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Abstract

Background: Identifying the subset of patients at risk for developing persistent
pain after surgery is clinically important as they could benefit from targeted pre-
vention measures. In this prospective study, we investigated if the preoperative
assessment of the individual susceptibility to developing experimentally induced
secondary hyperalgesia is associated with post-thoracotomy pain at 2 months.
Methods: Forty-one patients scheduled to undergo a posterolateral thoracotomy
were recruited before surgery and followed prospectively for 2months. The day
before surgery, we experimentally induced secondary hyperalgesia at one of the
two forearms and measured the change of perception to mechanical pinprick
stimuli and the area of hyperalgesia. On postoperative Day 4, Day 15 and at the
2-month follow-up, patients were asked about their pain intensity at rest and dur-
ing coughing and the area of secondary hyperalgesia around the scar as well as
the change in perception to mechanical pinprick stimuli was measured.
Results: Of the 41 patients that were recruited only 20 could be analysed. Forty
per cent reported pain at the 2-month follow-up. All of them reported cough-
evoked pain and 10 per cent also reported pain at rest. A binary logistic regression
model with both the magnitude and extent of experimentally induced second-
ary hyperalgesia was statistically significant (chi-squared=12.439, p=0.002,
McFadden R*=0.462) and showed excellent discriminative power (AUC =0.938)
for the presence or absence of cough-evoked pain at the 2 month follow-up.
Conclusion: Our findings indicate that the individual susceptibility to develop-
ing experimentally induced secondary hyperalgesia preoperatively may identify
patients who are potentially vulnerable to develop persistent post-thoracotomy
pain.
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Significance: Our data suggests that preoperatively assessed experimentally

induced secondary hyperalgesia displays excellent discriminative power for the

presence or absence of cough-evoked pain 2 months after thoracotomy.

1 | INTRODUCTION

Persistent pain is frequent after thoracotomy, with a re-
ported prevalence between 30% and 60% (Bayman &
Brennan, 2014; Lim et al., 2022). Identifying the subset
of patients at risk for persistent post-thoracotomy pain is
clinically important, as they could benefit from targeted
prevention measures.

Using a prospective design, Martinez et al. (2012)
showed that patients who suffered from postsurgical neu-
ropathic pain at 3months had larger areas of incision-
induced secondary hyperalgesia (increased pinprick
sensitivity of the skin surrounding the incision) in the
immediate postoperative period. Moreover, clinical stud-
ies have shown that analgesic protocols that reduce the
area of incision-induced secondary hyperalgesia also re-
duce pain at 3 and 6 months (De Kock et al., 2001, 2005;
Lavand'homme et al., 2005; Salengros et al., 2010). While
other prospective studies did not find a relationship be-
tween the area of incision-induced secondary hyperal-
gesia and pain at 6 months (Momeni et al., 2010; Setéld
et al., 2016), Momeni et al. (2010) reported that signifi-
cantly more patients with pain at 6 months had mechan-
ical hyperalgesia at postoperative Day 5. Taken together,
the relationship between the size of the area of incision-
induced secondary hyperalgesia and the development of
persistent postsurgical pain remains unclear (Brennan &
Kehlet, 2005).

Importantly, the aforementioned studies focused on
incision-induced secondary hyperalgesia, which can be
affected by several factors (e.g. extent of wound surgery,
wound complications and analgesic treatment). Moreover,
one would ideally need a preoperative measure to identify
at-risk patients as early as possible.

Secondary hyperalgesia can be induced experimentally
(Quesada et al., 2021) and a previous study found that
the areas of experimentally heat-induced secondary hy-
peralgesia and incision-induced secondary hyperalgesia
after gynaecology surgery moderately correlated (Dirks
et al., 2002). This raises the intriguing question of whether
inter-individual variations in the preoperative suscepti-
bility to develop experimentally induced secondary hy-
peralgesia is associated with who will develop persistent
postsurgical pain. To the best of our knowledge, no clini-
cal studies have investigated this yet.

We have shown that noxious electrical cutaneous stimu-
lation can induce secondary hyperalgesia (van den Broeke

et al., 2016, 2019; van den Broeke & Mouraux, 2014).
Electrical stimulation has the advantage that it can be
applied in a highly standardized and well-controlled
manner. By comparing different frequencies of electrical
stimulation, we found that middle-frequency stimula-
tion (MFS) induced maximal secondary hyperalgesia in
healthy human volunteers (van den Broeke et al., 2019).
A follow-up reliability study further showed that the area
of MFS-induced secondary hyperalgesia is highly reliable
(Cayrol et al., 2020).

The aim of this prospective cohort study was to inves-
tigate, in patients scheduled to undergo thoracotomy for
the treatment of lung cancer, if the extent of MFS-induced
secondary hyperalgesia before surgery is associated with
the presence of pain at 2months. The 2-month endpoint
was chosen to avoid potential confounding of adjuvant
treatments (e.g. chemotherapy) to the development of
persistent pain (Yoon et al., 2020). We hypothesized that
individuals who develop greater experimentally induced
secondary hyperalgesia before surgery are more likely to
have pain 2months after surgery.

2 | MATERIALS AND METHODS

2.1 | Patients

The study was approved by the Comité d'Ethique
Hospitalo-Facultaire Saint Luc—UCLouvain
(B403201940443) and conducted according to the
Declaration of Helsinki. The study was pre-registered on
clinicaltrials.gov (NCT04220697).

We estimated that a total of 70 patients would be
needed. The sample size calculation was based on a logistic
regression analysis of a binary response variable (presence/
absence of pain at 2months) and a continuous, normally
distributed variable (perceived pinprick intensity). With a
sample of 70 patients, we would achieve a power of 0.70
at a 0.05 significance level to detect a change in the pro-
portion of patients with persistent post-thoracotomy pain
from the value of 30% at the mean of perceived pinprick
intensity to 45% when the perceived pinprick intensity is
increased to one standard deviation above the mean. This
change corresponds to an odds ratio of 1.9.

Patients were recruited between January 2020 and
December 2023 at the Department of Cardiovascular
and Thoracic Surgery of the Cliniques Universitaires
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Saint-Luc in Brussels, Belgium. Inclusion criteria were:
(1) being between 18 and 80years old, (2) being sched-
uled for a pulmonary anatomical lung resection by pos-
terolateral thoracotomy to treat primary lung cancer
and (3) being able to provide written informed consent.
Exclusion criteria were: (1) evidence for a clinically
significant alteration of the skin of the volar forearms,
(2) being pregnant and (3) having a pacemaker or im-
planted cardiac defibrillator.

Figure 1 details the patient selection. At the end of the
study period, 41 eligible patients were included. All pa-
tients signed an informed consent. Of those 41 patients,
we had to exclude nine patients because of problems
with data collection. Furthermore, seven patients were
excluded because they did not tolerate the pain induced
by the MFS stimulation and requested to withdraw. One
patient was excluded because his surgery was rescheduled
some months after the preoperative assessment. Finally,
we were not able to do the 2-month follow-up in four pa-
tients. Therefore, the final analysis included 20 patients
(12 males/8 females, mean (+£SD) age: 65.6years +12.5,
ranging from 81 to 39 years).

2.2 | Design

Figure 2a shows the study design. On the day prior to
their surgery (D-1), patients were asked to fill out a set
of questionnaires about the presence and impact of pain
(brief pain inventory), whether this pain is of neuropathic
origin (DN4) and about anxiety and depression (Hospital
Anxiety and Depression Scale). After that, the mechanical
pinprick sensitivity of the chest skin of the side that had to
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be operated was assessed. Then, the mechanical pinprick
sensitivity of the skin at both forearms was assessed before
and after MFS was applied to induce secondary hyperal-
gesia at one of the two forearms. The next day (DO0) pa-
tients underwent surgery (thoracotomy). Four days after
their surgery (D4), patients were asked about the intensity
of their pain at rest and during coughing. Furthermore,
the mechanical pinprick sensitivity around the scar was
assessed (intensity of perception and area of secondary
hyperalgesia). Those same assessments were repeated at
15days (D15) and 2months (M2) after surgery. At the 2-
month follow-up, patients were also asked to fill out the
same questionnaires as the ones on the day before surgery
(D-1).

2.3 | MFS and the assessment of
MFS-induced secondary hyperalgesia
231 | MFS
MFS was used to induce secondary hyperalgesia on the
volar forearm skin. MFS consisted of 12 trains of 42Hz
biphasic charge-compensated electrical pulses (Cayrol
et al., 2020; van den Broeke et al., 2019). Each biphasic
pulse consisted of a 2-ms square-wave pulse followed,
after a 0.1-ms delay, by a 4-ms compensation pulse of
opposite polarity having half the intensity of the first
pulse. Each train lasted 1s and was delivered in a 10-s
interval. The total duration of the stimulation protocol
was 2 min.

MFS was applied to one of the two forearms approx-
imately 10 cm from the cubital fossa. The arm at which

41 eligible patients were
included

9 patients were excluded due to problems

\ 4

\4

with data collection

32 patients received MFS

7 patients did not complete all MFS trains

\ 4

\ 4

A4

1 thoracotomy was rescheduled

24 patients underwent
thoracotomy

A\ 4

\ 4

For 4 patients we missed the follow-up

FIGURE 1
selection (see text).

Flowchart of patient

20 patients for analysis
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>
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v

Outpatient clinic

Outpatient clinic

(c)
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Pinprick test area
(I
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(a) Design of the study (see text). D-1=day before surgery, DO=day of surgery, D4=Day 4 after surgery, D15=Day 15 after

surgery, M2 =2months after surgery. MFS =middle-frequency electrical stimulation to induce secondary hyperalgesia. HADS = Hospitality
Anxiety and Depression Scale, DN4=Douleur Neuropathique 4 Questions, BPI=brief pain inventory. (b) Characteristics of the MFS electrode.
(c) MFS was applied through the MFS electrode. Changes in pinprick sensitivity were assessed before and after MFS within the grey areas. The
length of the area of increased pinprick sensitivity was assessed along the proximal-distal axes at the arm that received MFS.

MFS was applied was counterbalanced according to the
side of surgery. The electrical pulses were triggered by
a digital-analogue interface (National Instruments,
Austin, USA) controlled by MATLAB 2014B (The
MathWorks Inc., Natick, USA) and delivered using
a constant current electrical stimulator (Digitimer
DS5, Digitimer, UK) via a specially designed electrode
(Figure 2b). The electrode consists of 16 blunt stainless
steel pins with a diameter of 0.2mm protruding 1 mm
from the base. The 16 pins are placed inside a circle
with a diameter of 10mm and serve as the cathode.
A stainless-steel reference electrode that serves as the
anode is concentrically located and has an inner diam-
eter of 22mm and an outer diameter of 40 mm. The in-
tensity of MFS was individually adjusted to 20 times the
detection threshold to a single non-charge-compensated
monophasic pulse (pulse width: 2ms). The detection
threshold was determined using the method of limits.
During the MFS stimulation, patients were instructed
to rate each train on a Numeric Rating Scale (NRS)
that ranged from 0 (‘No pain’) to 100 (‘Maximum pain
imaginable’).

2.3.2 | Assessment of MFS-induced
secondary hyperalgesia

The assessment of MFS-induced secondary hyperalgesia
was performed as described in Cayrol et al. (2020), using a
128 mN calibrated mechanical pinprick stimulator (MRC
Systems, 200 Heidelberg, Germany). Mechanical pinprick
sensitivity was evaluated before and 30, 35 and 40 min after
applying MFS. At each time-point, a total of three stimuli
were applied to the forearm receiving MFS within a circle
of 1.5cm outside the cathode and to the homologous skin
of the contralateral control arm (Figure 2c). The pinprick
stimuli were delivered perpendicular to the skin and were
never delivered twice at the exact same location, to avoid
sensitizing the skin. After each pinprick stimulus patients
were asked to rate the perceived intensity on a Numeric
Rating Scale (NRS) ranging from 0 (‘No detection’) to 100
(‘Maximal pain imaginable’), with 50 representing the
transition from non-painful to painful domains of sensa-
tion. At all three post-MFS measurements, after collect-
ing the perceived intensity ratings, we also estimated
the length of the area of secondary hyperalgesia at the
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MFS-stimulated arm along the proximal-distal axis of the
volar forearm (Figure 2c). For this, we used the same pin-
prick stimulator to stimulate the skin along the proximal-
distal axis originating from the centre of the area at which
MFS was delivered. Mechanical pinprick stimulation
started close to the cubital fossa and just before the wrist.
Each stimulus was separated by steps of 1cm, at a pace
of 1-s stimulation and 1-s interval, in the direction of the
MEFS site (Cayrol et al., 2020). During the mapping, pa-
tients were instructed to keep their eyes closed and to say
‘now’” when they felt a clear increase of pinprick sensitiv-
ity. Then, the pinprick stimulation was delivered in steps
of 0.5cm before and after this point to confirm the border.

2.4 | Assessment of postsurgical pain

For evaluating the intensity of clinical postsurgical pain
it is recommended to differentiate between pain at rest
and movement-evoked pain (Gilron et al., 2024). At Day
4 (D4), Day 15 (D15) and 2months (M2), patients were
asked to evaluate their pain intensity at rest and during
coughing as follows. First, they were asked to evaluate
their pain at rest using a NRS ranging from 0 (‘No pain’)
to 100 (‘Maximal pain imaginable’). Then, they were in-
structed to couph while sitting upright, and to report the
intensity of perceived pain using the same NRS.

2.5 | Thoracic surgery

Patients underwent a posterolateral thoracotomy (fifth to
sixth intercostal space) for anatomical resection of lung
cancer. All thoracotomies were limited, muscle-sparing
(Serratus muscle) and performed by the same surgeon
(VL).

2.6 | Anaesthesia and postoperative
analgesic treatment

Patients were premeditated with alprazolam 0.5mg or
1mg. General anaesthesia was induced with sufentanil
(max 0.2 mcg/kg), propofol (1-2mg/kg), rocuronium
or atracurium (0.5mg/kg, adjusted, according to neu-
romuscular monitoring) and ketorolac (0.5mg/kg and
max 30mg). General anaesthesia was maintained with
a continuous administration of propofol or sevoflurane,
titrated based on the intraoperative EEG. An epidural
catheter was inserted before induction of general anaes-
thesia in all patients, unless contraindicated or technically
impossible. Intraoperative analgesia was achieved with a
levobupivacaine 0.5% and sufentanil bolus, followed by
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a continuous infusion or iterative boluses every 50 min
(levobupivacaine 0.25%). Postoperative analgesia was
provided by patient-controlled epidural analgesia (PCEA,
levobupivacaine). Patients without epidural received in-
traoperative ketamine (0.5mg/kg followed by 0.25mg/
kg/h) and postoperative patient-controlled intravenous
analgesia (PCIA, morphine or piritramide).

2.7 | Assessment of mechanical pinprick
sensitivity around the scar

At the day before surgery (D-1) the mechanical pinprick
sensitivity of the skin of the side to be operated was as-
sessed using the same mechanical pinprick stimulator as
for the assessment of pinprick sensitivity before and after
MFS. Patients were asked to lay on the non-operated side
and a total of three pinprick stimuli were delivered in the
region of the future surgical incision. After each stimu-
lus, patients were asked to rate the perceived intensity on
a NRS ranging from 0 (‘No detection’) to 100 (‘Maximal
pain imaginable’), with 50 representing the transition
from non-painful to painful domains of sensation.

At Day 4 (D4), Day 15 (D15) and 2-month (M2) fol-
low-up, mechanical pinprick sensitivity of the skin sur-
rounding the scar was assessed using the same pinprick
stimulator. First, the area of secondary hyperalgesia was
determined. For this, pinprick stimulation was applied
along 14 radial lines (see Supplementary Material). For
each line, the stimulation started far outside the scar and
was delivered in steps of 0.5cm towards the scar until the
patient reported a clear increase in pinprick sensitivity,
which indicated the border and was marked on the skin.
The distance between this point and the scar was mea-
sured and noted. The stimulation stopped approximately
0.5cm before the scar.

Then, three pinprick stimuli were delivered inside
the area of secondary hyperalgesia (at least 0.5cm from
the scar), or if not present, 1cm around the scar. After
each stimulus, patients were asked to rate the perceived
intensity on the same NRS as the one used for assessing
changes in pinprick sensitivity at the chest at the day be-
fore surgery (D-1).

The area size of secondary hyperalgesia was estimated
using a cubic spline interpolation (‘interpclosed’ function
using cubic pchip interpolation; Santiago Benito 2021
MATLAB) across all 14 points.

2.8 | Questionnaires

The Hospital Anxiety and Depression Scale (HADS)
was designed to detect states of depression and anxiety
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in the setting of a hospital or a medical outpatient clinic
(Zigmond & Snaith, 1983). The scale consists of 14 items.
Seven relate to anxiety and seven to depression. Each
item is scored on a scale from 0 (absence of symptom) to 3
(maximum symptom severity).

The Douleur Neuropathique 4 questions (DN4) ques-
tionnaire was used to screen for a possible neuropathic
pain. The DN4 consists of 10 questions assessing sensory
descriptors and signs associated with neuropathic pain
(Bouhassira et al., 2005). A score >4 is used as a cutoff for
possible neuropathic pain.

The brief pain inventory (BPI) was used to evaluate the
intensity of pain and its interference in daily activities. It
was designed to assess the severity and impact of pain ex-
perienced primarily, but not exclusively, by cancer patients
(Keller et al., 2004). It is divided into two parts: one part
enquires about pain intensity (sensory dimension) and the
other part about pain interference (reactive dimension).
Items are scored on a 0-10 scale, where 0 indicates no pain
or interference and 10 indicates the highest imaginable
pain or complete interference (Keller et al., 2004).

2.9 | Statistical analysis
All statistical analyses were performed in JASP v. 17
(Www.jasp-stats.org).

2.9.1 | Primary outcome

To answer the question of whether MFS-induced sec-
ondary hyperalgesia is associated the likelihood of
having pain (yes or no) 2months after surgery, we
conducted two univariate logistic regression analyses
for each of the variables separately (model 1: MFS-
induced change in pinprick intensity; model 2: length
of the MFS-induced area of secondary hyperalgesia)
and a multivariate logistic regression analysis with both
variables (model 3). The goodness-of-fit of each model
was assessed using the chi-square statistic, associated
p-value, the McFadden R-squared, considered a meas-
ure of ‘predictive power’ (Hughes et al., 2019) and the
Akaike Information Criterion (AIC) which estimates
the prediction error. The classification performance
of the models was evaluated with the area under the
Receiver Operating Characteristic (ROC) curve.

2.9.2 | Secondary outcomes

We calculated a Pearson correlation to investigate if
there was a relationship between the length of the area of

MFS-induced secondary hyperalgesia and the spatial extent
of the area of incision-induced secondary hyperalgesia at D4
after surgery. The area of incision-induced secondary hyper-
algesia was normalized to the length of the scar (which was
different across patients) and expressed as its square root.

To assess if incision-induced secondary hyperalgesia at
D4 is associated with pain at 2 months we conducted two
univariate logistic regression analyses: one for the change
in perceived intensity (model 1) and one for the extent of
the area (model 2), and a multivariate analysis with both
variables were included (model 3).

We also investigated whether the reported pain in-
tensity at D4 is associated with the presence of pain at
2months. For this, we ran two univariate logistic regres-
sion analyses: one with the pain at rest at D4 (model 1)
and one with the cough-evoked pain at D4 (model 2), and
a multivariate analysis where we included both variables
in the same model (model 3).

3 | RESULTS

3.1 | Incidence of pain at 2months (M2)
We found that eight patients (40%) reported pain at the
2-month follow-up. All these patients reported cough-
evoked pain; two of them (10%) reported pain at rest
(Figure 3). Since cough-evoked pain was more prevalent
than pain at rest, we restricted our analysis to this type of
pain at 2months. Table 1 compares pre-, peri- and post-
operative variables between patients with and without
cough-evoked pain at 2months.

3.2 | MFS-induced pain and secondary
hyperalgesia

The mean (and SD) electrical detection threshold de-
termined before applying MFS was 0.25 (+0.08) mA
across all patients. The electrical detection threshold
was not significantly different between the patients with
and without cough-evoked pain at 2months (Mann-
Whitney U test: U=29.5, p=0.162). The median (and
inter-quartile range) threshold was 0.26 (0.25-0.30) mA
for the patients without pain and 0.20 (0.12-0.30) mA
for the patients with pain.

Figure 4a shows the pain intensity elicited by MFS
(averaged across the 12 trains) for both groups (with and
without cough-evoked pain at 2 months). Figure 4b shows
the pain intensity for each train. Figure 4c shows the in-
crease (compared to baseline and control site) in perceived
pinprick intensity induced by MFS. Figure 4d shows the
length of the area of secondary hyperalgesia.
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FIGURE 3 Pain scores for pain at rest (top) and during
coughing (below) at D4, D15 and M2 for each patient (numbers on
the right). Coloured lines are those patients reporting pain at the
2-month follow-up. NRS, Numeric Rating Scale.

3.3 | Primary outcome

First we inspected the data for outliers and multicollinear-
ity. We found no values larger than 1 at the Cook's Distance
test and no values larger than 3 for the Standardized
Residuals. We found that the length of hyperalgesia and
change in perceived intensity were correlated (Pearson's
r=0.605, p=0.005), but less than 0.8 (critical threshold).
The Variation Inflation Factor (VIF) was 1.173 (threshold
for multicollinearity is at 4).

The logistic regression results are shown in Table 2. All
three models were statistically significant, indicating that
they all provide a significantly better fit to the data than
a model without predictors. The McFadden R-squared is
larger for models 2 and 3 compared to model 1, indicating
that these models have more predictive power. According
to the area under the ROC curve (AUC), models 1 and 2
performed excellently (AUC >0.8, Table 2) and model 3
outstandingly (AUC >0.9). The AIC of models 2 versus 3
were comparable (model 2: 18.95 and model 3: 20.48) using
the criterion of a difference less than two points. However,
the AIC of model 1 was larger (24.28) compared to model 3.

The univariate logistic regression analyses (models 1
and 2) revealed a significant positive coefficient for both
the change in perceived intensity and the length of the
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area (Table 3). A positive coefficient means that an in-
crease in the unit of the predictor is associated with an
increase in the probability of having cough-evoked pain
2months after surgery. For example, in model 2 the odds
ratio (OR) is 2.070, meaning that for each additional cen-
timetre there is a 107% increase in the odds of having
cough-evoked pain at 2months after surgery. In the multi-
variate analysis (model 3) however, neither predictor was
statistically significant.

3.4 | Secondary outcomes

We found a significant and positive correlation (r=0.533,
p=0.019) between the length of the area of MFS-induced
secondary hyperalgesia and the spatial extent of the area
of incision-induced secondary hyperalgesia at Day 4 nor-
malized for scar length.

The logistic regression analysis with the incision-
induced secondary hyperalgesia at Day 4 showed that
the model with the change in perceived pinprick in-
tensity (model 1) was not statistically significant (chi-
squared =1.299, p=0.250, McFadden R-squared =0.048).
In contrast, the model with the spatial extent (model 2)
was statistically significant (chi-squared = 8.200, p=0.004,
McFadden R-squared=0.317). The spatial extent was
a significant positive predictor (coefficient=0.620,
SE=0.294, Wald=4.456, p=0.035, OR=1.859, 95%
CI=1.045-3.305). Also, model 3 (with both the change
in perceived intensity and spatial extent) was statistically
significant (chi-squared=8.642, p=0.013, McFadden
R-squared =0.334). The AUC of model 2 (AUC=0.864)
and model 3 (AUC =0.852) were comparable. The AIC of
model 2 (21.66) and model 3 (23.22) were also compara-
ble. Thus, model 3 did not perform better than model 2.

At Day 4, 14 patients (70%) reported pain at rest and
18 patients (90%) reported cough-evoked pain. Three lo-
gistic regression analyses were performed; one with pain
at rest at D4 (model 1), one with cough-evoked pain at D4
(model 2) and one with pain at rest and cough-evoked pain
together (model 3). All three models were statistically sig-
nificant and performed well (Table S1). Furthermore, the
AIC was comparable between model 1 (21.951) or model 2
(22.141) vs. model 3 (23.142). The two types of pain (at rest
and cough-evoked) were significantly correlated (Pearson's
r=0.787, p<0.001), but the VIF was 1.876. Table S2 shows
the logistic regression coefficients.

4 | DISCUSSION

This study aimed to investigate whether the individual
susceptibility to developing MFS-induced secondary
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TABLE 1 Patient characteristics.

Time

Preoperative

Perioperative

Postoperative
DO0-4
D4

D15

M2

GOUSSET ET AL.

Variables Without pain at M2 (n=12) With pain at M2 (n=38) p
Gender (M:F) 7:5 5:3 ns
Age (years) 69.5 (46.0-77.8) 66.0 (50.0-72.3) ns
BMI 25.1(23.9-29.4) 24.0 (22.9-27.6) ns
Hypertension (n) 4(33.3%) 4 (50.0%) ns
HADS-Anxiety scale 7.0 (5.0-11.0) 7.0 (4.5-10.5) ns
HADS-Depression scale 5.0 (4.0-6.8) 2.5(2.0-5.8) ns
DN4 (n)* 0 0 -
Pre-existing pain (n, %) 2°(16.7%) 3°(37.5%) ns
Pain at this moment® (n, %) 0(0%) 3(37.5%) ns
Pinprick thorax (NRS) 5.8 (2.3-10.9) 18.3 (4.3-27.8) ns
Premedication (n, %) 4(33.3%) 3(37.5%) ns
Epidural (n, %) 9(75%) 7 (87.5%) ns

Levobupivacaine (mg) 25 (20-25) 25 (25-25) ns

Sufentanil 10 pg (n, %) 4(33.3%) 7 (87.5%) ns

Maintenance (mL) 12.5(8.8-27.5) 12.5(12.5-15.6) ns
Duration surgery (min) 141 (106-177) 148 (123-181) ns
Type of method (lob:bilob:wed:seg:lymp)* 7:1:2:2:0 3:1:1:1:2 ns
Complications 4 0 ns
Mode of administration analgesia (PCIA:PCEA) 47 1.7 ns
Length of the scar (cm) 10.0 (9.1-13.4) 11.8 (9.8-12.8) ns
Pain—at rest (NRS) 2.0 (0.0-10.0)8 35.0 (13.8-50.0) 0.0071
Pain—cough-evoked (NRS) 35.0 (10.0-50.0)% 70.0 (46.3-77.5) 0.0145
Pinprick thorax (NRS) 11.7 (1.3-28.3)8 31.7 (11.3-49.2) ns
Normalized SH area (cm?) 14.6 (0.4-39.1)® 46.1(29.2-88.6) 0.0093
Pain—at rest (NRS) 0.0 (0.0-21.3) 22.5(10.0-40.0) 0.0388
Pain—cough-evoked (NRS) 20.0 (0.0-36.3) 55.0 (35.0-71.3) 0.0187
Pinprick thorax (NRS) 13.3(3.3-33.3)8 20.0 (15.0-33.3)" ns
Normalized SH area (cm?) 18.3 (12.3-52.5)% 36.9 (13.4-46.3)" ns
Pain—at rest (NRS) 0.0 (0.0-0.0) 0.0 (0.0-22.5) -
Pain—cough-evoked (NRS) 0.0 (0.0-0.0) 15.0 (11.3-50.0) -
Pinprick thorax (NRS) 3.3(0.0-19.6)' 15.8 (10.4-27.1) ns
Normalized SH area (cm?) 5.8 (0.0-31.5)! 23.7(15.5-34.6) ns
HADS—Anxiety scale 5.5(3.3-8.8) 1.5(0.3-6.0) ns
HADS—Depression scale 4.0 (2.3-6.8) 3.0 (0.5-4.8) ns
DN4 (n)* 0 2 ns
BPI-Mean Pain Severity 0.0 (0.0-0.2) 1.0 (0.0-2.1) 0.0452
BPI-Interference 0.0 (0.0-0.0) 0.8 (0.0-2.3) 0.0293

Note: Number of patients (n) with percentages (%) or medians with interquartile ranges are shown. p = p-value from either a chi-squared test in the case
of frequencies or a non-parametric Mann-Whitney U test. —=not possible to run the Mann-Witney U test because of all zeros in the without pain group.

DO0-4=Day 0 to 4 after surgery, D4 =Day 4 after surgery, D15=Day 15 after surgery, M2 =2-month follow-up.
Abbreviations: BMI, body mass index; BPI, brief pain inventory; DN4, Doleur Neuropathique 4 Questions; HADS, Hospital Anxiety and Depression Scale; NRS,

Numeric Rating Scale; ns, not significant.

*Number of patients that scored >4.

°One patient had low back pain and one patient had shoulder pain.
“One patient had low back pain, one patient had pain in the post-nephrectomy belt and one patient had shoulder pain (probably related to a previous

thoracotomy).

4The number reported here refers to the number of patients reporting pain at that moment and was based on the item BPI-Now.

“Refers to Lobectomy: Bi-lobectomy: Wedge resection: Segmentectomy: Lymph node dissection.

fPCIA = Patient-Controlled Intravenous Analgesia, PCEA = Patient Controlled Epidural Analgesia.

SN=11.
hN=7.
IN=38.
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FIGURE 4 MFS-induced pain and secondary hyperalgesia compared between patients with and without cough-evoked pain at the
2-month follow-up. (a) Median pain elicited by MFS (averaged across all 12 trains). (b) Median pain induced by MFS for each train. (c)
Median change in perceived pinprick intensity. (d) Median length of the area. Shown are the median and interquartile ranges. Each dot
represents a single patient. *p <0.05, **p < 0.01. Significance refers to the Mann-Whitney U test.

TABLE 2 Logistic regression model summary for cough-evoked pain 2months after surgery.

Model Factors

1 Change in perceived intensity

2 Length of the area

3 Change in perceived intensity
AND

Length of the area

Chi-squared (df) p-value McFadden R*> AUC

6.639 (18) 0.010 0.247 0.833
11.968 (18) 0.0005 0.445 0.885
12.439 (17) 0.002 0.462 0.938

Note: For each model the chi-squared, its p-value, the McFadden R* and area under the receiver operating curve (AUC) are shown.

hyperalgesia preoperatively is associated with the pres-
ence of post-thoracotomy pain at 2months. We found that
40% of the included patients reported cough-evoked pain
at the 2-month follow-up. We show, for the first time, that
the magnitude (intensity and extent) of preoperatively as-
sessed MFS-induced secondary hyperalgesia displays ex-
cellent discriminative power (AUC >0.9) for the presence
or absence of cough-evoked pain 2months after thoracot-
omy. These results support the hypothesis that a height-
ened individual susceptibility to develop experimentally
induced secondary hyperalgesia may identify patients

who are vulnerable to the development of persistent post-
thoracotomy pain.

4.1 | Electrically and incision-induced
secondary hyperalgesia are correlated

Interestingly, the extent of the area of MFS-induced
secondary hyperalgesia and the extent of the area of
incision-induced secondary hyperalgesia were correlated.
This has already been demonstrated with experimental
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TABLE 3 Logistic regression coefficients for cough-evoked pain 2months after surgery.
Model Factors Coefficient Error OR 95% CI Wald p-value
1 Change in perceived intensity 0.098 0.046 1.103 1.008-1.206 4.555 0.033
2 Length of the area 0.728 0.324 2.070 1.098-3.904 5.052 0.025
Change in perceived intensity 0.039 0.058 1.040 0.928-1.166 0.453 0.501
AND
Length of the area 0.612 0.342 1.843 0.943-3.602 3.202 0.074

Note: For each model, the regression coefficient with its error term, the odds ratio with the 95% confidence interval and the Wald statistic with its p-value are

shown.

heat-induced secondary hyperalgesia and incision-
induced secondary hyperalgesia after gynecologic surgery
(Dirks et al., 2002). These findings suggest that the indi-
vidual susceptibility for spreading hyperalgesia may be
similar across different pain-inducing events.

4.2 | Mechanisms underlying
electrically and incision-induced
secondary hyperalgesia

In a recent study, Patel et al. (2024) recorded in rats, be-
fore and after HFS, the responses of spinal wide-dynamic
range (WDR) neurons elicited by mechanical pinprick
stimuli delivered to the glabrous skin of the paw. They
found increased WDR neuron responses after HFS when
the mechanical stimuli were applied to the HFS-treated
area and the adjacent area. They also found that when
HFS was applied to the receptive field, an expansion of
receptive field size for mechanical pinprick stimuli was
observed but when HFS was delivered adjacent to the re-
ceptive field, no expansion of the receptive field was ob-
served. These findings suggest that the increased WDR
neuron responses elicited by mechanical pinprick stimuli
applied at distant sites might involve a mechanism dif-
ferent from the one underlying the receptive field ex-
pansion. A candidate mechanism could be descending
facilitation (Patel et al., 2024; Pertovaara, 1998; Urban &
Gebhart, 1999).

Similar effects can probably be observed after MFS
and the question arises whether the variability in the
area size of MFS-induced secondary hyperalgesia ob-
served in patients the day before surgery could have
been (partly) the result of individual differences in de-
scending facilitation.

Similar findings with respect to WDR neuron activity
have been observed after incision of the paw (Brennan
et al.,, 1996; Vandermeulen & Brennan, 2000; Zahn &
Brennan, 1999). On the other hand, a recent study ana-
lysing skin biopsies of human volunteers 24 h after skin
incision revealed that the size of the area of hyperalge-
sia surrounding an incision is associated with a specific

protein profile (Segelcke et al., 2023). While subjects with
large areas of hyperalgesia showed a more inflamma-
tory profile, subjects with a small area showed an anti-
inflammatory profile. These results suggest a peripheral
contribution to incision-induced hyperalgesia after tho-
racic surgery. Taken together, a posterolateral thoracot-
omy induces secondary hyperalgesia that probably results
from both peripheral and central mechanisms.

4.3 | Incision-induced hyperalgesia and
postoperative pain at D4 are associated
with cough-evoked pain at 2months

Given that the extent of the area of MFS-induced second-
ary hyperalgesia and the extent of the area of incision-
induced secondary hyperalgesia were correlated in our
patients, and that the extent of the area of MFS-induced
secondary hyperalgesia was associated with cough-evoked
pain at 2months, it may not be surprising that the extent
of postoperative hyperalgesia was also associated with
cough-evoked pain at 2months.

We also found that the reported pain intensity on Day
4 was associated with cough-evoked pain at 2months.
This is in line with the known literature, as the intensity
of postoperative has long been recognized as a predic-
tive factor for the development of persistent postsurgical
pain in several surgical models, including thoracotomy
(Lim et al., 2022). Besides postoperative pain, younger
age, female sex, hypertension, preoperative pain, open
thoracotomy, more extensive procedures (bilobectomy,
pneumonectomy, lobectomy plus wedge resection and
pleurectomy) and wound complications were also found
to be predictors for persistent post-thoracotomy pain (Lim
et al., 2022).

A previous study analysed pain trajectories up to 1year
after thoracic surgery and found three different groups
(Liu et al., 2021, their fig. 2). One group reported (on
average) mild pain after surgery that remained mild for
12months. A second group reported moderate pain after
surgery, which substantially reduced within 3 months
after surgery to the point that the reported pain intensity
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completely overlapped with group 1. Finally, group 3 also
reported moderate pain after surgery, but this pain did not
reduce throughout the year. The cough-evoked pain re-
ported by the patients in the present study at the 2 months
follow-up might represent the same trajectory as the sec-
ond group described in the study of Liu et al. Indeed,
cough-evoked pain seems to decrease in the majority of
the patients between the 15-day follow-up measurement
and the 2-month measurement. This could point to a heal-
ing process that may be related to ongoing nociception or
inflammation.

Some studies also reported anxiety and depression as
risk factors for post-thoracotomy pain (Lim et al., 2022).
Indeed, a recent meta-analysis showed that state anxiety
has a significant association with persistent postsurgical
pain (Giusti et al., 2021). In our study we found no sig-
nificant differences in the HADS-anxiety score or HADS-
depression score between patients with and without
cough-evoked pain. A likely possibility is that our sample
size was too small to detect differences or that the way we
tested for anxiety (HADS questionnaire) may not be sen-
sitive enough.

4.4 | Limitations

The end-point of our study was at 2months; therefore, we
cannot speak about chronic postsurgical pain, which is de-
fined in the International Classification of Diseases (ICD-
11) as pain that is present for at least 3months after the
initiating event (Schug et al., 2019). Whether the cough-
evoked pain reported by the patients at the 2-month fol-
low-up would still be present at 3months remains to be
investigated.

Our study sample size is small. Due to the COVID
pandemic and its impact on clinical activity and access
to patients for clinical research, we were able to recruit
fewer patients in this period (2020-2021) of the study.
Moreover, during the last period of our study, other clin-
ical studies recruited patients of the same population,
which probably reduced the number of patients available
for our study as well. Finally, a significant number of re-
cruited patients (N=9, 22%) did not tolerate the entire
MFS procedure and, therefore, dropped out. To reduce
the drop-out rate as a result of MFS, one might consider
lowering the stimulation intensity or using the high-
frequency stimulation (HFS) protocol, in which only
five trains are delivered (van den Broeke et al., 2019) or
both. To further reduce the discomfort patients may ex-
perience from MFS or HFS one could explore if similar
results can be obtained when the electrical stimulation
is applied, for example, 1 week before surgery instead of
the day before.

m 11 0f 13

The small sample size may have led to model over-
fitting and this hinders generalization. It also limited
the number of predictors we could include in the re-
gression models. In the literature, the rule of 10 events
per variable is often advised (Ranganathan et al., 2017),
although there seems to be no statistical justification for
this recommendation (van Smeden et al., 2016). To con-
clude, for the sake of generalizability, our findings need
to be replicated and validated in a larger independent
cohort.

5 | CONCLUSION

Our findings indicate that the individual susceptibil-
ity to developing experimentally induced secondary hy-
peralgesia preoperatively may identify patients who are
potentially vulnerable to the development of persistent
post-thoracotomy pain. The ability to preoperatively
identify patients at risk for developing persistent post-
thoracotomy pain using a simple assessment of secondary
hyperalgesia would be clinically helpful. It would allow
targeted prevention measures that may reduce the inci-
dence of persistent post-thoracotomy pain.
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