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ARTICLE INFO ABSTRACT

Keywords: Objectives: To evaluate the effectiveness of exercise-based prehabilitation program on hospital length of stay and
Exercise postoperative complications in patients with cancer undergoing surgery, and to identify which intervention
Prehabilitation characteristics are associated with greater reductions in postoperative morbidity.

(S:z:;:rry Data source: A systematic search was conducted in PubMed and Web of Science from inception to June 2026.
Oncology Study selection: After eligibility assessment, 152 articles were reviewed in full, and 55 randomized controlled

trials were included in the meta-analyses.

Outcomes measures: Hospital length of stay (HLOS) and postoperative complications including overall (i.e., any
deviation from the normal postoperative course), major and minor complications, comprehensive complication
index, pulmonary complications, pneumonias and readmissions.

Results: Exercise-based prehabilitation programs significantly reduced HLOS in the overall analysis (d = -0.21,
approximately -0.79 days), although heterogeneity was substantial (I>=85%). In stratified analyses, HLOS was
significantly reduced in gastrointestinal cancers, whereas non-significant reductions were noted in thoracic and
genitourinary cancers. Overall postoperative complications were reduced in the overall analysis (RR = 0.82,
12=46%), with significant reductions observed in gastrointestinal and thoracic cancers. Postoperative pulmonary
complications and pneumonias were also decreased (RR = 0.69 and 0.59; respectively). Moderator analyses
indicated that larger effects were observed in studies including a higher proportion of women and older patients,
and in supervised multidisciplinary aerobic or concurrent training programs.

Conclusion: Exercise-based prehabilitation programs are effective in reducing HLOS and postoperative compli-
cations in patients undergoing cancer surgery, with larger effects observed in women and older patients.
Implementing supervised, multidisciplinary aerobic or concurrent training prehabilitation may serve as prom-
ising strategies to maximize postoperative recovery.
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1. Introduction

Cancer prevalence and mortality rates are rapidly increasing
worldwide, making it a leading cause of morbidity and death [1].
Although surgery is considered the primary treatment for most cancers
[2], it is not exempt from complications [3]. >40% of patients with
cancer undergoing surgery experience postoperative complications [4,
5], which are strongly associated with impaired long-term health--
related quality of life [6] and survival [4,5]. In addition, many patients
face prolonged hospital length of stay (HLOS), which contributes to
functional decline [7] and imposes substantial costs on health systems
[8].

Unhealthy lifestyles and their related comorbidities increase the risk
of postoperative morbidity in patients with cancer [9-12]. In this
context, prehabilitation interventions delivered before surgery to
improve patients’ physiological reserve, have emerged as a promising
strategy to mitigate these risks [13]. Recent findings suggest that
exercise-based prehabilitation (i.e., only exercise, or exercise in com-
bination with nutritional and/or psychological interventions) programs
may reduce HLOS and postoperative complications in surgical pop-
ulations [14]. However, the evidence in patients with cancer remains
fragmented [15,16], and the optimal components of these interventions
— whether unimodal or multidisciplinary — as well as the most effective
exercise characteristics according to the FITT principles (i.e., frequency,
intensity, type, and time) and program duration, are still uncertain [15].

We therefore conducted a systematic review and meta-analysis to
determine whether exercise-based prehabilitation programs improve
postoperative outcomes in patients with cancer undergoing surgery.
Moreover, we aimed to identify which aspects of the FITT criteria are
associated with the greatest benefits.

2. Methods
2.1. Identification and selection of studies

All procedures followed in this study adhered to the Cochrane
Collaboration Handbook for conducting systematic reviews and meta-
analyses [17] and the Preferred Reporting Items for Systematic Re-
views and Meta-analyses (PRISMA) guidelines (Table S1) [18]. The
protocol of the systematic review was prospectively registered in the
International Prospective Register for Systematic Reviews (PROSPERO;
CRD42024525874).

A systematic review was performed in MEDLINE (via PubMed) and
Web of Science databases from inception to June 2026. This systematic
review included randomized controlled trials (RCTs) investigating the
effects of exercise-based prehabilitation programs on postoperative
outcomes. Reference lists of prior reviews were screened, and corre-
sponding authors were contacted when data were missing. The complete
search strategy is presented in Table S2.

2.2. Eligibility criteria

Study inclusion criteria followed PICOs strategy [17]: (1) Partici-
pants: adult patients with cancer undergoing surgery; (2) Intervention:
exercise-based prehabilitation programs, either unimodal (exercise
only) or multidisciplinary (exercise plus nutrition and/or psychology);
(3) Control: usual care without the proposed intervention; (4) Out-
comes: postoperative outcomes within the first 30 days after surgery,
including HLOS, overall complications, defined as the proportion of
patients experiencing at least one postoperative complication as re-
ported by each individual study, major complications (i.e., Grade III or
more, as categorized by Clavien-Dindo classification [19]; which cate-
gorizes the complications into five severity grades based on the treat-
ment required), minor complications (i.e., Grade I-II), Comprehensive
Complications Index (CCI) [20], postoperative pulmonary complica-
tions, pneumonias, and hospital readmission; (5) Study design: RCTs.
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Exclusion criteria were: (1) participants younger than 18 years old;
(2) non-eligible publication types (e.g., review articles, comments,
observational studies or before-and-after designs); (3) absence of an
exercise intervention; (4) control groups receiving any additional pre-
operative or postoperative intervention except for the enhanced recov-
ery after surgery (ERAS) protocol or general recommendations. ERAS
refers to evidence-based, procedure-specific, and periodically updated
multidisciplinary perioperative care pathways aimed at reducing sur-
gical stress, optimizing recovery, and improving postoperative outcomes
[21]. Two independent researchers (MFE and CGS) screened all studies
for eligibility, with discrepancies resolved by the senior author (FAG).
During Title/Abstract screening, records were not excluded solely
because postoperative outcomes were not mentioned, and full-text were
retrieved whenever the population and intervention suggested potential
eligibility. Language was restricted to English or Spanish.

2.3. Data extraction and risk of bias assessment

Data were extracted from the studies in a standardized form by MFE,
AMM, and AOQJ. For the calculation of the effect size (ES) and risk ratio
(RR), we obtained from the original manuscripts: (i) mean and standard
deviation (SD) of HLOS and CCI, (ii) number of patients experiencing the
postoperative outcomes detailed above, and (iii) sample sizes. The
collection of postoperative outcomes was based on the complications
reported in each study; therefore, complications definition and reporting
criteria depended on each trial criteria. We extracted overall compli-
cations, postoperative pulmonary complications (a subset of overall
complications) and pneumonia (a subset of postoperative pulmonary
complications) when reported, and analyzed these outcomes indepen-
dently. Corresponding authors were contacted when necessary. When
mean or SD were not reported, validated methods were applied to es-
timate them [22-24].

Additional information retrieved included: (1) author and year of
publication; (2) country of data collection; (3) sample characteristics (i.
e., age, sex, body mass index (BMI), cancer type, and receipt of neo-
adjuvant treatment). Cancer types were grouped into clinically mean-
ingful categories — gastrointestinal, thoracic, genitourinary, and breast
or mixed — which were used as a proxy for the surgical macroregions.
Neoadjuvant treatment was categorized as absent, received by only a
proportion of participants before the intervention, or administered
concurrently with prehabilitation; 4) intervention characteristics: (i)
modality (i.e., only exercise or exercise plus nutrition and/or psychol-
ogy), (ii) timeline (i.e., prehabilitation or prehabilitation plus rehabili-
tation), (iii) exercise type (i.e., aerobic, resistance, or concurrent), (iv)
frequency, (v) intensity, (vi) volume (minutes/week), (vii) supervision
(supervised, home-based or mixed-settings), and (viii) duration (weeks);
(5) methodological aspects: (i) whether the control group followed
ERAS guidelines, and (ii) whether the Clavien-Dindo classification was
used to record postoperative complications.

Methodological quality was independently assessed by two re-
viewers (MFE and CGS) using the Physiotherapy Evidence Database
(PEDro) scale [25]. The original PEDro scale comprises 11 items
addressing key methodological aspects. Nonetheless, because blinding
of participants and therapists is generally not feasible in
non-pharmacological trials, and these criteria are rarely fulfilled in such
trials [26], these two items were excluded from the final score. There-
fore, the methodological quality was assessed using a 9-item PEDro
scale, as presented in Supplementary Table S3.

2.4. Statistical analysis

A random-effects model, specifically the inverse variance method
[27,28] was applied to assess the postoperative outcomes in patients
receiving exercise-based prehabilitation compared with usual care. This
method was used to calculate pooled ES estimates with 95% confidence
intervals (95% ClIs), accounting for heterogeneity and variations in study
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characteristics (i.e., country, setting, population type, and distribution).
RR with 95% CIs were calculated for dichotomous data, while mean
difference (MD) with 95% CIs were analyzed for continuous outcomes.

Cochrans Q test and I index were used to assess statistical hetero-
geneity. I? was classified as: 0-40%, might not be important; 30-60%,
may represent moderate heterogeneity; 50-90%, substantial; 75-100%,
considerable [29]. Given the aims of this study and the clinical hetero-
geneity detected in the analyses, analyses for HLOS and overall com-
plications were conducted stratified by clinically meaningful cancer site
categories, including gastrointestinal, thoracic, and genitourinary. For
postoperative pulmonary complications and pneumonias, additional
analyses were conducted according to thoracic versus non-thoracic
cancer context. Where sufficient data were avilable, potential modera-
tors of ESs were additionally examined for both the overall and the
cancer-stratified analyses using meta-regression (continuous variables)
and analyses of variance (categorical variables). Each moderator was
analyzed separately, due to the limited number of studies for some
outcomes.

Sensitivity analyses were performed to assess the influence of each
individual study on pooled ES and RR. Publication bias was evaluated
using Eggers test [30] and Rosenthal’s fail-safe N method [31], which
estimates the number null results studies required to be reduce signifi-
cance to an alpha level of 0.05. Risk of bias/methodological was also
examined as a moderator variable (total PEDro score) using meta-re-
gression to assess its influence on postoperative outcomes. All statistical
analyses were performed using the metaphor package [32] in R.

3. Results
3.1. Search results

The systematic search retrieved 16,056 records. After removal of
duplicates and screening by title and abstract, 152 articles were assessed

in full-text review. The study selection process is detailed in Fig. 1. A
total of 55 RCTs were included [33-87]. In one study, only the control
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group and the exercise-based intervention group were considered, as the
additional arm involving inspiratory training alone was not classified as
an exercise intervention [42]. One RCT was divided into two indepen-
dent samples because there were two intervention groups [81].

3.2. Participants and studies characteristics

Descriptive characteristics of participants and interventions are
presented in Table 1 and Supplementary Table S4. The total sample
comprised 5378 participants (n = 2670 intervention and n = 2708
control), of whom 39.8% were women. At baseline, the mean age of the
total sample was 65.2 years (SD = 9.0), and mean BMI was 25.2 kg/m?
(SD = 4.3).

Most studies were conducted in patients with gastrointestinal cancer
(n = 31) [33-35,38-40,45,51,54,56-60,64,66,72,74-871, followed by
thoracic cancers (n = 15) [36,41,42,44,46-50,53,61-63,68,71] and
genitourinary cancers (n = 7) [37,43,55,65,67,69,70]. One study
included multiple cancer sites [52] and one study was conducted in
patients with breast cancer [73]. Regarding the type of intervention, 32
interventions applied only-exercise intervention [36-41,43-48,50,51,
53,57,59-65,68-71,74-76,78,81], 14 combined exercise with dietary
and psychological support [34,35,49,55,56,58,66,67,72,77,79,82,83,
86], 8 combined exercise with nutrition [33,52,54,80,81,84,85,87], and
2 combined exercise with psychological support [42,73]. The duration
of the preoperative programs ranged from 1 to 16 weeks, with a mean
duration of 4.12 weeks. Most interventions were conducted exclusively
during the preoperative period, except for 7 studies that extended the
programs into the postoperative phase [43,51,60,61,66,77,78].
Regarding exercise programs, most studies combined aerobic and
resistance training (n = 38) [33-36,38,40,43,45,48,49,51-56,58,59,
62-67,72-83,85,87], whereas 16 studies implemented aerobic training
alone [37,39,41,42,44,46,47,50,57,60,61,68-71,86]. Only one of the
included studies prescribed resistance training alone [84]. High in-
tensity interval training (HIIT) was reported in 10 studies [33,37,39,40,
47,50,56,63,68,69], of which 4 combined HIIT with resistance training

c Becords |dent|ﬂed o Records removed before screening:
2 Database(halony7) — duplicate records removed (n=4903)
© Others sources (n=9)
<
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Fig. 1. Flowchart of the search and selected studies.
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Table 1

General characteristics of the included studies.
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Source Country Study Participants Sex Age BMI Type of cancer Neoadjuvant treatment Measured outcomes
design analyzed, N (women (SD) (SD)
%)
Allen et al. (2022) United RCT 22 23 15.0 64.0 27.9 Esophagogastric All radio- and/or HLOS; PPC30D;
[35] Kingdom (8.0) (4.9) chemotherapy READ30D
Ausania et al. Spain RCT 18 22 45.0 65.9 25.8 Pancreatic None HLOS; PC30D;
(2019) [33] (10.8) (3.8) PCMJ30D; PCMN30D;
READ30D
Banerjee et al. United RCT 27 28 11.7 72.1 27.0 Bladder Some participants with HLOS; PC30D;
(2018) [37] Kingdom (7.6) (4.3) neoadjuvant treatment PCMJ30D; PCMN30D;
(other no) PPN30D
Bausys et al. Lithuania RCT 61 61 36.9 62.5 26.3 Gastric Some participants with HLOS
(2023) [34] (10.6) (5.2) neoadjuvant treatment
(other no)
Benzo et al. (2011) United States RCT 10 9 52.6 71.1 NR Lung NR HLOS; PPC30D;
[36] (7.6) PPN30D
Berardi et al. Italy RCT 30 30 47.0 67.9 24.3 Liver None HLOS; READ30D
(2025) [87] (11.1) (2.0)
Berkel et al. Netherlands RCT 28 29 47.4 73.5 30.2 Colorectal Some participants with HLOS; PC30D;
(2022) [40] (6.5) (4.5) neoadjuvant treatment PCMJ30D; PCMN30D;
(other no) CCI30D; READ30D
Blackwell et al. United RCT 18 16 2.5 71.5 NR Urological None PC30D; PCMJ30D;
(2020) [69] Kingdom 3.1) PCMN30D
Casanovas-Alvarez  Spain RCT 32 32 100.0 52.0 25.2 Breast All radio- and/or HLOS
(2024) [73] (11.8) (5.0) chemotherapy
Chen et al. (2024) China RCT 58 57 47.0 NR NR Gastric None HLOS; PC30D; CCI30D;
[72] PPC30D; READ30D
Danielsson et al. Sweden RCT 27 24 55.0 77.0 NR Colorectal Some participants with HLOS; PC30D;
(2025) [76] (6.0) neoadjuvant treatment PPC30D; CCI30D
(other no)
Dronkers et al. Netherlands RCT 22 20 26.2 70.0 26.2 Colon None HLOS; PC30D;
(2010) [38] 6.4 3.4 PPC30D; PPN30D
Dunne et al. United RCT 19 16 29.7 61.6 29.5 Liver Some participants with HLOS; PC30D;
(2016) [39] Kingdom (11.1) (4.1) neoadjuvant treatment PCMJ30D; READ30D
(other no)
Fagevik-Olsén Sweden RCT 38 32 20.0 67.3 25.3 Oesophageal Some participants with PC30D; PPC30D;
et al. (2026) (7.6) 3.7) neoadjuvant treatment PPN30D
[78] (other no)
Fujimoto et al. Japan RCT 18 27 62.2 80.4 21.8 Gastrointestinal None PC30D
(2025) [84] “4.7) (4.2)
Guang-Chuan China RCT 66 65 34.3 56.9 NR Gastric None HLOS; PC30D;
et al. (2026) 9.9) READ30D
[79]
Hamad et al. United States RCT 28 36 36.0 66.2 NR Gastrointestinal Some participants with HLOS; PC30D; CCI30D;
(2025) [74] (9.6) neoadjuvant treatment READ30D
(other no)
Han et al. (2024) China RCT 94 100 0 63.2 24.1 Lung None HLOS; PPC30D;
[41] (8.9) (2.5) PPN30D; READ30D
Huang et al. China RCT 30 30 31.7 63.3 NR Lung NR HLOS; PPC30D;
(2017) [42] (7.6) PPN30D
Jensen et al. Denmark RCT 50 57 26.2 70.1 26.0 Bladder NR HLOS; READ30D
(2014) [43] (6.5) (2.3)
Karenovics et al. Switzerland RCT 74 77 60.3 64.0 24.7 Lung Some participants with PPC30D
(2017) [68] (11.5) (4.3) neoadjuvant treatment
(other no)
Karlsson et al. Sweden RCT 10 11 62.0 77.8 NR Colorectal Some participants with HLOS; PC30D
(2019) [45] (8.2) neoadjuvant treatment
(other no)
Kawata et al. Japan RCT 25 24 16.0 65.3 22.1 Esophageal NR HLOS; PC30D; PPN30D
(2026) [80] (8.6) 3.2)
Lai et al. (2017) China RCT 51 50 44.6 64.2 NR Lung NR HLOS; PPC30D;
[46] (7.4) PPN30D
Lai et al. (2017) China RCT 30 30 43.3 72.1 NR Lung NR HLOS; PPC30D;
[44] (2.8) PPN30D
Lai et al. (2019) China RCT 34 34 48.5 63.8 NR Lung NR HLOS; PPN30D
[47] (7.5)
Liang et al. (2025) China RCT 104 101 19.0 55.5 23.5 Liver None HLOS; PC30D;
[75] (10.8) (3.5) PPC30D; READ30D
Licker et al. (2017) Switzerland RCT 74 77 39.7 64.0 24.7 Lung Some participants with HLOS; PC30D;
[50] (11.5) (4.8) neoadjuvant treatment PPC30D; PPN30D
(other no)
Liu et al. (2020) China RCT 37 36 68.5 56.2 235 Lung None HLOS; PCMJ30D;
[49] (9.5) 3.2) PPN30D
Liu et al. (2026) China RCT 43 42 17.7 65.3 22.8 Gastric All radio- and/or HLOS; PC30D; PPN30D
[83] (7.5) (3.0) chemotherapy

(continued on next page)
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Table 1 (continued)

Source Country Study Participants Sex Age BMI Type of cancer Neoadjuvant treatment Measured outcomes
design analyzed, N (women (SD) (SD)
%)
Loughney et al. Ireland RCT 36 35 27.0 62.2 27.8 Esophagogastric All radio- and/or HLOS; PC30D;
(2024) [51] (9.0) (5.0) chemotherapy PCMJ30D; PCMN30D;
CCI30D; READ30D
Machado et al. Portugal RCT 20 21 31.7 68.1 26.5 Lung None HLOS
(2024) [48] 9.3) 3.7)
Mclsaac et al. Canada RCT 94 88 56.6 74.0 NR Intra-abdominal Some participants with HLOS; PC30D;
(2022) [52] (6.5) and thoracic neoadjuvant treatment PPC30D; READ30D
(other no)
Minella et al. Canada RCT 35 35 30.0 67.9 27.4 Bladder Some participants with HLOS; PC30D;
(2021) [55] (10.3) (4.8) neoadjuvant treatment PCMJ30D; PCMN30D;
(other no) READ30D
Minella et al. Canada RCT 26 25 25.5 67.6 25.9 Esophagogastric Some participants with HLOS; PC30D;
(2018) [54] (9.6) “4.7) neoadjuvant treatment PCMJ30D; PCMN30D;
(other no) CCI30D; READ30D
Molenaar et al. Multicenter RCT 123 128 45.0 68.3 27.5 Colorectal None HLOS; PC30D; CCI30D;
(2023) [56] (11.9) (4.9) READ30D
Morano et al. Brazil RCT 12 12 62.5 66.8 NR Lung NR HLOS; PPC30D;
(2013) [53] (7.8) PPN30D
Moug et al. (2019)  Scotland RCT 18 22 35.4 65.9 27.3 Rectal All radio- and/or HLOS; PC30D
[57]1 (10.5) (3.3) chemotherapy
Northgraves et al. United RCT 10 11 47.6 63.8 29.0 Colorectal Some participants with HLOS; PC30D
(2020) [59] Kingdom (11.3) (5.1) neoadjuvant treatment
(other no)
Orerup et al. Sweden RCT 317 351 40.0 68.0 26.0 Colorectal Some participants with HLOS; CCI30D
(2022) [60] (11.0) (4.5) neoadjuvant treatment
(other no)
Pehlivan et al. Turkey RCT 30 30 NR 54.4 23.6 Lung NR HLOS; PC30D; PPN30D
(2011) [61] (8.4) 3.2)
Pesce et al. (2024)  Italy RCT 35 36 40.9 69.0 27.9 Colorectal None HLOS; PC30D;
[58] 9.2) (5.1) PCMJ30D; PCMN30D;
READ30D
Santa Mina et al. Canada RCT 44 42 0.0 61.7 27.1 Prostate NR HLOS; PC30D;
(2018) [65] (7.5) (4.3) PCMJ30D; PCMN30D;
Sebio-Garcia et al. Spain RCT 10 12 9.0 70.1 27.4 Lung None HLOS; PC30D
(2016) [63] (7.9) 3.9)
Steffens et al. Australia RCT 11 11 45.5 60.1 NR Colorectal Some participants with HLOS; PC30D;
(2021) [64] 17.0) neoadjuvant treatment PCMJ30D; PCMN30D
(other no)
Sugimura et al. Japan RCT 26 31 19.4 69.5 20.9 Esophageal All radio- and/or PC30D; PPN30D
(2025) (1) [81] (4.5) (3.1) chemotherapy
Sugimura et al. Japan RCT 31 31 22.7 68.1 21.4 Esophageal All radio- and/or PC30D; PPN30D
(2025) (2) [81] (5.0) (3.6) chemotherapy
Sun et al. (2026) China RCT 169 178 27.4 70.4 23.4 Gastric Some participants with HLOS; READ30D
[82] 3.7) (3.5) neoadjuvant treatment
(other no)
Tai et al. (2026) China RCT 100 100 53.0 65.6 24.0 Colorectal None HLOS
[86] (7.2) (8.8)
Tenconi et al. Italy RCT 68 69 38.6 66.9 NR Lung None HLOS; PC30D
(2021) [62] (10.7)
Triguero-Canovas Spain RCT 23 21 34.1 67.7 28.1 Colorectal None HLOS; PC30D
et al. (2023) (8.0) (8.3)
[66]
Xia et al. (2022) China RCT 78 78 100.0 39.3 NR Gynecological NR PC30D
[70] 8.9)
Yamamoto et al. Japan RCT 41 44 37.0 73.1 NR Gastric None HLOS; PC30D;
(2026) [85] (5.9) PCMJ30D; PPN30D
Yan et al. (2026) China RCT 48 48 NR 71.6 22.6 Gantrointestinal None PC30D
[77] (5.2) (3.0)
Zebalski et al. Poland RCT 36 34 100.0 56.3 26.9 Ovarian All radio- and/or HLOS; PC30D;
(2024) [66] (13.0) (4.0) chemotherapy READ30D
Zhou et al. (2024) China RCT 51 50 60.4 55.8 23.4 Lung NR HLOS; PC30D;
[70] 9.1) 3.3) PPC30D; READ30D

Abbreviations: BMI: Body mass index; CCI30D: Comprehensive Complication Index in the first 30 days post-surgery; HLOS: Hospital Length of Stay; NR: Not reported;
Participants analyzed, N: Patients analyzed for the interest outcomes in the systematic review; PC30D: Postoperative complication in the first 30 days post-surgery;
PCMJ30D: Major postoperative complication in the first 30 days post-surgery; PCMN30D: Minor postoperative complication in the first 30 days post-surgery; PPC30D:
Postoperative pulmonary complication in the first 30 days post-surgery; PPN30D: Postoperative pneumonia in the first 30 days post-surgery; READ30D: Readmission in
the first 30 days post-surgery; RCT: Randomized controlled trial.

and 6 employed aerobic HIIT exclusively.

3.3. Effects of exercise-based prehabilitation programs on HLOS

The effects of exercise-based prehabilitation programs on HLOS are

shown in Fig. 2. The overall ES was —0.21 (95% CI, —0.32 to —0.09),
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Author(s) and year d [95% CI]

Gastrointestinal Cancer

Allen et al., 2022 .31 [-0.65, 0.02]
Ausania et al., 2019 —a—— -0.13 [-0.46, 0.20
Bausys et al., 2023 -t -0.22 [-0.42, -0.02]
Berardi et al., 2025 —a— -0.41 [-0.71, -0.11]
Berkel et al., 2022 —a— -0.10[-0.38, 0.19]
Chen et al., 2024 - -0.24 [-0.45, -0.03]
Danielsson et al., 2025 f—a— -0.27 [-0.60, 0.05]
Dronkers et al., 2010 —a— -0.22 [-0.57, 0.13]
Dunne et al., 2016 —a— -0.28 [-0.69, 0.14]
Guang-Chuan et al., 2026 ——] : -0.52 [-0.73, -0.31]
Hamad et al., 2025 —u— 0.02 [-0.24, 0.28]
Karlsson et al., 2019 e -0.27 [-0.76, 0.22]
Kawata et al., 2026 ] 0.16 [-0.16, 0.47]
Liang et al., 2025 = 0.04 [-0.11, 0.19]
Liu et al., 2026 —a— : -0.57 [-0.84, -0.30]
Loughney et al., 2024 e 0.3910.06, 0.72]
Minnella et al., 2018 —a— 0.02 [-0.29, 0.33]
Molenaar et al., 2023 HH -0.24 [-0.38, -0.10]
Moug et al., 2019 —m— 0.07 [-0.26, 0.40]
Northgraves et al., 2020 b—s— -0.53 [-1.07, 0.01]
Onerup et al., 2022 ] 0.00 [-0.08, 0.08]
Pesce et al., 2024 D —e— 0.4210.14, 0.69]
Steffens et al., 2021 b—— 0.08 [-0.40, 0.55]
Sun et al., 2026 HH : -0.44 [-0.56, -0.32]
Tai et al., 2026 ] -0.68 [-0.86, -0.50]
Triguero-Canovas et al., 2023 f—a— -0.26 [-0.60, 0.09]
Yamamoto et al., 2026 -0.16 [-0.38, 0.05]
Total Gastrointestinal Cancer - -0.18 [-0.28, -0.07]
Thoracic Cancer

Benzo et al., 2011 } | -0.66 [-1.37, 0.04
Han et al., 2024 - -0.05[-0.21, 0.10]
Huang et al., 2017 —a— : -0.76 [-1.11, -0.42
Laietal., 2017 —a—] : -0.56 [-0.80, -0.31]
Laietal., 2017 b—a— -0.58 [-0.90, -0.26
Lai et al., 2019 b—a : -1.32 [-1.74, -0.90]
Licker et al., 2017 . 0.06 [-0.11, 0.24
Liu et al., 2020 —m—] 0.00 [-0.25, 0.25]
Machado et al., 2024 : — | 1.23[0.70, 1.75
Morano et al., 2013 } | -1.10 [-1.93, -0.27]
Pehlivan et al., 2011 b—a : -1.34 [-1.80, -0.89
Sebio-Garcia et al., 2016 o} | 0.8810.27, 1.49]
Tenconi et al., 2021 ] 0.05[-0.13, 0.23
Zhou et al., 2024 —m—] -0.45 [-0.69, -0.22]
Total Thoracic Cancer ———— -0.32 [-0.70, 0.05]
Genitourinary Cancer :

Banerjee et al., 2018 —a— 0.00 [-0.29, 0.29]
Jensen et al., 2014 - 0.00 [-0.20, 0.20]
Minnella et al., 2021 —a— -0.05 [-0.34, 0.24]
Santa Mina et al., 2018 ——] -0.06 [-0.30, 0.18]
Zebalski et al., 2024 —a— -0.87 [-1.22, -0.53]
Total Genitourinary Cancer ———— -0.18 [-0.50, 0.13]
Other Cancers

Casanovas-Alvarez, 2024 —a— -0.08 [-0.35, 0.19]
Mclsaac et al., 2022 - 0.00 [-0.16, 0.16]
Total Other Cancers - -0.02 [-0.16, 0.12
Total General (All Subtypes) Lo -0.21 [-0.32, -0.09]

| T i T |
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Fig. 2. Forest plot of the standardized mean differences (d) for hospital length of stay, stratified by cancer types. A positive value means an increase of the outcome in
the intervention group. CI = confidence interval.
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indicating a significant raw reduction of nearly one day (—0.79 days; P <
0.01). Substantial heterogeneity was observed across studies (Qu7) =
314.78, P < 0.01; I = 90.71%). When stratified by cancer subtypes,
exercise-based prehabilitation programs significantly reduced HLOS in
gastrointestinal cancers (ES: —0.18; —0.74 days), with substantial het-
erogeneity detected between included studies (Q2¢) = 140.30, P < 0.01;
I, = 81.56%). Although not statistically significant, reductions in HLOS
were also observed in thoracic (ES: —0.32; —1.17 days) and genitouri-
nary cancers (ES: —0.18; —0.55 days). Substantial heterogeneity was
noted for thoracic (Q(13) = 147.48, P < 0.01; Iy = 95.94%) and geni-
tourinary cancers (Q) = 21.20, P < 0.01; I = 85.70%). Raw data are
presented in Supplementary Table S5.

3.4. Effects of exercise-based prehabilitation programs on postoperative
complications

The effects of exercise-based prehabilitation programs on the num-
ber of patients experiencing postoperative complications within 30 days
after surgery are presented in Fig. 3. These programs significantly
reduced the risk of postoperative complications (RR, 0.82; 95% CI, 0.73
to 0.92; P < 0.01). Moderate heterogeneity was detected (I = 45.8%; P
< 0.01). These interventions also demonstrated significant reductions in
postoperative complications in patients with gastrointestinal (RR, 0.88;
95% CI, 0.78 to 0.99) and thoracic cancers (RR, 0.76; 95% CI, 0.58 to
0.99). No heterogeneity was detected across studies in any case (P >
0.05). A non-significant trend toward complications reduction was
observed in genitourinary cancers, with substantial heterogeneity be-
tween studies (I = 71.1%; P < 0.01).

Results for major and minor complications are shown in Supple-
mentary Figures S1 and S2. Exercise-based prehabilitation programs
did not significantly reduce either outcome (P > 0.05), and no hetero-
geneity between studies was observed (I = 0.00%, P > 0.05; I, =
15.80%; P > 0.05; respectively). Raw data are provided in Supple-
mentary Table S6.

The effects on CCI at 30 days after surgery are presented in Sup-
plementary Figure S3. The overall ES was —0.18 (95% CI, —0.38 to
0.03), indicating no effect (P > 0.05). Substantial heterogeneity was
detected (I = 85.36%; P < 0.001). Raw data of CCI are shown in
Supplementary Table S5.

3.5. Effects of exercise-based prehabilitation programs on postoperative
pulmonary outcomes and readmissions

Results for postoperative pulmonary complications and pneumonias
within 30 days after the surgical procedure are presented in Supple-
mentary Figures S4 and S5. Both outcomes were significantly reduced:
pulmonary complications (RR, 0.69; 95% CI, 0.61 to 0.78; P < 0.001)
and pneumonias (RR, 0.59; 95% CI, 0.42 to 0.83; P < 0.01). No het-
erogeneity was detected (I = 20.10%, P > 0.05; I = 00.0%, P > 0.05).
Raw data are provided in Supplementary Table S7.

Readmissions rates within the first 30 days are shown in Supple-
mentary Figure S6. Exercise-based prehabilitation programs did not
affect readmissions (RR, 0.93; 95% CI, 0.72 to 1.22), with no hetero-
geneity observed (I = 0.00%; P > 0.05). Raw data are presented in
Supplementary Table S7.

3.6. Analyses of potential moderator variables

To address heterogeneity, participants and intervention character-
istics were examined as potential moderators of the effects of exercise-
based prehabilitation programs on postoperative outcomes. Study-
level participants moderators included sex, age, BMI, cancer type, and
receipt of neoadjuvant treatment. Intervention-level moderators
included type (unimodal vs. multidisciplinary) and timeline of the
program, exercise type, frequency, intensity, volume, supervision, and
duration. Moreover, inclusion of the ERAS protocol in the control group
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and the use of the Clavien-Dindo classification to record postoperative
complications were analyzed as methodological moderators. Complete
results are provided in Supplementary Tables S8-S11.

For HLOS, analyses in all cancers showed that women and patients
with thoracic cancer may benefit the most. A lower BMI was related to
greater effects in thoracic cancers, whereas greater benefits were
observed in younger patients and women in genitourinary cancers.
Concerning intervention characteristics, preoperative supervised
(d=-0.40; P < 0.0001) multidisciplinary aerobic programs at high in-
tensity were associated with greater HLOS reductions in all cancers. By
cancer subtype, preoperative supervised multidisciplinary concurrent
programs at moderate intensity seemed more effective in gastrointes-
tinal cancers, while shorter perioperative supervised aerobic programs
with high weekly frequency seemed more effective in thoracic cancers.
No intervention characteristics emerged in genitourinary cancers.
Absence of neoadjuvant treatment was associated with greater effects
across all cancers, particularly in gastrointestinal cancers. Absence of
ERAS was associated with greater reductions in HLOS in all and thoracic
cancers, while in gastrointestinal cancers reductions were slightly higher
when ERAS was present.

For postoperative complications, analyses across all cancers showed
greater benefit in studies with higher proportion of women and in pa-
tients with genitourinary cancers. By cancer type, older patients
benefited more in gastrointestinal cancers, while younger patients
benefited more in thoracic and genitourinary cancers. Lower BMI in
thoracic and higher rates of women in genitourinary cancers were
associated with greater reductions. Regarding intervention characteris-
tics, supervised (RR = 0.72) and mixed settings multidisciplinary aero-
bic (RR = 0.64) or concurrent (RR = 0.84) high-intensity programs
showed the greatest reductions in all cancers. In gastrointestinal cancers,
supervised multidisciplinary programs were associated with greater
reductions, while aerobic programs in thoracic and shorter light-
intensity programs in genitourinary cancers emerged as significant
moderators. Absence of neoadjuvant treatment and presence of ERAS
was associated with greater effectiveness across all cancers, with ERAS
presence also detected in gastrointestinal cancers. Clavien-Dindo use
was associated with greater effects across all and gastrointestinal can-
cers, but lower effects in genitourinary. No moderators were detected for
major complications, whereas shorter programs in older patients were
associated with greater reductions in minor complications.

For postoperative pulmonary complications, patients with thoracic
cancer appeared to benefit the most. Supervised programs, including
unimodal aerobic exercise conducted at high-intensity were associated
with lower complication rates across all cancers, particularly in the
absence of neoadjuvant therapy and ERAS. For postoperative pneumo-
nias, greater effects were observed in patients with non-thoracic cancers.
Unimodal concurrent programs delivered at moderate-intensity in
mixed settings emerged as the most effective strategy for reducing
pneumonia rate, particularly in the absence of ERAS. The use of Clavien-
Dindo for registering complications was associated with greater inter-
vention effects. No significant moderators were detected for
readmissions.

3.7. Sensitivity analyses and assessment of risk of bias

Sensitivity analyses were conducted only for outcomes including
>10 studies. In all cancer analyses, two studies influenced the effects of
exercise-based prehabilitation programs on overall postoperative com-
plications, one influenced the effects on minor complications, four
influenced the effect on pulmonary complications, two influenced the
effect on pneumonia, and two influenced readmission rate. However,
exclusion of these studies did not significantly alter the pooled esti-
mates, and they were therefore retained in the final analyses. No influ-
ential studies were identified for HLOS in the overall, gastrointestinal, or
thoracic cancer analyses.

Publication bias was assessed using Eggers test and Rosenthal’s fail-
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Experimental Control
Study Events Total Events Total Risk Ratio RR 95%-CI Weight
Ausania et al., 2019 6 18 12 22 i 0.61 [0.29; 1.30] 1.8%
Berkel et al., 2022 12 28 21 29 —t 0.59 [0.37; 0.96] 3.4%
Chen et al., 2024 14 57 23 58 — 0.62 [0.36; 1.08] 2.9%
Danielsson et al., 2025 13 27 15 24 —':—— 0.77 [0.47; 1.27] 3.3%
Dronkers et al., 2010 9 21 8 20 —— 1.07 [0.52; 2.22] 2.0%
Dunne et al., 2016 8 19 7 15 —E— 0.90 [0.42; 1.92] 1.9%
Fagevik-Olsén et al., 2026 8 38 13 32 — 0.52 [0.25; 1.09] 1.9%
Fujimoto et al., 2025 8 18 14 27 —— 0.86 [0.46; 1.61] 2.4%
Guang-Chuan et al., 2026 6 606 17 65 —=— 0.35 [0.15; 0.83] 1.5%
Hamad et al., 2025 14 17 28 34 L 1.00 [0.76; 1.31] 5.8%
Karlsson et al., 2019 6 10 2 11 ———— 330 [0.85;12.75] 0.7%
Kawata et al., 2026 6 25 5 24 B 1.15 [0.40; 3.28] 1.1%
Liang et al., 2025 94 104 89 101 | 1.03 [0.93; 1.13] 8.0%
Liu et al., 2026 6 43 12 42 ——r 0.49 [0.20; 1.18] 1.4%
Loughney et al., 2024 18 29 12 25 HE— 1.29 [0.79; 2.13] 3.3%
Minnella et al., 2018 14 24 18 25 — 0.81 [0.53; 1.23] 4.0%
Molenaar et al., 2023 39 123 54 128 . 0.75 [0.54; 1.04] 5.0%
Moug et al., 2019 12 18 12 22 H— 1.22 [0.74; 2.02] 3.3%
Northgraves et al., 2020 3 10 4 11 —— 0.82 [0.24; 2.82] 0.8%
Pesce et al., 2024 7 35 9 36 —— 0.80 [0.33; 1.91] 1.5%
Steffens et al., 2021 10 11 7 11 T 1.43 [0.88; 2.32] 3.4%
Sugimura et al. (1), 2025 10 25 12 28 —— 0.93 [0.49; 1.78] 2.4%
Sugimura et al. (2), 2025 11 30 12 28 —— 0.86 [0.45; 1.62] 2.4%
Triguero-Canovas et al., 2023 4 23 7 21 —'—-— 0.52 [0.18; 1.53] 1.0%
Yamamoto et al., 2026 5 49 8 52 —0--— 0.66 [0.23; 1.89] 1.1%
Yan et al., 2026 7 48 7 48 —— 1.00 [0.38; 2.63] 1.2%
o
Licker et al., 2017 27 74 39 77 — 0.72 [0.50; 1.05] 4.5%
Pehlivan et al., 2011 1 30 5 30 «—+—H— 0.20 [0.02; 1.61] 0.3%
Sebio-Garcia et al., 2016 5 10 4 12 ——— 1.50 [0.55; 4.13] 1.1%
Tenconi et al., 2021 22 68 26 69 - 0.86 [0.54; 1.36] 3.7%
Zhou et al., 2024 3 51 10 50 «——H 0.29 [0.09; 1.01] 0.8%
*
Banerjee et al., 2018 4 27 10 28 ———r 0.41 [0.15; 1.16] 1.1%
Blackwell et al., 2020 5 19 3 21 —H———  1.84 [0.51; 6.69] 0.7%
Minnella et al., 2021 16 30 16 28 ——— 0.93 [0.59; 1.48] 3.6%
Santa Mina et al., 2018 18 44 14 42 Hee— 1.23 [0.70; 2.14] 2.9%
Xia et al., 2022 15 78 45 78 —— 0.33 [0.20; 0.55] 3.4%
Zebalski et al., 2024 19 36 27 34 e 0.66 [0.47; 0.95] 4.7%
-
Mclsaac et al., 2022 42 94 52 88 = 0.76 [0.57; 1.00] 5.6%
Total General (All Subtypes) 1477 1496 ¢ 0.82 [0.73; 0.92] 100.0%
Prediction interval — [0.53; 1.26]
Heterogeneity: 12 = 46%, 1> =0.0417, p <0.01 o rT
Test for overall effect: z =-3.40 (p <0.01) 0102 051 2 510

Fig. 3. Forest plot of the relative risk (RR) for overall postoperative complications, stratified by cancer types. An RR < 1 indicates a reduced risk after intervention. CI
= confidence interval.
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safe N method. According to Eggers test, none of the outcomes
demonstrated significant bias after sensitivity analyses (P > 0.05).
Rosenthal’ fail safe N values for the HLOS analyses ranged from 8 to
1794, indicating robust findings for the overall, gastrointestinal, and
thoracic cancer analyses. Accordingly, no evidence of publication bias
was detected for the postoperative outcomes.

Methodological quality of the included studies is reported in Sup-
plementary Table S3. Analyses of methodological quality as a potential
moderator revealed no significant associations (P > 0.05), indicating
that study quality did not influence the results.

4. Discussion

In this systematic review and meta-analysis, we evaluated the impact
of exercise-based prehabilitation programs on postoperative outcomes
in patients undergoing cancer surgery. Our findings indicate that
exercise-based prehabilitation reduced HLOS, overall postoperative
complications, and pulmonary complications. Notably, larger effects
were observed in studies including a higher proportion of women and
older patients. Regarding exercise prescription, the results suggest that
incorporating supervised, multidisciplinary aerobic or concurrent ex-
ercise could represent the most effective approach. Despite the limited
number and heterogeneity available, these features may help inform
future trials aimed at optimizing prehabilitation protocols. Overall, the
evidence reinforces that prescribing exercise prior to surgery is a key
determinant of postoperative recovery in patients with cancer.

4.1. Effects of exercise-based prehabilitation programs on HLOS

Exercise-based prehabilitation significantly reduced HLOS, a clini-
cally relevant finding given its association with improved prognosis [7].
This result is consistent with previous evidence showing that exercise
interventions shorten HLOS in patients with cancer undergoing
chemotherapy, radiotherapy, or stem cell/bone marrow transplantation
[88]. The smaller effect size and substantial heterogeneity observed here
likely reflect differences in treatment context, timing, and population
characteristics. Indeed, based on our findings, patients with thoracic
cancer appeared to derive larger benefits, consistent with prior evidence
[16].

Studies including a higher proportion of men showed smaller effects,
which may be partially explained by sex-related differences in physio-
logical responsiveness to exercise stimuli [89]. This pattern was
observed in all and genitourinary cancers, suggesting that the influence
of sex may have different weight in different surgical contexts. Higher
BMI was associated with reduced benefits in patients with thoracic
cancer, possibly because obesity amplifies the biological response to
surgery through heightened cytokine signaling, impaired immune
regulation, and reduced metabolic flexibility, thereby increasing post-
operative risk [10,90]. Future studies should address this high-risk
population. In genitourinary cancers, younger patients appeared to
benefit more, which may be partly explained by study characteristics, as
the two studies conducted in genitourinary patients in whom the mean
age exceeded 70 years reported null effects [37,43]. The prescribed
exercise interventions may have failed to meet the minimal dose
required to elicit physiological adaptations. Adherence to
evidence-based and individualized prescriptions appears crucial,
particularly in older and more comorbid populations [91].

Regarding intervention characteristics, aerobic exercise appeared
superior when considering all cancer types and thoracic cancers spe-
cifically. This may be explained by its capacity to enhance cardiorespi-
ratory fitness, a major determinant of patients’ prognosis [92]. Even
modest improvements in cardiorespiratory fitness can enhance physio-
logical reserve and reduce surgical stress responses [93], supporting the
incorporation of aerobic training into perioperative oncology care.
Concurrent training, combining aerobic and resistance exercise, also
emerged as an effective strategy for reducing HLOS in gastrointestinal
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cancers. Resistance training may be particularly valuable in contexts of
prolonged recovery or risk of muscle wasting [94]; yet none of the
included studies for HLOS investigated resistance training in isolation,
and in those combining it with aerobic exercise, the resistance compo-
nent was often poorly described. Well-designed trials are needed to
clarify its role in prehabilitation. Supervision was detected as a critical
factor for reducing HLOS, as guided sessions ensure adherence, appro-
priate load progression, and optimal physiological response [95]. This is
consistent with previous evidence demonstrating that supervised exer-
cise is more effective than home-based programs [96], and with a pre-
vious randomized controlled trials reporting no effects of home-based
exercise prehabilitation on postoperative outcomes in frail patients [97].
Future trials should test whether the inclusion of technology-supported
home-based programs can reproduce these benefits while improving
scalability and reducing implementation burden [98].

Multidisciplinary programs were associated with greater reductions
in HLOS, particularly in gastrointestinal cancers, in agreement with
previous evidence [99]. This may reflect the synergistic effect of
combining exercise with nutritional and psychological support, as
optimizing nutritional status may potentiate the adaptive response to
training, while psychological support could enhance adherence and
mitigate preoperative anxiety, both of which influence recovery trajec-
tories [99]. Although exercise intensity was not influencing results in
thoracic and genitourinary cancers, high-intensity programs were
associated with the largest reductions when all cancers were considered.
These findings suggest that both training volume and intensity may be
relevant, although further research is needed to determine optimal ex-
ercise prescription. In thoracic cancers, shorter programs with higher
frequency were related to greater effects, highlighting the relevance of
training consistency over program duration, particularly when the time
between diagnosis and surgery is limited. Additionally, interventions
delivered across the perioperative continuum (prehabilitation + post-
operative rehabilitation) seemed more effective in thoracic surgery,
while preoperative-only appeared more effective in gastrointestinal
cancer. Future trials should further analyze the role of exercise-based
intervention across the perioperative continuum, specifically in gastro-
intestinal context.

Our findings also suggest that the effects of exercise-based in-
terventions in HLOS may be attenuated in patients receiving neo-
adjuvant treatment. Neoadjuvant therapy may blunt prehabilitation
benefits due to treatment-related fatigue and deconditioning [100].
Finally, trials in which the control group did not report to follow ERAS
protocol showed larger effects, suggesting that the relative benefit of
exercise-based prehabilitation may be greater in non-ERAS settings due
to greater room for improvement and the effectiveness of ERAS itself
[101]. However, in gastrointestinal cancers, reductions in HLOS were
slightly more pronounced when ERAS was present, which may reflect
the larger number of available studies. Future studies should test
whether well-structured multidisciplinary prehabilitation programs can
provide additional benefits within contemporary ERAS frameworks,
particularly in thoracic cancer patients.

4.2. Effects of exercise-based prehabilitation programs on postoperative
complications

Exercise-based prehabilitation reduced the RR of postoperative
complications by 18%, a clinically meaningful effect given its strong
association with long-term outcomes [4,6]. This finding is consistent
with previous reviews in abdominal cancer [99], but only partially
aligns Steffens et al [16], who suggested that benefits may be limited to
lung cancer. Although the magnitude of the effects is slightly lower than
that previously reported for ERAS pathways [102], which reduced
complications by 29% in surgical patients, it remains clinically relevant,
particularly because exercise-based prehabilitation may provide addi-
tional benefits when integrated into optimized perioperative care.

In our analyses, cancer type moderated the effects on postoperative
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complications, with smaller effects detected in gastrointestinal cancer
surgery, highlighting the need for additional trials in this setting.
Consistent with the previous outcome, studies including a higher pro-
portion of women showed greater reductions, which may reflect sex-
related differences in exercise responsiveness, surgical risk, and bio-
logical response to surgical stress [103], involving an increased systemic
inflammation, endothelial activation, and metabolic stress in female sex
[104]. Older patients appeared to benefit more overall, supporting the
concept that higher-risk patients may derive greater benefit from pre-
habilitation and may therefore represent a priority group. However, in
genitourinary and thoracic cancers, younger patients benefited more,
possibly reflecting differences in study characteristics and the difficulty
of providing an adequate training stimulus to the older population. The
lower effectiveness observed in patients with higher BMI undergoing
thoracic cancer surgery further highlights the need for tailored in-
terventions in this metabolically vulnerable population.

Supervised multidisciplinary aerobic exercise, particularly when
delivered at high intensity, appeared to offer the greatest benefits. This
reinforces the importance of structured and closely monitored programs
aimed at improving aerobic capacity and cardiorespiratory fitness
[105]. The apparent superiority of multidisciplinary approaches is also
consistent with previous evidence [99], and it may reflect the relevance
of nutritional and psychological factors in surgical oncology. Concurrent
programs were also beneficial, especially in gastrointestinal cancers,
although their effects were smaller than those observed with
aerobic-only interventions. Resistance training is often underreported,
lacked clear intensity prescription, and was commonly delivered at
volumes below evidence-based threshold [106] (Supplementary Table
$4). Moreover, only one study examined resistance training in isolation
for postoperative complications [84], using a poorly described and
probably suboptimal program. Therefore, the specific contribution of
well-prescribed resistance training to perioperative oncology care re-
mains an important question for future trials.

The lower effects observed in studies including neoadjuvant therapy
support the idea that treatment-related fatigue, deconditioning, and
reduced tolerance to exercise may attenuate the benefits of pre-
habilitation. Nevertheless, a recent trial reported significant reductions
in postoperative complications in a subgroup of patients receiving
neoadjuvant chemotherapy [82], suggesting that this subgroup should
not be excluded from future research, but rather targeted with
better-adapted programs. The greater effectiveness observed in gastro-
intestinal cancer studies conducted within ERAS pathways may reflect
the larger number of studies in this context but also suggest that
exercise-based prehabilitation could provide additional benefits when
integrated into optimized perioperative care. No significant effects were
observed on major/minor complications, on the CCI, or on readmission
rate; and no clear moderators were detected across outcomes. These
results may reflect the limited number of studies reporting these out-
comes, underscoring the need for future research with standardized
reporting of these postoperative outcomes.

4.3. Effects of exercise-based prehabilitation programs on postoperative
pulmonary complications

Our findings demonstrate that exercise-based prehabilitation pro-
grams significantly reduced the risk of postoperative pulmonary com-
plications and pneumonias, with particularly pronounced benefits in
patients with thoracic cancer for pulmonary complications, which
concur with previous evidence [107]. As with HLOS, the presence of
neoadjuvant treatment attenuated the benefits of prehabilitation on
postoperative pulmonary complications, indicating that this group
warrants target investigation. Moreover, future studies in thoracic can-
cer should provide additional information of patients’ respiratory status,
including the need for long-term oxygen therapy, and explore whether
these patients may benefit from exercise-based prehabilitation.

High-intensity supervised aerobic exercise emerged as the most
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effective strategy for reducing pulmonary complications, consistent with
the pattern observed in other outcomes. The potential added value of
high-intensity interval training on clinical prognosis may relate to its
greater capacity to elicit physiological adaptations [14], although evi-
dence remains limited. For postoperative pneumonia, greater effects
were observed in non-thoracic cancers, and concurrent programs con-
ducted at moderate intensity in mixed settings were associated with
larger benefits. This partly concurs with the HLOS findings in gastro-
intestinal cancers and may suggest a key role of combining aerobic and
resistance training in the preoperative setting. Further studies should
address whether incorporating resistance training into prehabilitation
programs can reduce postoperative pulmonary complications. Greater
benefits were also noted in studies where the control group did not
implement ERAS protocol, underscoring the importance of evaluating
prehabilitation in contemporary care pathways. Finally, larger effects
were observed in studies using Clavien-Dindo.

Taken together, the overall reduction in postoperative morbidity
observed across all cancer types supports the potential effectiveness of
exercise-based prehabilitation programs. Moreover, these programs may
also be effective for improving some psychological aspects, such as
perioperative sleep and health-related quality of life, yet more evidence
is needed [108,109]. Although specific cost-effectiveness studies are
needed, these findings support the integration of exercise programs
across the perioperative continuum. The cost of one hospital day varies
widely across healthcare systems and surgical contexts but has been
estimated at approximately €500-1500 [110,111]. Therefore, even a
reduction of one hospital day may have relevant economic implications,
especially in thoracic cancers, where reductions greater than one day
were observed. Moreover, postoperative complications may further in-
crease the cost of each hospital day [111], reinforcing the economic
relevance of the observed benefits. Accordingly, exercise-based pre-
habilitation may be cost-effective, as previously suggested in studies
evaluating direct hospital costs [112]. In addition, postoperative com-
plications have been associated with delayed return to work [113],
which may increase indirect costs, and further supports the imple-
mentation of these programs.

To conclude, although additional research is needed to establish
optimal exercise prescriptions, the available evidence may inform some
practical recommendations. First, preoperative exercise-based programs
are effective to produce meaningful improvements in postoperative re-
covery and should begin as soon as surgery is scheduled, since the in-
fluence of intervention duration on postoperative outcomes remains
uncertain. Second, exercise prescriptions may prioritize supervised
aerobic or concurrent training to induce the necessary physiological and
metabolic adaptations that enhance surgical resilience. Third, programs
should be supervised by specialized trainers, ensuring appropriate load
progression, and optimizing physiological response to training. Finally,
multidisciplinary programs combining exercise with nutritional and
psychological interventions appear to exert synergistic effects and may
be considered whenever feasible, as they address complementary de-
terminants of recovery such as nutritional status, stress regulation, and
adherence. Future studies should also determine whether pre-
habilitation may expand surgical eligibility among frail, high-risk pa-
tients who might otherwise be considered unsuitable candidates for
surgery.

To note, postoperative complications were collected as reported in
each individual study, therefore, definitions criteria depended on the
original trial. As we recently discussed [114], the registration of post-
operative complications suffers an important methodological weakness,
the lack of standardization, which limits comparability across studies
and reproducibility. In this line, we explored whether the use or not of
Clavien-Dindo classification moderated the effects. Particularly, we
have observed that this was influencing the results on overall post-
operative complications, pulmonary complications, and pneumonias. In
general, higher effects were observed when studies used Clavien-Dindo
to report postoperative complications, highlighting the need to adopt
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standardized and transparent methods to generate more replicable and
high-quality evidence.

4.4. Limitations

This study has several limitations. Although a substantial number of
trials were included, evidence remains limited for certain types of can-
cer, particularly genitourinary ones. In addition, the literature search
was restricted to PubMed and Web of Science, and therefore, potentially
eligible studies indexed exclusively in other databases may have been
missed. The small number of studies available for some moderators and
subgroups may have influenced the findings. Substantial heterogeneity
was observed across some postoperative outcomes, such as HLOS, and
pooled estimates should therefore be interpreted cautiously. Moreover,
differences in healthcare systems, hospital discharge policies, resource
availability, and perioperative care organization across countries may
have influenced the results. Data reporting inconsistencies further
restricted our ability to conduct detailed analyses for some outcomes.
Similarly, baseline clinical and perioperative factors were not consis-
tently reported across studies, limiting us from specifically examining
whether these factors modified the effects of exercise-based pre-
habilitation. In addition, the number of studies assessing major and
minor complications, and CCI was insufficient to draw firm conclusions,
although these represent novel endpoints in the meta-analysis literature.
Moreover, the lack of standardized methods for reporting postoperative
complications may have influenced the results. Nonetheless, to our
knowledge, this is the first study to systematically examine which
intervention components and characteristics are the most effective in
optimizing postoperative recovery in patients with cancer.

5. Conclusions

Exercise-based prehabilitation programs effectively reduce HLOS
and postoperative complications in patients with cancer undergoing
surgery, with larger benefits observed in thoracic cancer surgery.
Exploratory moderators suggested that supervised multidisciplinary
aerobic or concurrent training programs may be associated with greater
benefits. Further trials should evaluate their impact on the CCI and
major complications and specifically address patients receiving neo-
adjuvant treatment and those with higher BMI.
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