2.2 ± 1.2 1.9 ± 0.8 
ratio (series/single stimulus) with 0.5 
shift 

2.7 ± 1.9 2.1 ± 1.3 

ratio (series/single stimulus) with 1.0 
shift 

2.0 ± 1.0 1.7 ± 0.7 

Dynamic mechanical allodynia (NRS) 0.02 ± 0.2 0 
Pressure pain sensitivity   

Painful when compressed to 4 ml? (Yes 
%) 

59% 67% 

Pain intensity at 4 ml pressure (NRS) 2.0 ± 2.2 2.3 ± 2.4 
Pain threshold (ml compressed) 4.9 ± 1.9 5.0 ± 1.8 

  
Conditioned pain modulation (VAS)  

Test stimulus without conditioning 
stimulus pain rating* 

5.6 ± 2.7 

Test stimulus with conditioning stimulus 
pain rating* 

5.6 ± 3.0 

Conditioning stimulus pain rating* 6.2 ± 2.6 
Values are given as mean ± standard deviation or by absolute frequencies and/or 
percentages 
# 44 missing values for the index knee and 37 extra-segmental (single stimulus was 
rated as ‘0’) 
*one missing value due to unbearable pain during the test, which led  
to termination of test (n=99) 
NRS, numeric rating scale (0=no pain, 10=worst pain imaginable); VAS, visual 
analog scale (0=no pain, 10=worst pain imaginable) 
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Table 3: Quantitative sensory testing results for the most affected knee (index knee) 
and the ipsilateral ventral forearm (extra-segmental). 
 
QST parameter Hypoalgesia, % Normal, % Hyperalgesia, % 
Mechanical pain threshold 

Index knee 9 71 20 
Extra-segmental 6 48 46 

Mechanical pain sensation 
Index knee 6 83 11 
Extra-segmental  6 76 18 

Pressure pain threshold 
Index knee 1 65 34 
Extra-segmental  2 46 52 

Dynamic mechanical allodynia 
Index knee  96 4 
Extra-segmental   97 3 
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Table 4: Distribution of sensitized patients classified with QSTGroup and StatGroup. 
 
                            StatGroup 
QSTGroup Not sensitized (%) Sensitized (%) 

Not sensitized (%) 45 9 

Sensitized (%) 9 37 
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Table 5: Results for label-variable StatGroup and QSTGroup using the ‘Leave-one-
out’ method. 
 

Method 
StatGroup 
Accuracy (%) 

QSTGroup 
Accuracy (%) 

Recursive Partitioning (cp=0.05) 94.0 80.0 
Random Forest 96.0 80.0 
k-nearest neighbors 94.0 73.0 
Naïve Bayes 81.0 73.0 
Logistic regression  75.0 
Linear discriminant analysis 94.0 74.0 
Average 91.8 75.8 
Comparison QST complete data set 82.0  
Logistic regression algorithm did not converge for StatGroup due to a perfect 
separation 
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Conditioned pain modulation (pain ratings, VAS)
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