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Abstract: Introduction: Prolonged sitting causes leg discomfort. We evaluated shear wave velocity
(SWYV) of leg muscles, leg circumference, and leg discomfort associated with 2 h sitting. Methods:
Twenty-one middle-aged men and 19 middle-aged women participated in the study. SWV and
leg circumference was measured just after sitting, 60 min, 120 min, and after 3 min of leg raising.
Leg discomfort was assessed before sitting and 120 min. Results: SWV was significantly greater in
men than women and increased over time, and decreased with leg raising. The percentage increase
in lower leg circumference was significantly greater in women than in men, and it increased over
time. Leg discomfort significantly increased after 120 min in both men and women. Discussions:
Because SWV is proportional to an increase in intramuscular compartment pressure in the lower leg,
intramuscular compartment pressure increased over time with sitting and decreased with leg raising.
Considering the changes in SWV and leg circumference, it was inferred that prolonged sitting causes
an increase in intramuscular compartment pressure and intravascular blood volume, as well as an
increase in water content in the leg subcutaneous tissue. Leg discomfort was estimated to be due to
increased intra-leg fluid. Brief leg raising may resolve leg edema and discomfort.

Keywords: middle-aged male and female; prolonged sitting; shear wave velocity; leg circumference;
leg discomfort

1. Introduction

A significant number of people engage in sedentary behaviors for extended periods
of time, and physical inactivity is widespread. Americans spend 55% of their waking
hours (7.7 h per day) engaging in sedentary behaviors. Europeans spend 40% of their
leisure time (2.7 h per day) watching television [1]. The low level of physical activity is
presumably influenced by multiple factors. Among them, environmental factors include
traffic congestion, air pollution, lack of parks and trails, and lack of sports and leisure
facilities [2]. Television viewing, video viewing, and cell phone use are positively correlated
with sedentary lifestyles [3]. Sedentary lifestyles are expected to continue to increase due
to this social context [4].

Many of the physical activity-related instructions in clinical settings focus on increasing
physical activity levels and not on reducing sedentary behaviors that pose risks to health.
In addition to understanding and communicating the impact of sedentary lifestyles on
health to patients, health care professionals in various disciplines, including clinicians, need
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to consider the implications [4]. In this study, the impact of a sedentary lifestyle on health
was examined, particularly in the context of occupational leg symptoms due to sedentary
work and leg edema in the elderly due to prolonged sitting. Based on the results, we try to
propose methods that should be implemented to maintain a healthy lifestyle for those who
have a sedentary posture for long periods of time.

1.1. Lower Leg Discomfort Symptoms Due to Prolonged Sitting

Winkel 1971 [5] reported that prolonged sitting due to occupational seating positions
caused leg discomfort and rated the severity of leg discomfort on an 8-point scale. Widmer
1978 [6] specifically described leg discomfort symptoms as tension, heaviness, swelling,
and so on. Recently, lower leg discomfort symptoms associated with long standing and
sitting jobs have been reported [7,8], and Saito 2016 [9] performed factor analysis on
multiple discomfort symptoms expressed by workers and extracted lower leg discomfort
symptoms, which had a large contribution rate. Sudo 2010 [10] reported distinctive lower
leg discomfort symptoms associated with working nurses.

Increased leg water content and fluid retention in subcutaneous tissue are caused due
to airline boarding and long-distance bus travel. The development of thrombophlebitis and
pulmonary emboli during long-distance flights [11,12] was reported, drawing attention to
leg symptoms caused by prolonged sitting. Subsequently, fluid accumulation in the lower
legs during long-distance bus rides by measuring limb volume using an optoelectronic
scanner system (Perometer®) [13] has been reported. The report demonstrated that during
10 h total amount of 105 mL (1.6% of leg volume) was increased during bus rides. Leg
edema and venous blood flow in the long-distance flight simulation environment by using
an optoelectronic scanner system (Perometer®) and sonographic measurement of diameters
of femoral, popliteal, and medial gastrocnemius veins [14] have been reported. The report
demonstrated that the increase in lower leg volume during 4 h was 109 mL, but there was
no significant increase in the diameter of calf veins. Thus, perineal venous hemodynamic
plethysmographic analysis of tissue fluid has been used to elucidate the mechanisms of
leg edema and leg discomfort symptoms associated with prolonged sitting [14-17]; few
reports have observed changes produced in the lower leg muscles by prolonged sitting.

1.2. Prolonged Sitting and Shear Wave Velocity (SWV) Changes Related to Pressure Changes in
the Muscle Compartment

Recently, ultrasound-based shear wave elastography has been used to evaluate muscle
elastic modulus, a measure of skeletal muscle stiffness, and to quantitatively assess the
physical properties of muscle tissue [18-20]. We measured the SWV of the lower leg
muscles in order to observe changes in stiffness of the muscles during prolonged sitting [21].
Toyoshima (2020) [22] reported that SWV increased in proportion to the increase in pressure
in the tibialis anterior compartment using turkey legs. Therefore, the increase in SWV
associated with prolonged sitting was found to be due to an increase in the compartment
pressure within the lower leg muscle [21].

Leg discomfort symptoms and edema are more common in women than in men,
and leg edema increases with age. It has been reported that sitting for 2 h increases
leg circumference, with an increase of 1.4% in men versus 2.2% in women [23]. The leg
discomfort symptoms and edema that vary by gender are reported to increase with age [24].
Suehiro 2014 and Sato 2015 [7,25] reported that leg edema with increased leg circumference
was found in about half of elderly patients. Iuchi 2017 [26] reported the usefulness of
both ultrasound echo intensity measurement of subcutaneous connective tissue and leg
circumference measurement in assessing leg edema in elderly patients.

Thus, it has been shown that leg edema and discomfort symptoms appear with
prolonged sitting, but there are no reports observing leg muscle stiffness changes, leg
edema, and discomfort symptoms in elderly patients. The purpose of this report was
to evaluate the SWV of the lower leg muscles, leg circumference, and leg discomfort
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symptoms following 2 hours of prolonged sitting in order to determine the relationship
between prolonged sitting and the development of lower leg discomfort symptoms.

The hypothesis of this report is that 2 h of prolonged sitting significantly increases
SWYV over time in middle-aged men and women and decreases with lower leg raising.
SWV in men is greater than in women. The rate of increase in leg circumference with sitting
significantly increased over time and decreased with raising of the lower leg. The value
is significantly greater in women than in men. Leg discomfort symptoms significantly
increased after 120 min sitting in both men and women.

Based on these results, the cause of leg discomfort symptoms due to prolonged sitting
is estimated from the results of SWV and leg circumference measurements.

2. Methods
2.1. Subjects

Twenty-one healthy middle-aged men (mean age 56.2 &= 12.0 years) and 19 middle-
aged women (mean age 52.9 £ 9.7 years) participated in the study. No difference in age was
observed between the two groups. Subjects were recruited via posters posted on bulletin
boards of the hospital and university. From the interview, hypertensive subjects with a
maximum or minimum blood pressure of 140 mmHg or 90 mmHg or higher, patients with
cardio-cerebrovascular disorders, patients with varicose veins of the lower extremities, and
those with blood disorders or traumatic diseases of the lower extremities were excluded.

Body mass and body composition of middle-aged men and middle-aged women
measured with a Tanita body composition analyzer (MC-180, Tanita Corporation, Tokyo,
Japan) are shown in Table 1. Measurements were taken between 3:00 pm and 6:00 pm.
Height, weight, BMI, water content, lower limb muscle mass, and lower limb muscle mass
per body weight were significantly greater in men than in women (p < 0.01, p < 0.05 for
BMI), while body fat and body water content showed no differences between the two
groups. Body fat percentage was significantly greater in women than in men (p < 0.05).

Table 1. Demographic data of middle aged male and female participants.

. . Body Leg Body Leg
Height Weight BMI Body Fat Water Muscle Body Fat Water Muscle
(m) (kg) (kg) (kg) (kg) (%) % (%)

Middle age male
(n=21)

Middle age female

n=19)

168 (6.5) 65.6(85) 23.6(53) 143(53) 358(44) 87(11) 218(74) 547(52) 13.1(09)

156.6(65) 521(75) 214(3.2) 152(65) 27025 60(05) 271(76) 523(52) 11.7(13)

Mean (SD)

The purpose of the study, management of personal information, prohibition of use for
other purposes, and free participation in the study were explained. Consent to participate
in the study was also obtained in writing. Informed consent was obtained for the release of
data excluding personal information, including images obtained. In accordance with the
Declaration of Helsinki, the subjects” personal rights and data protection were explained.
This study was conducted with the approval of the University Research Ethics Review
Committee (approval number 19R115109).

2.2. Sample Size

To determine the sample size for SWV and leg circumference analysis by split-plot analy-
sis of variance, G*power (Version 3.1.9.2 Heinrich Heine University, Diisseldorf, Germany)
was used, where Cohen’s moderate effect size of 0.25, 2 groups, 4 levels, an alpha value of
0.05, a beta value of 0.8, and since the interlevel intraclass correlation coefficient (ICC) for
measurements is less than 0.2 in our obtained data, 0.2 was used for ICC [27]. Then sample
size was calculated. As a result, it was 14 cases. For the SWV measurement in our study,
the sample size was 21 middle-aged males and 19 middle-aged females, and for the leg
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circumference measurement, the sample size was 15 middle-aged males and 16 middle-aged
females due to missing values.

To determine the sample size for leg discomfort symptoms by the Wilcoxon signed-rank
test with two corresponding groups, the mean and standard deviation for middle-aged men
and middle-aged women and the number of interlevel intraclass correlation coefficients were
input to calculate the effect size. Using the calculated effect size, the sample size was calculated
by G*power with an alpha value of 0.05 and a beta value of 0.8 as inputs. As a result, the
sample size for men was calculated to be 9 for women and 11 for men. The sample size for
this study was 21 middle-aged men and 19 middle-aged women.

2.3. Seated Posture

Subjects sat in a reclining chair and maintained a sitting posture for 2 h in a relaxed
position, with joint flexion angles measured with a goniometer to maintain 70 degrees of
hip flexion, 80 degrees of knee flexion, and 20 degrees of ankle flexion. Ankle joint flexion
was set at 20 degrees of flexion beyond the relaxation angle at which the triceps muscle
relaxes [28,29]. In this limb position, the tibialis anterior muscle was slightly stretched,
and the triceps femoris muscle was relaxed. Subjects sat with their left and right legs
shoulder-width apart and placed their feet on a weight-bearing stand so that the load on
both soles was equal. They remained relaxed during the measurement, and SWV, lower leg
circumference, and lower leg discomfort symptoms were measured (Figure 1a,b).

(b)

Figure 1. Sitting posture and leg raise appearance. (a) Sitting position on a reclining chair. (b) Leg
raise on a stool. Permission with Plos One 2021 [21].
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2.4. Measurement of SWV

Using an ultrasound system (Aplio 500 Canon, Tokyo, Japan) and a 6 cm wide lin-
ear probe (PLT100BT5, Canon, Tokyo, Japan), SWV of the lateral gastrocnemius, medial
gastrocnemius, soleus, and tibialis anterior muscles of the left lower limb was measured
immediately after the start of sitting, 60 min later, and 120 min later. The left lower limb was
then elevated for 3 minutes with the knee joint extended in the recliner sitting position and
then returned to the sitting position for measurement (Figure 2). For individual subjects,
probes were applied to the medial and lateral gastrocnemius, soleus, and tibialis anterior
muscle bellies at designated positions (medial and lateral gastrocnemius, 30% proximal
lower extremity sites; middle of soleus, central lower extremity site; tibialis anterior, 30%
proximal lower extremity site) [19,21]. A rectangular skin mark was affixed with adhesive
tape to the most prominent part of the muscle belly before measurement, and the probe
was placed on the rectangular mark (Figure 3a,b). The direction of the gastrocnemius
and soleus muscle fibers run obliquely due to feathering structures, so the long axis of
the probe was aligned with the anatomical direction of shortening of the muscle fibers.
Measurements were performed by an experienced clinical laboratory technician (K.O.).
The temperature and humidity in the laboratory were maintained at 25 °C and 30—40%,
respectively. Measurements of SWV were taken between 3:00 pm and 6:00 pm.

120 min

: oo

60 min Leg
raise

Figure 2. Experimental design, time point for data acquisition. Permission with Plos One 2021 [21].

; Medial gastrocnemius, proximal 30%

of the lower leg

Lateral gastrocnemius, Soleus muscle, 50% of the

lower leg

proximal 30% of the lower leg =

Figure 3. Cont.
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Tibialis anterior muscle,

proximal 30% of the lower leg

(b)

Figure 3. Left lower leg of a participant. (a) Sites of recording of shear wave velocity at lateral, medial

gastrocnemius, and soleus muscles. (b) Sites of recording of shear wave velocity at tibialis anterior
muscle. Permission with Plos One 2021 [21].

2.5. Accuracy of SWV

We refer to a report in which measurements were made with an ultrasound system
(Aplio 500, Canon, Tokyo, Japan) and a linear probe (PLT100BT5, Canon, Tokyo, Japan)
with a field of view of 58 mm and a standard operating frequency of 10 MHz (maximum
14 MHz), and measurement accuracy was evaluated using phantoms [30]. According to
the report, the accuracy of the velocity measurement by Aplio500 using a phantom (CIRS,
Norfork, Virginia, USA; model 049 and 049A) of 8.0 & 3.0 kPa is 0.49 kPa, and the precision
(Coefficient of Variation and Confidence Interval) is 6.96%, 5.79-8.13%. It is known that the
accuracy and precision of SWV measurements in the range of 2-6 cm depth of phantom
material do not differ with depth [30]. In their study, validation of SWV measured by 5 major
ultrasound systems (VTQ, VTIQ, EPIQ 5, Aixplorer, and Aplio 500) was performed using
various phantoms with mutual comparison. The amount of measurement errors by Aplio 500
was minimum among them. The range of leg muscle SWV measured by the Aplio 500 in this
experiment was 1.0-3.0 m/s (3.0-9.0 kPa), so the reliability and validity of the measurement
of the SWV of the leg muscles by Aplio 500 was assured [21].

2.6. SWV Measurements

Ultrasound images were recorded along the long axis of each muscle. The probe was
scanned parallel to the superficial fascia of each muscle. The region of interest (ROI) size
was set at 10 x 10 mm?. The analysis region (target ROI) was set as a 5 mm diameter circle
at the center of the ROI [31] (Figure 4). Ultrasound images were taken three times each. The
mean value was calculated from the three images obtained from each muscle. The SWV of
the gastrocnemius and soleus muscles was measured with the ankle joint flexed 20 degrees,
and the muscles relaxed [32]. SWV of the tibialis anterior muscle was measured with the
ankle joint flexed 20 degrees and 10 degrees beyond the relaxation angle. Considering both
longitudinal measurements and muscle length, both muscles were considered isotropic for
this measurement, and the elastic modulus was calculated using the following equation:

E =3pVs?
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Figure 4. Image of shear wave elastography of lower leg muscles. LG: Lateral gastrocnemius, MG:
Medial gastrocnemius; SOL: Soleus; TA: Tibialis anterior. ROI: Region of interest: 1 cm x 1 cm.
Permission with Plos One 2021 [21].

2.7. Reliability Analysis of SWV Measurements

The SWV measurements conducted in this report were performed by the same inspec-
tor, measuring equipment, measuring conditions, and measuring site as in the previous
report. Therefore, the reliability of the present measurement was determined to be consis-
tent with that of the previous report. According to the results, the intra-day intra-inspector
reliability (1, 1) and coefficient of variation (CV) were 0.88% and 3.9% for the lateral gas-
trocnemius muscle, 0.87% and 5.7% for the medial gastrocnemius muscle, 0.92 and 7.5% for
the soleus muscle, and 0.92% and 7.5% for the tibialis muscle. The inter-day intra-examiner
reliability (1, 3) and coefficient of variation (CV) were 0.77% and 3.7% for the lateral gas-
trocnemius, 0.82% and 6.5% for the medial gastrocnemius, 0.76% and 8.7% for the soleus
muscle, and 0.81% and 12.0% for the tibialis anterior muscle [21].

2.8. Surface Electromyography Measurement

Active wireless surface electrodes (Nihon Kohden Corporation, Tokyo, Japan) were
placed to check the contraction of the lower limb muscles of the subject sitting on a reclining
seat and the muscle activity of the medial and lateral gastrocnemius, soleus, and tibialis
anterior muscles were observed. The placement sites of the surface electrodes were adjusted
according to Hermens et al. [33]. The sites of electromyography electrode placement were
cleaned with alcohol cotton, and the stratum corneum was removed with paste. EMG
was recorded at 2000 Hz, collected on a Web-1000 (Nihon Kohden, Tokyo) polygraph
system, and analyzed using LabChart version 7 (AD Instruments, Tokyo). EMG data
during shear wave transmission velocity measurements were continuously displayed
to the examiner and subject on a PC screen to promote relaxation of the subject. The
appearance of muscle activity was determined by observing action potentials above the
baseline 25D amplitude. Preliminary experiments determined that no muscle contractions
were observed in the lower leg muscles due to reclining seat seating under the conditions
of this measurement [21].
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2.9. Lower Leg Circumference Measurement

The maximum circumference of the left lower leg was measured over time according to
the standard lower leg circumference measurement method reported in JARD 2001 [34,35]
(Figure 5). The reliability analysis was performed for limb circumference by Labs 2000 [36].
The measurement has been reported to diagnose 87.8% of cases of edema of the lower leg,
especially in the elderly [26].

-

Figure 5. Measurement of calf circumference. The thickest part of the lower leg was measured three
times, and the average value was calculated.

2.10. Lower Leg Discomfort Symptom Assessment

Occupational lower leg symptoms were initially rated on an 8-point scale of lower
leg discomfort (Winkel 1981) [5]. Furthermore, Widmer 1978 [6] reported that among
4529 sedentary workers, 44% of men and 70% of women complained of leg discomfort
symptoms such as tension, heaviness, and swelling. Saito 2016 [9] extracted items with a
large contribution rate out of 17 lower leg discomfort symptoms by factor analysis. In this
report, we created a 6-item rating of leg discomfort symptoms (tension, heaviness, swelling,
numbness, pain, and heat) by taking into account the survey items of Widmer 1978 [6]
and Saito 2016 [9] (Figure 6). Each item was rated on an 11-point scale from 0 to 10. Leg
discomfort symptom ratings were made before the start of sitting and after 120 min.

Stiffness -
Pain
Numbness None 0-1-2-3-4-5-6-7-8-9-10 Severe
Wg B +-t+-t-t-t-t-t-t-t-t-+

Heaviness
Heat .

Figure 6. Evaluation sheet of lower leg discomfort. The eleven point rating scale used in the field study
to measure the perception of discomfort in the leg. Six items of discomfort on the inspection sheet.
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2.11. Statistical Analysis

Due to the normality of the Shapiro-Wilks test for body size and composition of the
subjects, an uncorrelated t-test was used. Due to the normality of the Shapiro-Wilks test
for SWV in the four muscle groups and leg circumference, SWV measurements and leg cir-
cumference values obtained over time in two groups, middle-aged men and women, were
analyzed by a split-plot analysis of variance. The Shapiro-Wilks test showed no normality
for leg discomfort symptoms, so a Wilcoxon signed-rank test with two corresponding
groups was used. Statistical analysis was performed with R4.02, and significance levels of
0.05 were used.

3. Results
3.1. SWV

With the exception of the lateral gastrocnemius, the SWV of the medial gastrocnemius,
soleus, and tibialis anterior muscles of middle-aged men was significantly greater than
that of middle-aged women (p < 0.01). In all lower leg muscles of middle-aged men and
middle-aged women, SWV was significantly greater at 60 and 120 mins than immediately
after the start of the sitting and significantly decreased after lower leg raising (p < 0.001)
(Figure 7 MG LG SOL TA, Table 2).

Vastus Medialis
1.9 -

. 1.8 -
1 —— Middle age

female ——Middle age

1.7 -

female

16 -

S

15 -

Shear wave velocity m/s

Omin 60min

Soleus

—

: ) 14 T T T
120mim Elev Omin 60min 120mim Elev

28 -
I Tibialis Anterior [

26 -
w —o— Middle age

24 -

——NMiddle age female

female

2.2

18 -

Omin 60min

S
Shear wave velocity m/s
)

16

120mim Elev Omin 60min 120mim Elev

Figure 7. Shear wave velocity of LG, MG, SOL, and TA over time. Unit: m/s. Average + SD.
LG: Lateral gastrocnemius; MG: Medial gastrocnemius; SOL: Soleus; TA: Tibialis anterior.

The rate of change in lower leg circumference was significantly greater in middle-aged
women than in middle-aged men (p < 0.05) (Figure 8, Table 3). The rate of change in lower
leg circumference significantly increased after 60 and 120 min of sitting and decreased with
raising of the lower leg for both men and women (p < 0.001).
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Table 2. Shear wave velocity of LG, MG, SOL, and TA over time. Unit: m/s. Average + SD.
LG: Lateral gastrocnemius; MG: Medial gastrocnemius; SOL: Soleus; TA: Tibialis anterior.

LG MG SOL TA
Middle age male 0 min 1.55(0.08)  157(0.07)  151(0.10)  2.22(0.19)
(n=21) 60 min 1.61(0.08)  1.63(0.05)  1.61(0.08)  227(0.23)
120 min 1.73(0.12) 176 (0.07)  1.82(0.14)  2.44(0.24)
Leg raising 1.53(0.06) 156 (0.07)  1.53(0.09)  2.17(0.18)
Middle age female 0 min 1.53 (0.06) 1.53 (0.05) 1.46 (0.09) 2.05 (0.19)
(n=19) 60 min 1.60 (0.07) 159 (0.06)  157(0.08)  2.11(0.16)
120 min 1.70 (0.07)  1.71(0.06)  1.74(0.10)  2.21(0.18)
Leg raising 1.52(0.05)  1.52(0.05)  1.49(0.07)  2.01(0.16)
Unit: m/s
Mean (SD)
6 -
5 -
f 4 - 1 —e—Middle age
[&]
5 female
= 3 Middle age
E
male
3 2 -
=
[&]
o
wm 1
U —_—
u . T = T T T 1
Omin 60min 120min Elev
-1

Figure 8. Change in calf circumference over time.

Table 3. Change of leg circumference over time. Relative calf circumference: Circumference values of
60 min, 120 min, and Leg raising are divided by a circumference value of 0 min.

Increase in Calf Circumference

Middle age male 0 min 0 (0)
(n=15) 60 min 1.16 (1.13)
120 min 1.85 (1.52)
Leg raising 0.61 (1.00)

Middle age female 0 min 0 (0)
(n=16) 60 mis 1.86 (1.32)
120 min 3.20 (1.55)
Leg raising 1.37 (1.32)

Relative calf circumference: Circumference values of 60 min, 120 min, and Leg
raising /Circumference value of 0 min
Unit: %
Mean (SD)
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3.2. Lower Leg Discomfort Symptom Assessment

No differences in lower leg discomfort symptoms were found between middle-aged
men and middle-aged women. They significantly increased after sitting compared to before
sitting in both men and women (p < 0.001) (Figure 9a). Of the six lower leg discomfort
symptoms, tension, swelling, heaviness, and numbness markedly increased (Figure 9b).

20 -
pain

15 1 3.00
£ | - . —Omin Middle age
a 10 | —+—Middle age heat — -~ _ > numbness male' '
5 /" female -1_'0_0_. | 120min Middle
E - . AT\ age male
8 Middle age 0.00/% e
5 5 | P ‘ Omin Middle age
o male - ~
° . - RNy e ) female
8 el G DRI e e nEen 120minMiddle
o _ »

0 1 ' ' S~ - age female

Oriiin 120min _
heaviness
5 |
(a) (b)

Figure 9. Lower leg symptom discomfort assessment. (a): calf discomfort points. (b): radar chart of
six items of calf discomfort.

4. Discussions
4.1. Changes in SWV

The results of our previous study, in which SWV of the leg muscles increased over
time in young adult males in a 2 h sitting [21], were comparable over time to our results,
which were measured in middle-aged men and women. Because SWV is proportional to
an increase in intramuscular compartment pressure in the lower leg [22], our results of
increased SWV over time in both middle-aged men and women were presumed to be due
to increased pressure within the lower leg muscle compartment. The rapid decrease in
SWYV with leg raising is presumably due to a decrease in intra-compartmental pressure
as intramuscular venous blood is drained from the leg muscle and the intramuscular
compartment volume is reduced.

The higher SWV in middle-aged men than in middle-aged women suggests that
the pressure in the leg muscle compartment over time is greater in men. This suggests
that in the sitting position with muscle relaxation, the pressure in the lower leg muscle
compartment was initially higher in men. Although blood pressure was not measured in
this study, men’s blood pressure was higher than women’s blood pressure, suggesting that
intramuscular compartment pressure in men may have been higher from the beginning.
According to a survey by Miura 2013 [37], Japanese systolic blood pressure is 137.2 mmHg
for men and 129.7 mmHg for women in their 50s.

4.2. Leg Circumference

It is known that prolonged sitting increases lower leg volume and circumference,
which is assumed to be caused by the accumulation of subcutaneous fluid [8,13,14,23].
The results of this study showed a significant increase in leg circumference in middle-
aged men and middle-aged women, suggesting that the 120-min prolonged sitting caused
the accumulation of blood in the leg veins and subcutaneous tissue fluid in both men
and women [9,21]. The greater rate of leg circumference increase in middle-aged women
compared to middle-aged men was assumed to be due to the fact that women tend to store
more fluid in a large subcutaneous tissue than men.
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4.3. Reduction of SWV and Leg Circumference by Lower Leg Raising

Leg raising and leg muscle active contraction have been recommended for the reduc-
tion of leg edema that occurs during prolonged standing or sitting [15,38]. The muscle
pumping effect has been reported to produce the compression of the sinus vein in the
soleus muscle by active muscle contraction and the drainage of stagnant venous blood
from the veins [39]. On the other hand, the reduction in hydrostatic pressure due to leg
raising promotes the outflow of blood in the leg veins and the redistribution of venous
blood. However, no specific measurement index has been provided to determine how
much venous blood is drained or how much the muscle compartment pressure changes
after the lower leg raising. Our measurements revealed that 3 min of leg raising signifi-
cantly decreased all leg muscle SWV and decreased intramuscular compartment pressures,
suggesting a decrease in intramuscular leg compartment volume associated with rapid
venous blood drainage by leg raising. This phenomenon is consistent with the significant
reduction in leg circumference resulting from leg raising. Since the SWV is expected to
increase slowly and the leg circumference will also increase gradually, brief leg raising may
be a simple and useful means of reducing leg edema. Elevating the lower extremity at least
every hour may avoid an increase in intramuscular compartment pressure.

4.4. Body Composition and Lower Limb Circumference

The body water and body fat content of the subjects were consistent with age-specific
measurements of the Japanese population as measured by the impedance method [40].
According to the body composition measurements made before the start of the sitting in
this report, body water content standardized by body weight showed no difference by
gender, suggesting that there is no difference in leg water content between women and men.
In addition, body fat percentage is significantly greater in women than in men, and it is
estimated that the percentage of leg adipose tissue volume in women is greater than in men.
It is presumed that during prolonged sitting, a greater rate of increase in leg circumference
measured in women is due to large extracellular fluid retention by a greater percentage of
leg adipose tissue mass.

4.5. Assessment of Lower Leg Discomfort Symptoms

The reason for lower leg discomfort symptoms during prolonged sitting or standing
has been reported to be due to swelling of the lower leg, as indicated by an increase in
lower leg volume and lower leg circumference [9,10,12,13]. Our previous study of SWV
in young adult males estimated that prolonged sitting causes increased pressure within
the lower leg muscle compartment and water retention in the lower leg subcutaneous
tissue [21]. The present results demonstrated that 120 min of sitting significantly increased
lower leg discomfort symptoms in both middle-aged men and women, indicating that the
increase in leg discomfort symptoms is due to an increase in water volume in the lower leg.
The significant increase in tension, swelling, heaviness, and numbness out of the six lower
leg discomfort symptoms indicated that these four discomfort symptoms were subjective
symptoms suggestive of the development of lower leg edema.

4.6. Sedentary Lifestyle Linked to Musculoskeletal Disease

A report analyzing the correlation between chronic knee pain and daily sitting time
(5-7 h, 8-10 h, and more than 10 h) found that the incidence of chronic knee pain was
higher the more sitting time per day. In particular, sitting time of more than 10 h per day
was significantly correlated with chronic knee pain (adjusted OR, 1.28; 95% CI, 1.02-1.61;
p = 0.03). The study recommended less than 10 h per day of sitting time [41]. Osteoarthritis
of the knee is a leading musculoskeletal disease that reduces the mobility of the elderly [42]
and keeps patients engaged in sedentary behavior. Knee cartilage is nourished by joint
fluid, and it is known that cartilage damage occurs when cartilage compression is sustained
due to joint immobility [43], supporting the result that prolonged sitting produces knee
joint pain. It is also known that leg edema frequently occurs in cases of knee osteoarthritis,
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and it is presumed that joint immobility due to prolonged sitting in the elderly leads
to the development of leg edema as well as knee joint pain. In these cases, brief lower-
leg elevation every 1-2 h may simultaneously prevent cartilage damage and leg edema
by releasing mechanical compression of the articular cartilage and restoring joint fluid
circulation through knee joint movement, and by reducing intramuscular compartment
pressure through drainage of blood in the leg veins.

4.7. Future Study

Prolonged sedentary activity time worsens outcomes of lifestyle-related diseases, ma-
lignancies, cardiovascular disorders, occupational leg edema, thrombophlebitis, and knee
osteoarthritis with leg edema in the elderly. However, even within the same sitting period,
patterns of sitting time vary in daily life [44]. Non-invasive ultrasound-based screening
studies of lower leg muscle groups are required to measure prolonged sitting time patterns
that can avoid leg health problems, e.g., continuous sitting without rest, intermittent sitting
with standing and walking, and sitting interspersed with lower extremity exercise.

4.8. Research Limitations
4.8.1. Measurement of Muscle at Rest

In our study, we measured the leg immobile in the sitting position for a long time.
However, except in special cases, it is rare to have a situation in which the subjects do not
move their legs for 2 h during sitting. In the future, it is necessary to make ultrasound
measurements that take the motion of the lower limbs into account.

4.8.2. Measurement up to 2 h

In this study, we adopted the lower leg sitting condition for up to 2 h. According to
previous reports, the occurrence of economy class syndrome is known to occur after a flight
longer than 6 h. While avoiding the development of venous thrombosis, measurements
should also be performed under conditions exceeding 2 h [19,39]

No direct intramuscular pressure measurement is performed.

In this measurement, the internal pressure of the leg muscle compartment was esti-
mated as the change in the value of the SWV. For more direct measurement, intramuscular
pressure measurement is required [45,46].

4.8.3. Venous Hemodynamics

In the present measurement, blood retention in the vein was not directly assessed.
Since ultrasonic measuring devices can measure the increase in the diameter of the intra-
muscular veins and blood flow, there is a need to investigate the hemodynamics of venous
blood in conjunction with the measurement of SWV [14,22,47].

5. Conclusions

Considering the changes in SWV and leg circumference associated with prolonged
sitting, it is estimated that sitting legs cause an increase in intramuscular compartment
pressure and an increase in intravascular blood volume with retention of subcutaneous
fluid in the lower leg. Raising the lower leg decreases pressure and volume in the muscle
compartment and water retention. Leg discomfort symptoms were significantly increased
by prolonged sitting, which was presumed to be caused by increased fluid in the lower
leg. Brief leg raising was found to be an effective means of intra-compartmental pressure
reduction by draining leg venous blood, which may resolve leg edema and discomfort.

Author Contributions: K.O.: Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Visualization, Writing—Original Draft. M.A.: Conceptualization, Project administra-
tion, Data curation, Investigation, Project administration, Supervision, Writing-review and editing.
M.Y.: Data curation, Investigation, Technical assistant. Y.K.: Methodology, Investigation, Technical
assistant. A.N.: Investigation, Data curation, Technical assistant. C.K.: Investigation, Project ad-



J. Clin. Med. 2022, 11, 4024 14 0of 15

ministration, Resources, Supervision. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: In accordance with the Declaration of Helsinki, the subjects’
personal rights and data protection were explained. This study was conducted with the approval of
the University Research Ethics Review Committee (approval number 19R115109).

Informed Consent Statement: Consent to participate in the study was obtained in writing. In-
formed consent was obtained for the release of data excluding personal information, including
images obtained.

Data Availability Statement: The data presented in this study are openly available in Text, Figures,
and Tables.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Patterson, R.; McNamara, E.; Taino, M.; de Sa, T.H.; Smith, A.D.; Sharp, S.I.; Edwards, P.; Woodcock, J.; Brage, S.; Wijndaele, K.
Sedentary behavior and risk of all-cause, cardiovascular and cancer mortality, and incident type 2 diabetes: A systematic review
and dose response meta-analysis. Eur. |. Epidemiol. 2018, 33, 811-829. [CrossRef] [PubMed]

World Health Organization. Physical Inactivity: A Global Public Health Problem; World Health Organization: Geneva, Switzerland,
2020. Available online: https://www.who.int/dietphysicalactivity /factsheet_inactivity /en/ (accessed on 16 June 2022).
Fennell, C.; Barkley, ].E.; Lepp, A. The relationship between cell phone use, physical, and sedentary behavior in adults aged 18-80.
Comput. Hum. Behav. 2019, 90, 53-59. [CrossRef]

Park, J.H.; Moon, ].H.; Kim, H.J.; Kong, M.H.; Oh, Y.H. Sedentary lifestyle, Overview of updated evidence of potential health
risks. Korean J. Fam. Med. 2020, 41, 365-373. [CrossRef] [PubMed]

Winkel, J. Swelling of the lower leg in sedentary work—A pilot study. J. Hum. Ergol. 1981, 10, 139-149. [CrossRef]

Widmer, L.K,; Sliva, A.D. Peripheral Venous Disorders: Prevalence and Socio-Medical Importance. Observations in 4529 Apparently
Healthy Persons; Basle Study 3; Hans Huber: Bern, Switzerland, 1978; pp. 1-90. ISBN 9783456806778.

Suehiro, K.; Morikage, N.; Murakami, M.; Yamashita, O.; Ueda, K.; Samura, M.; Hamano, K. A study of leg edema in immobile
patients. Circ. J. 2014, 78, 1733-1739. [CrossRef]

Belczak, C.E.Q.; de Godoy, ].M.P; Seidel, A.C.; Belczak, S.; Ramos, R.N.; Caffaro, R.A. Comparison of 15-20mmhg compression
stockings in reducing occupational oedema in standing and seated healthy individuals. Int. |. Vasc. Med. 2018, 2018, 2053985.
[CrossRef]

Saito, J.; Muraki, S. Research of uncomfortable pain due to prolonged walking and standing. J. Biomech. 2016, 40, 121-130. (In
Japanese) [CrossRef]

Sudo, M.; Chiba, A.; Ueno, K.; Yada, Y.; Akataki, K.; Mita, K. A psychological study about swelling and fatigue on lower limbs
inworking females—An investigation by questionnaire and psychologicalmeasurement. Jp. Soc. Psychosom. Obstet. Gynecol. 2010,
15, 175-182. (In Japanese) [CrossRef]

Homans, J. Thrombosis of the deep leg veins due to prolonged sitting. N. Engl. J. Med. 1954, 250, 148-149. [CrossRef]
Lapostolle, E; Surget, V.; Borron, S.W.; Desmaizieres, M.; Sordelet, D.; Lapandry, C.; Cupa, M.; Adnet, F. Severe pulmonary
embolism associated with air travel. N. Engl. . Med. 2001, 345, 779-783. [CrossRef]

Schobersberger, W.; Mittermayr, M.; Innerhofer, P.; Sumann, G.; Schobersberger, B.; Klingler, A.; Simmer, M.; Streif, W.; Fischbach,
U.; Fries, D. Coagulation changes and edema formation during long-distance bus travel. Blood Coagul. Fibrinolysis 2004, 15,
419-425. [CrossRef] [PubMed]

Mittermayr, M.; Fries, D.; Gruber, H.; Peer, S.; Klingler, A.; Fischbach, U.; Gunga, H.-C.; Koralewski, E.; Faulhaber, M.; Simmer,
M,; et al. Leg edema formation and venous blood velocity during a simulated long-haul flight. Thromb. Res. 2007, 120, 497-504.
[CrossRef] [PubMed]

Taylor, A.E. Capillary fluid filtration. Starling forces and lymph flow. Circ. Res. 1981, 49, 557-575. [CrossRef]

Singh, B.; Yadollahi, A.; Lyons, O.; Alshaer, H.; Bradley, T.D. The effect of sitting and calf activity on leg fluid and snoring. Respir.
Physiol. Neurobiol. 2017, 240, 1-7. [CrossRef]

Fukui, Y.; Yamamoto, K.; Takamata, A. Effect of calf heating and muscle injury on calf venous compliance and capillary filtration
coefficient. Jpn. J. Biometeor. 2007, 44, 13-19. (In Japanese)

Gennisson, J.L.; Deffieux, T.; Mace, E.; Montaldo, G.; Fink, M.; Tanter, M. Viscoelastic and anisotropic mechanical properties of
in vivo muscle tissue assessed by supersonic shear imaging. Ultrasound Med. Biol. 2010, 36, 789-801. [CrossRef]

Lacourpaille, L.; Hug, F,; Bouillard, K.; Hogrel, ].Y.; Nordez, A. Supersonic shear imaging provides a reliable measurement of
resting muscle shear elastic modulus. Physiol. Meas. 2012, 33, 19-28. [CrossRef]

Maisetti, O.; Hug, F.; Bouillard, K.; Nordez, A. Characterization of passive elastic properties of the human medial gastrocnemius
muscle belly using supersonic shear imaging. J. Biomech. 2012, 45, 978-984. [CrossRef]


http://doi.org/10.1007/s10654-018-0380-1
http://www.ncbi.nlm.nih.gov/pubmed/29589226
https://www.who.int/dietphysicalactivity/factsheet_inactivity/en/
http://doi.org/10.1016/j.chb.2018.08.044
http://doi.org/10.4082/kjfm.20.0165
http://www.ncbi.nlm.nih.gov/pubmed/33242381
http://doi.org/10.11183/jhe1972.10.139
http://doi.org/10.1253/circj.CJ-13-1599
http://doi.org/10.1155/2018/2053985
http://doi.org/10.3951/sobim.40.2_121
http://doi.org/10.18977/jspog.15.1_175
http://doi.org/10.1056/NEJM195401282500404
http://doi.org/10.1056/NEJMoa010378
http://doi.org/10.1097/01.mbc.0000114438.81125.cf
http://www.ncbi.nlm.nih.gov/pubmed/15205591
http://doi.org/10.1016/j.thromres.2006.12.012
http://www.ncbi.nlm.nih.gov/pubmed/17250877
http://doi.org/10.1161/01.RES.49.3.557
http://doi.org/10.1016/j.resp.2017.02.008
http://doi.org/10.1016/j.ultrasmedbio.2010.02.013
http://doi.org/10.1088/0967-3334/33/3/N19
http://doi.org/10.1016/j.jbiomech.2012.01.009

J. Clin. Med. 2022, 11, 4024 150f 15

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Okino, K.; Aoki, M.; Yamane, M.; Kohmura, C. Effect of prolonged sitting immobility on shear wave velocity of the lower leg
muscles in healthy adults: A proof-of-concept study. PLoS ONE 2021, 16, e0251532. [CrossRef]

Toyoshima, Y.; Webb, J.; Gregory, A.; Fatemi, M.; Alizard, A.; Zhao, C. Ultrasound shear wave elastography for measuring
intra-compartmental pressure of compartment syndrome using a turkey hind limb mode. J. Biomech. 2020, 98, 109427. [CrossRef]
Kato, T.; Kanamasu, N.; Kitagawa, K. Physiological examination of plane-seat equipped ankle exerciser to deal with traveler’s
thrombosis. Res. J. Phys. Educ. Chukyo Univ. 2003, 44, 17-23.

Kitamura, Y.; Shirai, M.; Sasaki, Y.; Ushi, K. Time-dependent changes in the leg circumference of elderly with prolonged
wheelchairs use. J. Jap. Soc. Gerontol. Nurs. 2012, 17, 91-97. (In Japanese)

Sato, A.; Dai, M.; Fujimoto, Y.; Iuchi, T.; Tsuchiya, S.; Tabata, K.; Okuwa, M.; Sugama, J. A prospective observational study of
changes in the severity and extent of oedema among elderly inmates of long term care facilities. J. Jap. Soc. WOCM 2016, 20,
329-340. (In Japanese) [CrossRef]

Tuchi, T.; Kobayashi, M.; Tsuchiya, S.; Ohno, N.; Dai, M.; Matsumoto, M.; Ogai, K.; Sato, A.; Sawazaki, T.; Miyati, T.; et al.
Objective assessment of leg edema using ultrasonography with a gel pad. PLoS ONE 2017, 12, e0182042. [CrossRef] [PubMed]
Cohen, J. Quantitative methods in psychology. A power primer. Psychol. Bull. 1992, 112, 155-159. [CrossRef]

Taniguchi, K.; Shinohara, M.; Nozaki, S.; Katayose, M. Acute decrease in the stiffness of resting muscle belly due to static
stretching. Scand. ]. Med. Sci. Sports 2015, 25, 32—40. [CrossRef]

Liu, C.L,; Zhou, ].P; Sun, P.T,; Chen, B.Z.; Zhang, ].; Tang, C.Z.; Zhang, Z.-]. Influence of different knee and ankle ranges of motion
on the elasticity of triceps surae muscles, Achilles tendon, and plantar fascia. Sci. Rep. 2020, 10, 6643. [CrossRef]

Suh, C.H.; Yoon, H.M.; Jung, S.C.; Choi, Y.J. Accuracy and precision of ultrasound shear wave elasticity measurements according
to target elasticity and acquisition depth: A phantom study. PLoS ONE 2019, 14, e0219621. [CrossRef]

Saeki, J.; Ikezoe, T.; Yoshimi, S.; Nakamura, M.; Ichihashi, N. Menstrual cycle variation and gender difference in muscle stiffness
of triceps surae. Clin. Biomech. 2019, 61, 222-226. [CrossRef]

Hirata, K.; Kanehisa, H.; Mikami-Miyamoto, E.; Miyamoto, N. Evidence for intermuscle difference in slack angle in human triceps
surae. . Biomech. 2015, 48, 1210-1213. [CrossRef]

Hermens, H.].; Freriks, B.; Dsselhorst-Klug, C.; Rau, G. Development of recommendations for SEMG sensors and sensor placement
procedures. J. Electromyogr. Kinesiol. 2000, 10, 361-374. [CrossRef]

Aoyanagi, S.; Arisawa, M. New anthropometric reference values for Japanese, Measuring instrument and technique. Nutr. Assess.
Treat. 2002, 19, 1-81. (In Japanese)

Japanese Anthropometric Reference Data: JARD2001_06.pdf. Available online: biglobe.ne.jp (accessed on 1 May 2022).

Labs, K.H.; Tschoepl, M.; Gamba, G.; Aschwanden, M.; Jaeger, K.A. The reliability of leg circumference assessment: A comparison
of spring tape measurements and optoelectronic volumetry. Vasc. Med. 2000, 5, 69-74. [CrossRef] [PubMed]

Miura, K.; Nagai, M.; Ohkubo, T. Epidemiology of Hypertension in Japan—Where Are We Now? Circ. J. 2013, 77, 2226-2231.
[CrossRef] [PubMed]

Ely, ] W.; Osheroff, ].A.; Chambliss, M.L.; Ebell, M.H. Approach to leg edema of unclear etiology. |. Am. Board Fam. Med. 2006, 19,
148-160. [CrossRef] [PubMed]

Hitos, K.; Cannon, M.; Cannon, S.; Garth, S.; Fletcher, J.P. Effect of leg exercise on popliteal venous blood flow during prolonged
immobility of seated subjects: Implications for prevention of travel-related deep vein thrombosis. J. Thromb. Haemost. 2007, 5,
1890-1895. [CrossRef]

Yamamoto, K.; Nishiki, M. Multi-frequency bioelectrical impedance method for the assessment of body composition in Japanese.
Med. ]. Hiroshima Univ. 2000, 48, 259-266. [CrossRef]

Lee, S.H.; Son, C.; Yeo, S.; Ha, LH. Cross-sectional analysis of self-reported sedentary behaviors and chronic knee pain among
South Korean adults over 50 years of age in KNHANES 2013-2015. BMC Public Health 2019, 19, 1375. [CrossRef]

Yoshimura, N.; Muraki, S.; Oka, H.; Mabuchi, A.; En-Yo, Y.; Yoshida, M.; Saika, A.; Yoshida, H.; Suzuki, T.; Yamamoto, S.; et al.
Prevalence of knee osteoarthritis, lumbar spinal spondylosis, and osteoporosis in Japanese men and women: The research on
osteoarthritis/ osteoporosis against disability study. J. Bone Miner Metab. 2009, 27, 620-628. [CrossRef]

Mow, V.C.; Holmes, M.H.; Lai, WM. Fluid transport and mechanical properties of articular cartilage and meniscus. A review. J.
Biomech. 1984, 17, 377-394. [CrossRef]

Diaz, KM.; Duran, A.T.; Colabianchi, N.; Judd, S.E.; Howard, V.J.; Hooker, S.P. Potential effects on mortality of replacing sedentary
time with short sedentary bouts or physical activity: A national cohort study. Am. J. Epidemiol. 2019, 188, 537-544. [CrossRef]
[PubMed]

Eby, S.F,; Song, P; Chen, S.; Chen, Q.; Greenleaf, ].E; An, K.N. Validation of shear wave elastography in skeletal muscle. J. Biomech.
2013, 46, 2381-2387. [CrossRef] [PubMed]

Alimi, Y.S.; Barthelemy, P; Juhan, C. Venous pump of the calf: A study of venous and muscular pressures. J. Vasc. Surg. 1994, 20,
728-735. [CrossRef]

Recek, C. Calf pump activity influencing venous hemodynamic in lower extremity. Int. J. Angiol. 2013, 22, 23-30. [CrossRef]


http://doi.org/10.1371/journal.pone.0251532
http://doi.org/10.1016/j.jbiomech.2019.109427
http://doi.org/10.32201/jpnwocm.20.3_329
http://doi.org/10.1371/journal.pone.0182042
http://www.ncbi.nlm.nih.gov/pubmed/28792959
http://doi.org/10.1037/0033-2909.112.1.155
http://doi.org/10.1111/sms.12146
http://doi.org/10.1038/s41598-020-63730-0
http://doi.org/10.1371/journal.pone.0219621
http://doi.org/10.1016/j.clinbiomech.2018.12.013
http://doi.org/10.1016/j.jbiomech.2015.01.039
http://doi.org/10.1016/S1050-6411(00)00027-4
biglobe.ne.jp
http://doi.org/10.1177/1358836X0000500202
http://www.ncbi.nlm.nih.gov/pubmed/10943582
http://doi.org/10.1253/circj.CJ-13-0847
http://www.ncbi.nlm.nih.gov/pubmed/23902998
http://doi.org/10.3122/jabfm.19.2.148
http://www.ncbi.nlm.nih.gov/pubmed/16513903
http://doi.org/10.1111/j.1538-7836.2007.02664.x
http://doi.org/10.1016/j.orcp.2011.12.005
http://doi.org/10.1186/s12889-019-7653-9
http://doi.org/10.1007/s00774-009-0080-8
http://doi.org/10.1016/0021-9290(84)90031-9
http://doi.org/10.1093/aje/kwy271
http://www.ncbi.nlm.nih.gov/pubmed/30551177
http://doi.org/10.1016/j.jbiomech.2013.07.033
http://www.ncbi.nlm.nih.gov/pubmed/23953670
http://doi.org/10.1016/S0741-5214(94)70160-1
http://doi.org/10.1055/s-0033-1334092

	Introduction 
	Lower Leg Discomfort Symptoms Due to Prolonged Sitting 
	Prolonged Sitting and Shear Wave Velocity (SWV) Changes Related to Pressure Changes in the Muscle Compartment 

	Methods 
	Subjects 
	Sample Size 
	Seated Posture 
	Measurement of SWV 
	Accuracy of SWV 
	SWV Measurements 
	Reliability Analysis of SWV Measurements 
	Surface Electromyography Measurement 
	Lower Leg Circumference Measurement 
	Lower Leg Discomfort Symptom Assessment 
	Statistical Analysis 

	Results 
	SWV 
	Lower Leg Discomfort Symptom Assessment 

	Discussions 
	Changes in SWV 
	Leg Circumference 
	Reduction of SWV and Leg Circumference by Lower Leg Raising 
	Body Composition and Lower Limb Circumference 
	Assessment of Lower Leg Discomfort Symptoms 
	Sedentary Lifestyle Linked to Musculoskeletal Disease 
	Future Study 
	Research Limitations 
	Measurement of Muscle at Rest 
	Measurement up to 2 h 
	Venous Hemodynamics 


	Conclusions 
	References

