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Abstract
Purpose Tumour blood vessels are structurally and functionally abnormal, resulting in areas of hypoxia and heterogeneous 
blood supply. Aerobic exercise may modulate tumour blood flow and normalise the tumour microenvironment to improve 
chemotherapy delivery. This systematic review and meta-analysis aimed to evaluate the effect of the aerobic exercise mode 
on tumour hypoxia, vascularisation and blood flow.
Methods Four online databases were searched. Preclinical and clinical randomised controlled trials examining the effects 
of aerobic exercise training on hypoxia, vascularisation or blood flow in solid tumours were included. The risk of bias was 
assessed and a meta-analysis performed.
Results Seventeen preclinical studies and one clinical study met criteria. Eleven studies assessed hypoxia, 15 studies assessed 
vascularisation and seven evaluated blood flow. There was large variability in measurement methods, tumour types and exer-
cise program designs. The overall risk of bias was unclear in clinical and preclinical studies, owing to poor reporting. There 
was no significant effect of aerobic exercise on hypoxia (SMD = −0.17; 95% CI = −0.62, 0.28; I2 = 60%), vascularisation 
(SMD = 0.07; 95% CI = −0.40, 0.55; I2 = 71%) or blood flow (SMD = 0.01; 95% CI = −0.59, 0.61; I2 = 63%).
Conclusion There is heterogeneity in methodology, resulting in evidence that is inconsistent and inconclusive for the effects 
of aerobic exercise on hypoxia, vascularisation and blood flow. Most evidence of aerobic exercise effects on tumour blood 
flow is in animal models, with very limited evidence in humans.

Keywords Exercise · Tumour · Hypoxia · Vascularisation · Blood flow

Introduction

Cancer incidence worldwide in 2016 was 17.2 million cases, 
with a 28% increase observed between 2006 and 2016 [1]. 
There are many modifiable risk factors for cancer develop-
ment, including obesity and physical inactivity, which com-
bined contribute to 25% of cancer incidence [2, 3]. Exer-
cise during cancer treatment is recognised as an important 

adjunct to cancer treatment, with significant benefits on 
quality of life and a reduction in treatment side effects [4–7]. 
It has been proposed that exercise may also induce adapta-
tions to tumour vasculature and thus stimulate benefit to 
clinical outcomes of cancer treatment [8].

Unlike in healthy tissues, where blood vessels typically 
run in parallel, blood vessels in tumours have an unstruc-
tured distribution. Tumour centres have high interstitial fluid 
pressure, leading to the collapse and abnormal compression 
of vasculature [8]. These structural and functional abnor-
malities lead to heterogeneous blood flow in in regions of 
the tumour which is further compounded by necrotic tumour 
centres [8]. The implication of these abnormal features 
results in a hypoxic tumour environment that is proposed 
to suppress immune function, limit the transport of immune 
cells to tumour regions and increase metastasis, leading to 
poorer patient prognosis [8–11].

Acute aerobic exercise increases total blood flow 
to healthy active tissue (e.g. contracting skeletal 
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muscle) through the combination of increased cardiac out-
put, increased blood pressure and local vessel vasodila-
tion, with vasoconstriction reducing or maintaining blood 
flow to inactive tissues [8, 12]. Arterioles in tumours are 
poorly developed and lack functional smooth muscle [13] 
and subsequently have a reduced myogenic vasoconstriction 
response at high pressures such as during aerobic exercise 
[14]. This inability to vasoconstrict suggests that exercise-
induced increased cardiac output, in addition to increased 
blood pressure, would drive an increase in tumour perfusion 
through increased total blood flow [14].

Repeated bouts of aerobic exercise cause vascular adap-
tions in healthy tissue. The combination of angiogenesis and 
decreased resistance enables increased blood flow to active 
healthy tissue [12]. These effects have been proposed to be 
paralleled in tumours, such that aerobic exercise training 
may cause adaptations that modulate tumour blood flow 
through increased blood vessel density and improved organi-
sation and vessel function [8, 13]. If these adaptions occur, 
aerobic exercise training may normalise the tumour micro-
environment and facilitate increased blood flow and reduced 
hypoxia, which may have benefits for reducing cancer pro-
gression. Given that many cancer treatments such as chemo-
therapy are administered intravenously, the aerobic exercise 
training effects of increased blood flow and improved ves-
sel function have the additional potential for improving the 
delivery and therefore efficacy of such treatments [14].

The purpose of this systematic review is to: (i) summarise 
the effects of aerobic exercise training on tumour hypoxia, 
vascularisation and blood flow; and (ii) evaluate the meth-
odological rigour of this literature.

Methods

This systematic review and meta-analysis is reported in 
accordance with the Preferred Reporting Items for System-
atic Reviews and Meta-Analysis (PRISMA) guidelines. This 
review was registered with the PROSPERO Register of Sys-
tematic Reviews (CRD42020159201).

Eligibility criteria

Trials were included if they: (1) were a peer-reviewed jour-
nal full-text article in English; (2) used a randomised or 
quasi-randomised study design with a control group; (3) 
involved humans or animals with a solid malignant tumour; 
(4) the intervention group performed repeated bouts of any 
type of aerobic exercise of ≥2 sessions; (5) the control group 
performed no structured or unstructured aerobic exercise; (6) 
measured hypoxia, vascularisation, blood flow or indicators 
thereof.

Search strategy and study selection

We searched Medline via OvidSP (1946–present), EMBASE 
via OvidSP (1947–present), Scopus (all years) and CINAHL 
Complete (all years) in September 2021 using the follow-
ing search terms: ‘exercise’ OR ‘physical activity’ OR 
‘exercise therapy’ OR ‘aerobic exercise’ AND ‘neoplasm’ 
OR ‘tumour’ OR ‘tumor’ OR ‘carcinoma’ OR ‘cancer’ 
OR ‘tumour microenvironment’ OR ‘tumor microenviron-
ment’ OR ‘tumour vasculature’ OR ‘tumor vasculature’ 
AND ‘blood delivery’ OR ‘blood flow’ OR ‘vascularisa-
tion’ OR ‘vascular function’ OR ‘vascular remodeling’ OR 
‘hypoxia’ OR ‘tumor hypoxia’ OR ‘tumour hypoxia’ OR 
‘oxygenation’.

Two reviewers (CSL, JY) independently performed the 
initial screening by title and abstract based on the eligibility 
criteria. Full-text versions of potential eligible studies were 
then assessed by two reviewers independently (CSL, JY). A 
third reviewer (KE) screened full-text studies if there were 
disagreements between the researchers regarding eligibility.

Outcome measures and data extraction

Two reviewers (CSL, LR) independently extracted data, and 
a third reviewer (KE) performed data extraction if there were 
disagreements between the researchers. Data were extracted 
for the three variables; hypoxia, vascularisation and blood 
flow. Hypoxia included any measure indicative of hypoxia 
as identified by the study author. Vascularisation includes 
microvessel density and changes in vessel physiology 
(including number of functional and patent vessels). Blood 
flow included changes in both tumour vessel perfusion and 
tissue perfusion (by MRI or Hoechst 33342 staining). Data 
extracted were recorded as the change in mean values from 
baseline for each group, and the standard error of the mean 
(SMD), standard deviation (SD) or confidence interval (CI) 
was also recorded. Study characteristics extracted included 
study details and design, recruitment source and method, 
participant results, experimental protocol, adherence and 
funding.

Quality assessment

The included studies were assessed for internal validity 
using SYRCLE’s Risk of Bias Tool [15] or Cochrane Risk 
of Bias Tool [16]. The SYRCLE Risk of Bias Tool is used 
to determine the internal validity of animal studies. The 
tool contains 10 questions relating to 6 different domains 
of bias; selection bias, performance bias, detection bias, 
attrition bias, reporting bias and other biases. Each entry 
was scored as ‘no’ (indicating high risk), ‘yes’ (indicating 
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low risk) or ‘unclear’ (indicating unclear risk). Each study 
was assessed in its entirety, irrespective of whether the 
study had multiple outcome measures. Baseline charac-
teristics included age, sex, tumour type, site of tumour 
injection and timing of tumour induction prior to randomi-
sation. Studies had to explicitly report study characteris-
tics to assess the risk of bias. Housing allocation was also 
assessed in Domain 10, specifically if animals were housed 
individually and analysed individually.

The Cochrane Risk of Bias Tool is used to determine 
the internal validity of human studies [16]. The tool con-
tains 5 questions that each covers a domain of bias; selec-
tion bias, performance bias, detection bias, attrition bias 
and reporting bias. Within each domain are signalling 
questions that draw relevant information from the study 
to determine risk of bias. The responses to the signalling 
questions are formulated in an algorithm to determine a 
judgement of ‘low risk’, ‘some concern’ or ‘high risk’. The 
Risk of Bias Tool was used for each outcome measure if 
the study included multiple outcome measures.

Two researchers (CSL, LR) independently performed 
these assessments. A third reviewer (JY) performed an 
assessment if there were disagreements between the 
researchers.

Statistical analysis

A meta-analysis was performed for hypoxia, vasculari-
sation and blood flow. Data from the outcome measures 
and indicators thereof were extracted as the mean and 
standard deviation. Data that were presented as SEM or 
CI were converted to SD. Data were included if they were 
quantitative and physiologically plausible. Relative values 
and fold changes were excluded if raw data were unable 
to be obtained. Negative values, such as for changes in 
hypoxia-inducible factor 1-alpha (HIF1α), were excluded 
as these are not physiologically feasible. For studies that 
had a range in sample size, the lower end of the sample 
size was used to avoid overpowering the study. The raw 
data can be found in the Supplemental materials (Sup-
plemental Table 1).

The meta-analysis was performed in RStudio (R version 
4.0.3) using a random-effects model. Heterogeneity was 
assessed by I2, and a subgroup analysis was performed on 
hypoxia, vascularisation and blood flow for animals, spe-
cies, aerobic exercise mode, tumour location and study dura-
tion. The meta-analysis was controlled for the inclusion of 
multiple datasets that were compared to the same control 
group within a single study using the following equation; 
Ncorrected control = Ncontrol / number of experimental groups 
[17].

Results

Study selection

The initial database searches yielded 2692 studies (Fig. 1). 
After duplicates were removed, a total of 1680 studies 
were screened by title and abstract. Thirty-nine full-text 
articles proceeded for further review. A total of 18 studies 
were deemed suitable for inclusion in this review.

Study and participant characteristics

Details of study and participant characteristics of the 
included studies are presented in Table 1. Of the 18 studies 
included, 17 were preclinical and one was clinical. Only 
one study was published prior to 2010. Multiple studies 
assessed more than one outcome measure; 11 assessed 
hypoxia, 15 assessed vascularisation and seven evaluated 
blood flow. Of the 17 preclinical studies, 14 used mice 
and four used rats. Study duration ranged from five to 245 
days. Aerobic exercise in the preclinical studies included 
both voluntary (n = 6) and forced exercise (n = 11). The 
six studies that used voluntary aerobic exercise adopted 
wheel running, performed daily or every second day. The 
remaining 11 studies used treadmill running, of which nine 
studies were five times per week, two studies were daily 
and one study was every second day. One study used two 
different aerobic exercise frequencies in different groups. 
One clinical study explored cycle training sessions three 
times per week at 55–100%  VO2peak in women with breast 
cancer.

Risk of bias

Preclinical: SYRCLE Risk of Bias

The risk of bias across the preclinical studies is reported in 
Fig. 2. Of concern, more than half of the included studies 
(n = 11) had a high risk of attrition bias due to not report-
ing missing data appropriately. However, all 17 studies 
were free of selective outcome reporting as all available 
results were presented as described in the study methods. 
Nine studies reported clear baseline characteristics and 
therefore were assessed as having a low risk, while the 
remaining eight studies did not clearly report all baseline 
characteristics and were assessed as having an unclear 
risk. Most other outcomes were assessed as having an 
unclear risk due to poor reporting of study methodology.
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Clinical: Cochrane Risk of Bias

Overall, there was a high risk of bias for the clinical study, 
primarily a result of missing outcome data for hypoxia 
and vascularisation (Fig. 3). There were additional con-
cerns regarding randomisation, as the study did not detail 
the concealment procedure. Blinding of participants was 
not possible due to the pragmatic nature of the exercise 
intervention, although there was still low risk of bias for 
deviations from the intended intervention. Although the 
overall risk of bias was high, there was low risk of bias in 
the measurement and reporting of all outcomes (Fig. 3).

Hypoxia

Measures of hypoxia included HIF1α (n = 6), EF5 (n 
= 2), pimonidazole (n = 2), carbonic anhydrase IX 

(CAIX) (n = 2) and partial pressure of oxygen  (PO2) (n 
= 1) (Table 2). Some studies assessed multiple measures 
of hypoxia. Of the 11 studies which assessed hypoxia, 
six studies reported a decrease in hypoxia [18–23], 
one study reported an increase [24] and five studies 
reported no change [23, 25–28]. One study [23] utilised 
four different datasets, inclusive of two different tumour 
types and two different measurement methods, finding 
a decrease and no change in hypoxia within the one 
paper. Six studies were included in the meta-analysis 
for hypoxia [18, 20, 23, 25, 26, 28], with three studies 
having multiple measures analysed [23, 25, 26]. Four 
studies were excluded from the meta-analysis due to 
implausible physiological values or lack of continuous 
mean data [19, 22, 24]. Overall, there was no significant 
effect of aerobic exercise on hypoxia (SMD = −0.17; 
95% CI = −0.62, 0.28; I2 = 60%) (Fig. 4a).

Fig. 1  PRISMA flowchart
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Vascularisation

Measures of vascularisation included microvessel density 
(n = 14), functional vessels (n = 2), vessel length (n = 1), 
patent vessels (n = 1) and indicators for vessel function 
and structure (n = 3) (Table 2). Four studies reported an 
increase in microvessel density [18, 24, 29, 30], three stud-
ies reported a decrease in microvessel density [19, 31, 32] 
and eight studies reported no change in microvessel density 
[20, 23, 25–28, 33, 34]. Twelve studies were included in the 
meta-analysis for vascularisation [18–20, 23–30, 33, 34], 
with four studies having multiple measures [23, 25, 26, 34]. 
One study was excluded due to no baseline data [32]. One 
study [31] was excluded from the presented forest plot for 
vascularisation due to being an outlier, resulting in reduced 
legibility of the remainder of the meta-analysis results (SMD 
= 0.07; 95% CI = −0.51, 0.64; I2 = 79%) (full plot available 
in Supplemental Figure 1). The exclusion made no differ-
ence in the overall effect size. Overall, there was no effect of 
aerobic exercise on vascularisation (SMD = 0.07; 95% CI = 
−0.40, 0.55; I2 = 71%) (Figure 4b).

Blood flow

Of the seven studies that evaluated blood flow, three reported 
an increase [18, 24, 28], one reported a decrease [27] and 
three reported no change [25, 26, 35] (Table 2). Four studies 
were included in the meta-analysis for blood flow [25–28, 
35], with two studies having multiple measures, including 
blood flow and perfusion [25, 26]. One study was excluded 
from the meta-analysis due to no quantitative data reported, 
and another study was excluded as there were no mean data 
[18, 24]. Overall, there was no significant effect of aerobic 
exercise on blood flow (SMD = 0.01; 95% CI = −0.59, 0.61; 
I2 = 63%) (Figure 4c).

Sub‑group analysis

Given the heterogeneity of methodology in the studies 
included in this review, the total meta-analysis is limited. 
In an attempt to review the data taking into account some of 
these methodological differences, we performed sub-group 
analyses for animals, species, aerobic exercise mode, tumour 
location and study duration. However, it should be noted 
that these sub-groups included large heterogeneity, such as 
in exercise mode (for example, treadmill exercise dose). We 
therefore performed sub-group analyses using broad catego-
ries to analyse the data. The results from the sub-analyses 
showed no significant effect in any of the analyses. Sub-
group analyses can be found in the Supplemental materials 
(Supplemental Figures 2a–e, 3a–e and 4a–e).

Table 1  Study characteristics

Data are presented as n (%)
a Some studies included more than one animal species and breed
b Some studies included more than one cancer type
c Some studies included 2 groups that performed different exercise 
frequencies
d Some studies included more than one outcome measure

Variable Preclinical trials (n 
= 17)

Clinical trials 
(n = 1)

Publication year
  2000–2009 1 (6) 0 (0)
  2010–2021 16 (94) 1 (100)
Sample size
  ≤20 7 (41) 1 (100)
  21–49 7 (41) 0 (0)
  ≥50 3 (18) 0 (0)
Study duration
  <3 weeks 7 (41) 0 (0)
  3–8 weeks 8 (47) 0 (0)
  >8 weeks 2 (12) 1 (100)
Animal  speciesa

  Mice 14 (82) –
  Rat 4 (24) –
Animal breed/strain
  BALB/c mice 5 (29) –
  Nude  micea 3 (18) –
  C57BL/6 mice 3 (18) –
  Sprague-Dawley rat 2 (12) –
  Athymic mice 2 (12) –
  ApoE−/− mice 1 (6) –
  Copenhagen  ratsa 1 (6) –
  American Cancer Institute rats 1 (6) –
Cancer type
   Breastb 9 (53) 1 (100)
  Prostate 3 (18) 0 (0)
   Pancreaticb 2 (12) 0 (0)
   Melanomab 2 (12) 0 (0)
  Ewing  sarcomab 1 (6) 0 (0)
  Liver 1 (6) 0 (0)
  Lymphatic 1 (6) 0 (0)
Exercise mode
  Type
    Treadmill running 11 (65) 0 (0)
    Wheel running 6 (35) 0 (0)
    Cycling 0 (0) 1 (100)
   Frequencyc

    1–4×/week 1 (6) 1 (100)
    5–7×/week 17 (100) 0 (0)
Outcome  measured

  Hypoxia 10 (59) 1 (100)
  Vascularisation 14 (82) 1 (100)
  Blood flow 6 (35) 1 (100)

8641Supportive Care in Cancer (2022) 30:8637–8653



1 3

Q1: Selec�on 
bias

Q2: Selec�on 
bias

Q3: Selec�on 
bias

Q4: 
Performance 

bias

Q5: 
Performance 

bias

Q6: Detec�on 
bias

Q7: Detec�on 
bias

Q8: A�ri�on 
bias

Q9: Repor�ng 
bias

Q10: Unit of 
analysis 
errors

Betof et al.

2015
? ? ? ? ? ? ? - + ?

Buss et al. 

2018
? + ? ? ? ? + - + -

Buss et al. 

2020
? + ? ? ? ? + - + +

Dufresne et al.

2010
? + ? ? ? ? ? + + ?

Faus�no-Rocha et al.

2016
? ? ? ? ? ? ? - + ?

Faus�no-Rocha et al.

2017
? ? ? ? ? ? ? - + ?

Florez-Bedoya et al.

2019
? ? ? ? ? ? ? - + ?

Isanejad et al.

2016
? + ? ? ? ? ? + + ?

Jones et al.

2010
? + ? ? ? ? + - + +

Jones et al.

2012
? + ? ? ? ? ? - + +

McCullough et al.

2013
? + ? ? ? ? ? + + ?
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Schadler et al.
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Wakefield et al.

2021
? + ? ? ? ? ? - + +

Zielinski et al.

2004
? ? ? ? ? ? + - + ?

- High risk ? Uncertain risk + Low risk

Fig. 2  SYRCLE Risk of Bias for preclinical studies
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Discussion

The findings from this systematic review and meta-analysis 
demonstrate that among 17 preclinical studies and one clini-
cal study, aerobic exercise training had no significant effect 
on tumour hypoxia, vascularisation or blood flow. To our 
knowledge, this is the only systematic review exploring the 
effects of hypoxia, vascularisation and blood flow on all 
three of these related outcomes. Concerningly, there was 
a high risk for attrition bias in the preclinical studies, and 
most other domains of bias were of unclear risk. Of the 18 
studies included in this review, 17 were published within 
the last decade, suggesting that there is a growing interest 
in this area. Although the preclinical body of evidence is 
growing, the synthesis of data is limited by the variability 
in animal type and study methodology. The measurement of 
the outcomes reported herein is possible in a human popula-
tion, as evidenced in Jones et al. (2013). Therefore, future 
knowledge gains may be made by exploring these effects in 
humans for translation to clinical practice.

We anticipated that aerobic exercise would drive an 
association between our outcome measures; that aerobic 
exercise training would result in an increase in vasculari-
sation that would cause increased blood flow and conse-
quently decreased hypoxia, representing beneficial changes 
in the tumour microenvironment with the potential to reduce 
tumour growth and improve patient prognosis. This assump-
tion has been based on the literature, exemplified by recent 
narrative reviews [36, 37]. However, the expected pattern of 
change was not found in this review, with studies reporting 
aerobic exercise-induced decreases and increases in all out-
come measures and combinations of decreases and increases 
that do not support our assumption. Although our findings 
contrast with recent narrative reviews, our conclusions are 
supported by the systematic inclusion of all available data.

In the period between registration and completion of this 
review, Esteves et al. [38] published a systematic review 
and meta-analysis that included one of the outcomes we 
assessed: vascularisation. The authors found an effect of 

aerobic exercise on vascularisation, which is in conflict with 
the findings from this review. We have described a number 
of concerns with the methodology, data extraction and data 
analysis of their review elsewhere [39]. The current com-
prehensive review and meta-analysis uses a more appropri-
ate statistical analysis recommended for preclinical studies 
[40–42] and includes all available studies, providing a more 
accurate evaluation of the current literature.

Contrary to our expectations, we found that there were 
inconsistent findings for all explored outcomes. We expected 
to see decreases in hypoxia; however, of the 11 studies which 
assessed hypoxia, one [24] found an unexpected increase and 
five [23, 25–28] found no change. We expected increased 
vascularisation; however, three of 15 studies [19, 31, 32] 
showed a reduction and eight [20, 23, 25–28, 33, 34] showed 
no change. Our expectation of increased blood delivery was 
also not met; three studies demonstrated no change [25, 26, 
35], and one study demonstrated a decrease [27] in blood 
flow. These unexpected results in hypoxia, vascularisation 
and blood flow may be a result of many factors, including 
experimental design differences as well as intra-tumoural 
factors. For example, physiological mechanisms that may 
have contributed to these results include angiogenesis 
development and/or decreased inflammatory immune cells. 
Aerobic exercise induces the formation of new blood ves-
sels through regulatory factors such as increases in VEGF, 
which promotes angiogenesis [24]. Although angiogenesis 
may increase microvessel density and subsequent blood 
flow to tumours, the dysfunction in tumour blood vessels 
(specifically leaky blood vessels and low permeability) may 
mean that this is not translated to changes in hypoxia if oxy-
gen diffusion is poor [9, 10, 31, 40]. Furthermore, tumour 
blood vessels are heterogeneous in distribution, leading 
to inconsistent oxygen supply [8], which may mean areas 
of increased hypoxia within the tumour despite potential 
increases in overall blood flow through increased microves-
sel density. Therefore, a single hypoxia measurement may 
not represent the level of hypoxia elsewhere in the tumour. 
Immune cell’s contribution to angiogenesis has also been 
suggested to be altered by aerobic exercise training. For 

1: Randomisa�on 
process 

2: Devia�ons from 
the intended 
interven�on 

3: Missing 
outcome data 

4: Measurement 
of the outcome 

5: Selec�on of 
reported results Overall risk of bias 

Hypoxia ? +  + +
Vascularisa�on ? +  + +

Blood flow ? + + + +

 High risk ? Uncertain risk + Low risk

Fig. 3  Cochrane Risk of Bias for clinical studies
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example, inflammatory macrophages in tumours have been 
shown to have reduced activation after aerobic training [32]. 
This type of reduced inflammatory activation may down-
regulate angiogenesis and reduced microvessel density, 
resulting in less blood delivery and increased hypoxia [32].

Variability in study methodology and quality can create 
significant bias in the results. Features of poor study meth-
odology, such as lack of reporting, heterogeneity of baseline 
characteristics and external influences such as housing (in 
preclinical research), aerobic exercise outside of the inter-
vention and significant missing data, can largely impact 
results both within studies and when comparing studies. 
The risk of bias results from this review should be used to 
guide future preclinical and clinical methodology to bet-
ter compare outcome measures across studies. Housing was 
poorly reported, which is important for social stress effects 
[43]. Additionally, the impact of stress on animals, such as 
stimulation for forced aerobic exercise, is particularly sig-
nificant in cancer outcomes, whereby it has been postulated 
that the immune response plays a part in the development 
of tumour vasculature to promote microvessel density and 
tumour growth in mice [44, 45]. The characteristics of aero-
bic exercise were poorly reported across studies. Six studies 
[18, 22, 24–26, 28] used voluntary wheel running, which 
suffers from a lack of control of intensity and, therefore, 
dose. Seven papers included a familiarisation period of 
aerobic exercise for an average of 18 days [18–20, 29, 32, 
33, 35], whereby subjects would perform additional aerobic 
exercise after tumour induction but prior to the aerobic exer-
cise intervention. Exercise duration includes a combination 
of familiarisation plus intervention, which further compli-
cates the dose of aerobic exercise delivered, particularly in 
preclinical models. In the current analysis, we saw hetero-
geneity in animal type and species (14 mice studies with 
five different species and four rat studies with three different 
species), making comparison of results between papers prob-
lematic and suitability for human models debateable [46].

Tumour type and location likely play a considerable 
role in determining the effects of aerobic exercise on 
blood flow. Host tissue is anatomically and functionally 
different, and thus features of the tumour microenviron-
ment that influence blood flow may also differ based 
on tumour location. Therefore, it may not be equal to 
compare tumour type and location. For example, tumours 
located in host tissue that has a high blood supply at rest, 
such as the brain, are more likely to use vascular co-
option, which encourages greater tumour vascularisation 
[47]. Furthermore, vasculogenic mimicry occurs in some 
tumour types, such as melanoma and breast, and can also 
increase blood supply to and within the tumour [48]. In 
preclinical models, tumours are induced orthotopically 
(tumours that are injected into the corresponding host 
tissue) or ectopically (tumours injected subcutaneously 

into a different host tissue). Garcia and colleagues [49] 
directly compared ectopic prostate tumours placed sub-
cutaneously with orthotopic prostate tumours and found 
increased blood flow in orthotopic tumours after aerobic 
exercise, suggesting that tumour location plays an impor-
tant role irrespective of tumour type. We included 13 
papers that investigated orthotopically injected tumours 
and two papers that investigated subcutaneously injected 
tumours, and we observed no difference in blood flow 
after aerobic exercise in orthotopic compared to subcuta-
neous tumours, which is contrary to the results of Garcia 
et al [49]. However, a majority of the papers in this sys-
tematic review investigated breast tumours, whilst Gar-
cia et al. [49] investigated prostate tumours. Therefore, 
further research needs to be conducted to determine if 
tumour type, in addition to tumour location, influences 
blood flow.

Whilst our findings do not favour aerobic exercise 
training in terms of tumour hypoxia, vascularisation and 
blood flow, several systematic reviews and meta-analyses 
have found beneficial effects of aerobic exercise training 
for tumour growth and development [44, 50]. Given this 
contrast, we briefly examined tumour growth outcomes, 
which were reported in 13 studies included in this review 
[18, 21, 22, 24–26, 28–34]. Of these, there were incon-
sistent results in tumour growth; one reported increased 
growth, four showed decreased growth and nine showed 
no change in tumour size. One study [34] showed both a 
decrease in one tumour type and an increase in another 
tumour type. We observed similar inconsistent patterns of 
change in hypoxia, vascularisation and blood flow even 
with studies showing the same tumour growth changes. 
However, it should be noted that tumour growth was not a 
primary outcome of this review and the reported findings 
are descriptive only. As the studies included in this review 
did not mirror the results from the two published system-
atic reviews on tumour growth, we believe that the mecha-
nisms of action for aerobic exercise on tumour growth are 
complex and not well described by this literature. It is 
possible that the mechanisms of aerobic exercise effects 
could involve interactions between hypoxia, vascularisa-
tion and blood flow; however, more consistent data, meth-
odology and reporting are necessary to further explore 
these associations. It is also likely that other systemic 
or intra-tumoural factors, such as inflammation, immune 
responses, myokine signalling and endocrine responses 
and adaptations, impact tumour growth [44, 51, 52].

Limitations

Despite using author-reported results, we found that there 
were two instances where there were differences in the 
significance of findings between author-reported results 
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and the meta-analysis calculation. Our careful review 
and meta-analysis showed inconsistencies within a paper, 
which were confirmed with the authors but may have been 
the cause of the different outcomes in the analysis. Subse-
quently, it is possible that the conclusions of this review 
would differ without the inclusion of a meta-analysis cal-
culation. Another limitation is that although we conducted 
sub-group analyses, the results were limited due to poor 
reporting and heterogeneous study design. Furthermore, 
our meta-analysis examined one mode of exercise, aerobic 
exercise only, which does not fully represent the effect of 
all exercise modes, including resistance exercise.

Conclusion

Among the studies included in this systematic review, 
aerobic exercise training did not have an effect on tumour 
hypoxia, vascularisation or blood flow. However, there 
was great methodological heterogeneity, which may have 
contributed to the inconsistent findings. Future preclinical 
studies need improved study design and reporting to pro-
vide deeper insights into the complex interactions between 
hypoxia, vascularisation and blood flow. Furthermore, 
improved reporting and subsequent analysis of aerobic 
exercise parameters in future studies, specifically inten-
sity and dosage, will give rise to a better understanding 
of the effects of aerobic exercise on tumour microenviro-
ment for translation to clinical studies. Given the estab-
lished benefits of aerobic exercise in reducing cancer bur-
den, understanding the mechanisms is an important step 
towards designing the most efficacious interventions and 
best practise for translation to clinical studies.
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