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Abstract

Background: Patients with pancreatic cancer (PC) commonly present with reduced aer-
obic fitness, sarcopenia, and malnutrition, which may increase perioperative risk and
compromise access to chemotherapy treatments. Although exercise-based prehabilitation
can improve physical fitness, its implementation is often limited by short diagnostic-to-
surgery intervals and treatment-related toxicity. Methods: We conducted a pilot prospective
pretest—posttest feasibility study in Torino, Italy. Patients with PC undergoing neoadjuvant
chemotherapy prior to surgery were offered a 4-week, partially supervised, home-based bi-
modal exercise prehabilitation program (single-arm design) combining remotely monitored
high-intensity interval training (HIIT) on a cycle ergometer with functional and resistance
exercises. The primary outcome was adherence to prescribed exercise frequency, intensity,
and duration, objectively assessed via remote monitoring. Secondary outcomes included
cardiorespiratory fitness (CPET), muscle function, body composition, fatigue, quality of
life, and circulating inflammatory markers. Results: From July 2022 to February 2024,
23 patients were screened; 15 were eligible and 10 enrolled. Four participants discontinued
the intervention (two due to asthenia/fatigue, one due to chemotherapy-related adverse
events, and one for organizational reasons), leaving six participants who completed the pro-
gram. Among completers, fatigue and quality of life did not change meaningfully. Aerobic
capacity and muscle function outcomes were generally stable, with few pre—post changes
exceeding the minimum clinically important difference (MCID) thresholds used. Body com-
position markers and the assessed circulating cytokines/chemokines remained unchanged
except for IL-6 levels, which decreased significantly (p < 0.05). Conclusions: A partially
supervised, home-based HIIT-based prehabilitation program is feasible for a subset of PC
patients undergoing neoadjuvant therapy, but a substantial attrition rate suggests the need
for more flexible symptom-adapted prescriptions and enhanced supportive strategies.
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1. Introduction

Patients affected by pancreatic cancer show a 5-year survival rate below 13%. This type
of tumor is foreseen to become the second cause of death for cancer by 2030 [1]. Besides
being among the most aggressive tumors, pancreatic cancer is frequently diagnosed when
the disease stage is advanced, seriously challenging the effectiveness or even the possibility
to perform a radical surgical resection: about 15 to 20 percent of all pancreatic tumors are
resectable [2]. Potentially curative surgeries are procedures that aim for “complete resection”
and are reserved for localized and not metastatic cancer. Pancreato-duodenectomy (or the
Whipple procedure) is the most common surgery for head pancreas tumors. It removes
the pancreatic head, duodenum, gallbladder, part of the bile duct, and often a portion
of the stomach. A variation in the Whipple procedure keeps the pylorus valve (Pylorus-
Preserving Whipple). Distal pancreatectomy is performed for body or tail pancreas tumors.
And the spleen is also frequently removed during this procedure. Total pancreatectomy
removes the entire pancreas with the gallbladder, part of the stomach and small intestine,
and the spleen (https:/ /cancer.org). At present, this latter procedure is the only potentially
curative treatment option, while chemotherapy-based approaches, offered to patients with
advanced, non-operable cancers, rapidly lose their efficacy due to the development of
chemoresistance [3]. Systemic chemotherapy is the initial treatment strategy for borderline
resectable and locally advanced pancreatic cancer to facilitate curative resection [4].

In addition to late diagnosis, patient fitness is one of the most relevant issues un-
dermining the surgical option [5,6]. Indeed, the occurrence of malnutrition, obstructive
jaundice, sarcopenia and low aerobic fitness eventually result in a reduced capacity to cope
with surgery-related stress [7-9]. As a consequence, the likelihood of postoperative compli-
cations in these patients is high [10,11]; this risk is further increased in patients undergoing
neoadjuvant chemotherapy [12]. Previous observations showed that pre-surgery aerobic
fitness correlates well with post-surgery complications; for example, patients with an Gas
Exchange Threshold (GET) below 10 mL/kg/min showed higher rates of postoperative
complications and were less likely to receive adjuvant therapy [11,13,14]. Therefore, patient
stratification according to their fitness will help to identify those who could benefit from
a prehabilitation intervention aimed at reducing the perioperative risk. Specific preha-
bilitation programs (preceding surgery or chemotherapy) have been developed or are
under investigation [15,16]. Most of them are based on combinations of physical activity,
nutritional interventions and psychological support [17].

Physical training has been shown to effectively influence aerobic fitness, assessed
as O, uptake (VO,) at the GET and VO, at peak exercise (VOypeak) [18,19]. Pre-surgery
aerobic capacity was improved in patients enrolled in a 6-week prehabilitation program
mainly based on endurance exercise training. Post-surgery complications were reduced in
the same patients [20]. Physical prehabilitation both in-hospital (supervised) and at home
(unsupervised) determined increased physical fitness but no improvement of post-surgery
complications [21].

It is now well accepted that patients prefer a home-based approach [22,23], since pa-
tients could comply better with this approach than to an in-hospital program. Home-based
protocols, however, should be supervised to ensure a true compliance [8]. Nevertheless,
the available time-window to set up a prehabilitation program before surgery usually
does not exceed 4-6 weeks. The high-intensity interval training (HIIT) appears the most
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effective one for this short time interval [24,25]. Four weeks of prehabilitation including
HIIT was well tolerated by patients scheduled for pancreatic surgical resection, resulting in
an improved aerobic capacity [24]. However, the feasibility and acceptability of HIIT in
this patient population remain insufficiently characterized.

The present study aimed to investigate whether a prehabilitation program consisting
of 4 weeks of partially supervised home-based exercise was feasible in patients with bor-
derline resectable or locally advanced pancreatic cancer scheduled to undergo neoadjuvant
chemotherapy with subsequent evaluation for possible pancreatic resection. We hypoth-
esized that a 4-week partially supervised home-based exercise prehabilitation program
combining remotely monitored HIIT with functional /resistance exercises would be feasible
in patients with pancreatic cancer undergoing neoadjuvant chemotherapy. Specifically, we
expected acceptable participation, retention, and adherence, together with a low incidence
of exercise-related adverse events. In addition, data on aerobic capacity, muscle mass and
function, fatigue and quality of life were assessed.

2. Materials and Methods
2.1. Study Design

This was a pilot feasibility study employing a single-arm pre—post test design. The
protocol was approved by the local Ethical Committee (N. 102/2022) and was in line
with the Declaration of Helsinki. All patients gave their written informed consent to
participate. This study was conducted within the broader framework of a multicenter
protocol (ClinicalTrials.gov ID NCT05496777; registered 11 August 2022), but the present
manuscript reports a center-specific exploratory cohort recruited in Torino, Italy. This
decision was made because the Italian cohort differed clinically from the cohort described
in the registered multicenter protocol and associated publications [26,27]. Specifically, our
center enrolled patients with borderline resectable (BRPC) or locally advanced (LAPC)
pancreatic cancer undergoing neoadjuvant chemotherapy before possible surgery, whereas
the other participating center focused on unfit patients already scheduled for pancreatic
surgery [27]. Given these differences in clinical pathway, timing, and eligibility context, the
present data are reported separately and should be interpreted as a pilot feasibility analysis
of a distinct exploratory cohort.

2.2. Eligibility/Exclusion Criteria

Participants were eligible if they met all of the following criteria: (1) age > 18 years;
(2) diagnosis of borderline resectable or locally advanced pancreatic cancer and scheduled
to undergo neoadjuvant chemotherapy with subsequent evaluation for possible pancreatic
resection; (3) willing to participate in the home-based prehabilitation program; (4) pro-
vided informed consent to participate. Exclusion criteria included: (1) the need for acute
surgery; (2) scheduled surgery at another hospital; (3) inability to perform cycling exercise;
(4) medical contraindications to physical training (e.g., cardiac arrhythmias, myocardial
ischemia); (5) inability to comply with testing procedures (e.g., insufficient understanding
of the Italian language); (6) unavailability of a certified kinesiologist in the patient’s area
of residence.

2.3. Recruitment

Eligible patients were identified during Multi-Disciplinary Team (MDT) meetings.
Patients received detailed verbal and written information about the study during the next
medical oncology outpatient visit. Those expressing interest were scheduled, and written
informed consent was obtained.
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No formal a priori sample size calculation for efficacy was performed because the
primary aim of this study was to assess feasibility rather than to test the effectiveness of
the intervention on clinical or physiological outcomes. In accordance with the design of an
early-stage feasibility study, the sample size was pragmatically determined by the number
of eligible patients who could be recruited within the study period at our center and who
met the logistical requirements for participation in the home-based supervised program.

2.4. Study Outcomes

The primary objective of this study was to assess the feasibility of a four-week par-
tially supervised home-based prehabilitation program in patients with pancreatic cancer
undergoing neoadjuvant chemotherapy before possible pancreatic resection. Feasibility
was evaluated through participation rate, retention/drop-out, adherence to prescribed
training frequency, intensity, and duration, and the occurrence of exercise-related adverse
events. Secondary objectives were exploratory and included cardiorespiratory fitness,
muscle function, functional activities, skeletal muscle mass and quality, cytokine levels,
fatigue, and health-related quality of life.

2.5. Intervention

The exercise prehabilitation program consisted of three sessions per week over four
weeks. An experienced exercise professional visited participants at home to provide
equipment instruction and to supervise sessions (three supervised sessions during week 1
and one supervised session per week during weeks 2—4). Each supervised session included
a Steep Ramp Test (SRT) to determine the peak work rate and to update the individualized
cycling workload prescription.

The program combined the following;:

(1) HIIT on a cycle ergometer (Lode Corival Home+, Lode BV, Groningen, The
Netherlands), enabling remote monitoring. Each HIIT session included 16 intervals of
30 s at 60% of the peak work rate achieved in the most recent SRT, interspersed with 60 s
of active recovery at 20 W. Warm-up and cool-down consisted of 3 min at 20 W. Cadence
targets were 60-100 rpm during work intervals and 60-80 rpm during warm-up, cool-down,
and recovery.

(2) Functional/resistance interval training (15 min), consisting of 30 s work/30 s
rest bouts across a circuit of functional exercises (e.g., sit-to-stand, step-ups). Elastic
bands and dumbbells were used when needed to progress intensity. Static stretching was
recommended at the end of each session.

2.6. Measurements
2.6.1. Adherence to the Intervention

Adherence was objectively monitored through the remote tracking system integrated
in the cycle ergometer. Compliance with the prescribed training frequency was calculated
as the number of completed sessions relative to the three sessions planned per week.
Adherence to training intensity was determined by comparing the actual work rate achieved
during high-intensity intervals with 60% of the peak work rate recorded in the most
recent Steep Ramp Test. Adherence to training duration was evaluated by comparing the
effective duration of each session with the target of 25 min. In addition to adherence, the
participation rate, reasons for non-participation, drop-out rate, and reasons for drop-out
were systematically recorded to assess the overall feasibility of the intervention.

2.6.2. Cardiopulmonary Exercise Test (CPET)

Cardiorespiratory fitness was assessed in an incremental metabolic stress test using
a cycle ergometer (Sport Excalibur; Lode, Groningen, The Netherlands) and an oxygen
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consumption and carbon dioxide production analyzer (K5; Cosmed, Rome, Italy). Before
each test, gas analyzers and a flow mass sensor were calibrated using a certified gas
mixture and a 3 L syringe, respectively. Before the exercise, a facemask was properly fitted
to minimize gas leaks. All parameters were collected breath by breath during one minute at
resting condition and 3 min at a warm-up load of 20 W, and a series of 1 W/5 s increments
were applied up to voluntary exhaustion. The peak of oxygen consumption (VOzpeak) was
obtained in the last 30 s of the test. Absolute (L/min) and relative (mL/kg/min) VO,, heart
rate (bpm), respiratory exchange ratio (ReR) and workload (Watt) were collected at the
Gas Exchange Threshold (GET) point, at the Respiratory Compensation Point (RCP) and
at the peak of the effort. These variables were defined following the method suggested
by Wasserman [28], blindly by two different operators, using a conventional cluster of
variables, based on the analysis of trends of the ventilatory equivalent of oxygen (i.e.,
the ventilation to VO, ratio, VE/VO,) and carbon dioxide (VE/VCO,), and end-tidal gas
trends. The GET occurs when there is the first acceleration in the increase in ventilation
during exercise, which is proportional to the acceleration of the rise in VCO, determined
by exercise-induced lactic acid production, without a similar increase in VO,. Above the
GET, VE/VO, rises quickly without a corresponding change in VE/VCO,. As the work
rate increases, the pH falls further, and the body responds by stimulating ventilation to
increase faster than CO, production. A decrease in end-tidal pressure is observed, reflecting
respiratory compensation for the metabolic acidosis induced by exercise. In particular, the
RCP, also described as the Respiratory Compensation Point, occurs when there is a further
increase in ventilation and in both VE/VO, and VE/VCO, ratios [29,30]. The minimum
clinically important difference (MCID) score in patients for VOzpeak is 1.5 mL/kg/min [31].

2.6.3. Steep Ramp Test

The Steep Ramp Test (SRT) was performed at the beginning of each week (during the
first training session) to determine the peak work rate, which was then used to individualize
the intensity of the subsequent cycling training sessions (see Intervention). SRT was
performed in an upright position on a calibrated, electronically braked cycle ergometer
(Corival Home+, Lode BV, Groningen, The Netherlands). The Steep Ramp Test begins with
a two-minute warm-up involving unloaded cycling. This is followed by an increase in work
rate by 10 W every 10 s until voluntary exhaustion is reached. Patients are required to pedal
at a frequency of 70-80 revolutions per minute (rpm). The evaluation concludes when
participants are unable to maintain 60 rpm despite receiving strong verbal encouragement,
after which there is a cool-down period involving unloaded or low-intensity cycling. The
peak work rate is defined as the highest wattage reached at the end of the test. The MCID
for the SRT is 25-55 W [32].

2.6.4. Knee Extensor Muscle Function

Participants were seated on a fully adjustable, custom-made isometric knee extension
device with the knee fixed at 90°. Force was measured via a load cell positioned 2 cm
above the malleolus, with the ankle secured to the support using a ratchet strap and a rigid
shin guard protecting the tibia. Following progressive warm-up contractions, participants
performed two maximal voluntary contractions (MVCs) separated by 2 min of rest, during
which they were instructed to push as hard as possible for 5 s with strong standardized ver-
bal encouragement. After an additional 2 min of rest, participants completed 10 explosive
contractions interspersed by 15 s of rest, instructed to push as fast and as hard as possible.
A visual target corresponding to 80% MVC was provided, and participants were required
to exceed this threshold in each contraction. MVC force was calculated as the mean force
over a 0.5 s window cantered on peak force. The rate of force development (RFD) was
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determined from explosive contractions as the peak value of the first derivative of the force
signal (20 ms moving average), averaged across the three contractions with the highest
RFD. Regarding the MVC, the data available from populations different from the present
one found that a change of 31 N or 10% is a reasonable estimate for the MCID [33]. No
MCIDs are available for RFD.

2.6.5. Handgrip Strength Test

Handgrip strength (HGS) was measured using a digital dynamometer (Dynx, Akern®,
Firenze, Italy). The participant is seated with their arm extended alongside their body
and is instructed to squeeze the dynamometer with maximal effort, while receiving verbal
encouragement. Participants performed three trials with each arm, with 30 s’ rest allowed
between trials to minimize fatigue. The highest value obtained across all trials was used in
subsequent statistical analyses. The MCID for this test is 5.0 kg [34,35].

2.6.6. 30-Second Sit-to-Stand

The 30-second sit-to-stand test was performed with participants standing in front of
a standard chair with feet positioned hip-width apart and arms crossed over their chest
with hands on their shoulders. Participants were instructed to perform as many full stands
as possible within 30 s. A repetition was only considered valid if the participant clearly
made contact with the chair using their thighs or buttocks and then returned to an upright
position with knees and hips fully extended. The MCID for 30-second sit-to-stand is
>2 repetitions [36].

2.6.7. Skeletal Muscle Mass and Quality

Skeletal muscle mass and quality were quantified from routinely acquired abdominal
CT scans using a single axial image at the level of the third lumbar vertebra (L3), which is
commonly used for opportunistic body composition assessment and correlates with whole-
body skeletal muscle estimates [37]. On the selected L3 slice, skeletal muscle compartments
(abdominal wall, paraspinal and psoas muscles) were segmented using threshold-based
tissue classification; skeletal muscle tissue was identified within a standard attenuation
range of —29 to +150 Hounsfield units (HU) [38]. The cross-sectional skeletal muscle area
(SMA, cm?) was computed as the total area of all muscle pixels, and the skeletal muscle
index (SMI) was calculated by normalizing SMA to stature as SMA/ height2 (cm?/m?).
Skeletal muscle quality was assessed as skeletal muscle radiation attenuation (SMRA),
defined as the mean HU of the segmented skeletal muscle area; lower SMRA values reflect
greater intramuscular lipid infiltration (myosteatosis) and poorer muscle quality [39].

2.6.8. Questionnaires

Fatigue and health-related quality of life were assessed using validated self-report
instruments administered at baseline (pre-intervention) and immediately after completion
of the 4-week prehabilitation program (post-intervention). Multidimensional fatigue was
measured with the Multidimensional Fatigue Inventory (MFI-20) [40], a 20-item question-
naire comprising five 4-item subscales (General Fatigue, Physical Fatigue, Mental Fatigue,
Reduced Activity, and Reduced Motivation), each scored on a 5-point Likert scale; subscale
scores range from 4 to 20, with higher scores indicating greater fatigue. Purcell et al. [41]
suggested an MCID of 2 points in the MFI-20 in cancer populations.

Health-related quality of life was evaluated using the European Organisation for
Research and Treatment of Cancer Quality of Life Questionnaire (EORTC QLQ-C30) [42],
a 30-item cancer-specific instrument that yields a Global Health Status/QoL score, five
functioning scales, and symptom scales/items; responses are transformed to 0-100 scales
according to EORTC scoring procedures, where higher scores represent better function-
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ing/global health and greater symptom burden for symptom scales. When applicable,
missing items were handled following the respective scoring manuals (i.e., scale scores
were computed only when sufficient item completion was available). The classical MCID
for EORTC is quantified as 10 points [43].

Dietary habits were assessed through a food frequency questionnaire, which has been
validated in the Italian population [44]

2.6.9. Cytokine/Chemokine Levels

Blood samples were collected into K2EDTA vacutainers and centrifuged. The plasma
was collected and stored at —80 °C for subsequent analysis. The Luminex™ 200 sys-
tem (Luminex, Austin, TX, USA) for multiplexed quantification of human cytokines and
chemokines was used. Interleukin (IL)-4, IL-5, IL-8, IL-13, tumor necrosis factor « (TNF-«),
CCL11 and CCL27 were simultaneously measured in the samples. All determinations were
done in duplicate, and the mean values were used for the analysis. In addition, IL-6 was
measured through ELISA (Antibodies.com, Stockholm, Sweden).

2.7. Statistical Analysis

Paired pre—post comparisons were conducted using the Wilcoxon test (JASP, Version
0.96.0). When available, MCIDs were adopted to interpret individual changes. Blinding
strategies were not applicable by design. No intention-to-treat strategy was adopted.

3. Results
3.1. Feasibility

Patient enrolment was conducted from July 2022 to February 2024. A total of
23 patients were screened, 15 were eligible (65.2%), and 10 were enrolled (66.7% of eligible
patients; 43.5% of screened patients) (Figure 1). Four participants (40.0%) discontinued
the intervention: two due to asthenia/fatigue, one due to chemotherapy-related adverse
events, and one due to organizational reasons. Therefore, six participants (60.0% of enrolled
patients) completed the program and the post-intervention assessments (Table 1).

Among completers, compliance with the intervention was 82%, corresponding to
a mean of 10 out of 12 scheduled sessions completed. Adherence to training intensity
was 100%, as all participants maintained the prescribed intensity corresponding to 60%
of the peak work rate during the SRT. Adherence to training duration over the 4-week
intervention was 91% overall, with weekly values of 91%, 91%, 89%, and 93% for weeks 1
to 4, respectively. No adverse events occurred during the training sessions.

Table 1. Clinical characteristics of patients concluding the study.

ID Sex Age Weight (kg)  Height (cm) BMI
001 F 67 70 150 31.1
002 M 47 64 168 22.6
003 M 45 102 184 30.1
004 M 63 82 189 23.0
014 M 61 78 174 25.7
016 M 72 50 150 222
Median 62 74 171 24.4
Range 45-72 50-102 150-189 22.2-31.1
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(
L Enroliment
Assessed for eligibility (n=23) I

Excluded (n=13)

@ Not meeting inclusion criteria (n=8)
@ Declined to participate (n=5)

@ Other reasons (n=0)

y (

Allocated to intervention (n=10)
@ Received allocated intervention (n=6)
@ Did not receive allocated intervention (n=4)

Allocation ]

asthenia/fatigue n=2
chemotherapy-related adverse events n=1

organizational reasons n=1

v [ Follow-Up ]

Lost to follow-up (give reasons) (n=0)
Discontinued intervention (give reasons) (n=0)

v [ Analysis J

Analysed (n=6)
@ Excluded from analysis (give reasons) (n=0)

Figure 1. Flowchart of the study.

3.2. Clinical Data

All 10 patients enrolled were fit for chemotherapy with a modified FOLFIRI-
NOX chemotherapy regimen with G-CSF support (nFOLFIRINOX: calcium levofolinate
200 mg/m? IV infusion, oxaliplatin 85 mg/m? IV infusion, irinotecan 150 mg/m? IV in-
fusion, fluorouracil 2400 mg/m? IV infusion over 46 h) or PAXG chemotherapy regimen
(nab-paclitaxel 150 mg/m?, cisplatin 30 mg/m?, gemcitabine 800 mg/m?, oral capecitabine
1250 mg/m? day 1-28).

All six patients who completed the exercise prehabilitation program received at least
3 months of chemotherapy and underwent surgery after a new evaluation by the MDT.
Grade 3 hand—foot syndrome (HFS) was observed in one participant, whereas no other
grade 3—4 toxicities were reported (Table 2). Two pancreato-duodenectomies, two distal
spleno-pancreatectomies and one total pancreatectomy were performed. In one patient,
no resection was performed due to involvement of the mesenteric vessels at surgical
exploration. Among the patients undergoing surgery, two encountered postoperative
complications (Clavien-Dindo Illa and IIIb; Table 2). No postoperative mortality occurred.

3.3. Secondary Outcomes

No statistically significant improvements were observed in aerobic capacity, as as-
sessed using vo2peak and VO,@GET (Figure 2). At the individual level, three patients
improved VOpeak beyond the MCID, whereas two patients showed a decrease exceed-
ing the MCID. Additionally, three patients improved their VO,@GET, and one patient
improved performance on the Steep Ramp Test beyond the MCID threshold (Figure S1).
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Table 2. Treatment characteristics of patients concluding the study.
Adverse Events * . .
D Chemo.therapy Chemotherapy- Type of Sl.lrglcal Postop.eraflve pTNM
Regimen Resection Complications
Related
001 mFFIRINOX Nausea G1 Pancreato- Anastomosis ulcer ypT2; pN1; TRG:4
duodenectomy
Fatigue G2 Distal spleno- ) ) )
002 mFFIRINOX Diarthea G1 pancreatectomy None ypT2; pNO; TRG:3
Exploratory
Nausea G1 laparotomy:
003 PAX-G HFS G1 involvement of the N/A N/A
mesenteric vessels
. No evidence of
FNa;fslelzi gi Total residual neoplasia;
004 PAX-G None reactive hyperplasia
HFS G3 pancreatectomy in1 h
Leukopenia G2 in lymph nodes
(35 findings)
014  mFFIRINOX Nausea G1 duzzz‘;fjifr;ly None ypT3a; pNO; TRG: 3
Gastrointestinal
. bleeding
016 mFFIRINOX Nausea G1 Distal spleno- Candida parapsilosis ypT1; pN2; TRG: 4

Oral mucositis G1

pancreatectomy Infection of the central

venous catheter

* Adverse events (AEs) are commonly graded by severity using the Common Terminology Criteria for Adverse
Events (CTCAE). N/A not available.

VO2@GET (ml/min/kg)  VO?peak (ml/min/kg) Steep ramp test (W)

25.0 35.0 300
_— 1 300 T 250
X 25.0 200 B PRE
15.0
[ 20.0 150 W POST
1
100 15.0 100
5.0 10.0 50

Figure 2. VO, at GET (Gas Exchange Threshold), Vozpeak/ and maximal power achieved in the Steep
Ramp Test are reported before (pre) and after (post) intervention.

No statistically significant changes were observed in muscle function, as assessed
by handgrip strength, the 30-second sit-to-stand test, MVC force, and knee extensor RFD
(Figure 3). At the individual level, one of six patients improved handgrip strength beyond
the MCID, and another improved 30-second sit-to-stand performance beyond the MCID
threshold. For MVC, one patient demonstrated an improvement exceeding the MCID,
whereas another showed a deterioration beyond the MCID (Figure S2).

The skeletal muscle index (SMI) and skeletal muscle radiation attenuation (SMRA)
did not change significantly after intervention (Table 3).

No statistically significant differences were observed in either the MFI-20 or EORTC
scores before and after the 4-week prehabilitation program (Figure 4). However, at the
individual level, two patients demonstrated improvements in EORTC scores exceeding the
MCID. For the MFI-20, one patient improved beyond the MCID threshold, whereas one
patient exhibited a deterioration exceeding the MCID.

https:/ /doi.org/10.3390/medsci14020184
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Handgrip (kg) 30 s chair rise (#)
60 25
55
0 20
a5 15 M PRE
40
35 10 M rosT
30 5
25
20 0
MVC (N) RFD (N/s)
600 10,000
500 9000
200 8000
7000
300
6000
200 5000
100 4000
0 3000

Figure 3. Handgrip strength, 30 s chair rise repetitions, maximal voluntary contraction (MVC)
force and rate of force development (RFD) of the knee extensors are reported before (pre) and after
(post) intervention.

Table 3. Skeletal muscle index (SMI) and skeletal muscle radiation attenuation (SMRA) are reported
for each patient.

SMI SMRA
1D PRE POST PRE POST
001 33.2 321 34 36
002 32.1 449 49 45
003 45.1 48.2 46 50
004 36.5 37.6 53 58
014 38.3 36.1 40 42
016 46.6 46.1 57 62
Median 37.4 41.2 57 62
Range 32.1-46.6 32.1-48.2 34-57 3662
Multidimensional fatigue index EORTC QLQ-C30
—Pre Intervention ——Post Intervention —Pre Intervention ——Post Intervention
Global health
General fatigue status
14 100
2 AN
R?le. Physical
Mental fatigue \ Physical fatigue Tnstioning
Social Emotional

Decreased/ Ampaired
motivation activity

Cognitive

Figure 4. Average scores for multidimensional fatigue index and quality of life before (pre) and after
(post) the 4-week prehabilitation program.

Dietary intakes did not change significantly before-after the intervention (Figure 5).
Two patients showed a trend in increasing the percentage of fats.

https://doi.org/10.3390 /medsci14020184


https://doi.org/10.3390/medsci14020184

Med. Sci. 2026, 14, 184 11 0f 17
Caloric Intake (kcal) Protein (%) Carbohydrates (%) Lipids (%) Liquids (ml)
1800 - 20 56 45 3000
1700 18 54 0 ) 2500
1600 l. 16 -. 52 . 2000 . W PRe
1500 35
Tato = 14 - 50 ; 1500 l W POsT
1300 12 48 30 1000
1200 10 46 — 25 500

Figure 5. Nutritional parameters (protein, carbohydrates, and lipid are expressed as % of total energy
intake) showing pre-post mean, median, and interquartile ranges.

IL-4, IL-5 and IL-13 serum levels were not in the range of detectability. Other cytokine
concentrations were low and did not change after the intervention (Table 4), with the
exception of IL-6, whose levels were significantly reduced after intervention (Figure 6).

Table 4. Cytokine concentrations are reported for each patient.

ID CCL27 CCL11 IL-8 TNF-a
01A 73.13 11.67 3.41 1.51
01B 85.36 4.58 2.14 0.67
02A 36.84 5.22 0.51 0.67
02B 48.86 3.83 1.31 0.67
03A 17.09 0.69 0.51 ND
03B 9.34 0.49 0.51 1.51
04A 1.78 0.35 ND ND
04B ND ND ND ND
014A ND ND ND 0.67
014B ND ND ND ND
016A ND ND ND ND
016B ND 0.04 ND ND
IL6 (pg/ml)
75.0
70.0
*
65.0 . -
60.0
55.0

Figure 6. Circulating IL-6 levels before and after intervention. Blue color indicates PRE, orange color
indicate POST. * indicates p < 0.05.

4. Discussion

This pilot feasibility study evaluated a 4-week partially supervised home-based, HIIT-
based prehabilitation program implemented during neoadjuvant chemotherapy in pan-
creatic cancer patients within the available neoadjuvant treatment window. A relevant
feature of the intervention was the combination of home-based delivery with objective
remote monitoring and partial in-person supervision. Remote monitoring allowed the
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quantification of adherence and facilitated the early identification of difficulties, while
in-person supervision was intended to support safety and individualized progression. The
principal findings of the study are as follows: (i) participation was acceptable; (ii) attrition
was substantial and was largely driven by fatigue and chemotherapy-related adverse ef-
fects; and (iii) among participants who completed the program, cardiorespiratory fitness
and muscle function were generally maintained. Although some individuals demonstrated
improvements exceeding MCID thresholds, no statistically significant group-level changes
were observed in these outcomes. An exploratory reduction in IL-6 was also observed;
however, given the single-arm design and the very small completer sample, this finding
should be interpreted cautiously.

The lack of significant improvements in physical, functional, and, partially at least,
inflammatory outcomes should be interpreted considering the clinical characteristics of
the study population. All patients were undergoing neoadjuvant chemotherapy prior to
pancreatic surgery. Because patients underwent neoadjuvant chemotherapy before surgi-
cal reevaluation, a 4-week prehabilitation intervention was feasible within this treatment
window; however, neoadjuvant chemotherapy also introduces a substantial physiologi-
cal burden including fatigue, sarcopenia, reduced aerobic capacity, and systemic inflam-
mation, in addition to treatment-related adverse events, all of which likely contributed
to discontinuation.

The CPET findings indicate that the 4-week intervention did not elicit clear group-
level improvements in maximal aerobic capacity, as reflected by VOzpeak. Individual
analyses revealed heterogeneous and inconsistent trajectories of aerobic function. Notably,
however, VO, at the Gas Exchange Threshold improved beyond the MCID in half of the
patients. From a physiological standpoint, this pattern is consistent with the adaptations
targeted by HIIT, which exposes patients to repeated bouts of high metabolic stress capable
of stimulating both central (cardiac output) and peripheral (muscle oxidative capacity,
oxygen extraction, lactate handling) mechanisms [45]. Interval work performed at or
above the threshold intensity is particularly effective in stabilizing or shifting submaximal
aerobic parameters over short training periods, even when changes in peak capacity are
modest [46,47]. In the context of neoadjuvant chemotherapy, where rapid deconditioning is
expected due to treatment-related fatigue, inactivity, and systemic stress, the maintenance of
CPET-derived indices, especially threshold-related VO,, may be consistent with functional
stability during neoadjuvant chemotherapy, although this interpretation remains tentative
in the absence of a comparator group.

Across muscle function outcomes (handgrip strength, 30 s chair rise, knee extensor
MVC, and RFD), the absence of clear pre—post changes at the group level, together with a
limited number of individual trajectories exceeding the prespecified MCIDs, suggests the
relative stability of neuromuscular performance in some participants, although preserva-
tion cannot be inferred definitively without a control group. This is a relevant signal in the
neoadjuvant chemotherapy context, where reductions in habitual activity, treatment-related
fatigue, and catabolic/inflammatory stress may otherwise accelerate declines in strength
and functional capacity. Importantly, low muscle strength (often operationalized via hand-
grip strength) and sarcopenia have been associated with a higher risk of major postoperative
complications, and lower handgrip strength is also associated with higher mortality risk
in cancer and non-cancer populations [48,49]. From a training mechanism standpoint,
the functional/resistance component (chair rise/step tasks with external resistance when
tolerated) plausibly contributed to maintain task-specific functional performance (chair
rise) and general strength (handgrip and MVC); however, the short intervention duration,
conservative progression imposed by symptoms, and limited high-velocity loading likely
constrained improvements in explosive neuromuscular qualities such as RFD, which are
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particularly dependent on neural drive and rapid force production stimuli and often require
more targeted power-oriented training to change robustly. No improvement was observed
in SMI and SMRA over the 4-week period, likely reflecting the short intervention duration,
inadequate anabolic support, or the catabolic effects of systemic therapy.

Exercise may modulate inflammatory pathways, and reduced IL-6 has been reported
in some exercise-based oncology and non-oncology settings [50-53]. In accordance, in the
present study, IL-6 was the only inflammatory marker showing a statistically significant
pre—post change. These data may suggest a possible modulatory effect of the prehabilitation
program on the pro-inflammatory milieu. However, this finding should be interpreted
with considerable caution, given the very small number of completers, the absence of a
comparator group, and the potential influence of multiple biological and treatment-related
factors on circulating cytokine levels. Therefore, the observed reduction in IL-6 should
be regarded as an exploratory signal rather than evidence of a specific biological effect of
the intervention.

With regard to patient-reported outcomes, no statistically significant changes were
observed in either EORTC or MFI-20 scores following the 4-week prehabilitation program.
In the context of ongoing neoadjuvant chemotherapy—characterized by a substantial symp-
tom burden and treatment-related fatigue—these findings suggest that the intervention did
not produce measurable group-level improvements in perceived quality of life or fatigue.
Nevertheless, the presence of individual trajectories exceeding the MCID thresholds indi-
cates a heterogeneous response, consistent with the clinical variability of this population,
and supports the notion that prehabilitation may at least contribute to stabilizing quality of
life and fatigue perception during systemic treatment.

This study has several important limitations typical of early-stage pilot feasibility work.
First, only six participants completed the intervention and post-intervention assessments,
substantially limiting robustness, precision, and generalizability. Second, the absence of
a control group prevents any causal or comparative interpretation of secondary outcome
changes. Third, the study population was clinically heterogeneous, including variability
in treatment course and chemotherapy regimen, which may have acted as a confounding
factor. Fourth, this manuscript reports a center-specific exploratory cohort within a broader
multicenter framework, and the findings should therefore not be generalized beyond similar
neoadjuvant settings. Finally, several secondary outcomes were exploratory, and the study
was not powered to detect clinically meaningful efficacy effects. Accordingly, the present
findings should be interpreted primarily in terms of feasibility rather than effectiveness.

5. Conclusions

A 4-week partially supervised, home-based exercise prehabilitation program appears
feasible in a subset of pancreatic cancer patients undergoing neoadjuvant chemother-
apy, with no exercise-related adverse events among those who participated. However,
the substantial attrition rate and very small number of completers indicate that feasi-
bility was limited and that implementation remains challenging in this clinical context.
Secondary outcomes were largely stable and should be interpreted as exploratory only.
Future controlled studies with larger samples are needed to determine whether this ap-
proach can be optimized and whether it provides clinically meaningful benefits during
neoadjuvant treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/medsci14020184/s1, Figure S1. Individual trend of VO, at GET
(Gas Exchange Threshold), VOZpeak/ and maximal power achieved in the steep ramp test are reported
before (pre) and after (post) intervention; Figure S2. Individual trend of handgrip strength, 30-s chair
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rise repetitions, maximal voluntary contraction (MVC) force and rate of force development (RFD) of
the knee extensors are reported before (pre) and after (post) intervention.

Author Contributions: Conceptualization, P.C., M.A.S., S.B. and G.B.; methodology, P.C., M.AS., S.B,,
G.B.,, LB, C.T. and D.I; software, L.B. and D.L; formal analysis, L.B., C.T., PC. and G.B.; investigation,
M.AS.,S.B., G.B., LB, C.T.,C.C. and D.L; resources, P.C.; M.A.S.,S.B., G.B,,L.B.,, C.T.,, C.C.and D.I,;
writing—original draft preparation, P.C.; M.A.S., S.B. and G.B.; writing—review and editing, P.C.;
M.AS., S.B.,GB., AR, LB, CT, C.C. and D.I; visualization, G.B. and P.C.; supervision, P.C. and
A.R.; project administration, P.C.; funding acquisition, P.C. All authors have read and agreed to the
published version of the manuscript.

Funding: The present study pertains to the Food4Health program, which collected funding from EIT
Health and EIT Food within the “Bilateral Innovation call in collaboration with EIT Health: Food
for Health” (proposal code 20353 to P.C.). EIT Health and EIT Food are supported by the European
Institute of Innovation and Technology (EIT), a body of the European Union that receives support
from the European Union’s Horizon Europe Research and Innovation Program. The protocol did
not undergo any peer review by the granting agency, which is not involved in the analysis and
interpretation of future results.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Ospedale Molinette Citta della Salute e della
Scienza, Torino, Italy, (protocol code N. 102/2022 and date of approval 15 April 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: During the preparation of this manuscript, the G.B. used ChatGPT (ver 5.4,
OpenAl) for language editing and text refinement. The authors critically reviewed and edited all
generated content and take full responsibility for the final content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Rawla, P; Sunkara, T.; Gaduputi, V. Epidemiology of Pancreatic Cancer: Global Trends, Etiology and Risk Factors. World ]. Oncol.
2019, 10, 10. [CrossRef] [PubMed]

2. Park, W,; Chawla, A.; O'Reilly, E.M. Pancreatic Cancer: A Review. JAMA 2021, 326, 851-862. [PubMed]

3. Mizrahi, J.D.; Surana, R.; Valle, ].W.; Shroff, R.T. Pancreatic Cancer. Lancet 2020, 395, 2008-2020. [CrossRef] [PubMed]

4 Farnes, I; Kleive, D.; Verbeke, C.S.; Aabakken, L.; Issa-Epe, A.; Smastuen, M.C.; Fosby, B.V.; Dueland, S.; Line, P.-D.; Labori, K.J.
Resection Rates and Intention-to-Treat Outcomes in Borderline and Locally Advanced Pancreatic Cancer: Real-World Data from a
Population-Based, Prospective Cohort Study (Norpact-2). BJS Open 2023, 7, zrad137.

5.  Sandini, M.; Patino, M.; Ferrone, C.R.; Alvarez-Perez, C.A.; Honselmann, K.C.; Paiella, S.; Catania, M.; Riva, L.; Tedesco, G.;
Casolino, R.; et al. Association between Changes in Body Composition and Neoadjuvant Treatment for Pancreatic Cancer. JAMA
Surg. 2018, 153, 809-815. [CrossRef]

6. Kasumova, G.G.; Conway, W.C.; Tseng, ].E. The Role of Venous and Arterial Resection in Pancreatic Cancer Surgery. Ann. Surg.
Oncol. 2018, 25, 51-58. [CrossRef]

7. Zhang, Q.H.;Ma, ].D.; Lu, YM.; Zhang, R.N.; Zhao, Z.H.; Li, Y.T.; Chen, Q.P. Sarcopenia Adversely Impacts Clinical Outcomes in
Patients Undergoing Pancreaticoduodenectomy: A Systematic Review and Meta-Analysis. World . Gastrointest. Surg. 2024, 16,
1857-1870. [CrossRef]

8.  Bongers, B.C.; Dejong, C.H.C.; den Dulk, M. Enhanced Recovery after Surgery Programmes in Older Patients Undergoing
Hepatopancreatobiliary Surgery: What Benefits Might Prehabilitation Have? Eur. J. Surg. Oncol. 2021, 47, 551-559. [CrossRef]

9.  Makary, M.A,; Segev, D.L.; Pronovost, PJ.; Syin, D.; Bandeen-Roche, K,; Patel, P,; Takenaga, R.; Devgan, L.; Holzmueller, C.G;

Tian, J.; et al. Frailty as a Predictor of Surgical Outcomes in Older Patients. J. Am. Coll. Surg. 2010, 210, 901-908. [CrossRef]

https:/ /doi.org/10.3390/medsci14020184


https://doi.org/10.14740/wjon1166
https://www.ncbi.nlm.nih.gov/pubmed/30834048
https://www.ncbi.nlm.nih.gov/pubmed/34547082
https://doi.org/10.1016/S0140-6736(20)30974-0
https://www.ncbi.nlm.nih.gov/pubmed/32593337
https://doi.org/10.1001/jamasurg.2018.0979
https://doi.org/10.1245/s10434-016-5676-3
https://doi.org/10.4240/wjgs.v16.i6.1857
https://doi.org/10.1016/j.ejso.2020.03.211
https://doi.org/10.1016/j.jamcollsurg.2010.01.028
https://doi.org/10.3390/medsci14020184

Med. Sci. 2026, 14, 184 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Aoyama, T.; Kawabe, T.; Fujikawa, H.; Hayashi, T.; Yamada, T.; Tsuchida, K.; Yukawa, N.; Oshima, T.; Rino, Y.; Masuda, M.; et al.
Loss of Lean Body Mass as an Independent Risk Factor for Continuation of S-1 Adjuvant Chemotherapy for Gastric Cancer. Ann.
Surg. Oncol. 2015, 22, 2560-2566. [CrossRef]

Wilson, R.J.; Davies, S.; Yates, D.; Redman, J.; Stone, M. Impaired Functional Capacity Is Associated with All-Cause Mortality
after Major Elective Intra-Abdominal Surgery. Br. . Anaesth. 2010, 105, 297-303. [CrossRef]

Versteijne, E.; Suker, M.; Groothuis, K.; Akkermans-Vogelaar, ].M.; Besselink, M.G.; Bonsing, B.A.; Buijsen, J.; Busch, O.R,;
Creemers, G.M.; van Dam, R.M,; et al. Preoperative Chemoradiotherapy Versus Immediate Surgery for Resectable and Borderline
Resectable Pancreatic Cancer: Results of the Dutch Randomized Phase Iii Preopanc Trial. ]. Clin. Oncol. 2020, 38, 1763-1773.
[CrossRef]

West, M.A.; Asher, R.; Browning, M.; Minto, G.; Swart, M.; Richardson, K.; McGarrity, L.; Jack, S.; Grocott, M.P,; Perioperative
Exercise, T.; et al. Validation of Preoperative Cardiopulmonary Exercise Testing-Derived Variables to Predict in-Hospital Morbidity
after Major Colorectal Surgery. Br. J. Surg. 2016, 103, 744-752. [CrossRef]

Chandrabalan, V.V.; McMillan, D.C.; Carter, R.; Kinsella, ].; McKay, C.J.; Carter, C.R.; Dickson, E.]J. Pre-Operative Cardiopulmonary
Exercise Testing Predicts Adverse Post-Operative Events and Non-Progression to Adjuvant Therapy after Major Pancreatic
Surgery. HPB 2013, 15, 899-907. [CrossRef] [PubMed]

Carli, F; Scheede-Bergdahl, C. Prehabilitation to Enhance Perioperative Care. Anesthesiol. Clin. 2015, 33, 17-33. [CrossRef]
Levett, D.Z.; Edwards, M.; Grocott, M.; Mythen, M. Preparing the Patient for Surgery to Improve Outcomes. Best Pract. Res. Clin.
Anaesthesiol. 2016, 30, 145-157. [CrossRef]

Giles, C.; Cummins, S. Prehabilitation before Cancer Treatment. BMJ 2019, 366, 15120. [CrossRef] [PubMed]

Berkel, A.E.M.; Bongers, B.C.; van Kamp, M.S.; Kotte, H.; Weltevreden, P; de Jongh, EH.C.; Eijsvogel, M.M.M.; Wymenga, A.N.M,;
Bigirwamungu-Bargeman, M.; van der Palen, J.; et al. The Effects of Prehabilitation Versus Usual Care to Reduce Postoperative
Complications in High-Risk Patients with Colorectal Cancer or Dysplasia Scheduled for Elective Colorectal Resection: Study
Protocol of a Randomized Controlled Trial. BMC Gastroenterol. 2018, 18, 29. [CrossRef]

Moran, J.; Wilson, E; Guinan, E.; McCormick, P.; Hussey, ]J.; Moriarty, J. Role of Cardiopulmonary Exercise Testing as a Risk-
Assessment Method in Patients Undergoing Intra-Abdominal Surgery: A Systematic Review. Br. ]. Anaesth. 2016, 116, 177-191.
[CrossRef] [PubMed]

Barberan-Garcia, A.; Ubre, M.; Roca, J.; Lacy, A.M.; Burgos, E; Risco, R.; Momblan, D.; Balust, J.; Blanco, I.; Martinez-Palli, G.
Personalised Prehabilitation in High-Risk Patients Undergoing Elective Major Abdominal Surgery: A Randomized Blinded
Controlled Trial. Ann. Surg. 2018, 267, 50-56. [CrossRef]

Ausania, F; Senra, P.; Melendez, R.; Caballeiro, R.; Ouvina, R.; Casal-Nunez, E. Prehabilitation in Patients Undergoing Pancreati-
coduodenectomy: A Randomized Controlled Trial. Rev. Esp. Enferm. Dig. 2019, 111, 603-608. [CrossRef]

Ferreira, V.; Agnihotram, R.V.; Bergdahl, A.; van Rooijen, S.J.; Awasthi, R.; Carli, F.; Scheede-Bergdahl, C. Maximizing Patient
Adherence to Prehabilitation: What Do the Patients Say? Support. Care Cancer 2018, 26, 2717-2723. [CrossRef]

Baldelli, G.; Natalucci, V.; Ferri Marini, C.; Sisti, D.; Annibalini, G.; Saltarelli, R.; Bocconcelli, M.; Gentilini, V.; Emili, R.; Rocchi,
M.B.L. A Home-Based Lifestyle Intervention Program Reduces the Tumorigenic Potential of Triple-Negative Breast Cancer Cells.
Sci. Rep. 2024, 14, 2409. [CrossRef] [PubMed]

van Wijk, L.; Bongers, B.C.; Berkel, A.E.M.; Buis, C.I,; Reudink, M.; Liem, M.S.L.; Slooter, G.D.; van Meeteren, N.L.U; Klaase, ].M.
Improved Preoperative Aerobic Fitness Following a Home-Based Bimodal Prehabilitation Programme in High-Risk Patients
Scheduled for Liver or Pancreatic Resection. Br. J. Surg. 2022, 109, 1036-1039. [CrossRef] [PubMed]

Franssen, R EW.,; Janssen-Heijnen, M.L.G.; Barberan-Garcia, A.; Vogelaar, E].; Van Meeteren, N.L.U.; Bongers, B.C. Moderate-
Intensity Exercise Training or High-Intensity Interval Training to Improve Aerobic Fitness During Exercise Prehabilitation in
Patients Planned for Elective Abdominal Cancer Surgery? Eur. |. Surg. Oncol. 2022, 48, 3-13. [CrossRef]

Hildebrand, N.D.; Wijma, A.G.; Bongers, B.C.; Rensen, S.S.; den Dulk, M.; Klaase, ].M.; Damink, S.W.O. Supervised Home-Based
Exercise Prehabilitation in Unfit Patients Scheduled for Pancreatic Surgery: Protocol for a Multicenter Feasibility Study. JMIR Res.
Protoc. 2023, 12, e46526. [CrossRef]

Hildebrand, N.D.; Wijma, A.G.; Bongers, B.C.; Rensen, S.S.; den Dulk, M.; Klaase, ].M.; Damink, S.W.O. Adherence and Response
to Supervised Home-Based Exercise Prehabilitation of Unfit Patients Scheduled for Pancreatic Surgery. Eur. J. Surg. Oncol. 2025,
51, 110302. [CrossRef] [PubMed]

Wasserman, K. The Anaerobic Threshold Measurement to Evaluate Exercise Performance. Am. Rev. Respir. Dis. 1984, 129, S35-540.
[CrossRef] [PubMed]

Beaver, W.L.; Wasserman, K.; Whipp, B.J. A New Method for Detecting Anaerobic Threshold by Gas Exchange. J. Appl. Physiol.
1986, 60, 2020-2027. [CrossRef]

Whipp, B.J.; Ward, S.A.; Wasserman, K. Respiratory Markers of the Anaerobic Threshold. Anaerob. Thresh. Physiol. Clin. Signif.
Adv. Cardiol. 1987, 35, 47-64.

https:/ /doi.org/10.3390/medsci14020184


https://doi.org/10.1245/s10434-014-4296-z
https://doi.org/10.1093/bja/aeq128
https://doi.org/10.1200/jco.19.02274
https://doi.org/10.1002/bjs.10112
https://doi.org/10.1111/hpb.12060
https://www.ncbi.nlm.nih.gov/pubmed/23458160
https://doi.org/10.1016/j.anclin.2014.11.002
https://doi.org/10.1016/j.bpa.2016.04.002
https://doi.org/10.1136/bmj.l5120
https://www.ncbi.nlm.nih.gov/pubmed/31413000
https://doi.org/10.1186/s12876-018-0754-6
https://doi.org/10.1093/bja/aev454
https://www.ncbi.nlm.nih.gov/pubmed/26787788
https://doi.org/10.1097/SLA.0000000000002293
https://doi.org/10.17235/reed.2019.6182/2019
https://doi.org/10.1007/s00520-018-4109-1
https://doi.org/10.1038/s41598-024-52065-9
https://www.ncbi.nlm.nih.gov/pubmed/38287041
https://doi.org/10.1093/bjs/znac230
https://www.ncbi.nlm.nih.gov/pubmed/35851601
https://doi.org/10.1016/j.ejso.2021.08.026
https://doi.org/10.2196/46526
https://doi.org/10.1016/j.ejso.2025.110302
https://www.ncbi.nlm.nih.gov/pubmed/40652824
https://doi.org/10.1164/arrd.1984.129.2P2.S35
https://www.ncbi.nlm.nih.gov/pubmed/6421216
https://doi.org/10.1152/jappl.1986.60.6.2020
https://doi.org/10.3390/medsci14020184

Med. Sci. 2026, 14, 184 16 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Wilkinson, T.J.; Watson, E.L.; Xenophontos, S.; Gould, D.W.; Smith, A.C. The “Minimum Clinically Important Difference” in
Frequently Reported Objective Physical Function Tests after a 12-Week Renal Rehabilitation Exercise Intervention in Nondialysis
Chronic Kidney Disease. Am. J. Phys. Med. Rehabil. 2019, 98, 431-437. [CrossRef]

Trul-Kreuze, I.A.; Akkerman, M.; Kieboom, E.A.; Nieuwenhuis, M.K.; Houdijk, H.; Bongers, B.C. Clinimetric Properties of the
Steep Ramp Test to Assess Cardiorespiratory Fitness, its Underlying Physiological Responses, and Its Current Applications: A
Scoping Review. Arch. Phys. Med. Rehabil. 2024, 105, 2198-2213. [CrossRef]

Gutiérrez, S.R.; Paixao, C.; Rebelo, P.; Antao, J.; Fernandes, V.; Ferreira, P.G.; Marques, A. Minimal Clinically Important Difference
for Quadriceps Maximal Voluntary Contraction Following Pulmonary Rehabilitation in People with Interstitial Lung Disease.
Respir. Med. 2025, 248, 108351. [CrossRef]

Kim, J.K; Park, M.G.; Shin, S.J. What Is the Minimum Clinically Important Difference in Grip Strength? Clin. Orthop. Relat. Res.
2014, 472, 2536-2541. [CrossRef] [PubMed]

Bohannon, R.W.; Wang, Y.-C.; Yen, S.-C.; Grogan, K.A. Handgrip Strength: A Comparison of Values Obtained from the Nhanes
and Nih Toolbox Studies. Am. |. Occup. Ther. 2019, 73, 7302205080p1-7302205080p9. [CrossRef] [PubMed]

Zanini, A.; Crisafulli, E.; D’Andria, M.; Gregorini, C.; Cherubino, F.; Zampogna, E.; Azzola, A.; Spanevello, A.; Schiavone, N.;
Chetta, A. Minimum Clinically Important Difference in 30-s Sit-to-Stand Test after Pulmonary Rehabilitation in Subjects with
Copd. Respir. Care 2019, 64, 1261-1269.

Mourtzakis, M.; Prado, C.M.; Lieffers, J.R.; Reiman, T.; McCargar, L.J.; Baracos, V.E. A Practical and Precise Approach to
Quantification of Body Composition in Cancer Patients Using Computed Tomography Images Acquired During Routine Care.
Appl. Physiol. Nutr. Metab. 2008, 33, 997-1006. [CrossRef] [PubMed]

Aubrey, ].; Esfandiari, N.; Baracos, V.E.; Buteau, F; Frenette, J.; Putman, C.; Mazurak, V. Measurement of Skeletal Muscle Radiation
Attenuation and Basis of Its Biological Variation. Acta Physiol. 2014, 210, 489—497. [CrossRef]

Goodpaster, B.H.; Kelley, D.E.; Thaete, FL.; He, J.; Ross, R. Skeletal Muscle Attenuation Determined by Computed Tomography Is
Associated with Skeletal Muscle Lipid Content. J. Appl. Physiol. 2000, 89, 104-110. [CrossRef]

Smets, E.; Garssen, B.; Bonke, B.d.; De Haes, J. The Multidimensional Fatigue Inventory (Mfi) Psychometric Qualities of an
Instrument to Assess Fatigue. J. Psychosom. Res. 1995, 39, 315-325. [CrossRef]

Purcell, A.; Fleming, J.; Bennett, S.; Burmeister, B.; Haines, T. Determining the Minimal Clinically Important Difference Criteria
for the Multidimensional Fatigue Inventory in a Radiotherapy Population. Support. Care Cancer 2010, 18, 307-315. [CrossRef]
Aaronson, N.K.; Ahmedzai, S.; Bergman, B.; Bullinger, M.; Cull, A.; Duez, N.J.; Filiberti, A.; Flechtner, H.; Fleishman, S.B.; Haes,
J.C.d. The European Organization for Research and Treatment of Cancer Qlq-C30: A Quality-of-Life Instrument for Use in
International Clinical Trials in Oncology. JNCI J. Natl. Cancer Inst. 1993, 85, 365-376. [CrossRef]

Osoba, D.; Rodrigues, G.; Myles, ].; Zee, B.; Pater, J. Interpreting the Significance of Changes in Health-Related Quality-of-Life
Scores. J. Clin. Oncol. 1998, 16, 139-144. [CrossRef] [PubMed]

Buscemi, S.; Rosafio, G.; Vasto, S.; Massenti, EFM.; Grosso, G.; Galvano, F.; Rini, N.; Barile, A.M.; Maniaci, V.; Cosentino, L.
Validation of a Food Frequency Questionnaire for Use in Italian Adults Living in Sicily. Int. |. Food Sci. Nutr. 2015, 66, 426—438.
[CrossRef] [PubMed]

Gibala, M.].; Little, ].P.; MacDonald, M.].; Hawley, J.A. Physiological Adaptations to Low-Volume, High-Intensity Interval Training
in Health and Disease. J. Physiol. 2012, 590, 1077-1084. [CrossRef]

Palma, S.; Hasenoehrl, T.; Jordakieva, G.; Ramazanova, D.; Crevenna, R. High-Intensity Interval Training in the Prehabilitation of
Cancer Patients—A Systematic Review and Meta-Analysis. Support. Care Cancer 2021, 29, 1781-1794. [CrossRef] [PubMed]
Cuomo, S.; Brustio, P.R.; Mulasso, A.; Beratto, L.; Dieli-Conwright, C.; Rainoldi, A. High-Intensity Interval Training During
Cancer Prehabilitation May Improve Cardiorespiratory Fitness: A Meta-Analysis. Healthcare 2025, 13, 3030. [CrossRef]

Wielsge, S.; Sundberg, A.; Kristensen, T.S.; Christensen, J.; Sillesen, M.; Hansen, C.P.; Burgdorf, S.K.; Pedersen, B.K.; Suetta, C.;
Christensen, J.F. Impact of Sarcopenia and Muscle Strength on Postoperative Complication Risk Following Pancreatic Resection.
Clin. Nutr. ESPEN 2024, 64, 263-273. [CrossRef]

Bettariga, F.; Galvao, D.A ; Taaffe, D.R.; Bishop, C.; Lopez, P.; Maestroni, L.; Quinto, G.; Crainich, U.; Verdini, E.; Bandini, E.
Association of Muscle Strength and Cardiorespiratory Fitness with All-Cause and Cancer-Specific Mortality in Patients Diagnosed
with Cancer: A Systematic Review with Meta-Analysis. Br. J. Sports Med. 2025, 59, 722-732. [CrossRef]

Ciudin, A.; Simé-Servat, A.; Palmas, F.; Barahona, M.]. Sarcopenic Obesity: A New Challenge in the Clinical Practice. Endocrinol.
Diabetes Nutr. 2020, 67, 672-681. [CrossRef]

Garneau, L.; Terada, T.; Mistura, M.; Mulvihill, E.E; Reed, ].L.; Aguer, C. Exercise Training Reduces Circulating Cytokines in Male
Patients with Coronary Artery Disease and Type 2 Diabetes: A Pilot Study. Physiol. Rep. 2023, 11, €15634. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/medsci14020184


https://doi.org/10.1097/PHM.0000000000001080
https://doi.org/10.1016/j.apmr.2024.02.717
https://doi.org/10.1016/j.rmed.2025.108351
https://doi.org/10.1007/s11999-014-3666-y
https://www.ncbi.nlm.nih.gov/pubmed/24817380
https://doi.org/10.5014/ajot.2019.029538
https://www.ncbi.nlm.nih.gov/pubmed/30915969
https://doi.org/10.1139/h08-075
https://www.ncbi.nlm.nih.gov/pubmed/18923576
https://doi.org/10.1111/apha.12224
https://doi.org/10.1152/jappl.2000.89.1.104
https://doi.org/10.1016/0022-3999(94)00125-o
https://doi.org/10.1007/s00520-009-0653-z
https://doi.org/10.1093/jnci/85.5.365
https://doi.org/10.1200/JCO.1998.16.1.139
https://www.ncbi.nlm.nih.gov/pubmed/9440735
https://doi.org/10.3109/09637486.2015.1025718
https://www.ncbi.nlm.nih.gov/pubmed/25830946
https://doi.org/10.1113/jphysiol.2011.224725
https://doi.org/10.1007/s00520-020-05834-x
https://www.ncbi.nlm.nih.gov/pubmed/33106975
https://doi.org/10.3390/healthcare13233030
https://doi.org/10.1016/j.clnesp.2024.10.003
https://doi.org/10.1136/bjsports-2024-108671
https://doi.org/10.1016/j.endinu.2020.03.004
https://doi.org/10.14814/phy2.15634
https://www.ncbi.nlm.nih.gov/pubmed/36905198
https://doi.org/10.3390/medsci14020184

Med. Sci. 2026, 14, 184 17 of 17

52. Sun, Y,; Tian, Y,; Li, Z; Cao, S.; Liu, X.; Han, H.; Han, L.; Kong, L.; Zhang, X.; Liu, F. Multimodal Prehabilitation to Improve
Functional Abilities and Reduce the Chronic Inflammatory Response of Frail Elderly Patients with Gastric Cancer: A Prospective
Cohort Study. Eur. J. Surg. Oncol. 2025, 51, 109563. [PubMed]

53. Zylstra, J.; Whyte, G.P; Beckmann, K ; Pate, J.; Santaolalla, A.; Gervais-Andre, L.; Russell, B.; Maisey, N.; Waters, J.; Tham, G.
Exercise Prehabilitation During Neoadjuvant Chemotherapy May Enhance Tumour Regression in Oesophageal Cancer: Results
from a Prospective Non-Randomised Trial. Br. ]. Sports Med. 2022, 56, 402—-409. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/medsci14020184


https://www.ncbi.nlm.nih.gov/pubmed/39733587
https://doi.org/10.1136/bjsports-2021-104243
https://www.ncbi.nlm.nih.gov/pubmed/35105604
https://doi.org/10.3390/medsci14020184

	Introduction 
	Materials and Methods 
	Study Design 
	Eligibility/Exclusion Criteria 
	Recruitment 
	Study Outcomes 
	Intervention 
	Measurements 
	Adherence to the Intervention 
	Cardiopulmonary Exercise Test (CPET) 
	Steep Ramp Test 
	Knee Extensor Muscle Function 
	Handgrip Strength Test 
	30-Second Sit-to-Stand 
	Skeletal Muscle Mass and Quality 
	Questionnaires 
	Cytokine/Chemokine Levels 

	Statistical Analysis 

	Results 
	Feasibility 
	Clinical Data 
	Secondary Outcomes 

	Discussion 
	Conclusions 
	References

