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A B S T R A C T

Background: This study aimed to compare and examine the local and non-local effects of a foam 
rolling (FR) and static stretching (SS) intervention applied to the plantar flexor (PF).
Methods: Fourteen female participants were investigated. Each participant underwent three 
conditions in a random order at least 48h apart and at the same time of the day: Control (CC), SS, 
and FR. Each condition was performed unilaterally in the dominant PF for 4 sets (apart from CC). 
SS was performed for 30 s. The FR included 30 rolls (15 in each direction) over a period of 30 s. A 
rest of 30 s was provided between each set for all conditions. Outcome variables were ankle 
dorsiflexion range of movement (ROM), tissue hardness, localized bioimpedance analysis at 50 
kHz (L-BIA), and pain pressure thresholds (PPT). Tissue hardness, L-BIA, and PPT were measured 
in the lower leg and thigh. Measures were assessed pre (T0), immediately post (T1), and 10-min 
after (T2) the intervention.
Results: No differences were found for time for the CC or between the T0 of each condition. 
Concerning the lower leg, ROM improved for SS and FR from T0 to T1 while returning to baseline 
in T2. A significant increase in PPT was observed only for SS in T1. L-BIA showed a significant 
increase for both phase angle and impedance only for FR in T1. Tissue hardness did not change for 
any group at any time-point. Concerning the thigh, no measure at any time point showed sig-
nificant differences.
Conclusion: Both, FR and SS were able to acutely improve ankle ROM. The observed changes were 
probably caused by a change in viscoelastic properties and local pain perception, without any 
variation in tissue morphology. FR was the only intervention to improve the intracellular-to- 
extracellular ratio and decrease fluids. Non-local effects were not observed.
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1. Introduction

Static stretching (SS) and foam rolling (FR) are two techniques that are frequently applied to improve ROM of a joint, either after 
acute and chronic settings, or as warm-up strategies [1,2]. Concerning their acute effect on ROM, both techniques can be considered 
equally effective [2].

The ROM improvements observed following both techniques may be ascribed to different physiological mechanisms. These 
encompass morphological changes, a modification of pain sensation, increased body temperature, or a modification of the viscoelastic 
properties of tissues [3,4]. Regarding morphological changes, prior studies [5–8], exhibit heterogeneity, likely influenced by factors 
such as the duration and intensity of stretching or rolling, as well as the anatomical location of the applied intervention. More 
consistent results are observed regarding the modification of pain sensation [9,10] which can be measured as an increase in pain 
pressure thresholds (PPT). These increases are generally observed alongside with increases in ROM. Nevertheless, most studies focus 
on assessing acute post-intervention effects [8,10]. However, when examining the time-course of ROM and changes in pain sensation, 
heterogeneity is again observed. For instance, concerning FR interventions, Kasahara et al. [11] in a first study observed that ROM 
improved following a FR intervention up to 30 min, while PPT remained elevated only for 10 min. Conversely, in a second intervention 
[12] ROM improved up to 10 min while PPT remained elevated for 15 min. Similarly to FR interventions, also in SS, the time-course 
measures of PPT may or may not correspond to the variations in ROM in measures other than those immediately post-exercise [13,14]. 
These findings indicate that both morphological variations and modifications in pain sensation may contribute, albeit not exclusively, 
as underlying mechanisms for the improvement in ROM. Recent evidence [15] has observed that following a FR intervention, im-
provements in ROM were also observed when sham rolling was applied (i.e., just mimic the movement of FR while no pressure on the 
target tissue). These results, together with those of other investigations [16–18], would suggest that ROM can also improve through a 
warm-up effect. It is interesting to note that following both FR and SS interventions, an increase in local temperature can be observed 
[19,20].

To date, only one study has evaluated the effects of a FR intervention concerning local tissue fluid hydration (using a localized 
bioimpedance analysis (L-BIA), also defined Electrical Impedance Myography (EIM) [21,22] a procedure that allows to identify raw 
bioelectrical parameters in specific body segments. This allows to identify Phase Angle (PhA) and vector length (Z) which are related to 
fluid distribution and fluid quantity [23,24], respectively), which could be other factor influencing the viscoelastic properties of 
tissues., Within the study of Yoshimura et al. [19] applying FR on the plantar flexor muscle, the authors concluded that a reduction in 
the fluid content of the leg was observed. Such effects were more pronounced in women. It is interesting that an increase in tem-
perature was also observed, indicating a potential relation between the warm-up effect and the variation in fluid dynamics. It is, 
however, still to clarify if improvements in ROM following the FR are due to the mechanical pressure of the roller over the muscle belly 
or an increase in local temperature. Conversely, no studies have evaluated the effects of a SS intervention on local fluid variations.

Furthermore, there has been recent interest in investigating non-local effects (when interventions are applied to an anatomical 
location and effects are measured elsewhere) alongside the traditional local effects [25,26]. However, the majority of these studies take 
into consideration the non-local effects of the homologous muscle groups in the contralateral limb, namely the “crossover effect” [26]. 
Very few investigations, which have also provided heterogeneous results, have evaluated non-local effects in contiguous body seg-
ments (i.e. interventions carried out on the plantar fascia and effects measured in the plantar flexor muscles [27]) or segments 
encompassed within a myofascial chain [28,29]. In addition, despite previous research that has evaluated the effects of FR on local 
fluid distribution [19] observing its reorganization, there is a gap in research on the fluid dynamics of continuous body segments. 
Therefore, it still remains unclear whether the reorganization of these fluids may be directed towards the surrounding tissues, the 
bloodstream, or tissues in other body segments.

Thus, this study aimed to examine the acute effects of four sets of 30 s of SS and FR interventions carried out in the PF muscles and 
examine either local (where the intervention was administered) and non-local (the adjacent lower limb compartment [the thigh]) 
morphological, sensory, and fluid responses as potential determinants of ROM improvement. The intervention was carried out in 
women since these tend to have lower body water content compared to men.

2. Materials and methods

2.1. Participants

Fourteen healthy female participants were enrolled (the descriptive characteristics of the participants are shown in Table 1). The 
required sample size was calculated through G-power (G*Power version 3.1.9.4) for a repeated measure ANOVA (F-Tests effect size =
0.25, α error = 0.05, and power = 0.80) considering 3 groups (CC, SS, and FR) and 3 time-points (T0, T1, and T2) based on our previous 

Table 1 
Descriptive characteristics of participants.

F

N 14
Age 22.3 ± 2.7
Weight (kg) 59.6 ± 8.78
Height (cm) 161.6 ± 8.77
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study’s ROM results [11] was more than 10 participants. Participants were recruited from a population of university students. All 
participants had to be free of orthopaedic, neurological, and gynaecological diseases. If participants had a previous history of injuries 
to the lower limbs, were excluded, as were those taking oral contraceptives. A total of three women were excluded priorly. Participants 
could take part in the experiment only during the follicular phase of their menstrual cycle [30,31] in order to standardise bodily fluid 
balance. All participants had to refrain from using coffee or drinking water for at least 30 min before the experiments in order to further 
standardise bodily fluids across conditions. In order to take part in the study, all participants had to sign a written informed consent, in 
which the study protocol along with the risks and benefits of participating in the experiment, were disclosed. The study was approved 
by the bioethical committee of the University of Palermo (protocol n◦170/2023). Research was conducted in accordance with the 
Helsinki Declaration and the European Union recommendations for good clinical practice.

2.2. Procedure

Participants were asked to attend our laboratory on three occasions, at least 48 h apart, at the same time of the day. During each 
visit, the temperature of the laboratory was controlled at 24 ◦C. On each visit, participants were randomised to one of the following 
conditions: Control condition (CC), SS, or FR. Each participant, during each visit, was tested three times: upon arrival (T0), imme-
diately after each intervention (T1), and after 10 min from the end of the intervention (T2). During the CC, no intervention was 
administered to the participants, who were instructed to sit on a chair for 10 min after the T0 assessment. Each participant between T1 
and T2 was instructed to sit on a chair. At each time-point a measure of ankle ROM dorsiflexion was assessed. In addition, measures of 
tissue hardness (TH) and pain pressure threshold (PPT) were assessed in the medial gastrocnemius, the biceps femoris, and the 
semitendinosus, along with a localised bioimpedance analysis (L-BIA) in the lower leg and thigh. Since dynamic activities such as ROM 
may influence TH, PPT, and L-BIA, these were assessed prior to ROM. Consequently, the order of each assessment was TH, PPT, L-BIA, 
and ROM. The reproducibility of this method was confirmed in a previous [11] study. All the above-mentioned measures were 
collected on the dominant limb, which was the right leg for all participants. Dominance was assessed by asking each participant with 
which leg they would kick a ball.

2.3. Outcomes

All measures were collected three times at each time point by the same investigator except for the L-BIA which was measured once.

2.3.1. Range of movement
ROM of the ankle was assessed in a dorsiflexion motion for the plantar flexor muscle in each participant. Each participant was 

placed on a medical bed in a prone position with the knee extended, with inelastic straps positioned on the pelvis and the contralateral 
leg in order to avoid compensatory movements. A flat, rigid surface was then strapped to the sole of the foot of each participant. A two- 
arm electronic goniometer (Digital Angle Ruler, resolution 0.05◦, accuracy ±0.2◦, repeatability 0.05◦) was then placed with one arm 
parallel to the foot sole and one arm parallel to the leg. In order to improve the reliability of each measure, the goniometer position was 
standardised by applying visual marks to the skin of each participant using a dermal marker. The assessment started when the foot and 
leg formed a 90◦ angle. The maximum tolerable pain for each participant, or the limit of available ROM [32,33] during each 
assessment, was the final value retained for each assessment. Of the three collected measures for each assessment, the mean value was 
used for analysis.

2.3.2. Tissue hardness
A portable TH metre (NEUTONE TDM-N1; TRY-ALL Corp., Chiba, Japan) was used for data collection. This TH metre measures the 

penetration distance until a 14.71 N (1.5 kgf) pressure is reached [34]. Measures of TH were collected in the medial gastrocnemius 
(MG) for the lower leg, the bicep femoris (BF), and the semitendinosus (ST) for the thigh. Each participant was asked to lie prone on a 
medical bed. Concerning the measures of the MG, a mid-point between the popliteal fossa and the proximal end of the Achilles’s tendon 
was evaluated. For the BF and the ST, the proximal and distal reference points were the ischiatic tuberosity and the popliteal fossa, 
respectively. Two mid-points between these reference points were considered. A lateral point for the BF and a medial point for the ST. 
Each point was marked with a dermal marker to improve the reliability of the measures. During each assessment, participants were 
asked to relax. Of the three collected measures for each assessment at each point, the mean value was used for analysis.

2.3.3. Pain pressure thresholds
A portable algometer (FPX 25 Pain Tester, Wagner Instruments, CT, USA) was used to assess PPT. The participant’s measurement 

position and evaluated points were identical to the TH assessment. The algometer was positioned perpendicular to the direction of the 
muscle fibers. A pressure of 1 kg per second was applied by the investigator. Each participant was instructed to say “stop” when pain, 
rather than just pressure, was experienced. The final value reported on the screen of the instrument, measured in kg•cm2 was 
considered a PPT. Of the three collected measures for each assessment at each point, the mean value was used for analysis.

2.3.4. Localized bioimpedance analysis
A single-frequency phase-sensitive device (BIA-101 Anniversary Sport Edition, Akern Systems, Firenze, Italy) at 50 kHz and 400 μA 

was used to measure phase angle (PhA) and bioimpedance (Z) [35] of the lower leg and thigh. Two pairs of electrodes (source (I) and 
detector (V) electrodes) for each body segment were used. For the lower leg, one pair was positioned on the upper part of the lower leg, 
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with the lateral part of the I positioned on the popliteal crease and the V positioned distally, parallel to the I, 5 cm apart. The other pair 
was positioned on the lower part of the lower leg, with the lateral part of the I positioned above the tibial malleolus and the V in a 
proximal direction parallel to the I, 5 cm apart. For the thigh, one pair of electrodes was positioned on the upper part of the thigh with 
the lateral part of the I above the distal end of the ischiatic tuberosity and the V in a distal direction, 5 cm apart. The other pair was 
positioned with the lateral part of the I on the popliteal crease and the V positioned proximally, parallel to the I, 5 cm apart. Reference 
points were marked on the skin of the participants using a dermal marker to allow repeatability of the positioning of the electrodes 
(Fig. 1). The lower leg and thigh assessments were not performed simultaneously.

Z was standardised for each body segment according to segment length. Lower leg length was calculated in cm, from the popliteal 
crease to the mid-point of the tibial malleolus. Thigh length was calculated in cm, from the popliteal crease to the ischial tuberosity 
(Fig. 1). Prior to each test, the BIA measurements of the analyser were validated using a precision circuit with acceptance for resistance 
(R) measurements of 383 Ω (Ω) and reactance (Xc) values of 45 Ω. Coefficient of variation for PhA and Z were calculated on the T0 of 
all conditions, these being 2.88 and 1.37 for the leg and 4.17 and 3.18 for the thigh, respectively.

2.4. Interventions

A SS and a FR intervention were administered to the dominant PF of each participant. Each intervention was administered in four 
sets, with a 30-s rest between each set. The intensity of each intervention was controlled by asking each participant to feel the SS or the 
pressure of the FR at a magnitude of at least 8 out of a scale from 0 to 10. The adopted roller was a low-cost, commercially available 
roller (Bodymate, 30 cm in length, 15 cm in diameter in expanded polypropylene foam of medium density with a GRID surface). These 
characteristics were chosen following the recommendations suggested by previous research [36,37]. Familiarization for each inter-
vention was allowed on the contralateral limb to understand either body position and intensity. Each aspect had to be familiarized 
separately. A maximum of 5 s of SS and a maximum of five rolls with the FR were allowed for such purposes in order to limit potential 
non-local contralateral effects [26,38]. For the SS, each participant was asked to stand upright and position their foot over a 35◦

inclined wedge for 30 s for each set. Each participant could adjust their body position to reach the required intensity. For the FR, the 
participants had to place the muscle belly of the PF over the GRID pattern of the roller. For each set, the participants had to roll the 
muscle belly 15 times in a proximal direction and 15 times in a distal direction over the roller. Each roll in each direction had to last 1 s, 
for a total time per set of 30 s. Rolling time was controlled through a metronome sound produced by a mobile device app (Metronomo: 
Tempo lite ver. 5.0.7, App Store, Apple). No intervention was applied to the knee flexors.

2.5. Statistical analysis

Means ± standard deviations were used to present the results. Intraclass correlation coefficients (ICC) were calculated from the T0 
for all measures to check the reliability of the measures. ICC values less than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and 
greater than 0.90 indicate poor, moderate, good, and excellent reliability, respectively [39]. An analysis of variance (ANOVA) for 
repeated measures for time and groups was used to identify differences for the main variables. Post-hoc Scheffé corrections were 
performed when the main variables showed a significant time-x-group interaction to identify sub-group and time differences. For each 
main analysis, the effect size (ES) was calculated. Partial eta squared (η2p) was used as a measure of ES. The magnitude of the ES was 
classified according to the following scale: 0.01–0.059 = small effect, 0.06–0.139 = moderate effect, and ≥0.14 = large effect. All 
analyses were performed with Jamovi (The Jamovi Project, 2021). Jamovi (Version 2.3.12.0)[Computer Software]. Retrieved from 
https://www.jamovi.org. Significance was considered <0.05 for all analyses.

3. Results

No baseline differences (T0) were observed among interventions (CC, SS, and FR) for all investigated variables (ROM, TH, PPT, 
PhA, and Z) in either the lower leg or thigh.

Fig. 1. Graphical representation of electrode placement and setting for the localized bioimpedance analysis. 
LL: Lower leg length; I: Source electrode; TL: Thigh length; V: Detector electrode;.
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3.1. Local measures

ICC for ROM was 0.96. The ICCs for TH, PPT, PhA, and Z of the leg were 0.86, 0.91, 0.95, and 0.99, respectively. Concerning 
measures of the lower leg, a significant time × group interaction was observed for ROM, PPT, PhA, and Z (Table 2). Post-hoc Scheffé 
analysis showed differences among interventions. In particular, ROM improved for both SS and FR from T0 to T1 while returning to 
baseline in T2. Only for SS, the increase in ROM was accompanied by an increase in the measure of PPT from T0 to T1. Only for the FR, 
the increase in ROM was accompanied by an increase of both Z and PhA from T0 to T1.

3.2. Non-local measures

The ICCs for TH BF, PPT BF, TH ST, PPT ST, PhA, and Z of the thigh were 0.81, 0.83, 0.90, 0.86, 0.95, and 0.96, respectively. 
Concerning measures of the thigh, no significant interaction was observed for any analyzed variable (Table 2).

4. Discussion

The present manuscript aimed to understand the effects of an SS and FR intervention on morphological, sensory, and fluid re-
sponses measured locally, where the intervention was applied, and non-locally, in the adjacent body segment. Our results indicate that 
both interventions were able to improve local ROM. However, notwithstanding not observing differences in morphological responses, 
there were differences concerning sensory and fluid responses. In particular, SS was accompanied by an increase in measures of PPT, 
while FR was accompanied by an increase in PhA and Z. The observed effects were only present locally, without any variation, for any 
measured variable in the adjacent body segment. These results suggest that, following SS, decreased pain sensitivity is the main 
contributor to ROM improvement. While for FR, a variation in both fluid quantity (Z) and intracellular-to-extracellular fluid ratio 
(PhA), which may modify the viscoelastic properties of the tissue, appears to be the main contributors to ROM improvement.

In the present investigation, we did not appreciate any variation in TH, neither in the PF or knee flexor muscles. Concerning the PF, 
which were those targeted by the SS and FR interventions, our results seem in line with previous investigations [5,40,41]. Despite a 
certain degree of heterogeneity among interventions in which variations in TH might be present [5], a more in-depth glance highlights 
that variations in TH, specifically in the PF, do not appear significant across studies. In addition, changes in TH seem to be 
time-dependent, with longer interventions eliciting the greatest variations. Within the present investigation, we provided for both SS 
and FR a volume of 120 s. Such volume, according to Takeuchi et al. [5], seems to be the one eliciting the fewest variations. Concerning 
the BF and ST in the thigh, again, we did not observe any variation. To date, no previous study has acutely evaluated the effects of an 
intervention on the TH of the thigh muscles while providing the intervention to muscles of the lower leg. However, a similar approach 
among continuous body segments, although considering chronic effects, has been carried out by Konrad et al. [27]. The authors 

Table 2 
Synthesis of outcomes of ROM, TH, PPT and L-BIA for each condition and body segment.

CC SS FR ANOVA

T0 T1 T2 T0 T1 T2 T0 T1 T2 Time x Group

Leg (local)
ROM(◦) 36.7 ±

5.62
37.1 ±
5.63

37.5 ±
6.04

36.0 ±
5.56

40.3 ±
4.98§

38.2 ±
5.04╪

35.2 ±
5.13

38.5 ±
4.63§

37.0 ±
4.61

*p=<0.0001; F = 8.27; η2p 
= 0.298

TH(N) 23.9 ±
2.97

23.2 ±
3.09

23.0 ±
3.40

23.7 ±
2.22

21.9 ±
3.18

22.2 ±
3.24

23.0 ±
2.69

21.6 ±
3.79

22.2 ±
3.76

p = 0.44; F = 0.94; η2p =
0.046

PPT(KG) 4.63 ±
1.73

4.77 ±
1.31

4.96 ±
1.66

4.87 ±
1.16

5.77 ±
1.57§

5.15 ±
1.56

4.49 ±
1.18

4.93 ±
1.20

5.17 ±
1.54

*p = 0.03; F = 2.79; η2p =
0.125

PhA(◦) 11.7 ±
1.44

11.5 ±
1.43

11.4 ±
1.58

11.6 ±
1.47

11.5 ±
1.47

11.5 ±
1.44

11.6 ±
1.17

12.1 ±
1.36§

11.9 ±
1.37

*p = 0.0007; F = 5.37; η2p 
= 0.216

Z(Ω) 1.43 ±
0.22

1.41 ±
0.23

1.41 ±
0.23

1.44 ±
0.27

1.43 ±
0.26

1.42 ±
0.26

1.41 ±
0.22

1.46 ±
0.23§

1.44 ±
0.23

*p = 0.0007; F = 5.40; η2p 
= 0.217

Thigh (non-local)
TH BF 

(N)
17.5 ±
3.03

17.0 ±
3.32

16.1 ±
2.85

18.5 ±
2.27

17.3 ±
2.18

16.7 ±
2.95

17.9 ±
3.38

16.8 ±
3.04

17.3 ±
3.00

p = 0.29; F = 1.27; η2p =
0.061

PPT BF 
(KG)

6.50 ±
1.60

6.83 ±
1.76

6.91 ±
1.97

6.61 ±
1.39

7.34 ±
2.11

7.51 ±
2.15

6.30 ±
1.36

7.14 ±
1.76

7.30 ±
2.18

p = 0.40; F = 1.03; η2p =
0.051

TH ST 
(N)

15.7 ±
3.45

15.7 ±
2.77

15.1 ±
3.66

15.6 ±
3.59

15.8 ±
3.80

14.6 ±
3.66

16.0 ±
4.04

15.5 ±
4.70

16.0 ±
4.27

p = 0.22; F = 1.47; η2p =
0.070

PPT ST 
(KG)

6.24 ±
1.96

6.84 ±
1.91

6.49 ±
1.54

6.13 ±
1.45

7.08 ±
2.18

7.12 ±
2.01

5.96 ±
1.60

6.58 ±
1.61

6.87 ±
1.72

p = 0.47; F = 0.89; η2p =
0.045

PhA(◦) 10.4 ±
1.88

10.0 ±
2.03

10.2 ±
2.09

10.9 ±
1.93

10.5 ±
1.73

10.5 ±
1.92

10.7 ±
1.99

10.6 ±
2.08

10.6 ±
1.79

p = 0.44; F = 0.93; η2p =
0.046

Z(Ω) 1.11 ±
0.22

1.08 ±
0.19

1.07 ±
0.19

1.06 ±
0.19

1.04 ±
0.16

1.04 ±
0.16

1.04 ±
0.16

1.03 ±
0.15

1.03 ±
0.15

p = 0.37; F = 1.08; η2p =
0.052

Data are presented as means ± SD; T0: Baseline Evaluation; T1: Post-test assessment; T2: Assessment 10m post-test; BF: Biceps Femoris; CC: Control 
Condition; FR: Foam Rolling; PhA: Phase Angle; PPT: Pain Pressure Thresholds; SS: Static Stretching; ST: Semitendinosus; TH: Tissue Hardness; Z: 
Impedance. ANOVA: Analysis of Variance.*:Significant p < 0.05, §: different from T0, ╪: T2 different from T1.
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applied combined SS and FR training to the plantar foot sole for 7 weeks and observed responses in the PF muscles. Despite observing a 
tendency of an increase in ROM, no variation in muscle structure was observed in the PFs despite the longer intervention, which, 
similar to the present investigation, represents the adjacent body segment.

The improvement in ROM in the present investigation was accompanied by an increase in measures of PPT only for SS. Such a 
concomitant increase was observed only from T0 to T1, while returning to baseline in T2 indicating a variation of local pain sensitivity. 
No variation in PPT was observed following the FR intervention. This result does not appear in line with previous investigations [10,
42]. Within this study only female participants were included, therefore our results may vary according to the screened population. 
However, there is heterogeneity in findings considering sex differences in pain perception [43–45]. Another possible explanation may 
arise from the investigations of Warneke et al. [15,16] indicating improvements in ROM following several warm-up strategies 
including sham-rolling but also interventions different than FR, which would indicate that a possible warm-up effect rather than a 
modification of pain sensitivity could be an additional factor contributing to improving ROM following FR. Variations in PPT were not 
observed in the muscles of the thigh, suggesting, especially for SS, in which a variation in the PF was present, that pain perception was 
modulated locally rather than as a modulation of the endogenous pain inhibitory system [46].

Only following the FR intervention, we observed a variation in the parameters of the L-BIA. In particular, from T0 to T1, an increase 
in the PhA and Z values was observed. The action of FR appears to lead to a reduction in leg water, particularly in the extracellular 
compartment, as indicated by the increase in Z and PhA. Indeed, Z is inversely correlated with water content, while PhA is positively 
correlated with the intracellular-to-extracellular water ratio. However, while the total water in the leg decreases, no variation is 
observed in thigh water. Therefore, it seems that the action of FR results in the redistribution of fluids into the cells and towards vessels 
that would still transport water to the central areas of the body. Our results are similar to those of Brandl and Yoshimura et al. [19,47]. 
In the study of Yoshimura et al. [19], the author observed that following a FR intervention, local impedance increased. Similar results 
were observed by Brandl et al. [47] after applying instrument-assisted soft tissue mobilization to the lumbar fascia, in which again an 
increase in values of impedance was observed. Altogether, the results of previous investigations suggest that a FR intervention may 
determine local fluid variations. However, from the data of such research, it was not possible to infer more precise mechanisms. In the 
present investigation, we observed a concomitant increase in PhA and Z, which indicate an improvement of the 
intracellular-to-extracellular ratio and a decrease in the total amount of fluids, respectively [24]. Extracellular water represents plasma 
and interstitial fluids, while intracellular water represents muscle cell mass [48]. Increased intracellular water content appears to be an 
indicator of improved performance, muscle quality, and reduced frailty [49–51]. Conversely, an increase in extracellular water is 
associated with inflammation, sarcopenia, muscle wasting, malnutrition, and disease [52]. If we consider that we observed an increase 
in Z, therefore indicating a decrease in the total amount of water [35], it is plausible that the major contributor to the improved 
intracellular-to-extracellular ratio is a decrease in extracellular water. However, considering the viscoelastic properties of biological 
tissues, which also depend on tissue hydration [53,54] a decrease in the water content would logically lead to a more rigid tissue. 
Therefore, we hypothesise that a concomitant decrease of extracellular fluids with an increase in intracellular fluids occurred, 
improving muscle efficiency [55] and therefore, ROM. The effect observed may open to possible new applications of the FR as a tool to 
locally reduce extracellular fluids in those conditions characterized by fluid accumulation.

We acknowledge that the present study may have some limitations. First, our measures of PPT were evaluated through a portable 
algometer, which was stopped by a verbal command from the participant. Such a procedure may have overestimated the measured 
parameter. However, the reliability of such measures for the lower leg and thigh is high (ICC = 0.91, 0.83, and 0.86). In addition, 
despite equalizing both interventions for intensity and volume, there is the need in future investigations to find a more physiologically 
oriented variable for standardization. In the present investigation we adopted a L-BIA which provides us the possibility to measures 
local tissue impedance, however, such approach does not allow us to estimate water quantities. Further, despite all participants 
declared to be active by regularly exercising, we did not screen for individual activity levels. Lastly, our analyzed sample was composed 
solely of women,; therefore, results may differ for men. Despite such limitations, women are an underrepresented sample in the field of 
sports medicine [56], and have in general a lower water content and greater extracellular water quantities than men [57] (if weight is 
normalized). Therefore, we believe the choice of evaluating fluid response in females may simultaneously be a limit and a strength of 
this study. This study is the first to include a measure of L-BIA following SS and FR in the investigated and adjacent body segments.

5. Conclusions

SS and FR were both able to acutely improve ROM. The effects of both interventions could be appraised locally without any 
modification of any assessed outcome in the adjacent body segment. SS improved ROM through a modification of pain perception, 
while FR improved ROM through a supposed modification of the viscoelastic properties of tissues. No difference in tissue morphology 
was observed for any group.

Only following the FR, a local increase in the intracellular-to-extracellular ratio of the leg and a decrease in total fluid content was 
observed. Collectively, these findings suggest that FR may serve as a potential strategy for promptly alleviating water retention in 
targeted body segments.
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CC Control group
FR Foam Roller
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[16] K. Warneke, G. Plöschberger, L.H. Lohmann, E. Lichtenstein, D. Jochum, S.D. Siegel, et al., Foam rolling and stretching do not provide superior acute flexibility 
and stiffness improvements compared to any other warm-up intervention: a systematic review with meta-analysis, Journal of Sport and Health Science 13 (4) 
(2024) 509–520.

[17] K. Takeuchi, M. Takemura, M. Nakamura, F. Tsukuda, S. Miyakawa, Effects of active and passive warm-ups on range of motion, strength, and muscle passive 
properties in ankle plantarflexor muscles, J. Strength Condit Res./National Strength & Conditioning Association 35 (1) (2021) 141–146.

[18] R.R. Dexter, T.K. Loftis, A.N. Pettaway, R.T. Baker, J. May, The immediate effects of a total motion RELEASE® warm-up on active rotational HIP range of motion 
in overhead athletes, International journal of sports physical therapy 14 (6) (2019) 898–910.

[19] A. Yoshimura, Y. Sekine, R. Schleip, A. Furusyo, K. Yamazaki, T. Inami, et al., The acute mechanism of the self-massage-induced effects of using a foam roller, 
J. Bodyw. Mov. Ther. 27 (2021) 103–112.

[20] U.F. de Oliveira, L.C. de Araújo, P.R. de Andrade, H.H. Dos Santos, D.G. Moreira, M. Sillero-Quintana, J.J. de Almeida Ferreira, Skin temperature changes during 
muscular static stretching exercise, Journal of exercise rehabilitation 14 (3) (2018) 451–459.
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