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ABSTRACT

International Journal of Exercise Science 14(7): 1036-1051, 2021. In athletic populations, compression
socks (CS) may improve exercise performance recovery. However, their potential to improve performance and/or
recovery following exercise in non-athletic populations is unknown. Our study evaluated the effects of CS on
exercise performance and recovery from a graded maximal treadmill test. Insufficiently active adults (n = 10, 60%
female, average physical activity ~60 minutes/week) performed two graded maximal exercise tests; one while
wearing below-knee CS, and the other trial with regular socks (CON). Order of trials was randomized. For both
trials, heart rate, lactate, and rating of perceived exertion were measured at each stage and at one, five, and ten-
minutes post-exercise. Additionally, recovery variables (soreness, tightness, annoyingness, tenderness, pulling)
were measured at 24 and 48 hours post-exercise using a visual analog scale. Paired-samples t-tests were used to
compare exercise and recovery variables between CS and CON trials. Heart rate, lactate, and rating of perceived
exertion were not different between trials for any stage during the exercise test or immediate recovery. Most 24-
and 48-hour recovery variables were significantly improved after the CS trial, with values 34.6 - 42.3% lower at 24
hours and 40.3 - 61.4% lower at 48 hours compared to CON. Compression socks provided a significant and
meaningful improvement in recovery variables 24-48 hours following maximal exercise. Therefore, CS may remove
a common barrier to exercise adherence and facilitate more effective training recovery for insufficiently active
adults.
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INTRODUCTION

Compression socks (CS) worn below the knee are a popular, low-cost strategy to improve
circulation in clinical populations and, more recently, to improve athletic performance and/or
recovery from exercise in athletic populations (17, 44). By placing pressure on lower leg
vasculature, CS can improve venous return by supplementing the action of the skeletal muscle
pump. Additionally, CS can reduce the risk of deep vein thrombosis in clinical populations and
those engaging in prolonged sedentary time (e.g., plane flights) (9, 21). For exercise, there is
evidence that CS may favorably affect muscle morphology, resulting in altered biomechanics,
enhanced muscle fiber recruitment, and possibly improved movement economy (7, 32, 33).
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Results on exercise performance are mixed, with some studies showing improved time to
exhaustion and delayed lactate threshold (1, 24, 30, 41) and others demonstrating little or no
effect on exercise performance assessed using race times (5, 6, 35, 42, 45, 48). However, recent
reviews by Mota et al. (37) and Engel et al. (20) found evidence of reduced muscle soreness and
muscle fatigue, and a study by Berry et al. (5) found faster lactate removal following exercise
when using below-knee CS in athletic populations, suggesting that CS may improve athletic
performance indirectly when worn in training by speeding recovery and enhancing subsequent
exercise performance.

While CS appear to have recovery benefit in athletes, there is a dearth of research examining the
effects of CS for exercise performance or recovery in non-athletic individuals. Exercise programs
for non-athletic individuals typically have poor adherence (i.e., < 50%), limiting their potential
effects on long-term health (22, 43, 47). Frequently cited reasons for dropout include lack of
enjoyment, burnout, and soreness/injury (13). To combat dropout, intervention strategies for
improving enjoyment, reducing perceived effort, and/or enhancing recovery may help to
improve exercise program adherence in non-athletic populations. Given the purported effects
of CS when used among athletic populations, their potential for improving exercise performance
and/or recovery in non-athletic populations warrants further study.

Athletes and non-athletic populations differ markedly in physical performance abilities in ways
that may make CS more effective when used by non-athletes during and after exercise. For
example, athletes are able to exercise at a higher intensity than non-athletes before reaching
lactate threshold, due in part to better blood delivery to, and/or better shuttling of lactate away
from active skeletal muscle (4, 19, 25). If CS can enhance venous return from the lower
extremities and thereby assist with increased stroke volume and improved lactate shuttling,
they may be particularly helpful in non-athletic populations to extend endurance exercise
performance and increase maximal endurance performance. Additionally, muscular fatigue
often contributes to limiting exercise performance (18, 26), and non-athletes frequently
experience higher muscle pain and longer recovery following exercise than athletes (12, 14).
Thus, CS may be especially beneficial in reducing fatigue, muscle soreness, and improving
recovery in non-athletic populations, as other types of compression garments have
demonstrated (27). While intriguing, these possibilities are yet unexplored in current research
to date. Therefore, our study’s purpose was to determine the effects of below-knee CS on
performance on a graded, maximal exercise test as well as in recovery indicators for up to 48
hours following the maximal exercise test. We hypothesized that blood lactate levels would be
lower at near-maximal exercise and immediate recovery when wearing CS (compared to
control) and that 24- and 48-hour markers of recovery would be improved with CS.

METHODS

Participants

Ten apparently healthy participants (six female, four male) were recruited for this study.
Participants were 22-39 years of age (29 + 7 [mean * standard deviation]) and were
“insufficiently active,” defined as failing to reach the current aerobic guidelines for physical
activity (150 min/week moderate-intensity exercise or 75 min/week of vigorous-intensity
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exercise or equivalent combination) (39). All participants completed a health history form to
confirm that it was safe to participate in vigorous-intensity exercise. Prior to testing, participants
provided written consent which was approved by the institution’s Human Subjects Review
Board. This research was carried out fully in accordance to the ethical standards of the
International Journal of Exercise Science (38) and the Declaration of Helsinki. Participant
demographics and physical activity levels are shown in Table 1.

Table 1. Demographic characteristics of sample.

Females (1 = 6) Males (n = 4)
Physical activity level (min/week) 55.0+41.8 68.8 +44.4
Height (cm) 164.7 £6.3 181.3+£5.5
Weight (kg) 80.3 £30.9 85.2+12.8
Body mass index (kg/m?) 29.5+11.0 258+23

Protocol

A flowchart of the protocol can be seen in Figure 1. For the protocol, participants reported to the
laboratory for three exercise trials and were asked to dress comfortably for exercise. The
laboratory was temperature- and humidity-controlled to ensure similar environmental
conditions across all trials. Prior to each trial, participants were instructed to refrain from
strenuous exercise for at least 48 hours and from caffeine for at least twelve hours. Additionally,
they were instructed to eat the same types of foods at the same times of day prior to each trial.
In Trial 1, baseline measures (resting heart rate, blood pressure, height, and weight) and typical
physical activity levels were obtained (2001 Behavioral Risk Factor Surveillance System Survey
Questionnaire) (46). Then, participants completed a familiarization protocol. The protocol
started at 3.5 miles/hour and 0% grade, with the speed staying constant throughout but the
incline increasing by 2% grade every two minutes until participants reached 80% of their age
predicted maximal heart rate or verbally expressed a desire to stop. This was done in an effort
to expose the participants to the protocol they would be completing during Trials 2 and 3. Many
of the participants were unaccustomed to walking on a treadmill and, thus, we felt this was
necessary to minimize any possible learning effect for the control and experimental trials, while
minimizing the risk of muscle soreness prior to the start of Trial 2.

For Trial 2, which occurred at least 48 hours following Trial 1, weight and resting blood pressure
were measured. Next, participants were fitted with a Polar A360 heart rate monitor (Polar
Electro Oy, Kempele, Finland), which was fastened securely to the posterior side of the non-
dominant wrist. The A360 has been previously validated for exercise heart rate assessment (40).
If completing the compression sock (CS) trial, participants were then fitted with new Sigvaris
below-knee CS (Athletic Recovery Graduated Compression Stockings; Sigvaris Inc., Peachtree
City, GA, USA). These CS were comprised of 67% dri-release polyester, 26% nylon, and 7%
spandex. Each CS was manufactured to provide a minimum of 20mm Hg pressure (ankle) to 15
mm Hg pressure (calf) when properly fitted according to each participant’s shoe size.
Researchers ensured proper fit and wear of the CS before participants put their shoes on. If
completing the control (CON) trial, participants wore their normal socks. Following equipment
titting, participants performed a graded, maximal exercise test on a treadmill using the same
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protocol as in Trial 1, except they kept going until volitional exhaustion. In the last ten seconds
of each stage and in the recovery period one, five, and ten minutes following the test, heart rate,
blood lactate (finger stick; Lactate Plus Analyzer [Nova Biomedical, Walthman MA, USA]), and
rating of perceived exertion (RPE, Borg 6-20 scale) (8) were measured. Following the treadmill
test, participants were seated for a 10-minute passive recovery period. If in the CS trial, following
the ten-minute recovery measure the CS were removed. Then, participants were allowed to
leave the laboratory and go about their normal daily activities with no restrictions.

At 24 and 48-hours following Trial 2, participants received a reminder text message to complete
five body-weight calf raises and five body-weight squats and then rate their level of “soreness”,
“tightness”, “tenderness”, “annoyingness”, and “pulling" in their legs using a set of visual
analog scales (VAS). Each VAS was a 100mm horizontal line which was anchored with “not at
all” and “extremely.” Cleather and Guthrie (15) reported these terms to be the most commonly
cited descriptors of delayed onset muscle soreness. The VAS attempted to measure attitudes
that range across a continuum of values and are not easily measured by direct methods.

Participants mailed back the VAS after completion.

For Trial 3, which occurred approximately seven days after Trial 2 and at a similar time of day,
the same procedure occurred as in Trial 2, except the participants would be in the opposite study
group (CS or CON). They also completed the VAS assessments at 24 and 48-hours following
Trial 3.

The order of participation in CS or CON was randomized using a balanced Latin square design.
Additionally, in an effort to reduce potential bias, participants were not informed of any possible
effects the CS were purported to have on performance or perceptual responses to exercise.
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Trial 1 - familiarization
- Resting heart rate, resting blood pressure, height, weight, and self-reported typical physical activity
level measured
- Treadmill familiarization protocol
- Initial stage: 3.5 miles/hour, 0% grade for 2 minutes
- +2% grade every 2 minutes until 80% of age-predicted maximal heart rate or participant
desire to stop

48+ hours

Trial 2 - control or compression sock trial (order randomized)
- Resting blood pressure, weight measured
- Graded maximal exercise test
- Initial stage: 3.5 miles/hour, 0% grade for 2 minutes
- +2% grade every 2 minutes until exhaustion
- Lactate, heart rate, rating of perceived exertion measured at the end of each stage and 1, 5, and 10
minutes into recovery

24 hours

24-hour recovery
- Visual analog scale measure of soreness, tightness, tenderness, annoyingness, and pulling

24 hours

48--hour recovery
- Visual analog scale measure of soreness, tightness, tenderness, annoyingness, and pulling

5+ days

Trial 3 - control or compression sock trial (order randomized)
- Resting blood pressure, weight measured
- Graded maximal exercise test
- Initial stage: 3.5 miles/hour, 0% grade for 2 minutes
- +2% grade every 2 minutes until exhaustion
- Lactate, heart rate, rating of perceived exertion measured at the end of each stage and 1, 5, and 10
minutes into recovery

24 hours

24-hour recovery
- Visual analog scale measure of soreness, tightness, tenderness, annoyingness, and pulling

24 hours

48-hour recovery
- Visual analog scale measure of soreness, tightness, tenderness, annoyingness, and pulling

Figure 1. Flowchart describing participant involvement in study.
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Statistical Analysis

Heart rate, lactate, and RPE were compared at each treadmill stage and in immediate recovery
between CS and CON conditions using paired-samples t-tests. VAS scores for soreness,
tightness, annoyingness, tenderness, and pulling were also compared between CS and CON at
both 24 and 48 hours post-test using paired-samples t-tests. Differences between groups were
considered statistically significant at a p-value of p < 0.05. Additionally, to better understand the
magnitude of differences between groups, effect sizes (ES) were calculated and were evaluated
as ES < 0.20 = trivial, 0.20 < ES < 0.50 = small, 0.50 < ES < 0.80 = Medium, 0.80 < ES < 1.30 =
Large, and ES > 1.30 = very large (16). A necessary sample size of n = 10 was determined using
the G*Power analysis software (version 3.0.10; Kiel, Germany) with an alpha of 0.05, a desired
power of 0.75, and a desired effect size of 0.8 for detecting large effect sizes. Finally, as has been
done with other ergogenic aids studies, a smallest worthwhile change analysis was conducted,
where a meaningful change was determined as a difference between groups of greater than
0.6*standard deviation of the measures during the CS trial (11, 34). Analyses were conducted in
SPSS version 24.0 (IBM Corp., Armonk NY) and Microsoft Excel 2016 (Microsoft Corp.,
Redmond WA).

RESULTS

Participants completed an average of 10.1 + 2.5 stages in the CON trial and 10.2 + 2.6 stages in
the CS trial (range 6-13 stages), with one participant completing an extra stage in the CS trial
and the remaining nine participants completing the same number of stages. Heart rate, lactate,
and RPE during exercise and during immediate recovery are shown in Figures 2, 3, and 4,
respectively. There were no significant differences in heart rate, lactate, or RPE between trials at
any stage or in immediate recovery. Analyses were re-run across the last four stages of each
participant’s data (to account for the fact that participants completed different numbers of
stages), but there were also no significant differences for heart rate, lactate, or RPE in this
analysis.
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Figure 2. Stage-by-stage lactate measures during compression sock and control trials. Pre: measure taken before
starting exercise test, Recl: 1 minute following completion of exercise test, Rec5: 5 minutes following completion of
exercise test, Rec10: 10 minutes following completion of exercise test, CS: compression sock trial, CON: control trial.
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Figure 3. Stage-by-stage heart rate measures during compression sock and control trials.
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Figure 4. Stage-by-stage rating of perceived exertion measures during compression sock and control trials.

Self-reported recovery data using the VAS are shown in Figure 5. At 24 hours post-test, feelings
of soreness (CS: 16.6 £ 15.2 vs. CON: 26.5 + 18.1) and pulling (CS: 14.7 £ 15.4 vs. CON: 255 +
21.6) suggested quicker recovery for the CS trial compared to the CON trial. Similarly, at 48
hours post-test, tightness (CS: 13.7 £ 18.3 vs. CON: 35.4 + 29.4), annoyingness (CS: 12.3 £17.6 vs.
CON: 27.2 £29.1), and pulling (CS: 13.7 £18.7 vs. CON: 31.3 + 28.0) all favored quicker recovery
for the CS trial compared to the CON trial. Additionally, point estimates at 48 hours were higher
than at 24 hours in four of the five variables in the CON trial but none of the variables in the CS
trial, suggesting prolonged recovery following CON compared to CS.
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Figure 5. Comparison of visual analog scale measures for recovery 24 and 48-hours following exercise test for
compression sock and control trials. 24: 24 hours following exercise test, 48: 48 hours following exercise test.
*Indicates significant difference (p < 0.05) from CON trial.

Tables 2 and 3 show effect sizes for the differences between trials for exercise and recovery
variables, respectively. During exercise, there was a medium effect size favoring lower lactate
in the CS trial for Stage 12, a very large effect size favoring lower lactate in the CS trial for Stage
13, and a medium effect size favoring lower RPE in the CON trial at Stage 13. All other effect
sizes were small or trivial. For the recovery variables, there were medium or large effect sizes
favoring CS at 24 hours, 48 hours, or both for all variables except annoyingness, which had small
effect sizes at both time points.
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Table 2. Effect sizes for lactate, heart rate, and rating of perceived exertion between compression sock and control

trials.
Stage Lactate (mmol/L) Heart rate (beats/min) Rating of perceived exertion
Pre 0.27 0.66* 0.45
1 0.18 0.07 0.00
2 0.06 0.11 0.00
3 0.21 0.11 0.15
4 0.10 0.10 0.04
5 0.13 0.08 0.04
6 0.22 0.01 0.12
7 0.11 0.06 0.09
8 0.08 0.02 0.20
9 0.09 0.02 0.08
10 0.22 0.14 0.39
11 0.03 0.30 0.42
12 0.73* 0.20 0.00
13 1.67+ 0.27 1.00*
Recl 0.02 0.24 0.09
Rec5 0.17 0.15 0.00
Rec10 0.14 0.10 0.10

* indicates medium effect sizes. * indicates large or greater effect sizes.

Table 3. Effect sizes for differences recovery variables at 24 & 48-hours following compression sock and control

trials.
Time post-test Soreness Tightness Annoyingness Tenderness Pulling
24 hours 0.57* 0.55* 0.38 0.39 0.49
48 hours 0.61* 1.08* 0.44 0.69* 0.77*

* indicates medium effect sizes. * indicates large or greater effect sizes.

Tables 4 and 5 present the smallest worthwhile change analysis for the differences between trials
for exercise and recovery variables, respectively. During exercise, the differences between trials
exceeded the smallest worthwhile change threshold for all variables at Stage 13 and for lactate
at Stage 12. For the recovery variables, all but annoyingness and tenderness were meaningfully
improved at 24 hours for the CS compared to the CON trials, and at 48 hours for all variables,
except tenderness were meaningfully improved for the CS compared to the CON trials.
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Table 4. Smallest worthwhile change analysis for differences in exercise variables between compression sock and

control trials.

Lactate (mmol/L)

Heart rate (beats/min)

Rating of perceived exertion

Stage SWC Me?:rg) cl:l\ilffeégnce SWC Me?:rg) cl:l\ilffeégnce SWC Mean diffe(r:;nce CON -
Pre 0.35 0.14 11.27 11.40# 0.00 0.10#
Stage 1 0.28 -0.08 12.63 1.30 0.62 0.00
Stage 2 0.38 0.03 11.67 -2.10 1.27 0.00
Stage 3 0.48 -0.13 12.20 2.00 1.36 -0.30
Stage 4 0.77 -0.11 13.53 2.20 1.40 -0.10
Stage 5 1.01 -0.18 13.07 1.60 1.36 -0.10
Stage 6 1.71 -0.51 14.08 0.20 1.52 -0.30
Stage 7 1.52 -0.24 13.51 -1.22 1.48 -0.22
Stage 8 1.53 -0.18 12.45 0.38 1.20 -0.38
Stage 9 0.95 -0.14 10.28 0.29 112 -0.14
Stage 10 1.38 0.47 8.00 1.71 0.91 0.57
Stage 11 0.55 -0.03 1.79 1.75 0.57 0.50
Stage 12 0.71 0.80# 3.46 1.50 0.35 0.00
Stage 13 0.21 1.30# 0.85 -1.00# 0.00 -0.50#
Recl 1.04 0.03 5.62 2.40 1.44 -0.20
Rec5 1.33 -0.35 6.52 1.70 1.36 0.00
Rec10 1.51 -0.29 453 -0.90 0.64 0.10

SWC: smallest worthwhile change. # indicates that difference between trials exceeded the smallest worthwhile

change.

Table 5. Smallest worthwhile change analysis for differences in recovery variables between compression sock and

control trials.

24 hours post-test

48 hours post-test

VAS SWC Mean dlffe(r:gnce CON SWC Meélz) dl\lrffeégnce
Soreness 9.15 9.80¢# 11.05 11.11#
Tightness 10.57 11.01# 11.10 21.74#
Annoyingness 10.97 8.17 10.56 14.97#
Tenderness 9.49 7.79 11.37 9.26
Pulling 9.23 10.78# 11.20 17.58%#

#indicates that difference between trials exceeded the smallest worthwhile change.

DISCUSSION

Our study found that CS worn during and in the ten minutes following maximal exercise did
not improve physiological variables including heart rate, lactate, and RPE during a graded
exercise test or during immediate recovery. Despite the theoretical mechanism of enhancing
lactate removal from muscles by enhancing venous return from the legs, most findings in
athletes suggest little or no effect of CS on lactate levels during exercise (2, 3, 10). Our results
seem to indicate similar findings in non-athletes, although larger sample sizes are needed to
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allow for conducting sub-analyses by variables such as sex and fitness level to see if such factors
influence the effect of CS on lactate clearance. The lack of significant differences in heart rate or
RPE additionally reveals that CS did not lower physiologic or perceived effort during exercise,
suggesting minimal effect of CS on a single bout of maximal exercise in non-athletes. Despite no
improvement in acute exercise performance, our study participants reported reduced symptoms
of soreness and generally improved recovery at both 24 and 48 hours following the CS trial
compared to the CON trial. This finding is in agreement with a 2016 review by Engel et al. (20),
which found consistent evidence of reduced symptoms of muscle pain, delayed onset muscle
soreness, and inflammation when wearing CS following exercise in mainly athletic populations.
Over 90% (29 out of 32) of the studies included in this review were in athletic populations and
the remaining three were in healthy adult populations, only one of which examined recovery
and found positive effects of CS in males (36). Our study extends previous findings by including
inactive individuals and female participants. Additionally, while many previous studies had
participants wear compression socks for an extended period (often hours or days) after exercise,
our participants wore them only during and for ten minutes following the exercise test. The fact
that CS positively impacted recovery when worn during and immediately after exercise further
supports the practicality of their use in improving recovery in the days following heavy exercise.

Pain and soreness following exercise is a frequently cited reason for poor adherence to, and high
dropout after starting, exercise programs (13). This is especially true in individuals who suffer
from chronic pain (e.g., low back pain, arthritis), who often fear their pain being worsened by
exercise (23). Although we did not study a chronic pain population, our findings of improved
recovery in insufficiently active individuals offer an important first step in suggesting that use
of CS may lessen one barrier for the adoption of a physically active lifestyle in previously
insufficiently active adult populations. Reduction of pain, especially when starting an exercise
program, may thereby enhance exercise adherence (28). We also did not study individuals who
may wear CS for medical reasons (e.g., individuals with deep vein thrombosis, diabetes, heart
disease), but such individuals often wear CS for their noted benefits in lessening blood pooling
and edema in the lower leg (49). Since individuals with such conditions may already own CS,
they could use their CS not only for everyday activities but also during exercise to assist with
recovery. Given the known effectiveness of exercise in managing chronic pain and
preventing/managing many chronic diseases (23, 31), the exciting possibility that CS might
lessen pain and/or improve exercise adherence in these or other adult populations should be
studied further.

In addition to potentially improving exercise adherence, less soreness following exercise may
enhance subsequent exercise performance. We are aware of only two studies examining CS use
and subsequent exercise performance; in the studies, trained runners saw improved five
kilometer run performance one hour following a preliminary five kilometer run when wearing
CS compared to a control condition (9, 10). If these results can be confirmed in the days following
exercise and in insufficiently active populations, increased performance during subsequent
training could serve as a motivating factor to continue an exercise program. Improved recovery
may also allow individuals to progress more quickly during an exercise training program,
potentially enhancing the benefits seen from exercise training (29). Such possibilities should be
explored in future work.
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Several study limitations should be considered alongside our results. Our study lacked
metabolic analyses, and we were therefore unable to determine potential changes in maximal
oxygen consumption or running economy with CS. Additionally, our study was not blinded to
treatment, and use of a placebo (e.g., below-knee dress socks with minimal compression) could
have helped eliminate potential bias that may have been present in the study. Finally, the sample
size was too small to conduct sub-analyses by fitness level or sex. Future research with a larger
sample should be conducted to confirm our findings and stratify analyses to determine if
different subgroups of insufficiently active individuals have different responses to CS during
and after exercise.

In conclusion, our study found little difference in physiologic responses or performance when
using CS in an insufficiently active population during a graded exercise test. However, recovery
variables 24 - 48 hours post-exercise suggest significantly improved recovery when wearing CS
during exercise as compared to a control condition. Thus, the use of CS appears to aid in exercise
recovery, with the potential to remove a frequently cited barrier to exercise in inactive
populations.
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