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Itis still unclear how and why some patients develop painful and others painless polyneuropathy. The aim of this study was to ide@
multiple factors associated with painful polyneuropathies (NeuP). A total of 1181 patients of the multicenter DOLORISK database
with painful (probable or definite NeuP) or painless (unlikely NeuP) probable or confirmed neuropathy were investigated clinically,
with questionnaires and quantitative sensory testing. Multivariate logistic regression including all variables (demographics, medical
history, psychological symptoms, personality items, pain-related worrying, life-style factors, as well as results from clinical
examination and quantitative sensory testing) and machine learning was used for the identification of predictors and final risk
prediction of painful neuropathy. Multivariate logistic regression demonstrated that severity and idiopathic etiology of neuropathy,
presence of chronic pain in family, Patient-Reported Outcomes Measurement Information System Fatigue and Depression T-Score,
as well as Pain Catastrophizing Scale total score are the most important features associated with the presence of pain in neuropathy.
Machine learning (random forest) identified the same variables. Multivariate logistic regression archived an accuracy above 78%,
random forest of 76%; thus, almost 4 out of 5 subjects can be classified correctly. This multicenter analysis shows that pain-related
worrying, emotional well-being, and clinical phenotype are factors associated with painful (vs painless) neuropathy. Results may help
in the future to identify patients at risk of developing painful neuropathy and identify consequences of pain in longitudinal studies.

1. Introduction

Prevalence of chronic pain with neuropathic characteristics
ranges between 7% and 10% in the general population, with
polyneuropathy being a common cause.®® Over 100 different
causes of polyneuropathy have been identified, including diabetic
neuropathies (estimated prevalence of 11%-30%,"*'®) and
multiple nondiabetic conditions (ie, alcoholic, associated with
endocrine or immune diseases, hereditary, drug or toxin-
associated, malignant etc.®'**5%8). Painful neuropathies can be
grouped into symmetrical polyneuropathies, ie, diseases affect-
ing many nerves simultaneously, typically in a length-related
glove-and-stocking distribution, asymmetrical neuropathies with

mono- or multiplex distribution, or processes affecting plexuses
or single nerves.®®

It is still unclear why some patients develop painful and others
painless polyneuropathies. Because there is no definitive single or
overall composite factor that explains individual pain vulnerability
in polyneuropathy, surrogate markers potentially associated with
mechanisms for pain can be used. One approach is to assess the
individual functioning of the somatosensory nervous system (loss
of function/gain of function of nociceptive and non-nociceptive
sensory modalities) using quantitative sensory testing (QST). The
German Research Network on Neuropathic Pain has developed
a standardized QST battery that investigates different afferent
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nerve fiber functions and their central pathways®® to address the
hypothesis that different clinical signs reflect different underlying
mechanisms.® Hierarchical cluster analysis has shown that these
mechanism-related sensory profiles can be classified into 3
groups of neuropathic pain profiles: (1) sensory loss, (2) thermal
hyperalgesia, and (3) mechanical hyperalgesia.®

However, signs and symptoms of polyneuropathy are not
restricted to sensory dysfunction but may also include motor and
autonomic disturbances.'? Although some characteristic symp-
toms may be indicative of certain etiologies of polyneuropathy
especially genetic causes, the clinical phenotype usually varies
between patients even with the same etiology.*'®* There is likely
a bidirectional relationship between the initiation and mainte-
nance of pain and factors such as genetic variants,®57"®
sociodemographic factors,®'® physical activity,?"*° multiple
psychosocial,®"€° and lifestyle factors,*® including sleep prob-
lems, life satisfaction, and adverse childhood events, as well as
pain-related worrying®® and emotional functioning (anxiety or
depression3°:69).

The study aimed to identify the various factors that differentiated
patients with painful neuropathy from those with painless neurop-
athy. Therefore, data from self-reported measures, clinical findings,
and QST from the Dolorisk database*® were analyzed with multiple
regression analyses and machine learning (ML) models.

2. Methods

2.1. Standard protocol approvals, registrations, and
patient consents

The study was approved by the local ethics committees at each
participating center. Informed consent was obtained from all
participants according to the Declaration of the World Medical
Association. The study was registered at clinicaltrials.gov
(NCT04888455).

2.2. Study set-up

The DOLORISK consortium  recruited patients  with
neuropathy >18 years of age from tertiary centers between
2016 and 2019. The DOLORISK study protocol has been
described by Pascal et al.*® In short, patients attending tertiary
centers for treatment or further evaluation of symptoms of
neuropathy underwent phenotyping by different questionnaires
and clinical neurological examination including QST according to
the German Research Network on Neuropathic Pain,®® using
a shortened protocol (see below). Questionnaires assessed
demographic data, pain characteristics, health status, emotional
well-being, personality, and lifestyle. Only data of the cross-
sectional measures were used for this analysis.

2.3. Patients sample

Data of 1550 patients of the DOLORISK database were screened,
and all records extracted that fulfilled the criterion of presence of
probable (presence of a combination of symptoms and signs of
neuropathy include any 2 or more of the following: neuropathic
symptoms, decreased distal sensation, or unequivocally de-
creased or absent ankle reflexes) or confirmed (presence of an
abnormality of nerve conduction or validated measure of small fiber
neuropathy with class 1 evidence with corresponding symptoms)
neuropathy according to the Toronto Consensus Panel on Diabetic
Neuropathy.?%®® Patients were then further divided into those with
painful and painless neuropathy according to the NeuPSIG
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algorithm?®®; Patients with probable or definite neuropathic pain
were classified as painful neuropathy, and those with unlikely
neuropathic pain and without neuropathic pain classified as
painless neuropathy. Note that in those patients with painless
neuropathy, patients may still experience pain at other locations (ie,
headache or musculoskeletal joint pain). Patients with possible
neuropathic pain were excluded from analysis because of lack of
certainty for neuropathic pain. Also, patients with skin lesions or
dermatological disorders in the areas to be tested upon QST, with
any painful or neurological comorbidity that could otherwise
influence testing results such as vascular disease, radiculopathy,
spinal canal stenosis etc. Inclusion was restricted to patients with
distal symmetrical polyneuropathy to make the investigated patient
sample as homogenous as possible.

2.4. Questionnaires
2.4.1. Demographic data and lifestyle

Age, sex, body mass index (BMI), ethnicity, years in education,
family history of chronic pain (whether a first-degree relative report
suffering from pain for more than 3 months), etiology of
neuropathy, presence of adverse childhood experiences and
hospital admissions, smoking, and alcohol habits were assessed.
Harmful alcohol consumption was defined as more than 7 drinks
per week of 0.5 t0 0.6L beer or 0.25 to 0.3L wine or 25 mL spirits
for males and more than 3.5 drinks/week of 0.25 to 0.3 L beer or
0.125 to 0.15L wine or 12.5 mL spirits for females according
to >140 g (males) resp. >70 g (females) alcohol per week as limit
recommended by the German Society for Nutrition.

2.4.2. Pain characteristics

In the group of patients with pain, pain duration, pain course, and
chronic pain grade (CPG) according to Von Korff’! were
assessed. Pain severity was assessed by calculating the average
of the 4 pain items from Brief Pain Inventory (BPI'#): “Pain at its
worst in the last 24 hours,” “Pain at its least in the last 24 hours,”
“BPI Pain on the average in the last 24 hours,” “Pain right now”
upon the BPL.

Severity of neuropathic pain was assessed using the Neuro-
pathic Pain Symptom Inventory.®

2.4.3. Emotional well-being

The Patient-Reported Outcomes Measurement Information
System (PROMIS'S) questionnaires were used to assess anxiety
(PROMIS Short Form v1.0—Anxiety 4a or 6a*®), depression
(PROMIS Short Form v1.0—Depression 4a or 6a*®), sleep
disturbances (PROMIS Short Form v1.0 Sleep Disturbance 4a
or 6a'"), and fatigue (PROMIS Short Form v1.0—Fatigue 4a, 6a,
or 8a%). Items of these self-report questionnaires have 5
response options ranging from 1 to 5 (1 = not at all, 5 = very
much). Sum scores of each scale are converted into a T-Score,
resulting in a standardized score with amean of 50 and a SD of 10
in a reference population. Values > 60 are considered above
average. Higher scores reflect problem severity. For example,
a T-score of 60 on the depression scale is indicative of amoderate
depressed mood.

2.4.4. Personality

The Ten-Item Personality Inventory (TIPI) evaluates 5 personality
dimensions (extraversion, agreeableness, conscientiousness,
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emotional stability, and openness to experience) with 2 items
each. The TIPI norms are based on data collected at https://
gosling.psy.utexas.edu/scales-weve-developed/ten-item-per-
sonality-measure-tipi/.%® Higher values are associated with more
extraversion, agreeableness, conscientiousness, emotional sta-
bility, and openness to experience, respectively.

Of these personality dimension, we aimed to explore the role of
emotional stability in more depth, because this personality
dimension has been found to be related to the reporting of health
complaints and pain.'®"* For that reason, we also used the 10
item Emotional Stability Scale from the International Personality
ltem Pool (IPIP?®). Patients’ answer to what extent each item
describes themselves using a 5 point scale (1 = “very inaccurate”
and 5 = “very accurate”). A sum score is calculated. For the
interpretation of individual scores, the mean and SD for a sample
of persons (same sex and particular age range) is calculated.
Scores within one-half SD of the mean can be interpreted as
“average,” outside that range as “low” or “high.”**

Pain-related worrying was recorded through the Pain Cata-
strophizing Scale (PCS'®%27%). It consists of 13 statements
describing different thoughts and feelings that may be associated
with pain. These statements are to be rated on a 5-point Likert
scale (ranging from 0 “not at all” to 4 “all the time”), a total score is
obtained by scoring all the items. Higher scores indicate greater
pain-related worrying. A total score of 30 is considered a relevant
level of pain-related worrying, representing the 75th percentile of
PCS scores in clinic samples of patients with chronic pain.

2.5. Clinical examination—severity of neuropathy

During clinical examination, nerve conduction tests and/or skin
biopsy were performed to confirm the presence of a length
dependent neuropathy using the algorithm of Tesfaye et al.®® as
mentioned above. Upon clinical examination, severity of neurop-
athy was quantified with the Toronto Clinical Scoring System
(TCSS'9). The TCSS consists of 6 questions for presence of
typical symptoms of polyneuropathy and an investigational part
that examines muscle tendon reflexes of the lower extremities as
well as reaction to different sensory stimuli (pinprick, temperature,
vibration, light touch, proprioception) separate on both lower
extremities. Two points are awarded for a missing reflex, one
point for a weakened reflex, and 0 points for a normal reflex.
Abnormal sensory examinations are awarded 1 point, normal
ones 0 points. The maximum score is 1 for a simultaneous
abnormal sensory sensation on the right and left foot.

Score may range from 0 to 19 (the higher the score, the more
symptoms and abnormal findings upon examination). Because
the TCSS includes a question for presence of pain that separated
the 2 study groups anyway, we excluded this question from the
total TCSS score resulting in a possible total score of 18. The
TCSS total score was not calculated when one or more items
were missing.

2.6. Quantitative sensory testing

All sites underwent strict quality control®® and an analysis of
heterogeneity showed that the database could be analyzed as
a homogenous dataset.”® Quantitative sensory testing was
performed unilaterally in the most affected area, and the
procedure described by Rolke et al.5® was followed with some
exceptions because of time reasons: First, in case of proven
pathological small fiber function, ie, pathological sensory loss
detected by warm detection threshold and/or cold detection
threshold thermal sensory limen was not be performed
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additionally. Second, only 2 repetitions for each stimulus were
performed upon stimulus-response function for the assessment
of mechanical pain sensitivity and dynamic mechanical allodynia.
Before the start of the study, each center was trained for use of
the protocol.

For evaluation of individual QST measurements, data were
compared to a reference database of healthy controls*®4”5% and
z-scores calculated. Z-Score (mean = 0, SD = 1) values indicate
hypo- or hyperfunction of the subject’s sensitivity for each
parameter as compared with the mean of age- and sex-matched
controls. The 95% confidence interval of controls is be-
tween —1.96 and +1.96. Z-values above “0” are indicative of
hyperfunction, that is, patients are more sensitive to the tested
parameter compared to controls (lower thresholds). Z-scores
below “0” are indicative of hypofunction and, therefore, a loss of
or lower sensitivity of the patient compared to controls (higher
thresholds). To determine the sensory phenotype (sensory loss,
thermal hyperalgesia, mechanical hyperalgesia) of each patient,
we used the algorithm proposed by Baron et al.®

2.7. Statistical analysis
2.7.1. Descriptive statistics

The distribution of variables was investigated separately for the 2
subgroups painful/painless neuropathy. Continuous variables are
expressed as mean values + SD. Categorical data are presented
by absolute frequencies and/or percentages.

2.7.2. Inferential statistics and predictive modelling

To identify the most powerful variables associated with painful
polyneuropathy and to classify patients according to these
variables, multivariate logistic regression (MLR) as well as random
forest were conducted—for further details, see below.

2.7.3. Multivariate logistic regression

A MLR including all variables (age, sex, BMI, family history of
chronic pain, PROMIS anxiety, depression, fatigue and sleep
T-Scores, previous traumatic events and hospital stays, TIPI
subscores for extraversion, agreeableness, conscientiousness,
emotional stability, openness, emotional stability score, PCS total
score, TCSS total score, etiology of neuropathy, years of
education, QST Cluster, as well as smoking and alcohol habits)
was performed to investigate their influence on the pain status
(painful or painless neuropathy). Because of missing values,
missing imputation was performed by multivariate imputation by
chained equations (MICE). Multiple (m = 25) complete data sets
were derived by chained equations to account for uncertainty
because of the missing information. Multivariate logistic re-
gression models were applied on all complete data sets to
determine final results by aggregating individual results according
to Rubin rule.>®”

To estimate performance of prediction for unseen data, the
“Leave-one-out’-method was used. For each participant, the
logistic regression model was derived based on the remaining
1180 subjects and the resulting model used to predict the
probability of painful neuropathy for the subject, who was left out
during the training. If this probability was above 50%, the
participant was classified as “painful neuropathy,” otherwise as
“painless neuropathy.” This procedure was repeated for all 1181
subjects. The relative frequency of correct classifications is
referred to as the accuracy. To make results comparable to the
ML procedure random forest, this and other standard ML-
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performance metrics (accuracy, balanced accuracy, F1, and
Kappa) were derived. To correct for imbalanced data (painful
neuropathy: 843, painless neuropathy: 338), additionally to
accuracy, the balanced accuracy and F1 statistics were derived.
The balanced accuracy is the mean of the 2 relative frequencies of
positive and negative cases identified correctly. The F1 statistics,
commonly used in ML in case of imbalanced data, is defined as:

F1 = 2 X (recall X precision)/(recall + precision)

Additionally, the Kappa-coefficient was determined to assess
the level of agreement between predictions and true neuropathy
status (painful/painless), correcting for random agreement.

2.7.4. Machine learning

As a second method, ML, more specifically random forest, was
used for the identification of predictor variables and risk
estimation of painful neuropathy. The advantage of random
forest compared to MLR with MICE is that random forest also
recognizes nonlinear relationships.

A random forest with 500 trees was applied on the data. The
500 random samples of the usual 63.2% of observations were
used to fit 500 decision trees. The remaining observations form
the out-of-bag set and enable assessing performance on
unseen data similar to the leave-one-out technique described
above. Additionally, variable importance was assessed to
determine how important different variables are for classifying
the neuropathy status correctly. As the regular classification
and regression trees are biased toward continuous variables
and variables with many categories, unbiased conditional
inference trees were used to account for the situation of
different variable types.®2 The same 4 performance metrics as
for logistic regression were assessed for random Forest (ie,
accuracy, balanced accuracy, F1, and Kappa).

2.7.5. General

P < 0.05 was considered statistically significant; thus, the
significance level was not adjusted for multiplicity. The statistical
analyses were conducted using the statistical software R.

3. Results

Data from 1181 participants were included in the analysis
(Fig. 1). Approximately 2 thirds of patients were males. A total of
1061 (89.8%) had a confirmed neuropathy, 120 (10.2%)
a probable neuropathy according to Tesfaye et al.®® A total of
843 (71.4%) of patients had a painful neuropathy (see also
Tables 1-3), and 338 (28.6%) patients had a painless
neuropathy (Tables 2 and 3).

The most affected area (99.5% of patients) was the feet. Most
of the patients were Caucasian (99.1%) and suffered from
diabetic neuropathy (73.8%).

According to the QST, the majority of patients was allocated to
the sensory loss phenotype (>50%), followed by the mechanical
hyperalgesia phenotype in app. 26% and the thermal hyper-
algesia phenotype in app. 19%.

3.1. Painful neuropathy

Pain characteristics of patients with painful neuropathy are
shown in Table 1. More than 80% had experienced pain for at
least 1 year with a high number of patients being only minor
impaired according to the CPG (app. 45%, CPG 1 and 2,
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Table 1). More than 60% were living with persistent pain with or
without paroxysmal attacks (Table 1). About 56.1% of patients
reported taking pain medication. Of these, 78.2% were treated
according to current treatment recommendations for neuro-
pathic pain,?? ie, had anticonvulsants, antidepressants, top-
icals, or opioids.

3.2. Painless neuropathy

Thirty-seven (app. 11%) of the patients classified as painless
reported to suffer from pain of other origin. Of these, 81%
reported that they had not suffered from pain within the last
24 hours (BPI), and 77.7% reported that they had not suffered
from pain within the last 7 days (BPI) or 4 weeks (BPI). Mean
pain intensities were 0.54 = 1.2, range 0 to 5 NRS (numeric
rating scale with zero meaning “no pain” and 10 meaning “the
worst pain imaginable) for pain within the last 24 hours; 0.6 +
1.6, range 0 to 6 NRS for pain intensity within the last 7 days;
and 0.75 = 1.7, range 0 to 9 NRS for pain intensity with the last
4 weeks in the group with painless neuropathy.

3.3. Comparison of patients with painful and
painless neuropathy

Compared with painless patients, those reporting painful
neuropathy were younger, had a higher BMI, a more severe
neuropathy, and were less likely to have diabetic neuropathy
and more likely to have idiopathic neuropathy. They also had
a higher frequency of pain in their family, higher depression and
anxiety scores, more sleep problems and fatigue, were less
extraverted and emotional stable, and showed higher levels of
pain-related worrying. Finally, they also reported less current or
previous misuse of alcohol and a higher number of packyears of
smoking compared to patients with painless neuropathy
(Tables 2 and 3). The frequency of the different sensory
clusters (loss, mechanical and thermal hyperalgesia) was
similar in both groups (Table 2).

3.4. Risk estimation for painful neuropathy using multivariate
logistic regression

Multivariate logistic regression with MICE demonstrated that
neuropathy severity (TCSS total score, P < 0.0001), etiology of
neuropathy (presence of idiopathic neuropathy including patients
with only small-fiber neuropathy, P < 0.0001), presence of
chronic pain in family (P < 0.0001), PROMIS Depression (P =
0.0383), Fatigue T-Score (P = 0.005), and PCS total score (P =
0.0003) were the most important parameters associated with the
presence of pain in neuropathy (Table 4).

The results for the 4 performance metrics, accuracy, balanced
accuracy, F1, and Kappa, are illustrated in Table 5. Using the
logistic regression for predicting painful or painless neuropathy,
an accuracy of 78% is achieved, which means that almost 4 out of
5 patients will be classified correctly.

3.5. Risk estimation for painful neuropathy using
machine learning

Random forest revealed almost the same variables accounting for
the presence of painful neuropathy compared to MLR suggesting
that results of this analysis are robust (Fig. 2).

Using random forest with 500 trees for predicting painful or
painless neuropathy, an accuracy of 76% is achieved; thus, more
than 3 out of 4 patients will be classified correctly (Table 5). The
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Figure 1. STROBE flowchart of included patients from the DOLORISK database. GBS, Guillan-Barré syndrome; PAVK, Peripheral artery disease; STROBE,

Strengthening the Reporting of Observational studies in Epidemiology.

analysis on variable importance also determined the PCS total
score, etiology of neuropathy, TCSS total score, presence of
chronic pain in family, PROMIS Depression, and PROMIS Fatigue
T-Scores as the most relevant.

3.6. Goals and meaning of the different statistical
prediction models

Among a vast variety of different candidates, the most meaningful
variables for predicting painful or painless neuropathy were
identified as mentioned above. Subsequently, the identified
variables were combined to actually classify neuropathy (pain-
ful/painless). For these purposes, 2 different statistical models
were applied for robustness.

Logistic regression models the probability of painful neurop-
athy in a linear fashion, allowing to express the relationship
between predictors and outcome in a closed (ie, direct and
explicit) form. For our reduced model, the following formula
results for the probability (P) of a painful neuropathy:

_exp (2) .
~ exp(1 +Z)’WIth

= —4.81+1.25 PainFamily + 0.03 X PROMISDepression
+ 0.045 X PROMISFatigue + 0.033 PCS + 0.109 TTS
— 0.076 X Etiology of neuropathy : Chemotherapy
—induced + 1.50 X Etiology of neuropathy : idiopathic
+ 0.82 X Etiology of neuropathy : other

History of chronic pain in family are coded No = 0, Yes = 1.
Etiology of neuropathy is dummy-coded; thus, if neither
chemotherapy-induced, idiopathic or other is true, a O has to
be inserted for all 3 variables. For example, a subject with
presence of chronic pain in the family (PainFamily = 1), a PROMIS
Depression and Fatigue score of 55 and 51, respectively, a PCS
total score of 20, a TCSS of 11, and a chemotherapy-induced
neuropathy (thus the other dummy-variables 0) has an estimated
probability of a painful neuropathy of 91.1%.
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Pain characteristics of patients with painful neuropathy
(n = 843).

BPI Pain Severity (mean = SD [range]), n = 685 41 =24 (0-10)

NPSI total score (mean =+ SD [range]), n = 762 29.6 = 20.9 (0-95)

Pain course (n = 769), n (%)

Persistent pain with slight fluctuations 198 (23.5%)
Persistent pain with pain attacks 316 (37.4%)
Pain attacks without pain between them 255 (30.2%)
Duration of pain (n = 792), n (%)
Less than 1 month 9(1.1%)
1-3 months 8 (0.9%)
3-12 months 64 (7.6%)
1-5 years 371 (44.0%)
More than 5 years 340 (40.3%)
Chronic pain grade (n = 509), n (%)
Low disability—low intensity 220 (26.1%)
Low disability—high intensity 158 (18.7%)
High disability—moderately limiting 58 (6.9%)
High disability—severely limiting 73 (8.7%)

Note that both, BPI and NPSI, ask for a rating of pain within the last 24 hours; thus, it is possible to have a sum
score of “0” (in case of presence of only intermittent pain that has not been present within the last 24 hours).
BPI, Brief Pain Inventory; NPSI, Neuropathic Pain Symptom Inventory.

Random forest generates 500 decision trees based on the
described random samples of observations. Future subjects
follow the branches of all 500 trees according to their individual
patient characteristics. For example, a decision node of a tree
might check whether “PCS total score <15.” If this is true, the
subject follows the left branch; if false, the right branch and
continue to the next decision node in that tree. Each subject thus
ends up in 500, potentially different, final nodes, so-called “leafs.”
Each leaf represents a classification for painless or painful
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neuropathy. The overall final classification is made by a majority
vote. Variables meaningful for the prediction are identified by their
importance regarding all 500 trees.

Thus, both procedures fulfil both goals of identifying
meaningful variables and allowing to predict the outcome, ie,
painful or painless neuropathy, based on the identified
variables.

4. Discussion

We conducted a multicenter, cross-sectional analysis integrating
and investigating clinical and sensory phenotype as well as
extensive and detailed demographic and family data, personality,
individual differences, emotional well-being, and life-style varia-
bles for the prediction of painful neuropathy. Both analyses, MLR
and ML, revealed that neuropathy severity and idiopathic etiology
as well as family history of pain, pain-related worrying, depressed
mood, and fatigue are associated with painful neuropathy.
While logistic regression models the probability of painful
neuropathy in a linear fashion, allowing to express the relationship
between predictors and outcome in a closed (ie, direct and
explicit) form, random forest generates 500 decision trees based
on the described random samples of observations. Future
subjects follow the branches of all 500 trees according to their
individual patient characteristics. For example, a decision node of
a tree might check whether “PCS total score <15.” If this is true,
the subject follows the left branch; if false, the right branch and
continue to the next decision node in that tree. Each subject thus
ends up in 500, potentially different, final nodes, so-called “leafs.”
Each leaf represents a classification for painless or painful
neuropathy. The overall final classification is made by a majority
vote. Variables meaningful for the prediction are identified by their
importance regarding all 500 trees. Thus, both procedures fulfil

Clinical and demographic characteristics of patients with painful and painless neuropathy.

All (n = 1181)

Painful neuropathy (n = 843)

Painless neuropathy (n = 338) P

Age (y; mean = SD [range]) 65.8 = 12.0 (19-92) 64.9 = 12.4 (19-92) 68.1 = 10.6 (19-87) <0.0001
Sex, n (%)
Males 776 (65.7%) 558 (66.2%) 218 (64.5%) 0.63
Females 405 (34.3%) 285 (33.8%) 120 (35.5%)
BMI (mean = SD [range]) 29.1 £ 5.8 (14.9-67.9) 29.3 £ 5.9 (14.9-67.9) 28.6 = 5.6 (18.8-58.1) 0.049
Ethnicity, n (%) 1001 (84.8%) 697 (82.7%) 304 (89.9%) 0.26
Asian 55 (4.7%) 41 (4.9%) 14 (4.1%)
Black 33 (2.8%) 27 (3.2%) 6 (1.8%)
White 992 (76.4%) 620 (73.6%) 282 (83.4%)
Other 11 (0.9 9(1.1%) 2 (0.6%)
Etiology of polyneuropathy, n (%) 1170 (99.1%) 839 (99.5%) 331 (97.9%) <0.0001
Diabetic 872 (73.8%) 585 (69.4%) 287 (84.9%)
Chemotherapy induced 55 (4.7%) 33 (3.9%) 22 (6.5%)
Idiopathic 196 (16.6%) 179 (21.2%) 17 (5.0%)
Other* 47 (4.0%) 42 (5.0%) 5 (1.5%)
Toronto Total Score, n (%)t 1175 (99.5%) 839 (99.5%) 336 (99.4%) <0.001
Mean =+ SD (range) 9.36 + 4.22 (0-18) 9.89 + 419 (0-18) 8.03 + 3.82 (1-18)
QST cluster, n (%) 1173 (99.3%) 840 (99.6% 333 (98.5%) 0.98
Mechanical hyperalgesia 303 (25.7%) 218 (25.9% 85 (25.1%)

Sensory loss
Thermal hyperalgesia

651 (55.1%)
219 (18.5%)

(
466 (55.3%
156 (18.5%

185 (54.7%)
63 (18.6%)

* Etiologies of other neuropathies include alcoholic neuropathy, Vit. B12-deficiency, hereditary neuropathy.
t For the Toronto Total Score, the question for presence of pain was excluded from the total score resulting in a maximum score of 18 instead of 19.%°

QST, quantitative sensory testing.
P (significance) refers to painful vs painless neuropathy.



1871ZIMNZ[DBPXZOBBAROATOAEIOYIASALLIAIPOOAEIEAHIOI/ADO AU

MY TXOMADYOINXYOHISABZIY TN+ NIOITWNOIZTARY HGRSHNAYE AQ ured/woo mm| sjeulnol//:dny woly pspeojumod

¥¢0¢/90/.0 uo

Month 2024 e \Volume 00 ¢ Number 00

www.painjournalonline.com

Questionnaire results of patients.

All (n = 1181) Painful neuropathy (n = 843) Painless neuropathy (n = 338) P
Years in education, n (%) 723 (61.2%) 522 (61.9%) 201 (59.5%) 0.14
Mean =+ SD (range) 13.4 £ 4.7 (3-74) 13.3 £ 5.0 (3-74) 13.8 = 3.7 (3-28)
Current or previous alcohol misuse, n (%)* 758 (64.2%) 550 (65.2%) 208 (61.1%) 0.0022
No 663 (56.1%) 494 (58.6%) 169 (50%)
Yes 95 (8.0%) 56 (6.6%) 39 (11.5%)
Smoking yes/no, n (%) 756 (64.1%) 550 (65.2%) 206 (76.9%) 0.164
Packyears; (mean = SD [range]) 11.2 = 24.8 (0-247.5) 12.2 = 26.4 (0-247.5) 8.5 = 19.9 (0-171.5) 0.0395
Family history of chronic pain, n (%) 1069 (90.5%) 748 (88.7%) 321 (95%) <0.001
No 819 (76.6%) 531 (71.0%) 288 (89.7%)
Yes 250 (23.4%) 217 (29.0%) 33 (10.3%)
Previous traumatic events, n (%) 739 (62.6%) 534 (63.3%) 205 (60.7%) 0.36
None 514 (69.6%) 363 (68.0%) 151 (73.7%)
Yes, 1 137 (18.5%) 105 (19.6%) 32 (15.6%)
Yes, 2 40 (5.4%) 32 (6.0%) 8 (3.9%)
Yes, more than 2 48 (6.5%) 34 (6.4%) 14 (6.8%)
Long hospital periods before the age of 18, n (%) 738 (62.5%) 532 (63.1%) 206 (61%) 0.48
No 636 (86.2%) 455 (85.5%) 181 (87.9%)
Yes 102 (13.8%) 77 (14.5%) 25 (12.1%)
PROMIS depression, n (%) 77 (48.9%) 408 (48.4%) 169 (560%)
T-score (mean = SD [range]) 50.0 = 9.7 (38.2-81.3) 52.0 = 9.7 (38.2-81.3) 45.3 = 7.9 (38.2-68.7) <0.001
Abnormal result, n, (%) 89 (15.4%) 82 (20.1%) 7 (4.1%) <0.001
PROMIS anxiety, n (%) 520 (44%) 357 (42.3%) 163 (48.2%)
T-score (mean = SD [range]) 49.4 = 10.6 (37.1-83.1) 51.1 =11.0 (37.1-83.1) 45.6 = 8.6 (37.1-70.8) <0.001
Abnormal result, n (%) 79 (15.2%) 71 (19.9%) 8 (4.9%) <0.001
PROMIS sleep, n (%) 571 (48.3%) 404 (47.9%) 167 (49.4%)
T-score (mean = SD, [range]) 50.9 = 9.7 (28.9-76.5) 52.3 + 9.7 (28.9-76.5) 47.4 + 8.6 (28,9-76.5) <0.001
Abnormal result, n (%) 91 (15.9%) 79 (19.6%) 12 (7.2%) <0.001
PROMIS fatigue, n (%) 439 (37.2%) 342 (40.6%) 97 (28.7%)
T-score (mean = SD, [range]) 55.81 = 10.9 (40.7-78.3) 57.8 =10.4 (40.7-78.3) 49.0 + 9.6 (40.7-77.0) <0.001
Abnormal result, n (%) 174 (39.6%) 159 (46.5%) 15 (15.5%) <0.001
TIPI extraversion, n (%) 688 (58.3%) 495 (58.7%) 193 (57.1%)
Mean =+ SD (range) 41 =15(1-7) 40=*=15(1-7) 42 +16(1-7) 0.041
Highly extraverted, n (%) 102 (14.8%) 64 (12.9%) 38 (19.7%) 0.025
TIPI agreeableness, n (%) 686 (58.1%) 491 (58.2%) 195 (57.7%)
Mean =+ SD (range) 51x13(1-7) 50=*=13(1-7) 52 *+12(1.5-7) 0.20
High agreeableness, n, (%) 83 (12.1%) 66 (13.4%) 17 (8.7%) 0.09
TIPI conscientiousness, n (%) 692 (58.6%) 497 (59%) 195 (57.7%)
Mean + SD (range) 5.6 +1.3(1-7) 56 +13(1-7) 57 £1.2(2-7) 0.28
High conscientiousness, n (%) 166 (24.0%) 118 (23.7%) 48 (24.6%) 0.81
TIPI emotional stability, n (%) 694 (58.8%) 498 (59%) 196 (58%)
Mean + SD (range) 50 +15(1-7) 49 +15(01-7) 52 *+15(1-7) 0.009
High emotional stability, n (%) 188 (27.1%) 128 (25.7%) 60 (30.6%) 0.19
TIPI openness, n (%) 693 (58.7%) 498 (59%) 195 (57.7%)
Mean =+ SD (range) 49 =1.4(1-7) 49 =1.4(1-7) 49+12(1-7) 0.50
High openness, n (%) 55 (7.9%) 44 (8.8%) 11 (5.6%) 0.16
IPIP emotional stability, n (%) 695 (58.8%) 499 (59.2%) 196 (58%)
Mean =+ SD (range) 34.1 = 8.9 (10-50) 33.1 = 8.9 (10-50) 36.7 + 8.2 (14-50) <0.001
PCS, n (%) (mean = SD, [range]) 1061 (89.8%) 716 (84.9%) 300 (88.8%)
Total 14.9 = 13.2 (0-52) 17.7 = 13,5 (0-52) 8.2 = 9.7 (0-39) <0.001
PCS rumination 5.4 = 4.9 (0-16) 6.3 = 4.9 (0-16) 3.4 + 41 (0-16) <0.001
PCS magnification 3.2 +3.0(0-12) 3.8 =3.1(0-12) 1.8 =22 (0-11) <0.001
PCS helplessness 6.4 = 6.3 (0-24) 7.7 = 6.5(0-24) 3.0 =4.2(0-19 <0.001

* Defined as more than 7 drinks per week of 0.5 to 0.6 L beer or 0.25 to 0.3 L wine or 25 mL spirits for males and more than 3.5 drinks/week of 0.25 to 0.3 L beer or 0.125 to 0.15 L wine or 12.5 mL spirits for females.
IPIP, The 10-item International Personality Item Pool’s; PCS, Pain Catastrophizing Scale; PROMIS, Patient-Reported Outcomes Measurement Information System; TIPI, Ten-ltem Personality Inventory.

P (significance) refers to painful vs painless neuropathy.
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Final results of the multivariate logistic regression with
multivariate imputation by chained equations.

Coefficient P
Presence of chronic pain in family 1.2464 <0.0001
PROMIS depression T score 0.0304 0.0383
PROMIS fatigue T score 0.0454 0.0051
PCS total score 0.0334 0.0003
Toronto total score 0.109 <0.0001
Diagnosis of neuropathy: chemotherapy induced —0.0755 0.8254
Diagnosis of neuropathy: idiopathic 1.4973 <0.0001
Diagnosis of neuropathy: other* 0.8155 0.1326

This table show the regression coefficients and their respective Avalues of all variables included in the
multivariate logistic regression model investigating their influence on pain status (painful or painless
neuropathy). A positive coefficient represents an increased probability of painful neuropathy with increasing
value of the respective variable.

Note that chemotherapy-induced neuropathy has a negative algebraic sign, meaning that this is not a risk
factor for painful neuropathy but rather induced painless neuropathy in our sample.

* Diagnosis of neuropathy “other” includes alcoholic neuropathy, Vit. B12-deficiency, hereditary.

IPIP, International Personality Item Pool’s; MICE, multivariate imputation by chained equations; PROMIS,
Patient-Reported Outcomes Measurement Information System; PCS, Pain Catastrophizing Scale; TIPI, Ten-
Item Personality Inventory.

both goals of identifying meaningful variables and allowing to
predict the outcome, ie, painful or painless neuropathy, based on
the identified variables.

In the present study, polyneuropathy was defined using the
criteria according to the Toronto Consensus Panel on Diabetic
Neuropathy,®® neuropathic pain according to the NeuPSIG
definitions,?® and the TCSS'C for severity of neuropathy. As
various clinician-rated measures that incorporate neuropathy
signs exist, it is not clear which of these measures performs
best for various polyneuropathy phenotypes.?* Results might
have been different if other classifications would have
been used.

Some of the factors associated with painful neuropathy have
already been shown to be risk factors associated with chronic
pain or are well known to modulate pain perception such as pain-
related worrying and emotional well-being, 2”445 |arger areas
of hypoesthesia after surgery,? family history of body pain,”® or
obesity.?%®" A unique feature of this study, however, is the
integration of sensory phenotype as well as extensive and
detailed demographic and family data, personality, emotional
well-being, and life-style variables. Our analysis identified some
unique factors associated with painful neuropathy. Although the
use of a cross-sectional design does not allow cause—effect
inferences, our findings may provide input to research specifically
focusing upon causal inference.!” These results may then help to
identifying patients at risk for the development of painful

Final results of the logistic regression and random forest
analysis by comparison.

Logistic regression

Random forest

Accuracy 0.7772 0.7612
Kappa 0.4094 0.4082
Balanced accuracy 0.6891 0.7016
F1 0.5536 0.5740

This tables demonstrates and compares the performance of the 2 statistical analyses applied to classify pain
status (painless or painful neuropathy). Because of imbalance of the classes in addition to the accuracy
(overall relative frequency of correct classifications) and Kappa-statistics, the balanced accuracy (arithmetic
mean of relative frequencies of correct classifications of both classes) and F1 statistics are shown (see
Methods section for details). Higher values indicate better performance, max. value is 1 (100%).

PAIN®

neuropathy in clinical practice. Our findings are promising in this
regard: our final algorithms allow to classify patients with painful
neuropathy in almost 4 out of 5 cases.

Supporting our findings, a recent study testing ML approaches
including random forest applied to questionnaire data only in
people with diabetic neuropathy also found that depression and
personality traits were of value in classifying painful (vs painless)
diabetic neuropathy in addition to the metabolic factors HBA1C
and BML.”

In this study, factors from each dimension of the biopsy-
chosocial model of pain were associated with neuropathic pain:
biological factors (severity of neuropathy, etiology), psychological
factors (depression, fatigue, anxiety, pain-related worrying), as
well as social factors (pain in family). This strengthens the
importance to not only focus on one of these 3 factors in the risk
evaluation for chronic pain, ie, to consider the patient not only in
terms of the biological causes of pain, but also in terms of his or
her emotional state and social environment. This might be useful
not only for diagnostic settings but also for therapy
evaluation.?64°

Comparison of patients with painful and painless neuropathy
revealed that patients with painful neuropathy were slightly
younger and not as extraverted and emotional stable than
patients with painless neuropathy. Often older age is thought to
be associated with a risk for the development of chronic pain such
as in postherpetic neuralgia,*>*8"® but there are also several
prospective and retrospective studies that have demonstrated
that younger age is associated with the presence of chronic
pain.®®%272 The exact mechanisms how age influences pain are
still unclear. While a reduced immune system in the elderly and
age-related changes of the nociceptive system because of, for
example, a diminished supply of neurotrophic factors and thus
a higher susceptibility to neuropathy-inducing insults might add
to the risk for postherpetic neuralgia in older people,®' other
factors, ie, psychological or social might be more important than
biological reasons for the risk of chronic pain in younger patients.
This again strengthens the importance to regard pain in
a biopsychosocial context. However, it is noteworthy that age
did not turn out to be an important predictor in the final
multivariate model.

Of note, almost half of the patients with painful neuropathy
reported low levels of pain-related disability measured with CPG.
This fits well with the observation that the influence on daily life
does not result from CPG or pain intensity.2®

Interestingly, in this study, diabetes did not turn out as a risk
factor for painful neuropathy—the frequency of diabetic neurop-
athy was even lower than in patients with painless neuropathy.
Unfortunately, we did not ask for previous pain conditions during
the course of diabetes. It might be possible that painful
neuropathy in some patients moved to painless neuropathy in
the course of disease. However, this can only be investigated in
prospective longitudinal studies and not in a cross-sectional
study like the one performed here. So far, few longitudinal studies
are available; one recently published study interestingly showed
an increased number of patients with pain in diabetic neuropathy
upon 5-year follow-up.”” Thus, it seems also necessary for future
studies to investigate stability of clinical phenotypes over the
years.

5. Limitations

Our aim was to investigate the factors that are associated with
painful neuropathy and not for the occurrence of pain overall. Our
categorization of painful and painless neuropathy (see methods)
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Random Forest — Variable Importance
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Figure 2. Importance of variables for the presence of painful neuropathy. This figure illustrates the variable importance (V1) of variables included in the random forest
analysis to classify pain status (painless or painful neuropathy), ranked from highest importance to lowest. Higher VI demonstrates a stronger contribution to the
accuracy (relative frequency of correct classifications) and thus a higher relevance for classifying pain status compared to variables with a lower VI.

did not take into account other forms of pain. It may well be that
these other forms of pain may have impacted our results. Pain,
regardless of whether it is neuropathic or not,*® has an impact of
mood and quality of life. Nevertheless, we attempted to minimize
that bias by excluding patients with other pain conditions in the
area of neuropathy. Also, all included patients were instructed to
fill out the questionnaires with regard to the symptoms of
neuropathy.

Our study design was cross-sectional, and it may well be that
some factors may be consequences rather than antecedents of
chronic pain, eg, depressed mood and pain-related worrying.
Results should be interpreted with care and confirmed in an
independent prospective longitudinal study, taking into account
possible biases. This, however, is difficult in polyneuropathy
because with the exception of chemotherapy-induced neurop-
athy, where a possible trigger of neuropathy allows for
prospective investigation, the onset of neuropathy is often
insidious and no starting point can be determined. Additionally,
even in chemotherapy-induced neuropathy, prior existing risk
factors for a manifestation of neuropathy have been demon-
strated such as obesity, smoking, alcohol, nutritional deficien-
cies, and a poorly controlled diabetes,>**? ie, here too there are
individual differences present before an identical possible
trigger of a neuropathy, which makes a comparison of patients
difficult.

Furthermore, the participating centers in this study are
specialized in pain treatment, and since about 2 thirds of the
patients in this study had a painful neuropathy, there is a potential
recruitment bias.

Regarding family history of chronic pain, we accept that there
may be a reporting bias as we did not have the capacity to
independently corroborate with the affected family member
unless they had been independently recruited to DOLORisk.

Additionally, some etiologies of neuropathy, eg, diabetes,
might be more severely affected in health status because of the
numerous body systems affected by diabetes, which might

distort the results. Furthermore, we cannot exclude an influence
of medication on questionnaire results such as, for example,
treatment with antidepressants.

6. Conclusion

The knowledge of associated factors for chronic neuropathic pain
is important. Neuropathic pain is likely to arise from a complex
interaction of biopsychosocial factors. We have made a first step
to predict the probability of painful neuropathy classification
through multiple statistical analyses. Knowing individual risk
might help in the future to prevent the onset of pain by early
interventions.

Further multicenter and longitudinal prospective studies are
necessary to confirm our results and understand the causal
relationships between the factors that we have identified in this
cross-sectional cohort and neuropathic pain development and
progression.
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