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Background: We sought to determine the effects of a novel, calf-only sequential dynamic External 
Pneumatic Compression (EPC) device on lower limb blood flow and tissue oxygenation. 

Methods: Thirty (N=30; EPC=20, sham=10) participants completed this randomized, sham-
controlled, single-visit study. Popliteal artery blood flow characteristics were measured prior 
to (PRE; 30-s duration), during (TRT; 210-s duration) and following (PST: 300-s duration) a 
15-min EPC (target inflation pressure of ‘5’) or sham treatment. Additionally, Total Hemoglobin 
(THb) and Skeletal muscle Oxygenation (SmO2) were measured continuously from the start of 
the study until 15-min following treatment. 

Results: A significant group*time interaction was observed for antegrade and retrograde 
popliteal artery blood flow, max blood flow velocity and near infrared spectroscopy derived 
measures of calf THb and SmO2 (p<0.05 for all). Increases from PRE in antegrade (~28%) and 
retrograde popliteal artery blood flow (~95%) were significantly greater during EPC treatment, 
but not following treatment, compared to sham. Calf THb (~2%) and SmO2 (~10%) increases 
were significantly greater with EPC treatment compared to sham following treatment, but not 
during treatment. Finally, max blood flow velocity was significantly increased to a greater degree 
than sham both during (~105%) and following (~77%) EPC treatment. 

Conclusion: A novel, calf-only sequential dynamic EPC device increases measures of antegrade 
and retrograde blood flow during treatment as well as blood volume and tissue oxygenation 
markers following treatment which may provide similar benefit to those observed previously 
with full-leg EPC alternatives.
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Introduction
External Pneumatic Compression (EPC) devices have been 
widely utilized as a modality for decreasing post-exercise 
recovery time [1-5] and improving vascular biology in the 
lower extremities [6-9]. Indeed, the use of full leg dynamic, 
sequential EPC devices have been shown to decrease 
immediate post-workout blood lactate levels [3, 10], mitigate 
delayed onset muscle soreness [1, 11], increase flexibility [12] 
and reduce markers of proteolysis [13] following exercise. 
Moreover, full leg dynamic, sequential EPC has been shown 
to acutely improve flow mediated dilation, a surrogate of 
peripheral conduit function and reactivity [14]. Blood flow 
and muscle oxygenation are two variables that are often used 
as metrics to evaluate the efficacy of these devices, particularly 

with regards to claims of improving post-exercise recovery. 
In terms of human performance, increases in both blood flow 
[15, 16] and muscle oxygenation [17] have been implicated as 
significant factors in the recovery process, both of which are 
improved with full leg dynamic EPC [18, 19]. 

Recent technological advances have allowed for the 
development of more mobile and less cumbersome dynamic 
EPC devices. For example, calf only sequential pneumatic 
compression devices are now commercially available 
purporting similar benefits to those observed with the full leg 
EPC devices. The more mobile and portable nature of these 
devices is a benefit, but there is little evidence supporting 
claims that outcomes related to exercise recovery and limb 
blood flow are impacted to the same or a similar degree as 
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observed with the full leg devices. Indeed, to our knowledge, 
the only study to-date regarding human performance, 
recovery and/or limb blood flow with dynamic, sequential 
calf only EPC devices demonstrated improvement in some 
countermovement jump testing performance characteristics 
following a damage protocol, but no significant differences 
in limb blood flow or muscle oxygenation at 15- and 30-min 
following treatment were observed with the EPC device [20]. 
Notably, blood flow and oxygenation were not measured 
during or immediately following treatment in this study, and 
the hemodynamics were confounded by the acute treatment 
protocol occurring immediately following an intense muscle 
damage protocol (100 drop jumps). Moreover, tissue 
oxygenation was measured upstream at the vastsus lateralis 
as opposed to where the pneumatic compression was actually 
applied (calf). Given the relative lack of literature regarding 
the effect of these devices on limb blood flow and muscle 
oxygenation, we sought to determine the isolated effects of 
calf only, dynamic, sequential pneumatic compression on 
lower limb blood flow and muscle tissue oxygenation. We 
hypothesized that blood flow markers measured via ultrasound 
at the popliteal artery and near infrared spectroscopy (NIRS) 
total hemoglobin (THb) measures of the gastrocnemius would 
be increased during and immediately following treatment. 
Similarly, we hypothesized that muscle oxygenation (SmO2) 
would be improved at the same time points.   

Methods
Participants
Prior to initiating this study, the protocol was reviewed and 
approved by the Lincoln Memorial University Institutional 
Review Board (IRB #1154) and was in compliance with the 
ethical standards of the Helsinki Declaration. Thirty (N=30; 
females=17, males=13) apparently healthy volunteers were 
recruited from the local community through advertisement 
and word-of-mouth to participate in this single-blind, 
randomized study. Subjects were eligible to participate if 
they were between the ages of 18-64 years, not taking blood 
pressure medication and without history of bone, ligament 
or significant soft tissue injury to the lower limb(s) in the 
last 6 months. After providing their informed consent, all 
participants completed a medical history form to confirm 
eligibility and were scheduled to report for a single visit. 
For the experimental protocol visit, all participants were 
instructed to abstain from alcohol and caffeine for 24 and 
12 hours prior, respectively. 

Protocol
After confirmation of eligibility to participate in the study, 
participants were assigned a random participant ID number 
and randomized in a 2:1 manner to the EPC treatment or 
sham treatment group. Unequal randomization was utilized 
to improve the precision of the treatment effect. This design 
requires more subjects to achieve the same power as would 
be necessary with a 1:1 randomization, and therefore does not 
bias the study. After group assignment, participants had their 
height and weight (stadiometer) and left calf circumference 
(flexible measuring tape at largest circumference) measured 

and recorded. Thereafter, participants were fitted with a 
Near-Infrared Spectroscopy (NIRS) device (Moxy Monitor, 
Hutchinson, MN, USA) at the largest section of their left 
calf to continuously monitor muscle oxygenation (SmO2) 
and Total Hemoglobin (THb). Thereafter, the EPC device 
was placed over the left lower-limb between the ankle and 
knee and fitted using the inherent Velcro design. Following 
placement of the EPC calf sleeve, participants were asked 
to lay prone in a temperature control room for 5-min of rest. 
Thereafter, SmO2 and THb data collection began for another 
5-min of rest (PRE timepoint) and continued throughout the 
end of the study. Lower limb blood flow was also assessed 
during the second 5-min rest period (PRE) via ultrasonography 
at the popliteal artery for 30-sec. Following the second 5-min 
rest period, the EPC device was turned on and EPC or sham 
treatment initiated. Approximately 5-min into the treatment 
period, blood flow in the popliteal artery was assessed again 
via ultrasound for 210 seconds (TRT period). The duration of 
this measure was to ensure an entire compression cycle was 
captured. Following the EPC/Sham treatment, blood flow in 
the popliteal artery was assessed for the final time for 5-min 
(PST period). SmO2 and THb data collection continued for 15-
min following the treatment at which time the experimental 
protocol was concluded.

EPC and sham treatments
Participants randomized to the EPC treatment group received 
a single 15-min treatment to the left lower-limb with a mobile, 
dynamic and sequential pneumatic compression device 
(Normatec Go, Hyperice, Irvine, CA, USA) at a setting of 
“Level 5” for the target inflation pressure. This device is 
similar to the manufacturer’s original product (Normatec Legs) 
but instead of wrapping the entire lower limb, the device is 
wrapped around the leg only between the ankle and knee and 
without attachment to an air compressor. The lower-limb wrap 
includes 3 zones which inflate dynamically (i.e., peristaltic 
compression) and sequentially (distal to proximal); distal zone 
only, distal and medial zone, and all zones. Compression in 
each phase occurs for ~1-min followed by ~15s of deflation/
no compression resulting in a total cycle time of ~195 sec. 5 
entire cycles are completed for a 15-min treatment as a cycle 
will complete itself when the timer reaches zero. 

Participants randomized to the sham treatment group were 
fitted with the EPC device in the same fashion that the EPC 
treatment group was. However, the device was turned on but 
compression was not initiated. Participants were blinded to 
group assignment, though if they are knowledgeable about 
EPC products, were potentially aware of being in the sham 
group. Regardless, the sham treatment was employed, in part, 
to control for the simple effect of leg warming due to wearing 
an opaque device with power that could potentially increase 
skin/limb blood flow [14]. 

Popliteal artery blood flow
High resolution ultrasound (NextGen Logiq e R7; GE 
Healthcare, Chicago, IL USA) with a 4 to 13 MHz multi-
frequency linear phase array transducer was used to determine 
blood flow through the left popliteal artery at rest, during 
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treatment and immediately following treatment. In brief, 
the artery was imaged longitudinally with the transducer 
placed 3-8 cm below the popliteal fossa and held manually 
in the same position for the duration of the measurements.  
Simultaneous measurement of artery diameter and blood 
velocity was performed using duplex mode imaging (B-mode 
and Doppler) and video was captured through a digital 
interface at 30 frames/second with real time analysis (FMD 
Studio v3, QUIPU, Pisa, Italy). Resting measurements were 
captured for 30-sec, treatment measures for 210-sec, and after 
the treatment concluded measurements were made for another 
5-min. Vessel diameters were determined via automatic edge 
detection software (FMD Studio) measuring the distance 
between the near and far wall of the intima. Blood velocity 
was determined via selection of a region of interest around the 
Doppler waveform and a trace of the velocity-time integral 
was used to calculate positive and negative velocity for each 
cardiac cycle. Blood flow was calculated as [Π * (diameter/2)2 
* time average mean velocity * 60].

Statistical analysis
All statistical analyses were performed using SPSS v22.0 
(IBM Corp., Armonk, NY, USA). Prior to statistical analysis 
normality was confirmed using Shapiro-Wilk tests.  For 
ANOVA, if sphericity was violated a correction factor 
was applied (i.e., Huynh-Feldt) to hypothesis testing. 
Participant characteristics between groups were analyzed 
using Satterthwaite t-tests for unequal variance. For all 
physiological dependent variables, two-way repeated 
measures ANOVAs were performed with time (PRE, 
TRT and PST) and group (EPC vs. sham) as independent 
variables. When a significant time*group interaction 
was observed, post-hoc comparisons were made using 
Bonferroni corrected (α/[number of comparisons-1]) 
Satterthwaite t-tests comparing changes scores from PRE 
at the TRT and PST time points.

Results
Participant characteristics
Participant characteristics are reported in (Table 1). There 
was no significant difference in sex, BMI (Range: EPC, 
18.0-37.8 kg/m2; sham, 20.2-30.1 kg/m2), height (EPC, 1.55-
1.93 m; sham, 1.55-1.78 m), weight (EPC, 47.7-129.3 kg; 
sham, 48.5-95.3 kg) or calf circumference (EPC, 31.0-43.5 
cm; sham, 32.0-41.0 cm) between EPC and sham treatment 
groups. There was a significant difference in age with the EPC 
treatment group being, on average, ~8.4 years older (Range: 

EPC, 23-52 years; sham, 22-27 years). However, age was not 
found to be a significant covariate in the statistical model, nor 
was sex, BMI or calf circumference.

Effects of calf only EPC on popliteal artery blood flow
For popliteal artery diameter, no significant main effect 
of time, group or their interaction was observed (p>0.05; 
Figure 1A). For mean blood flow, no main effect of group 
or time*group interaction was observed (p>0.05), but there 
was a significant main effect of time (p=0.045). However, 
post-hoc analysis revealed no significant between timepoints 
differences in mean popliteal artery blood flow across groups 
(p>0.05). For popliteal artery maximum blood flow velocity 
(Figure 1B), antegrade blood flow (Figure 1C) and retrograde 
blood flow (Figure 1D), a significant time*group interaction 
was observed (p=0.011, p=0.038, and p<0.001, respectively). 
For maximum blood flow velocity, change from PRE during 
(TRT: p<0.001) and following treatment (PST: p=0.024) was 
significantly greater in the EPC group compared to sham 
(+104.8 ± 61.8% and +77.4 ± 89.3% for EPC and +19.9 ± 31.4% 
and +30.8 ± 25.3% for sham). Change from PRE in popliteal 
artery antegrade blood flow was significantly greater in the 
EPC group compared to sham during TRT (p=0.024; +28.3 ± 
33.3% and +1.65 ± 31.1% for EPC and sham, respectively), 
but not over the 5-minute measurement period PST-treatment 
(p=0.922; +9.21 ± 33.1% and +10.0 ± 36.8%). Similarly, 
change from PRE in popliteal artery retrograde blood flow 
was significantly greater in the EPC group compared to sham 
during TRT (p<0.001; +95.1 ± 65.9% and +18.9 ± 35.3% for 
EPC and sham, respectively), but not over the course of the 
PST-treatment measurement period (p=0.922; +27.5 ± 41.1% 
and +11.9 ± 44.4%). 

Effects of calf only EPC on SmO2 and THb

A significant group*time interaction was observed for both 
SmO2 (p=0.043) and THb (p<0.001) derived from NIRS 
measurements (Figure 2A). Post-hoc analysis revealed that 
SmO2 increases from PRE were significantly greater in the 
EPC group compared to sham for PST treatment (Fig. 2A; 
p=0.019; +9.5 ± 7.4% and +6.1 ± 2.6% for EPC and sham, 
respectively), but not during TRT (p=0.296; +0.8 ± 5.5% 
and +2.8 ± 2.6%). Similarly, THb increases from PRE were 
significantly greater in EPC compared to sham at the during 
the PST-treatment measurement (Figure 2B; p=0.006; +1.6 
± 0.8% and +0.4 ± 0.5% for EPC and sham, respectively), 
but not during TRT (p=0.183; +0.1 ± 0.5% and +0.4 ± 
0.5%).

EPC (n=20) Sham (n=10) p-value
Sex F=10, M=10 F=7, M=3 0.308

Age (yrs) 32.8 ± 9.3 24.4 ± 2.0 0.001*
BMI (kg/m2) 25.8 ± 5.1 22.9 ± 3.2 0.066
Height (m) 1.74 ± 0.11 1.69 ± 0.08 0.155

Weight (kg)t 78.5 ± 21.5 65.7 ± 14.6 0.066
Calf Circumference (cm) 36.6 ± 3.2 35.0 ± 2.8 0.184

Table 1. Participant and Group Characteristics. 

Values are mean ± standard deviation. EPC, external pneumatic compression; BMI, body mass index. *Significantly different between 
groups (p<0.01).
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Figure 1. Popliteal artery diameter (A), maximum blood flow velocity (B), antegrade blood flow (C) and retrograde blood flow (D) at baseline 
(PRE), during EPC/sham treatment (TRT) and following treatment (PST).*, change from PRE significantly different in EPC compared to sham 
at respective time point(s) (p<0.05). Values are mean +/- standard deviation. Ant, antegrade; Ret, retrograde.

Figure 2. Near Infrared Spectroscopy (NIRS) measures of Skeletal muscle tissues oxygenation (SmO2; A), total hemoglobin (THb; B) at 
baseline (PRE), during EPC/sham treatment (TRT) and following treatment (PST). *, change from baseline significantly different in EPC 
compared to sham at respective time point(s) (p<0.05). Values are mean +/- standard deviation.

Figure 3. Representative Post-EPC Treatment (PST) antegrade blood flow response at the popliteal artery for one participant. Data points 
are second-by-second observations.
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Discussion
The primary findings of the present study are that, compared 
to sham, a novel, calf-only, sequential dynamic EPC device 1) 
increases antegrade and retrograde popliteal artery blood flow 
during TRT, 2) increases calf SmO2 and THb in the 15-min 
following treatment (PST) and 3) increases peak blood flow 
velocity during and after TRT. 

We hypothesized that blood flow markers measured via 
ultrasound at the popliteal artery would be increased during and 
immediately following TRT but found a significant increase 
only during TRT compared to sham. The findings during TRT 
were similar to a previous study with full-leg, sequential 
dynamic EPC [19]. Moreover, it was notable during data 
analysis that there was a robust increase in antegrade (and 
mean) popliteal artery blood flow immediately following 
cessation of the treatment, but the response was short-lived 
(~30 sec). Figure 3 provides an example of one participant’s 
data for second-by-second blood flow in the popliteal 
artery during the PST time period. Given the relatively 
small portion of the PST period, the transient nature of 
the reactive hyperemia observed was likely “washed-out” 
over the course of the entire PST period. This observation 
is supported by the nearly two-fold (77%) increase in 
maximum blood flow velocity observed during the post-
EPC TRT period. 

THb, a marker of blood volume from NIRS measurements 
at the compressed calf, and SmO2, a marker of muscle tissue 
oxygenation, were increased with EPC compared to sham in 
the PST period, but not during TRT. The the lack of significant 
change during the TRT period aligns with the mean blood 
flow changes observed with popliteal artery blood flow (net 
of antegrade and retrograde blood flow) and the mobilization 
of fluid from the tissue space with compression. Moreover, 
considering the duty cycle of the device, only ~8% of an entire 
cycle was dedicated to cuff release/decompression. Thus, the 
strong majority of the entire cycle that was measured was 
associated with tissue compression which provides resistance 
to blood flow [21] while also affecting hemodynamics [19] 
without potentially allowing a complete reactive hyperemic 
response before another compression cycle begins [22]. This is 
further supported by the duration of hyperemia observed in the 
PST period (Figure 3). For THb and SmO2, in the post-treatment 
period, the data was in contrast with the popliteal artery blood 
flow data. However, the PST-EPC treatment increase in THb 
and SmO2 was consistent with previous findings with full-leg 
dynamic EPC [18]. Potential reasons for the discrepancy with 
the ultrasound derived measures of popliteal artery blood flow 
include 1) the potential for cutaneous blood flow contributing 
to the NIRS-derived observations and magnitude thereof 
[23] and 2) the location of the measurement (calf tissue vs. 
upstream popliteal artery). While our findings are in contrast 
to those observed by Blumkaitis et al [20], their comparisons 
to a control condition were confounded by an exercise damage 
protocol immediately prior to treatment with a calf-only 
EPC device as well as the fact that the NIRS measures were 
performed at the mid-thigh. Notably, heating the tissue could 
have a significant impact on NIRS measurements [24, 25], 

thus the application of a sham was important to reduce the 
effect of a thermal load due to wearing an opaque material 
alone. Regardless, the compressive nature of EPC may have 
further increased heat load during a passive state and thus 
contributed to the observed THb response [26].

Limitations
Among the limitations of the current study is that only a single 
target inflation pressure was used for the EPC treatments. 
Previous studies have shown that there can be differential 
responses in hemodynamic changes with different target 
inflation pressures and compression durations [19, 27]. 
However, the target inflation pressure employed herein was 
a “moderate” intensity to illustrate an average response to the 
EPC treatment. Regardless, future studies should characterize 
the potential impact of target inflation pressures on the 
outcomes reported. Another potential limitation of the present 
study was the duration of the measurement periods. While the 
PRE and TRT periods were appropriate, the post-treatment 
measurement period would benefit from future studies 
describing the duration of the effect on THb and SmO2 as 
15-min may not have been sufficient to document a return to 
PRE or similar change from PRE as the sham treatment. There 
was a significant age difference between the two treatment 
groups, but age was not found to be a significant covariate in the 
statistical model. However, the relatively small sample size of the 
present investigation may have limited the ability to detect small 
differences due to age, sex, calf circumference, etc. Moreover, 
the relatively heterogenous population included in this study 
improves applicability. Finally, the protocol employed herein 
was in the context of being in a rested, prone condition. The 
potential effects of exercise in the hours and/or days preceding 
the EPC treatment, as well as the posture during treatment, may 
impact the hemodynamic changes observed.

Conclusion
A single, 15-min, moderate target inflation pressure treatment 
with a novel, calf-only, dynamic sequential EPC device 
significantly increases antegrade and retrograde blood 
flow. It also acutely increases markers of blood volume and 
compressed tissue oxygenation in the 15-min following 
treatment. While future studies should be conducted regarding 
the minimum and/or maximum target inflation pressure 
required to significantly increase blood flow, blood volume 
and oxygenation characteristics, the results herein suggest that 
calf-only, dynamic sequential EPC may be a viable alternative 
to the comparable full-leg devices. The increased portability, 
mobility and convenience of these devices may provide more 
options to trainers and health care professionals in the sports 
recovery and/or health domains.
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