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1 List of abbreviations
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Chronic venous insufficiency
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Low back discomfort

Low back pain
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2 Structure of the thesis

This doctoral thesis deals with the influence of prolonged standing on surrogate
parameters for an increased risk of venous diseases and musculoskeletal disor-

ders as well as possible influences of age and gender.

The dissertation is separated in three parts. The first part explains the theoretical
background and the rationale of the thesis. Part two provides the three research
papers, all of them are published in international peer-reviewed journals. The first
publication deals with the reproducibility of used measuring methods. Papers two
and three provide data on the influence of standing work on the above-mentioned
surrogate parameters, including age and gender aspects. Prior to each scientific

paper a brief summary and the scientific aims of the study are given.

The last part of this work includes a comprehensive discussion of the results of

the scientific program papers with regard to the found literature.



3 Background

The first part of the dissertation provides the theoretical background and rationale
of this thesis. It is structured in four chapters. The first chapter shows the preva-
lence of standing work in today’s global economy. In the second chapter adverse
health outcomes associated with prolonged standing work and possible patho-
physiological pathways are described. Further, recommendations for standing
work of federal agencies and researchers are discussed in chapter three. The
last part deals with measurement techniques and measures that can be used as
surrogate parameters for the risk evaluation of the adverse health outcomes of

standing work.

3.1 Standing work

Standing for prolonged periods of time is required in many of today’s workplaces.
In an Australian survey 62% of the study population (n=4500) reported that they
usually were exposed to standing in one place while working (Safe Work Aus-
tralia, 2011). A study with a Canadian working population (n=9425) in Québec
similarly showed that 58% of respondents reported usually standing at work (Tis-
sot et al., 2005). Similar numbers were shown in a German survey (Wittig et al.,
2013) and the fifth European working conditions survey (Parent-Thirion, A., G.
Vermeylen, G. van Houten, M. Lyly-Yrjanainen, I. Biletta and J. Cabrita., op.
2012). Additionally, a study in Denmark objectively measured (using accelerom-
eters) standing, sitting and walking in blue collar workers and found that the av-
erage time spent in a static standing position was 2.2 (SD 1.3) hours with some
occupational subgroups standing up to 3.7 (SD 0.7) hours per workday (Munch
Nielsen et al., 2017). Occupations requiring static standing over significant peri-
ods of time are found across professions including the food, healthcare, retail,
service and manufacturing industries and are widespread throughout industrial-

ized countries.



3.2 Adverse health outcomes associated with standing work

Epidemiological studies show several risks when investigating people required to
stand for prolonged periods of time during their work. Standing workers were
shown to have an increased risk for venous diseases (Tabatabaeifar et al., 2015;
Tlchsen et al., 2000; Tuchsen et al., 2005) and musculoskeletal disorders (Coe-
nen et al., 2016). Additionally, perinatal health complications such as preterm
delivery are discussed to be associated with prolonged standing (Palmer et al.,
2013; van Beukering et al., 2014).

In the following two chapters the prevalence, socioeconomic costs and possible
pathophysiological pathways for VD and MSD as well as the association with

standing are discussed.
3.2.1 Venous diseases

In the vein consult program epidemiological data on the prevalence of VD were
investigated worldwide based on the CEAP classification (clinical, etiological, an-
atomic, pathophysiologic; from CO to C6; (EkI6f et al., 2004)) in over 90,000 sub-
jects. The authors report a worldwide prevalence of 83.6% (including the less
severe stages C1-C2), showing that VD are very common in the general popula-
tion (Rabe et al., 2012). The German Federal Statistical Office calculated the total
costs for VD to be 2.17 billion € in 2015 (Statistisches Bundesamt, 2018) which
almost haven’t changed since 2005 (Rabe and Pannier, 2010).

To date, the origin of a primary varicosis is still unclear. Whether a venous valve
insufficiency is leading to an increase in venous hypertension or vice versa as
the initial cause of a beginning varicosis is unresolved (Pfisterer et al., 2014).
There are several factors contributing to the development of VD such as varicosis
or chronic venous insufficiency (CVI). These risk factors include family history,
obesity, previous pregnancy and reduced mobility at work (sitting or standing)
(Carpentier et al., 2004; Lacroix et al., 2003; Robertson et al., 2013; Ismail et al.,
2016). Additionally, age is one of the main risk factors for the development of
varicose veins and CVI, as exposure to biomechanical stress (explained in detalil
in the next paragraph) of the venous system might accumulate during lifetime,

leading to diagnosis of VD in a higher age (Robertson et al., 2013; Carpentier et



al., 2004; Davies, 2019). However, the data on the effect of gender are not as
conclusive. While some studies show no differences in the prevalence of VD be-
tween males and females (Robertson et al., 2013; Evans et al., 1999) or at least
not for more severe stages of CVI (Rabe et al., 2012), more recent studies sug-
gest an increased risk of VD in women (Wrona et al., 2015; Davies, 2019). This
association is debated to occur due to hormonal influences during previous preg-
nancy, as no gender differences in VD prevalence were shown for men and

women with no previous pregnancy (Bromen et al., 2004; Ismail et al., 2016).

There are two biomechanical risk factors in the progression and arguably the in-
itiation of a primary varicosis connected to static standing. During static standing,
the physiological reaction of the venous system to the initial blood pooling due to
orthostatic pressure, is stretching of the venous walls (Stick et al., 1985). If this
situation is maintained over a prolonged period of time, a further increase in ve-
nous pressure (venous hypertension) leads to circumferential stress of the ve-
nous walls which is known to trigger pathophysiological remodelling processes
(Segiet et al., 2015; Serralheiro et al., 2017; Mansilha and Sousa, 2018). Several
studies showed that venous hypertension stimulates an endothelial activation
and the expression of growth factors and adhesion molecules such as matrix
metalloproteinases (Bergan, 2007; Woodside et al., 2003; Mannello et al., 2014;
Yasim et al., 2008). These mechanisms lead to an inflammatory response which
changes the extracellular matrix of the venous walls and reduces their elasticity
(Takase et al., 2004; Woodside et al., 2003; Mannello et al., 2014; Saito et al.,
2001; Aravind et al., 2010; MacColl and Khalil, 2015). The possibility that these
remodelling processes of the venous walls can be triggered only by inducing pro-
longed venous pressure was shown in a mouse model (Feldner et al., 2011).
Feldner et al. also found an increase in matrix metalloproteinases in their histo-
logical analysis which can be seen in humans with existing varicose veins (Saito
et al., 2001).

The second biomechanical risk factor is connected to a decrease in haemody-
namics during static standing. Usually, blood flow produces shear stress between
the intima (inner layer of the venous wall) and the circulating blood. This shear

stress was shown to initiate the release of nitric oxide which has an anti-



inflammatory effect by reacting with reactive oxygen species (Pfisterer et al.,
2014). Further, shear stress induces specific protein (TRAF-3) and transforming
growth factor (TGF-betal) production. TRAF-3 is inhibiting pro-inflammatory
mechanisms whereas TGF-betal is further contributing to matrix accumulation in
the venous walls (Urbich et al., 2001; O'Callaghan and Williams, 2000). Without
this physiological shear stress, it is believed that inflammatory responses are fur-
ther contributing to venous wall remodelling including fibrosis, thickening of the
venous wall and atrophy of elastic fibres which makes veins susceptible to vari-
cosis (Pfisterer et al., 2014; Mansilha and Sousa, 2018; Serralheiro et al., 2017).
Both described biomechanical risk factors are prevalent in prolonged static stand-
ing and can be considered as a major contributing factor in the development of
VD regarding the underlying evidence.

3.2.2 Musculoskeletal complaints

According to several German health insurances, musculoskeletal diseases were
the second most frequent reason for incapacity to work with about 15 to 16.4
cases per 100 insured persons in one year (Grobe et al., 2018; Marschall et al.,
2017). In Germany the total costs for all musculoskeletal diseases combined were
the second highest after mental diseases in 2015 with 34.2 billion €, and 4.5 bil-
lion € for back pain alone according to the German Federal Statistical Office
(Statistisches Bundesamt, 2018).

Although being a major epidemic in the general population with a one year prev-
alence up to 65% (March et al., 2014; Walker, 2000) and a lifetime prevalence up
to 84% (Balagué et al., 2012), people working in standing occupations are even
more likely to suffer from low back pain/ low back discomfort (LBP/ LBD) (Coenen
et al., 2016; da Costa and Vieira, 2010; McCulloch, 2002). Other occupational
contributing factors associated with LBP are lifting, pushing, pulling, constraint
postures and repetitive manual work (da Costa and Vieira, 2010; Griffith et al.,
2012; Lotters et al., 2003), besides psychosocial factors like high job demands
and low social support (da Costa and Vieira, 2010; Lang et al., 2012). Further,
epidemiological data suggests a higher risk of LBP among older adults (Wong et

al., 2017; Dionne et al., 2006) who additionally show longer duration of sick leave



compared to a younger demographic (Leboeuf-Yde et al., 2011). Moreover, fe-
males tend to have a higher prevalence of acute and chronic back related pain
compared to men (Palacios-Cefia et al., 2015; Stewart Williams et al., 2015;
Wong et al., 2017).

Several laboratory studies show that healthy, previously asymptomatic persons,
develop acute transient LBP/ LBD in two-hour static standing periods at a rate
between 32% and 70%. These persons are mostly described as pain or discom-
fort developers (PD/ DD) (Aghazadeh et al., 2015; Bussey et al., 2016; Nelson-
Wong et al., 2008; Nelson-Wong and Callaghan, 2010a; Gallagher et al., 2011).

Several mechanisms for the association of LBP/ LBD and prolonged standing are
discussed. Some studies suggest an influence of fatigue in the back musculature
(Antle and Co6té, 2013; Balasubramanian et al., 2009) or constraint static posture
and a lack of variation in movement that could protect from fatigue (Balasubra-
manian et al., 2009; Gallagher et al., 2011; Gregory and Callaghan, 2008). Coe-
nen et al. summarized additional possible mechanisms for PD/ DD in their review
paper. The authors categorized possible LBP/ LBD development mechanisms
during standing with four different options, namely: muscle, postural, loading and
blood flow (Coenen et al., 2017). Concerning the muscle category, an increase
in co-contraction of the left and right gluteus medius and of the trunk muscles was
found in the PD group, in comparison to the non-pain developer group (NPD)
(Aghazadeh et al., 2015; Bussey et al., 2016; Nelson-Wong et al., 2008). No such
relationships were found in other studies (Marshall et al., 2011; Aghazadeh et al.,
2015). Equally inconclusive are findings of increased trunk muscle activity (Han-
sen et al., 1998), reduced gluteus medius muscle strength and endurance (Mar-
shall et al., 2011) and smaller hip range of motion (Bussey et al., 2016) with op-
posite findings in other studies (muscle activity: (Gregory and Callaghan, 2008);
strength and endurance: (Bussey et al., 2016) range of motion: (Raftry and Mar-
shall, 2012)). Further, some authors suggest an increase in body sway (Antle and
Cote, 2013), lumbar flexion (Gregory and Callaghan, 2008; Gallagher and Calla-
ghan, 2016) and more spinal axial rotation (Gregory and Callaghan, 2008) during
prolonged standing in PD, whereas two studies found no differences in body sway

(Gallagher and Callaghan, 2015; Madeleine et al., 1998). Finally, it was



suggested that there might be some postural changes like a decrease in body
weight shifting (Gallagher et al., 2011) and an increase in spinal loading during
standing (Gregory and Callaghan, 2008). Concerning the aforementioned blood
flow category, no study could be found that showed an association with LBP
(Coenen et al., 2017). In summary, the mechanisms contributing to the develop-
ment of transient LBP/ LBD in healthy people during prolonged standing are un-

clear and seem to be multifactorial or individual.

Another body region that is associated with detrimental effects after prolonged
occupational standing, are the lower extremities. Especially, complaints of the
feet and lower legs are often evident (McCulloch, 2002; Pensri et al., 2009; Chee
et al., 2004; Graf, 2015). The underlying mechanisms that are discussed in the
literature are partly similar to those of the lower back region. It was suggested
that fatigue in the calf muscle may contribute to discomfort (Garcia et al., 2016;
Garcia et al., 2015; Wiggermann and Keyserling, 2013; Halim et al., 2012; Mad-
eleine et al., 1998). It is also mentioned that an increase in lower leg volume
through orthostatic pressure and the lack of muscle-venous pump function (Ches-
ter et al., 2002; Karimi et al., 2016; Garcia et al., 2018) is putting stress on passive

structures, causing lower leg symptoms (Coenen et al., 2017; Friden et al., 1986).

From a physiological perspective, both lower back and lower leg symptoms could
arise due to a restricted freedom of movement combined with a continuous static,
low-level muscle activity, using primarily type | muscle fibres. A resulting de-
crease in blood flow can lead to a metabolic overload with pain or discomfort
symptoms. This process was previously shown to elicit fatigue in the upper ex-
tremities and is known as the ‘Cinderella Hypothesis’ (Hagg, 1991; Zennaro et
al., 2003; Visser and van Dieén, 2006).

3.2.3 Interventions against detrimental effects of standing work

Previously investigated interventions include a variety of approaches. To coun-
teract musculoskeletal complaints of the lower extremities, studies tested differ-
ent flooring conditions (e.g. so called ‘anti-fatigue’ mats) and shoe insoles. The
systematic review of Speed et al. found moderate evidence for the reduction of

subjective ratings of discomfort with slightly better outcomes for the shoe insoles
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(Speed et al., 2018). Several studies showed that sloped surfaces can reduce
lower back discomfort, probably through changes in hip and lumbar posture (Nel-
son-Wong and Callaghan, 2010b; Gallagher et al., 2013; Fewster et al., 2017;
Gallagher and Callaghan, 2016). Seated breaks to reduce LBP were only effec-
tive in short term (Gallagher et al., 2014). If the ‘Cinderella Hypothesis’ is true for
the development of complaints in the lower back and lower legs, bouts of in-
creased muscle activity could counteract the fatiguing process of continuous low-
level activation. Studies comparing stationary standing with walking bouts in be-
tween stationary standing showed positive effects on subjective ratings of dis-
comfort and lower leg and lower back fatigue of the dynamic working situation

(Balasubramanian et al., 2008; Balasubramanian et al., 2009).

A very common intervention to prevent lower leg swelling, are compression stock-
ings. They have shown to be effective, even with rather low exerted pressure
(Partsch et al., 2004; Mosti and Partsch, 2013; Krijnen et al., 1997; Steinhilber et
al., 2017) and a synergistic effect with continuous walking (Ema Quilici Belczak
et al., 2012). Despite the positive effects, stockings are fighting with compliance
and adherence problems mainly because of low comfort (Kankam et al., 2018;
Allegra et al., 2014). Moreover, dynamic movement alone was shown to prevent
lower leg swelling through activating the muscle-venous pump either through sta-
tionary leg movements like knee bending (Uda et al., 1997; Stick et al., 1989) or
by continuous cycling (Stick et al., 1989).

In both MSD and VD, increasing movement (e.g. by walking bouts) seems to be
a promising approach to counteract pathophysiological mechanisms without a

need for further aids (like compression stockings or floor mats etc.).
3.2.3.1 Summary of Chapter 1.1 and 1.2

Standing is required in plenty of today’s workplaces across professions and in-
dustries. Prolonged static standing is associated with VD and MSD of the lower
back and lower extremities, resulting in substantial socio-economic costs. Con-
tinuous circumferential stress of the venous wall (increased venous pressure)
and decreased blood flow, resulting from static standing, facilitate pathophysio-

logical mechanisms which lead to pro-inflammatory responses. The result of
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these mechanisms is venous wall remodelling with fibrosis, thickening of the ve-
nous walls and atrophy of elastic fibres, making veins susceptible to varicosis.
The mechanisms behind LBP/ LBD and lower extremity complaints are not fully
understood, yet. Most hypothesis assume that continuous static posture is play-
ing a major role. In this regard, the ‘Cinderella Hypothesis’ might be a reasonable
explanation for fatigue of type | muscle fibres through prolonged low-level activa-
tion, leading to a metabolic overload and thus pain or discomfort. Promising in-
terventions to reduce discomfort are a soft underground (cushioned shoe in-
soles), sloped surfaces, seated breaks (only short term) and increased move-
ment. In order to reduce objective risks like e.g. oedema, compression stockings
and activation of muscles and the muscle-venous pump by e.g. walking, seem to

be effective.
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3.3 Recommendations for standing work

Federal agencies that take care of worker safety and health regard standing work
as problematic and therefore give advice on workplace design. In Germany for
example, the Commission for Occupational Safety and Safety Engineering of the
Federal States (LASI) recommends a ratio for standing vs. sitting/ walking of 1:2
or a distribution of 60% sitting, 30% standing and 10% walking during a regular
working shift (Berger et al., 2009). Further, it is suggesting four different risk ar-

eas:
e 1:upto 2.5 hours - low standing load/ stress
e 2:25-4hours -> increased standing load/ stress
e 3:4-55hours -> significantly increased standing load/ stress

e 4:morethan 5.5 hours - high standing load/ stress

However, when looking at the citations given in the LASI guideline, only a refer-
ence to the Swiss National Accident Insurance Fund (SUVA) recommendation
can be found, which also states that the 60% sitting, 30% standing and 10% walk-
ing distribution is optimal (Suva, 2014). Likewise, other federal institutions have
made recommendations like job enrichment, job rotation and seated breaks
(Dicke, 2008; DOSH, 2002; CCOHS, 2018). Unfortunately, neither of those insti-
tutions are providing any evidence or literature to back up their very specific
claims. Their suggestions are therefore most probably based on expert opinion,

at best.

There are scientific approaches for recommendations of the design of standing
work. Joy Ebben tried to give suggestions based on findings of mostly laboratory
studies in a paper from 2003. Frequent and sufficient rest breaks in sitting or lying
position, changes in posture, encouraging walking, proper footwear and footrests
were recommendations resulting from a rather low number of studies (Ebben,
2003). Halim and Omar developed a prolonged standing strain index based on a
review of scientific and professional literature as well as expert opinions. This
index defines <1 hour of static standing as safe, >1 hour of static standing as
slightly unsafe, and >1 hour static standing combined with >4 hours total standing

time per day as unsafe (Halim and Omar, 2012). Again, the basis for these
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recommendations is quite unclear because no dose-response relationships were
investigated in the systematic review. Finally, a very recent review of laboratory
studies by Coenen et al. investigated the time when the threshold for clinically
relevant (9 mm on a 100 mm visual analogue scale; (Kelly, 1998)) increases in
low back pain intensity was reached. They found that after 42 min of continuous
standing, a clinically relevant pain intensity was exceeded and thus standing time
should not last over 40 min in order to prevent LBP from developing (Coenen et
al., 2017). Because of limited data available, no such threshold was calculated

for lower extremity pain.

Based on the given evidence, it is difficult to give substantial advise for the design
of standing work. Interpretations of the underlying pathophysiological mecha-
nisms seem to be the best approach available to date, without knowing the exact

effects or dose-response relationships.
3.3.1.1 Summary of chapter 1.3

Recommendations and guidelines from federal work safety and health institutions
are based on low evidence (expert rating at best). More scientific approaches
recommend sufficient rest breaks, posture changes, encouraging walking, proper
footwear and footrests, and define >1 h static standing combined with >4 h total
standing time per day as unsafe, based on low to medium evidence from a small
number of studies. Another review calculated that static standing over about 40
min should be avoided to prevent LBP/ LBD development, based on laboratory
studies. In order to give substantial advise for workplace design, more evidence

is needed.
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3.4 Measurement techniques and surrogate parameters

In order to evaluate risks of developing VD and MSD, it is necessary to find valid
and reliable surrogate parameters, because direct measurements of, for example
VD progression in healthy people, would need years or decades of observation
in an occupational setting. Regarding the described (see Chapter 1.2) pathophys-
iological mechanisms present in the development of VD, lower leg oedema
seems to be a valid surrogate parameter to make assertions about venous wall
stretching and reduced blood flow (Kanai et al., 1987; Tomei et al., 1999). The
gold standard in lower leg volume measurement is still regarded to be waterple-
thysmography (WP) (Petersen et al., 1999; Henschke et al., 2006). It is based on
the Archimedean principle of water displacement and has been used widely be-
fore (Belczak et al., 2009; Brijker et al., 2000; Rabe et al., 2010). The disad-
vantages of WP are that it is very time consuming and susceptible to errors like
water splashing due to leg movement of subjects e.g. (Rabe et al., 2010). Good
standardization of the procedure and subject placement is essential to ensure
good reliability (Rabe et al., 2010; Petersen et al., 1999). A faster method of
measuring lower leg oedema is bioelectrical impedance (BI). This technique uses
a four electrode setup to measure changes in water distribution in human limbs
indirectly (Kanai et al., 1983; Kanai et al., 1988; Kanai et al., 1987; Seo et al.,
1995; Seo et al., 2001). Two stimulation electrodes are used to apply a constant
low intensity electrical current into the lower leg. Another two measuring elec-
trodes capture the resulting voltage in the stimulated area. If an orthostatic oe-
dema occurs, the impedance in the tissue decreases as well as the measured
voltage (Kanai et al., 1983). Bl only gives information in relative terms but can be
measured within a couple of seconds and therefore shows the progression of an

oedema.

MSD can be measured subjectively via numeric rating scales which are very com-
mon in studies for occupational health. Usually subjects are asked to rate their
level of discomfort or pain on a scale from 0= no pain/ discomfort to 10= highest
imaginable pain/ discomfort (Wiggermann and Keyserling, 2013; Cham and Red-

fern, 2001). Alternatively, subjects are asked to draw a line on a 0 mm to 100 mm

15



visual analog scale with the same defined endpoints (Nelson-Wong and Calla-
ghan, 2010a; Marshall et al., 2011).

Finally, muscle activity measurements with surface electromyography (SEMG)
can be used to estimate whether continuous low-level activity is present during
static standing in the muscles susceptible to discomfort and pain (Visser and van
Dieén, 2006; Zennaro et al., 2003). Additionally, a gravimetrical position sensor
can measure three dimensional movements of PD/ DD and NPD/ NoDD subjects
in the lower back region, gaining information about movement patterns and pos-
sible mechanisms in the development of LBP/ LBD (Balasubramanian et al.,
2009; Gallagher et al., 2011; Gregory and Callaghan, 2008). This would allow to
verify or dismiss the model of fatigue of type | muscle fibres and metabolic over-
load, being a possible explanation for the development of complaints in the lower

leg and lower back region.

3.5 Research questions
This doctoral thesis deals with the following general research questions:

- How does multiple hours of static standing effect surrogate parameters of
venous diseases of the lower extremities in healthy individuals?

- How does multiple hours of static standing effect surrogate parameters of
musculoskeletal disorders of the lower back and lower extremities in
healthy individuals?

- Does low pace walking influence surrogate parameters of musculoskeletal
disorders and venous diseases in healthy individuals?

- Does age and gender have an influence on investigated parameters?

In order to answer these general research questions a first study was conducted
to investigate some of the used measurement techniques with the following re-

search question published in the first paper:

- Is intra- and inter- rater reliability for the waterplethysmography and bioe-
lectrical impedance measurements sufficient to investigate possible

changes in lower leg oedema during static standing?

16



Answering these research questions may increase the knowledge about preven-
tion measures for standing workplace design to reduce musculoskeletal and ve-

nous risk factors and to create a basis for further studies.

All measurements were conducted after the approval of the ethics committee of

the Faculty of Medicine of the University Hospital Tubingen (project number:
591/2014B0O1).
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4 Scientific program —research paper

The second chapter deals with the cumulative research of the three research
papers. The first one refers to the used measurements and their reproducibility.
In the second and third paper the influence of prolonged standing on used surro-
gate parameters is investigated. Table 1 shows a general overview of these pa-

pers and the author’s contribution. All the research papers are consistent with the

version accepted by the corresponding journal.

Table 1: Research papers that are included into the scientific program

Authors Year Status Journal Author’s contribution
e Development of the study de-
Physiological sign (in cooperation with co-au-
Wall R, Lips O, Y g hg () P
i i Measurement thors
SeibtR, Rie- 5017 pyplished o
ger M A, Stein- (Impact Factor e Data acquisition and data analy-
hilber B 2017: 2.006) sis
e Preparation of the manuscript
] e Development of the study de-
) International o ) )
Wall R, Laubli sign (in cooperation with co-au-
) Journal of Indus-
T, Seibt R, ) ) ) thors)
i 2019 Published trial Ergonomics o
Rieger M A, e Data acquisition and data analy-
o (Impact  Factor
Steinhilber B sis
2018: 1.571)
e Preparation of the manuscript
_ e Development of the study de-
Wall R, Garcia ] ) ) ]
] ] sign (in cooperation with co-au-
M, Laubli T, Ergonomics
) _ ) thors)
Seibt R, Martin 2020 Published (Impact Factor o
) e Data acquisition and data analy-
B, Rieger M A, 2018: 2.181) )
sis
Steinhilber B

Preparation of the manuscript
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4.1 Research paper 1: Reproducibility of lower leg waterplethys-

mography and bioelectrical impedance measurements

Waterplethysmography is regarded as the gold standard of volumetry (Petersen
et al., 1999; Henschke et al., 2006). A self-made device for WP measurement
was built for the planned studies on prolonged standing. Furthermore, Bl meas-
urement was conducted with a self-developed setup. In order to interpret results

of upcoming studies, reproducibility must be assured for WP and BI.

Therefore, the first study investigated intra- and inter-rater reliability of WP and
Bl measurements comparing the standard errors of measurement of two sepa-

rate investigators in a test-retest design.

The aims of study 1, relevant to this dissertation were:

e To investigate the inter-rater reliability of two separate raters, measuring
waterplethysmography and bioelectrical impedance on the lower leg.
e To investigate the intra-rater reliability for each rater, measuring waterple-

thysmography and bioelectrical impedance of the lower leg.

Wall, R., Lips, O., Seibt, R., Rieger, M. and Steinhilber, B. (2017), “Intra- and
inter-rater reliability of lower leg waterplethysmography, bioelectrical impedance
and muscle twitch force for the use in standing work evaluation”, Physiological
Measurement, Vol. 38 No. 5, pp. 701-714.
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Abstract

Objectives. Prolonged standing is associated with multiple risk factors for
musculoskeletal and venous disorders. In Germany over 50% of the working
population spend most of their working time in a standing position. Basic
understanding of prolonged standing physiology is lacking. We therefore
plan to investigate the influence of 5h standing (including breaks) on lower
limb oedema measured by waterplethysmography (WP) and bioelectrical
impedance (BI) and fatigue in the triceps surae muscle using muscle twitch
force (MTF). In order to interpret our results, test-retest and inter-rater
reliability of these measurement methods was evaluated first. Approach. 20
subjects (9 female) were included to test each method three times (M1, M2,
M3) in 30 min periods with two raters (R1, R2) on separate days. Intraclass
correlation coefficient (ICC; 2,1), standard error of measurement (SEM) and
smallest real difference (SRD) were calculated for both raters. Main results.
The SEM and SRD calculated for WP were 27 and 75 ml, respectively, for
R1 and 23 and 64 ml, respectively, for R2 with an ICC of 0.98 (p < 0.0001).
Statistically significant mean differences between M1 and M2 (R] = 23 ml,
p=0.004; R2=19ml, p=0.027) but not significant mean differences
between M2 and M3 (R1 = —6ml, p=045; R2=4ml, p=0.27) were
calculated for both raters. Bl data revealed SEM and SRD values of 3.8 and
10.5 €, respectively, for R1 and 3.4 and 9.4 €2, respectively, for R2 with an
ICC of 0.24 (p = 0.001). The differences between M1 and M2 (R1 = 3.9 (),
p =0.0001; R2 =24 €, p=0.049) and between M2 and M3 (R1 = 2.3 €,
p =0.012; R2 =2.0 €2, p = 0.008) were found to be statistically significant
for both raters. SEM and SRD for MTF were 0.19 and 0.53 N, respectively, for
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R1 and 0.23 and 0.64 N, respectively, for R2 with an [CC of 0.71 (p < 0.0001).
Mean differences between M1 and M2 were statistically significant for rater
1 but not for rater 2 (R1 = 0.13N, p = 0.022; R2 = 0.12N, p = 0.082) and
the same was found for the difference between M2 and M3 for both raters
(R1 =0.04N, p=0.37; R2=0.08N, p=0.12). Significance. All three
measurement methods showed good reliability and should be suitable for
detecting effects of standing work on oedema development and fatigue as seen
in previous results of long term standing experiments. Inter-rater reliability
is found to be satisfactory as well, demonstrated by the small differences in
SEM values of R1 and R2. Statistically significant differences shown for all
three measurement methods could be due to lacking standardisation of leg
placement and thus an actual lower leg volume change between measurements,
indicating possibilities for further improvement of SEM values.

Keywords: waterplethysmography, bioelectrical impedance, muscle twitch
force, reliability, standing work, lower leg

(Some figures may appear in colour only in the online journal)

Introduction

Prolonged standing is associated with multiple musculoskeletal disorders (MSDs) of the
lower limbs and lower back region (Andersen et al 2007, Pensri et al 2009, Werner er al
2010) as well as venous diseases like varicosis or chronic venous insufficiency (Tiichsen
et al 2000, Bahk et al 2012). Thus, work-related exposure to standing has been found to
increase the risk for developing these disorders (McCulloch 2002). Studies have shown that
even short time exposure to static standing can induce muscle fatigue and lower leg swelling,
which are discussed as being indicators of an increased risk for MSDs and venous disorders
(Atsumi et al 1987, Ganasegeran ef al 2014, Ringheim et al 2015). A survey by the German
Federal Institute for Occupational Safety and Health (Bundesanstalt fiir Arbeitsschutz und
Arbeitsmedizin—BAuA) underlines the high prevalence of standing work in Germany.
54.7% of employees surveyed indicated that they often work in a standing position (Wittig
et al 2013). In addition, international publications on prevalence of standing work show simi-
lar results for their respective labour forces (Krijnen ef al 1997, Tissot et al 2005).

As already mentioned, muscle fatigue and lower leg swelling are regarded as important sur-
rogate parameters of an increased risk for MSDs and venous disorders during standing work.
In previous studies addressing health risks due to occupational standing, multiple methods to
measure muscle fatigue and lower leg swelling were used (Tomei et al 1999, Andersen et al
2007).

Swelling—Ilower leg volume

Waterplethysmography (WP) is a method to measure lower leg volume (LLV) by water dis-
placement. It is regarded as the gold standard of volumetry (Petersen et al 1999, Henschke
et al 2006). Measurement error has been reported to be between 0.1 and 1.0% depending
on experimental setup and execution (Rabe er al 2010). The water tank used for the pres-
ent research covers a large part of the lower leg (more than 40cm from plantar), increasing
the amount of displaced water compared to setups described in previous studies (Rabe et al
2010), therefore possibly increasing measurement error. The disadvantages of this procedure
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include the time consuming steps of filling the tank with water, placing the subject’s leg into
the tank, draining the water and then refilling the tank again, making it challenging to use in
a field setting.

Bioelectrical impedance (BI) measurement can also be used as a method for evaluating vol-
ume changes in human limbs (Kanai et al 1983, Seo et al 1995, Seo et al 2001). It is an indirect
approach whereby a low intensity constant electrical current is applied to a subject’s limb, and
surface electrodes measure the resulting voltage. This can be used as a relative estimate for
changes in liquid distribution, which are related to a change in limb volume (Kanai et al 1983,
Kanai er al 1988). A reduction of BI (lower voltage compared to baseline) corresponds to an
increase of LLV and vice versa. At measuring frequencies below 1kHz, current flows mainly
through extra-cellular fluid due to the high impedance of cell membranes according to the Cole
model (Cole 1972, Kanai er al 1987, Jaffrin and Morel 2008). This method has a significant
time advantage compared to WP and may therefore be used as an alternative if reliability can
be assured.

Muscle fatigue

Muscle twitch force (MTF) is a method to elucidate muscle fatigue induced by prolonged
low level muscle exertion (Sggaard er al 2003, Blangsted et al 2005, Johnson er al 2013).
Through electrical stimulation at low frequencies, (<20 Hz) muscle contractions are pro-
voked leading to joint movement. Resulting force is measured by a force transducer and
used as an estimate for muscle fatigue status. A decrease in twitch force is regarded as
an indication for muscle fatigue (Adamo et al 2002, Adamo et al 2009, Kim and Johnson
2014).

The aim of the present study was to investigate the intraday test-retest reliability and the
inter-rater reliability of two methods to quantify changes in lower leg volume as an indication
of lower leg swelling (WP and BI) and one method to determine the amount of muscle fatigue
(MTF). Knowledge about test-retest and inter-rater reliability is crucial for the selection of
suitable methods and for the interpretation of changes in lower leg oedema and/or muscle
fatigue caused by working in a standing position.

Methods

Subjects

20 healthy subjects (9 women and 11 men, age: 26.6 £ 7.1 years; height: 174.9 + 8.8cm;
weight: 68.2 + 11.6kg) were recruited to participate in the present study. Exclusion criteria
were severe venous diseases, age under 18 or over 67, and medication including diuretics,
venotonics, vasodilators or antihypertensive drugs. The study was approved by the local eth-
ics committee of the Medical Faculty, University of Tuebingen. All subjects signed informed
consent prior to investigations and received financial compensation for their participation.

Raters
Both raters were experienced in conducting all three measurement procedures. Prior to this

study rater | and rater 2 had carried out more than 50—-100 measurement procedures within the
past 9 months for WP, Bl and MTE.
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Figure 1. Experimental setup of waterplethysmography measure.

Measurement procedures
Lower leg volume.

Waterplethysmography. For WP measurement, a water tank of 50cm height (water tap at
40cm), 19cm width and 36 cm length was used. An overflow valve (water tap 1/2-inch diam-
eter) was installed at the height of 40cm to purge the water displaced by the leg. Before the
measurement was conducted, the tank was filled above level of the closed overflow valve with
regular tap water (temperature: 25-30 °C). Then the valve was opened until the water level
dropped down to the level of the outlet. The valve was closed when less than 1 drop per 10s
flowed out of it. In order to lower the water surface tension, which could impair water flow
from the tank, a few drops of a detergent (surfactants) were added. Then the subject’s lower
leg was inserted into the tank carefully. Two scales, one on the bottom of the tank and a second
one with an adjustable rubber band to monitor the subject’s knee position at the upper side of
the tank, were used to individually standardize and document an upright position of subject’s
lower leg (see figure 1). Subjects were advised to keep contact with the bottom of the tank
with the entire sole of their foot without putting load on it and to keep contact to the rubber
band with their knee. Chair position and height were set individually to avoid any contact of
the thigh with the edge of the tank and were not changed between successive measurements.
Then, after water surface has calmed, the overflow valve was opened and the displaced water
was collected for exactly 5 min. During this time subjects were requested to avoid any kind of
movement. Volume was quantified by weighing the amount of displaced water (measurement
error +1.5 g approx.) with the assumption of 1g corresponding to 1 ml of volume.

Impedance. Bioelectrical impedance measurements were conducted with a four electrode
setup. Two electrodes (4 x 4cm adhesive electrodes, Axion GmbH) were placed on the tri-
ceps surae muscle, one at the Achilles tendon distal of the muscle belly and the other at the
proximal end of the medial caput of gastrocnemius muscle. Another pair of electrodes with
an active area of 15mm diameter (Covidien"", Kendall™ ECG electrodes H93SG, distance
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Figure 2. Electrode setup of Impedance measure on lower leg. (1) Stimulation
electrodes, (2) measuring electrodes, (3) additional stimulation electrode for muscle
twitch force measure.

between electrodes: 25 mm) was placed in direction of muscle fibres on the centre of the
medial caput of gastrocnemius muscle belly (as recommended by SENIAM for the use in
surface electromyography measurements, Hermens (1999)) in between the stimulation elec-
trodes (see figure 2). A constant current square pulse (300 ©A) with 1 ms duration and a repeti-
tion frequency of 13 Hz was applied for 20s through the stimulation electrodes (Train/Delay
Generator DG2A, square pulse; Constant Current Stimulator DS7A, Digitimer Ltd, England).
Prior to electrode placement the skin was prepared with abrasive paste (Nupreb, Weaver and
Company) to improve stimulation and measuring signal. Voltage was measured over a band-
width of 4 to 650 Hz (PS11, THUMEDI GmbH & Co. KG, Germany, sampling rate 2048 Hz,
high pass @ 4 Hzl — 3 dBl4th order, low pass @ 650 Hzl — 3 dBI11th order, passband ripple
below 0.25 dB @ 20-500 Hz, noise below 0.6 ¢V rms, CMMR > 100 dB). Measurement
uncertainty of the device is below 1% of the measured voltage. During measurement, partici-
pants were seated comfortably in an armchair in a relaxed position. The chair was adjusted
to ensure a leg position of 120° knee angle and 90° ankle angle (see figure 3). Subjects were
asked to relax and to avoid any movement during the measurement procedure to reduce noise
and electrical signals by muscle activity.

Previously conducted test measurements showed 370-372 Hz to be the frequency band
with least variation compared to nine other tested bands from 12 to 650 Hz and was therefore
chosen for the present study.

Data was processed with custom-made software (THUMEDI GmbH & Co. KG, Thum,
Germany). First, raw data was transformed from time to frequency domain using Fast
Fourier Transformation (FFT) after applying a rectangular window with a size of 2048
samples—which results in a frequency resolution of 1 Hz. Finally, voltage was calculated
for a specific frequency band (370-372 Hz) using root mean squares to determine lower leg
Impedance. Since the current as well as the shape of the pulses were constant, the measured
frequency-specific voltages were only influenced by the impedance and are always in a
strict linear relation to it. Thus, measured voltage can be used as an estimate to determine
lower leg liquid distribution changes (oedema increase or decrease). Impedance was finally
calculated by dividing the effective value of the voltage in the Range of 370-372 Hz by the
effective value of the applied constant current. Considering the currents pulse shape, pulse
duration, amplitude and repetition rate the effective current in the Range of 370-372 Hz is
0.465 pA (rms).
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Figure 3. Experimental setup for measuring muscle twitch force of the triceps surae
muscle. Subject positioning was the same during muscle twitch force and Impedance
measurement.

Muscle twitch force. MTF was measured by electrically stimulating the triceps surae muscle
every 500 ms using a rectangular pulse of 1 ms duration and a constant current limited to 30 mA
individually adjusted for each participant. The location of stimulation electrodes was first gauged
by palpation and then by determination of the area corresponding to the maximum tolerable
discomfort induced by stimulation yielding the maximum twitch force. Stimulation intensity was
selected individually for each subject and remained constant for the three measurements. The
resulting plantar flexion force (twitch force) was measured at the bottom of the forefoot using a
custom-made device with a force transducer (strain gauge). Twitch forces were sampled at 1000
Hz and collected using custom software based on LabVIEW (National Instruments Corp., USA).

The means of three series of 30 twitches with a coefficient of variation under 3% after
potentiation were used as MTF values (Garcia er al 2015). MTF measurement took about
3—4 min in total.

Subject positioning was the same as during BI measurement with the exception of fixating
the leg with a strap to avoid upward movement generated by stimulation.

Procedure. All described measurements were recorded successively during three measure-
ment periods by one of two different raters (R1 and R2). The measurements were repeated
on a second experimental day (not more than 4 weeks apart from day one) by the other rater.
Randomization ensured that 10 subjects were first investigated by R1 and consequently the
other 10 subjects were first investigated by R2. Further, the subjects’ leg for WP was random-
ized (but was the same on both days), and then BI and MTF measurements were conducted on
the other leg due to electrode placement.

Each experimental day started with the assessment of WP. After the first measurement the
tank was refilled and the valve was opened to prepare for the second measurement. Meanwhile,
subjects remained seated as pictured in figure 3. After attaching electrodes, testing signals and
adjusting for sufficient stimulation intensity, BI and MTF were conducted consecutively. The
next WP measurement followed approximately 30 min after WP 1. Directly after WP 2 and
during tank preparation for WP 3, BI 2 and MTF 2 followed. Another 30 min after WP 2, the
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third and last round of measurements was conducted. On a second day, the same subjects were
assessed by the other rater at the same time of day (+1h). R1 and R2 each tested ten people
on day one and day two. Subject positioning, electrode placement and MTF intensity were
carried out by R1 and R2 separately.

Statistical analyses. Alpha level to determine statistical significance was set to 0.05. Results
were analysed using JMP 11 (SAS Inc. Cary, NC, USA) and SPSS Version 21 (IBM SPSS
Inc., Chicago, IL, USA). Heteroscedasticity and systematic bias were inspected visually using
Bland-Altman plots, which include the differences of consecutive measurements plotted
against their mean absolute values (Bland and Altman 1999). Furthermore, a dependent #-test
was conducted to control for systematic bias (statistically significant differences) between M1
and M2 as well as M2 and M3 separately.

A one way analysis of variance (ANOVA) with the factor subject was calculated to describe
within-subject standard deviation by residual mean square, which is also known as standard
error of measurement (SEM) (Bland and Altman 1999). Some researchers describe this as ‘the
most important type of reliability measure [...] because it affects the precision of estimates of
change in the variable of an experimental study’ (Hopkins 2000). The SEM value multiplied
by 2.77 is called the repeatability coefficient, also known as smallest real difference (SRD),
which describes the individual difference upon retesting and can therefore serve as a cut-off
for change with 95% confidence. The inter-rater reliability was calculated using the intra-class
correlation coefficient (ICC 2,1; two way random, single measures, Weir 2005) and the con-
fidence intervals (CI), and by comparing SEM values. Datasets of R1 and R2 were tested for
normal distribution using the Shapiro—Wilk-Test and additionally rated by histograms.

Results

Subjects

All subjects completed the entire procedure with both raters. All data from WP and MTF were
available for data analysis. BI data showed some extreme values so that data from two subjects
measured by R2 had to be excluded from data analysis. In another three subjects, BI data were
not plausible for one of the three measurements. Table 1 shows the means (MN) and standard
deviations (SD) of the three measurements by rater one and two for WP, MTF, and BI.

Waterplethysmography

WP results showed normal distribution for all data. Visual control of Bland—Altman plots
showed homoscedastic distribution in each of the test-retest differences. Mean differences
were statistically significant for both raters between M1 and M2 (Rl = 23 ml, p = 0.004;
R2 = 19ml, p = 0.027) but not significant between M2 and M3 (R1 = —6ml, p = 045;
R2 =4ml, p = 0.27) (see figures 4(a) and (b) for rater 1). SEM and SRD values for R1 were
27 and 75 ml, respectively, and for R2 23 and 64 ml, respectively. The inter-rater reliability for
WP described by the ICC was 0.99 (CI: 0.98-0.99, p < 0.0001) (see table 2).

Bioelectrical impedance

Two datasets could not be analysed so that the number of subjects was reduced to
18. Shapiro—-Wilk-Test also revealed normally distributed BI data for R1 and R2.
Homoscedasticity and statistically significant differences between M1 and M2 (R1 = 3.9
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Table 1. Mean (MN) and standard deviation (SD) for all three measurements of
waterplethysmography (WP), impedance (BI) and muscle twitch force (MTF) measures
for both raters (R1, R2).

WP in ml Bl in MTF in N
R1 R2 R1 R2 R1 R2
Measure
Rater MN SD MN SD MN SD MN SD MN SD MN SD
Ml 3077 321 3082 315 69.8 139 60.8 135 1.68 053 1.73 0.51
M2 3100 327 3101 323 737 150 633 162 1.81 055 185 0.63
M3 3094 328 3105 325 760 137 652 158 1.85 059 193 0.66

Q,p =0.0001; R2 =240, p = 0.049) and between M2 and M3 (R1 = 2.3, p = 0.012;
R2 = 2.0 €2, p = 0.008) occurred for BI data of both raters (see figures 4(c) and (d) for
rater 1). SEM and SRD values for R1 were 3.8 and 10.5 €, respectively, and for R2 3.4
and 9.4 2, respectively. Intraclass correlation for R1 and R2 was 0.24 (CI: 0.07-0.51,
p = 0.001) (see table 2).

Muscle twitch force

Normal distribution was given for datasets of both raters. MTF data also showed homoscedas-
tic distribution of test—retest differences and statistically significant mean differences between
MI and M2 for rater 1 but not rater 2 (R1 =0.13N, p =0.022; R2 =0.12N, p = 0.082)
and no significant difference between M2 and M3 for both raters (R1 = 0.04N, p = 0.37;
R2 =0.08N, p = 0.12) (see figure 4(e) and (f) for raterl). SEM and SRD values for R1 were
0.19 and 0.53 N, respectively. R2 had a SEM of 0.23 N and a SRD of 0.64 N. The inter-rater
reliability for MTF was 0.71 (CI: 0.55-0.85, p < 0.0001) (see table 2).

Discussion

Swelling—Ilower leg volume

Waterplethysmography. Waterplethysmography has previously been used to determine lower
leg oedema development while standing (Man et al 2003, Mosti and Partsch 2013). There
are no standardised protocols in the literature recommending measurement procedure, basin
volume/design or water draining time. Additionally, wide variations of water displacement
based volumetry procedures are described in previous studies. Subject placement could either
be sitting (Brijker er al 2000) or standing (Belczak et al 2009). Positioning of the foot and
lower leg varied from touching the ground (Henschke et al 2006) to lifting the foot to a certain
mark on the lower leg level to the surface of the water (Hartmann and Huch 2005). Another
inconsistent measurement factor is the water draining time. Durations vary from 20s using
a special construction (Goldie et al 1974) to 2 and 5 min, respectively (Hartmann and Huch
2005, Belczak er al 2009) or until water was drained completely (Henschke er al 2006). In
most cases waterplethysmography measurements only included the distal lower leg up to a
few centimetres above ankle level depending on the design of water tanks (Petersen et al 1999,
Henschke ef al 2006, Mosti and Partsch 2013). In order to measure oedema of a large part of
the lower leg in the present study the authors chose to use a water tank with 50cm height in
contrast to previous studies using devices only covering the distal lower leg up to a few centi-
metres above ankle level (Petersen ef al 1999, Henschke et al 2006, Mosti and Partsch 2013).
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muscle twitch force (e) and (f) measurements showing differences and mean values in volume, voltage
and twitch force of each subject measured by rater 1.
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Table 2. Standard error of measurement (SEM) and smallest real difference (SRD)
values of both raters (R1, R2) for waterplethysmography (WP), impedance (BI) and
muscle twitch force (MTF) measures. (WP and MTF n = 20; Bl n = 18).

WP (ml) BI () MTF (N)
Measure
Rater R1 R2 R1 R2 R1 R2
SEM 23 27 3.8 34 0.19 0.24
SRD 64 75 10.5 9.4 0.53 0.66
ICC 0.98 (p < 0.0001) 0.24 (p = 0.001) 0.71 (p < 0.0001)

Water temperature of 25-30° C was chosen consistent with previous studies (Rabe et al 2010).
Additionally, limiting water draining time to Smin allows measurements in the course of
standing work without excessively interfering with the work process. Evaluating the planned
investigation and previously conducted test measurements, the authors chose the procedure
and setting described above.

Our results showed a standard error of measurement of 23 and 27ml corresponding to a
0.7 and 0.9% error, respectively (see table 1 for mean values of the measurements). Rabe et al
(2010) report in their review about lower leg WP that measurement error was described as
being between (.1 and 1.0%. Additionally, the authors conclude that measurement error should
not be above 20ml because that would not allow for detecting the effects of antidiuretic drugs,
which can decrease lower leg volume by ca. 30ml (Rabe er al 2010). However, average lower
leg volume increases are expected to be greater than 100 ml or 3-5% after prolonged standing
as has been shown in several previous studies (Hansen et al 1998, Belczak et al 2009).

Measured systematic error shown in Bland—Altman plots can be explained by an actual
increase in lower leg volume from M1 to M2. One possible explanation could be that between
M1 and M2, the subject’s leg (of which volume was measured) was in a sloped position (as
seen in figure 3) allowing an increase of lower leg’s volume, which is known to occur during
sitting (Chester er al 2002, Herold 2015). In addition, WP was performed immediately after
arriving, getting the procedure explained and signing informed consent (only on day one).
Another possibility is that this may have led to an underestimation of LLV due to the preced-
ing activation of the muscular venous pump (by walking or biking). Solving these issues by
standardising leg position in between measurements and including a seated resting period
before M1 could have further improved reliability of WP.

Inter-rater reliability can be regarded as very good taking into account the ICC, which
showed a nearly perfect agreement, and SEM values, which were only 4 ml apart.

Bioelectrical impedance. For the present study we used a measuring frequency of 370-372
Hz to mainly record extracellular fluid shifts (Kanai et al 1983). We assume that focusing on
extracellular fluid is important since it is related to the pathophysiology of venous diseases.
Lower leg volume increases directly after a posture shift from sitting/lying to standing due to
an immediate gravitational fluid redistribution (Stick er al 1985). After a few minutes, ortho-
static pressure induces an increase of extracellular fluid into capillaries and the lymphatic
system. If lower leg muscle activity is insufficient (muscular venous pump), like it is the case
in prolonged standing, venous pressure increases and leads to further stretching of vessels.
This process can lead to sacculation (varicose veins) and venous insufficiency in the long term
(Ganasegeran et al 2014, Herold 2015).

Test-retest reliability was found to be very good in previous studies both in healthy
(Mally et al 2011) and lymphatic subjects (Czerniec et al 2009, Jain et al 2010) as well as
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lower legs (Pichonnaz et al 2015) and forearms (Czerniec et al 2009, Jain et al 2010) using
commercial BI devices. Although no comparable investigation could be found using the
exact same measuring frequencies or same general setup. The SEMs of 1.75 (R1) and 1.59
1V (R2) correspond to approximately 5% of the measured Bl values (see table 1). In previ-
ous studies, effects of prolonged standing on BI change of over 20% compared to baseline
have been shown (Stick et al 1992, Sanders et al 2012). Therefore, the authors conclude
that sufficient test—retest reliability is given for the conducted procedure. The same prob-
lem regarding systematic error as described for WP was found for BI from M1 to M2 and
M2 to M3 as seen in Bland—Altman plots indicating a volume decrease from M1 up to
M3 for both raters. This finding is in contrast to the results from the leg on which WP was
conducted. The reason for that could be a fourth measurement procedure not described in
the present publication. It was an explorative approach to investigate reliability of a force
sense measurement procedure for which the leg had to be lifted in a mechanical device to
about head level (while sitting) and at the same time actively contracting calf muscles. This
could have led to an activation of the muscle venous pump and further to a lower leg vol-
ume decrease and thus to measured statistical difference. As mentioned in the WP discus-
sion section, a standardised lower leg positioning in between measurements may improve
SEM values further so that an underestimation of reliability is probable in this case.

Inter-rater reliability as calculated by ICC (2,1) was very low at 0.24. However, SEM val-
ues only differed minimally. This could be because R1 and R2 often measured very different
absolute values comparing individual subjects. For example values recorded by R1 for subject
20 were 23.29, 27.73 and 29.63 1V and by R2 on a different day 42.29, 43,72 and 47.96 uV.
The reason for these differences most probably is the electrode placement, which R1 and R2
conducted separately and can lead to a difference of inter-electrode distance of a few centi-
metres and further to different BI results. Therefore, ICC calculation may not be appropriate
for BI measurement and, therefore, inter-rater reliability evaluation should be carried out by
comparing SEM values alone.

Although water displacement is still regarded as the gold standard in measuring volume
changes (Petersen et al 1999, Henschke et al 2006), plenty of other methods with specific
pros and cons were used previously. Comparatively simple methods, requiring low costs, are
circumference measurements that can lack precision if not conducted properly and often over-
estimate total volume depending on used model (Sander et al 2002, Taylor et al 2006). Other
techniques like perometry, dual energy x-ray absorptiometry (DXA), BI or air plethysmogra-
phy can also produce valid and reliable data measuring both healthy persons and patients with
lymphedema. These methods require expensive devices and in the case of air plethysmogra-
phy, cannot be used segmentally (Wagner and Heyward 1999, Deltombe et al 2007, Ridner
et al 2007, Gjorup et al 2010, Newman et al 2013). The biggest advantage of Bl measure-
ments is the comparingly low required measuring time (in our case 20s). For measuring lower
leg oedema development in standing work, we wanted to include both the gold standard in
volumetry and another less time consuming method and therefore chose waterplethysmogra-
phy and bioelectrical impedance.

Muscle twitch force

There are no studies available investigating reliability of MTF known to the authors. However,
MTF has previously been conducted in the triceps surae muscle during multiple hours of stand-
ing. Garcia et al (2015) found a force reduction after electrical stimulation compared to base-
line of 30—40% after standing for more than 4h. Calculated SEM values of 0.19N for R1 and
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0.23N for R2 corresponding to about 11 and 13%, respectively, represent test-retest reliability
and can, therefore, be described as sufficient for detecting measured effects after multiple hours
of standing.

Measured statistically significant differences (systematic error) could indicate an influ-
ence of inter-cellular liquid distribution, changing the lower leg impedance (as described in
previous section) due to measuring procedure and MTF. Further investigation to clarify such
connection is needed. Additional SEM improvement may be achieved by methodological
adaptation of the measuring procedure described for WP and BI.

Inter-rater reliability as calculated by an ICC of 0.71 is found to be moderate.
However, in this case the problem is similar to the one described for BI data. Both
raters conducted electrode placement separately leading to different absolute values for
individual subjects. Furthermore, homogenous data with low values and low standard
deviations will likely result in lower ICCs (Atkinson and Nevill 1998), which may be the
case for present results. Comparing the SEMs of R1 and R2 (0.19 and 0.24) differences
can be considered to be very low and therefore inter-rater reliability described as good.

Conclusions

All measurements conducted in present study showed satisfying test-retest- and inter-rater
reliability for standing work evaluation of lower leg oedema (WP and BI) and muscle fatigue
(MTF). Inter-rater reliability evaluated by calculating ICC has to be interpreted cautiously.
The results of present investigation will be very helpful for interpretation of results measured
during multiple hours of standing.
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4.2 Research paper 2: Associations between lumbar movement,
muscle activity and discomfort development during prolonged

standing

One to two thirds of healthy, previously asymptomatic subjects develop LBP/ LBD
when standing for two or more hours (Nelson-Wong et al., 2008; Marshall et al.,
2011). The mechanisms behind LBD development are not well understood. In the
second research paper it is tested whether movement patterns in the lower back
or constant low-level lumbar muscle activity can be associated with the develop-

ment of LBD during multiple hours of standing in an exploratory study.

The aims of research paper 2, relevant to this dissertation were:

e To investigate lumbar spine movement patterns during multiple hours of
static standing comparing discomfort developers with asymptomatic sub-
jects.

e To investigate if continuous low-level erector spinae muscle activity is pre-

sent in discomfort developers and not in asymptomatic subjects.

Wall, R., Laubli, T., Seibt, R., Rieger, M.A. and Steinhilber, B. (2019), “Associa-
tions between low back muscle activity, pelvic movement and low back discom-
fort development during prolonged standing — An exploratory laboratory study”,

International Journal of Industrial Ergonomics, Vol. 72, pp. 380-389.
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ARTICLE INFO ABSTRACT

Keywords: Low back discomfort (LBD) is common in long-term standing work. The aim of this study was to investigate
Surface electromyography whether development of LBD during standing is related to lumbar muscle activity and pelvic movement. In a
Kinematics

secondary analysis we investigated whether age, gender, and standing work habituation moderates the above-
mentioned relationship. Sixty subjects (15 young females, 15 young males, 15 older males, and 15 young males
habituated to standing work) were included and had to stand for 4.5 h over three periods with two seated breaks.
Surface electromyography, a gravimetrical position sensor, and a numeric rating scale were used to assess
lumbar muscle activity, pelvic movement, and LBD, respectively. 22 of 55 analyzed subjects (40%) reported LBD
and were assigned to the discomfort developer (DD) group. The remaining subjects (non-discomfort developer:
NoDD) showed a statistically significant increase of medio-lateral pelvic movement in the progression of the
three standing periods. Almost no differences occurred in lumbar muscle activity (except for the 5th percentile of
surface electromyography, which was higher in NoDD). No influence of age, gender, or standing habituation was
found. Increased pelvic movement may protect from LBD development during prolonged standing, although
differences are very small and clinical relevance is unclear.

Standing work
Musculoskeletal disorders
Low back discomfort

1. Introduction

Discomfort in the lower back region includes a broad spectrum of
symptoms, of which pain is the most distinct and most investigated.
Low back pain (LBP) is a widespread disorder (March et al., 2014).
Although LBP seems to be a general epidemic with a one year pre-
valence up to 65% (Walker, 2000), it was found to be more common in
certain occupations compared to the general working population
(Punnett, 2014). Work-related physical factors that may cause LBP are
whole body vibrations, repetitive tasks, lifting, pushing, pulling, and
constrained trunk postures (Chen et al., 2004; da Costa and Vieira,
2010; Griffith et al., 2012; Lotters et al., 2003). Additionally, work-
related psychosocial factors contribute to LBP development, such as
high job demands and low social support (da Costa and Vieira, 2010;
Lang et al., 2012). Further, the prevalence of LBP seems to increase
with age, and is more common in women than in men (Dionne et al.,
2006; Wong et al., 2017).

More recent studies found that occupational standing for a

prolonged period of time was associated with LBP (Coenen et al., 2016;
da Costa and Vieira, 2010; McCulloch, 2002). In this respect, it is
suggested that transient LBP development during standing predicts fu-
ture clinically relevant LBP in previously asymptomatic individuals
(Nelson-Wong and Callaghan, 2014). Interestingly, several studies
showed that the number of previously asymptomatic people who de-
velop LBP during standing seems to be consistently between 32 and
70% (Aghazadeh et al., 2015; Marshall et al., 2011; Nelson-Wong et al.,
2008, 2012; Nelson-Wong and Callaghan, 2010). Occupational standing
is widespread within industrialized countries and across professions. In
Germany and Canada, about 40-50% of the full-time working popula-
tion are required to stand for the larger time of their shifts (Tissot et al.,
2005; Wittig et al., 2013). Thus, the amount of people at a higher risk of
developing musculoskeletal disorders in the lower back region com-
pared to the general population is substantial (Andersen et al., 2007;
Pensri et al., 2009; Werner et al., 2010).

A wide range of mechanisms for causal relationships between LBP/
LBD and prolonged standing are discussed in the literature. Some
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authors found an influence of fatigue in the lumbar muscles (Antle and
Coté, 2013; Balasubramanian et al., 2009), while others suggest that a
lack of movement variation might be responsible for LBP development
during static standing (Gallagher et al., 2011; Gregory and Callaghan,
2008). Additionally, some studies found reduced strength and en-
durance (Marshall et al., 2011), as well as increased co-contractions in
the gluteus medius muscles (Aghazadeh et al., 2015; Nelson-Wong
et al.,, 2008) in the LBP developer groups. It has also been suggested
that neuromuscluar activity of the trunk musculature and kinematics of
the lower back contribute to LBP (Behennah et al., 2018; Dankaerts
et al., 2007). From a physiological perspective, it might be possible that
developing LBP during standing has the same pathological origin as
suggested for chronic myalgia in the trapezius muscle. Studies about
chronic trapezius myalgia suggest that continuous static muscle acti-
vation of mostly type I muscle fibers induces metabolic overload of
motor units that may cause pain (so-called Cinderella hypothesis)
(Hagg, 1991; Visser and van Dieén, 2006; Zennaro et al., 2003). Asso-
ciated with that, a lack of blood flow and thus an accumulation of
metabolites in the muscle may contribute to LBP as well (Visser and van
Dieén, 2006).

Therefore, the primary aim of this exploratory study was to in-
vestigate lumbar erector spinae muscle activation and pelvic movement
during prolonged standing in subjects developing low back discomfort
(LBD) compared to symptom-free persons. To include a broader spec-
trum of low back complaints, LBD was assessed instead of the more
specific outcome LBP (Lee et al., 2018).

This study also investigated the influence of age, gender, and ha-
bituation to standing at work on the above-mentioned associations of
LBD, lower back muscle activity, and pelvic movement. A deeper un-
derstanding of factors associated with LBD in standing work may help
to develop concepts to prevent LBD/LBP in workers exposed to standing
work.

2. Material and methods
2.1. Study population

Sixty healthy subjects from four subgroups were included in the
present study to address the research aims. Subgroup 1: 15 females, age

18-35 years, not habituated to standing work (not habituated to
standing is defined as standing less than 2h per working shift);
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subgroup 2: 15 males, age 18-35 years, not habituated to standing
work; subgroup 3: 15 men, age 45-67 years, not habituated to standing
work; subgroup 4: 15 males, age 18-35 years, habituated workers who
stand for at least 4 h per working shift, on at least four days per week,
for at least one year prior to this study. Exclusion criteria were severe
venous and musculoskeletal diseases (severe spine deformations, such
as hyper lordosis or scoliosis), age lower than 18 or over 67, and
medication including diuretics, venotonics, vasodilatators, anti-
hypertensive drugs, or analgesics. The study was approved by the local
ethics committee of the Medical Faculty, University of Tuebingen. All
subjects signed informed consent prior to investigations and received
financial compensation for their participation.

Full datasets were analyzed for 55 subjects (13 female, 42 male; age:
32.1 + 12 years; weight: 74.8 + 11kg; height: 177 = 9cm). Two
subjects did not complete the experimental protocol due to circulatory
problems.Unrealistic SEMG or position sensor data occurred in three
subjects, presumably due to electrode or sensor displacement during the
seated breaks, which was not recognized during the measurements.

2.2. Experimental design

Measurements started in the morning between 8 and 9 a.m. First,
inclusion and exclusion criteria were controlled and previous muscu-
loskeletal disorders in the lower back and leg regions were assessed
using a questionnaire. In case of inclusion, subjects were prepared for
experimental procedures. The experiment consisted of three standing
periods (exposure 1-3) and two seated breaks: a 35 min break between
exposures 1 and 2 - including standardized food - and a 10 min break
between exposures 2 and 3. During exposure 1, subjects assembled and
disassembled pens for 110 min. In exposure 2, participants either wat-
ched a movie or read for another 110 min. Exposure 3 included 55 min
of mandatory playing of video games (Fig. 1). The content of the ex-
posure periods was chosen to prevent boredom and for reasons of
standardization. In total, each subject stood for 4h and 35min. The
total standing duration was selected based on a previous study by our
cooperation partners from the ETH Zurich (Garcia et al., 2015) for
comparability.
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2.3. Measurements and data analysis

2.3.1. Rating of discomfort

Subjects were asked to rate their perceived discomfort in different
body regions including the lower back using a dichotomous question
(no/yes) and a numeric rating scale (11 levels, 0 = no discomfort,
10 = highest imaginable discomfort) to assess discomfort intensity le-
vels. Additionally, whenever discomfort was indicated, the study par-
ticipants were asked to describe it in more detail (e.g. pain, burning,
pulling, or tingling sensation, muscular tension). This short interview
took place at the beginning, at the end, and every 27.5 min during
exposures (13 times in total). Only ratings of perceived discomfort at
the lower back region were included and analyzed, since LBD was the
focus of the present paper.

2.3.2. Surface electromyography

Muscle activity was measured using bipolar SEMG. Two pre-gelled
Ag/AgCl surface electrodes (Covidien™, Kendall™ ECG electrodes
H93SG, distance between electrodes: 25 mm) were placed bilaterally on
the lumbar erector spinae muscle, according to SENIAM (Hermens,
1999). Prior to electrode placement, the skin was cleaned and prepared
with abrasive paste (Nupreb’, Weaver and Company) to improve SEMG
signals and electrode adhesion. The bipolar SEMG signals were differ-
entially amplified, analogue filtered (high pass filter, 4th order,
—3dBat 16 Hz; low pass filter, 10th order, —3 dBat 650 Hz) sampled
at 2048 Hz, analyzed, and stored using a combined data analyzer and
logger (PS11-UD’, THUMEDI GmbH & Co. KG, Thum, Germany; overall
CMRR > 96 dB; overall effective noise < 0.8 uV RMS; linearity typ. =
0.25 dB at 20-500 Hz). Data were real-time transformed by the device
into the frequency domain (1024-point Fast Fourier Transformation
using a Bartlett-window with 50% overlap), and digitally filtered (high-
pass filter, 11th order, —3 dB at 16 Hz). Power line interference (50 Hz
and its first seven harmonics) was removed by replacing it with the
spectral values of a 2Hz-wide band around its centre frequency by
means of both spectral neighbors. Finally, the root-mean-square of the
electrical activity (EA) was real-time calculated (250ms moving
window with 50% overlap) from the power spectrum and stored syn-
chronously to the raw data and used for analysis. SEMG was measured
continuously throughout the three standing periods.

In the present study with an intra-subject design, normalization is
not necessarily required since electrodes were not reallocated; there is
no comparison between different muscles of individuals (Burden,
2010). The purpose of this normalization procedure was to further re-
duce variance in the SEMG data due to inter-individual differences (e.g.
thickness of subcutaneous fat tissue). In this respect a submaximal re-
ference activation of the erector muscles was used to normalize surface
electromyography (SEMG) data. To do this, a 10 kg weight attached to a
rope, which was fastened to the subject's chest and ran through a
trolley, was held for 20 s (Fig. 2). Shoulders and buttocks had contact to
the wall. Subject's feet were positioned at a mark on the floor.

2.3.3. 3D gravimetrical position sensor

Pelvic movement in anterior/posterior and medio-lateral directions
was measured by a three-dimensional position sensor (PS11-UD’,
THUMEDI GmbH & Co. KG, Thum, Germany), which was placed on the
first spinal process of the sacrum using adhesive tape. The sensor re-
cords position with respect to the absolute perpendicular gravitational
axis, sampled at 8 Hz (resolution of 0.1°; max static error of 0.5° max
repeatability error of 0.12° for temperatures between 18 and 32°C).
This allows insights in movement patterns of the pelvis, as well as the
lower lumbar spine, because of the close anatomical connection of these
structures. These position data were measured continuously throughout
the three standing exposure periods.

2.3.4. Photo documentation
All measurements were documented by photographs taken
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Fig. 2. Normalization of M. erector spinae activity.

randomly every 4-6 s by a common webcam and stored synchronously
to the SEMG and position data by the measurement device (PS11 UD).
Photos were used to check whether conspicuous data was caused by
subject behavior (i.e. bending down).

2.3.5. Supplemental data

Subjects’ age, gender, body weight and height, occupational status,
and musculoskeletal complaints during the last 12 months were re-
corded using the Nordic Questionnaire (Kuorinka et al., 1987).

2.3.6. Data preparation and statistical analyses

Post hoc, subjects were assigned to two LBD groups. Similar to the
procedure described by Nelson-Wong and Callaghan, 2010, and
adapted by Lee et al., (2018), all subjects that reported an increase of
one or more for LBD intensity level during any of the three standing
periods were included into the discomfort group (discomfort developer,
DD). All other subjects were assigned to the non-discomfort group (non-
discomfort developer, NoDD) (Lee et al., 2018; Nelson-Wong et al.,
2008).

For the pelvic movement data in anterior/posterior and medio-lat-
eral directions, interquartile ranges (25.-75. Quartile, IQR) were cal-
culated to get information about both range of motion and frequency of
position changes.

For erector muscle activity, the 5th, 50™, and 95th percentiles of the
EA were calculated and given in percent of the reference EA. The re-
ference EA was determined using the median activity of a stable 10s
period during the submaximal reference contraction described in the
procedure section. The 5th percentile (p5-EA) represents low muscular
activity, the median (p50-EA) represents the overall activity level, and
the 95th percentile (p95-EA) gives an estimate about peaks in muscular
activity (Lamotte et al., 1996).

Continuous data (erector activity and pelvic movement) were split
into three exposure periods. The first and last 15 min of each exposure
period were used for statistical analyses.

Data were visually inspected for extreme values. If extreme values
were related to improper measurement or subjects’ behavior (e.g.
spontaneously picking up a pen from the floor despite interdiction to do
s0), they were removed from further analysis.
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All continuous dependent variables (LBD intensity, erector activity,
pelvic movement) were analyzed using mixed models. To better ap-
proximate a normal distribution of the data, all values were log-trans-
formed for the statistical analysis based on linear mixed models con-
taining the subject as a random effect. Effects of the following
independent factors were tested: LBD group (DD, NoDD); subgroup
(young females, young males, older males, and standing habituated
young males); period (standing periods 1, 2, and 3), and progression
(changes within the standing periods; begin vs. End). In case of a sta-
tistically significant main effect, we performed post-hoc tests with a
Tukey HSD (Honestly Statistical Difference) test to compensate for
multiple testing. We also tested whether there were significant two-way
interactions between the independent variables.

Chi-square tests were applied to look for differences in the number
of DD between the beginning and end of each standing period, and
between the four subgroups. Alpha level to determine statistical sig-
nificance was set to 0.05. Statistical analyses were conducted using JMP
(JMP” 13.1.0) and SAS 9.4 (SAS Institute Inc.)

3. Results
3.1, Supplemental data

Nine of the 55 included subjects reported low back complaints in
the previous 12 months and an additional four had lower back com-
plaints during the past seven days, none of whom felt impeded in their
regular jobs.

3.2. Rating of low back discomfort

Ratings of low back discomfort intensity ranged from 0 to 6 overall
(10 = highest imaginable discomfort), The proportion of subjects de-
veloping LBD increased during exposure 1 from 1/55 (at 0 min) to 14/
55 (at 82.5min) and remained at that level until the end of the first
exposure period. After the first break, the proportion of subjects with
LBD decreased to 3/55 (at 0 min) and increased during exposure 2 to
18/55 (at 110 min). At the beginning of exposure 3, 8/55 subjects

Exposure 1
18

16

()] o]

Subjects with low back discomfort 21 [n]
-y

0 275 55 825 110 O
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indicated LBD and this proportion increased to 16/55 after 55min
(Fig. 3).

In total, 22 of the 55 subjects (40%) indicated an increase of low
back discomfort (at least 1 level of LBD intensity) during exposure
periods 1-3 and were therefore assigned to the DD group. The number
of identified DD and NoDD is shown in Table 1. Statistically significant
increases of the number of subjects with LBD were observed (exposure
1: Chi2 19.2, p = 0.0007; exposure 2: Chi2 14.0, p = 0.007) within the
first (n = 1 at Omin to n = 14 at 110 min) and second (n = 3 at O min
ton = 18 at 110 min) standing periods. The increase was not significant
in the last period (n =8at Omin to n = 16at 55min; Chi2 3.8,
p = 0.15).

Fig. 5: Boxplots (Medians highlighted) of low back discomfort in-
tensity ratings for all three standing periods (Exposure 1-3) in subjects
with discomfort (n = 22).

Boxplots of the LBD ratings of the DD group are shown in Fig. 4.
Within DD, discomfort intensity significantly increased with time
(F = 30.6, p < 0.001) within each exposure period (exposure 1:
median 0 to 2, exposure 2: median 0 to 2, exposure 3: median 0 to 2).

3.3. Lower back muscle (M. Erector spinae) activity

In general, muscular activity in the lower back was low, with a
median activity less than 40% of the reference contraction (Fig. 5).

3.3.1. LBD groups

Data from p5-EA, p50-EA, and p95-EA for the left erector muscle for
DD and NoDD are shown in Fig. 5. The only statistically significant
main effect for the LBD groups was found for the p5-EA, which was
higher in NoDD than in DD (11.7%gyg vs. 7.5%gyEg).

3.3.2. Exposure periods

The exposure period had a statistically significant association with
low back muscle activity present in all SEMG variables (Table 2). Post
hoc analysis indicated higher activities in exposure 1 compared to ex-

posure 2 (left erector muscle: p5-EA = +2.5%gyg p50-
EA = +5.7%pve, P95-EA = +9.6%pgygp right erector muscle: p5-
Exposure 2 Exposure 3
275 55 825 110 O 275 55
Time [min]

Fig. 3. Number of subjects with low back discomfort during Exposure 1 to 3 (n = 55).
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Table 1

International Journal of Industrial Ergonomics 72 (2019) 380-389

Number of subjects included in either ‘discomfort developer’ (DD) or ‘non-discomfort developer’ (NoDD) group based on their rating of lower back discomfort,

separated by subgroups.

Subgroup Younger female subjects < 35  Younger male subjects Older male subjects45 di lesubj (> 1 year of di Total [n]
years [n] < 35 years [n] years [n] exposure at work) [n]

Discomfort developer 4 (31%) 3 (25%) 3 (25%) 8 (53%) 22 (40%)

Non-Discomfort Developer 9 (69%) 9 (75%) 9 (75%) 7 (47%) 33 (60%)

Total 13 (100%) 12 (100%) 12 (100%) 15 (100%) 55 (100%)

The distribution of DD and NoDD cases did not differ significantly between the four subgroups (Chi2 7.0, p = 0.43).
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Fig. 4. Boxplots (Medians highlighted) of low back discomfort intensity ratings (0-10; 0 = no discomfort, 10 = highest imaginable discomfort) for all three standing

periods (Exposure 1-3) in subjects with low back discomfort (n = 22).

EA = +1.4%gyg, pSO0-EA = +6.6%gye, P95-EA = +9.2%pyp). Ad-
ditionally, EA was higher for all variables in exposure 1 than in ex-
posure 3, except for the right p5-EA (left erector muscle: p5-
EA +2.8%pye, PSO-EA = +7.3%gyg, pP95-EA = +25.5%pyy; right
erector muscle: p50-EA = +5.2%pyg, p95-EA = +23.6%gyg). These
differences were statistically significant. Finally, p95-EA was 15.9%gve
and 14.4%gyg higher in the second exposure period compared to the
third for the left and right erector muscles, respectively.

3.3.3. Progression within exposure periods
The progression within the exposure periods had a statistically
significant main effect for p95-EA of the left and right erector muscles.
It increased by 10.3%pgyg and 9.6%gyg from the beginning to the end of
an exposure period in the left and right erector muscles, respectively.
Neither subgroups, nor any interaction had further statistically
significant impacts on muscle activation (Table 2).

3.3.3.1. Pelvic movement. Fig. 6 shows the interquartile ranges of pelvic
movement in anterior/posterior and medio-lateral directions for NoDD
and DD. Median interquartile ranges were between 3 and 5° for the
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anterior/posterior direction, and between 1 and 3’ for the medio-lateral
direction.

A statistically significant interaction was found between the LBD
group and progression for the medio-lateral pelvic movement (F = 7.4,
p = 0.0009). NoDD had a statistically significant increase in inter-
quartile range from the beginning to the end of each period (difference
0.7% p < 0.0001), which was not the case for DD (difference 0.2°;
p = 0.52). No further statistically significant results were found with
respect to the LBD groups.

Statistically significant main effects were found for the exposure
period with smaller interquartile ranges of pelvic anterior/posterior
movements in the first standing period than in the second (difference
0.7% p = 0.0003), and the progression where the interquartile ranges at
the beginning of each period were significantly lower than at the end
for both anterior/posterior (difference 0.4°; p = 0.0003) and medio-
lateral movements (difference 0.4 p < 0.0001).

4. Discussion

The primary aim of this study was to investigate possible
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Figure 5. Boxplots of normalized (%gyi) Sth, 50™, and 95th percentiles (p5-EA, p50-EA and p95EA) for left erector spinae muscle activity of the non-discomfort
developer (a) and discomfort developer (b) at the beginning and end of each of the three standing periods (Exposure 1-3). RVE = reference voluntary electrical
activation (n = 55).

associations between developing LBD during prolonged standing and increase in low level back muscle activity (p5-EA) in the left erector

low back muscle activity and pelvic movement in an exploratory ap- muscle of about 4%pyg in NoDD compared to DD. Further, there was a
proach. Our findings revealed that static standing for over 4 h induced statistically significant interaction between the factors LBD group and
LBD in 40% of the subjects who were subsequently considered dis- progression for pelvic medio-lateral movement, indicating a slight in-

comfort developers. In this regard, the statistical analysis revealed an crease within the standing periods in NoDD compared to DD (about 0.5"
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Table 2
F and p values for independent variables and interactions.

1 Journal of 72 (2019) 380-389

LBD (yes/no) Period Progression Subgroup LBD x Progression  LBD x Subgroup LBD x Period
Erector muscle activity (left)
p5 F=5.1 F=148 F=14p=023 =18 F=14p=0.25 F=04
p = 0.028 p < 0.0001 p=0.16 p = 0.68
p50 F=26p=011 F=195 F=07p=041 F=25 F=20p=017 F=11
p < 0.0001 p=0.07 p=033
p95 F=33p=0.08 F=331 F =229 F=11 F=34p=0.07 F=18
p < 0.0001 p < 0.0001 p=035 p=018
Erector muscle activity (right)
p5 F=01p=077 F=42p=0.017 F=4.0 p=0.051 F=08 F=00p=087 F=25 F=0.1
P =048 p=0.07 p=0.87
ps50 F=00p=088 F=5.5p=0.005 F=15p=023 F=06 F=13p=0.26 F=13 F=0.1
P =064 p=029 p=092
P95 F=00p=091 F=243 F=13.6 p=0.0005 F=05 F=28p=0.1 F=04 F=22
p < 0.0001 P =0.69 p=078 p=0.11
Pelvic movement
Interquartile range (posterior/ F=14p=025 F=8.1p=0.0005 F=109p=0.0017 F=0.5 F=37p=0.06 F=04 F=1.0
anterior) p = 0.69 p=0.76 p=0.37
Interquartile range (medio- F=00p=085 F=14p=0.26 F = 23.6 F=0.5 F=7.4p=0.009 F=0.1 F=09
lateral) p < 0.0001 p=0.67 p=0.94 p =041

LBD = low back discomfort developers and non-discomfort developers; period = exposure period 1, 2, 3; progression = beginning and end of each exposure period;
Subgroup = females younger than 35 years not habituated to standing (subgroup 1), males younger than 35 years not habituated to standing (subgroup 2), males
between 45 and 67 years of age not habituated to standing (subgroup 3), males younger than 35 years habituated to standing (subgroup 4). P5 = 5th percentile
normalized electrical activity; p50 = 50th percentile normalized electrical activity; p95 = 95th percentile normalized electrical activity.4.

higher interquartile range than in DD). In general, back muscle activity
and pelvic movement were found to be rather low. Gender, age, or
habituation to standing at work did not moderate these findings ac-
cording to the subsample analysized in the present study.

In addition to these results, regardless of group, the standing period
and the time progression within the standing period influenced several
measures of lower back muscle activity and pelvic movement during
4.5h of standing for all subgroups.

4.1. Low back discomfort

22 of our 55 subjects (40%) developed LBD while exposed to
standing for four and a half hours. Only 15 subjects (out of 55, 27%)
reported LBD in the first 110 min of standing. This is less than the
number reported in previously conducted studies that exposed people
to standing for 2h or less and still had a percentage of 32-70% who
developed low back pain (Aghazadeh et al., 2015; Nelson-Wong et al.,
2008; Nelson-Wong and Callaghan, 2010). The main difference be-
tween those studies and our approach was how subjects were asked to
rate discomfort/pain intensity levels. Nelson-Wong and collegues asked
their subjects to draw a line on a 100 mm scale (Marshall et al., 2011;
Nelson-Wong et al., 2008, 2012; Nelson-Wong and Callaghan, 2010,
2014, 2010), whereas we asked our subjects to rate their discomfort
intensity verbally from zero to ten. Discomfort intensity levels may be
different based on the rating method. In this regard, it was shown that
these two approaches (VAS vs. NRS) lead to differences in absolute
levels (Hasson and Arnetz, 2005; Menold and Bogner, 2016).

Although the statistical analysis revealed no significant differences
between the DD to NoDD ratio in the four subgroups, our results in-
dicate that the subgroups of young non-standing workers with a DD to
NoDD ratio of 7 of 25 (28%; females: 4 of 13, 31%; males: 3 of 12, 25%)
might have a lower risk of developing LBD compared to the older (8 of
15, 53%) and standing worker subgroups (7 of 15, 47%). Chronic LBP is
considered to be more prevalent in females and older adults (Meucci
et al., 2015). However, no gender differences occurred in our sub-
sample of younger non-standing subjects (DD to No DD ration: younger
male 31% vs. female 25%). The meta-analysis by Coenen et al. found
that working in a standing position over 4 h per workday - which was
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the case for our standing worker subgroup - is associated with low back
symptoms (Coenen et al., 2016). It is possible that occupational
standing exposure already had an effect on these subjects, resulting in
the tendency toward a higher proportion of DD compared to the
younger non-standing worker subgroup (47% vs 28%), although both
groups were previously symptom-free.

Discomfort intensity levels increased up to a median of two at the
end of each of the three exposure periods, and decreased after the
breaks back to a median of zero. This is similar to results for shorter
standing periods in a previous study (Gallagher et al., 2014). DD may
therefore benefit from short seated breaks during multiple hours of
standing work, if they are implemented regularly. In their systematic
review, Coenen et al. suggested refraining from standing for prolonged
periods over 40 min (Coenen et al., 2017). In the present study, the
number of subjects indicating LBD increased from four to ten between
minute 27.5 and 55 in the first exposure period, which supports their
hypothesis. Additionally, our study indicates that although seated
breaks relieve LBD, LBD intensity increases more quickly after 110 and
220 min of static standing.

4.2. Low back muscle activity and pelvic movement in DD

The median erector spinae activity ranged from 20.9 to 39.1%gyg
during the standing periods, and was similar between DD and NoDD.
Low level muscle activity over long periods of time may lead to fatigue
in type I muscle fibres due to a metabolic overload known as the
‘Cinderalla hypothesis’ (Hagg, 1991; Visser and van Dieén, 2006;
Zennaro et al., 2003). A higher p5-EA of the lower back muscles during
standing might indicate whether the muscles are at a higher risk of
continuous activity without the possibility of rest, and therefore for
LBD. However, this muscle activation profile was not found for the DD
group. P5-EA levels were either similar (right erector muscle) or slightly
higher (~4%RVE in the left erector muscle) in NoDD compared to DD
(F = 5.1, p = 0.028).

Furthermore, an increase in p95-EA would indicate a greater range
and more variability in muscle activity during standing, and thus a
muscle activity profile preventing static muscle loading and blood flow
restriction. Again, there was no difference between DD and NoDD.
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Fig. 6. Boxplots of interquartile ranges of the non-discomfort developers and discomfort developers in anterior/posterior (a) and medio-lateral pelvic (b) direction at
the beginning and end of each of the three standing periods (Exposure 1-3; n = 55).

However, an increase in p95-EA (left and right erector muscles) and
also in pelvic movements (both directions) occurred in both groups
within the progression of the exposure periods. This increased muscle
activity and movement may indicate that both groups followed the
same strategy to reduce static posture, but that the DD group was
somehow less effective than the NoDD group. This hypothesis is sup-
ported by the interaction between LBD group and progression, in-
dicating an increase in pelvic movement (medio-lateral direction) for
NoDD from the beginning to the end of the exposure periods, possibly
protecting NoDD from developing LBD through more frequent and
pronounced load changes from one leg to the other. This increased
movement could be a strategy to reduce LBD similar to findings by
Madeleine and Srinivasan and Mathiassen, 2012, who showed that in-
creasing variation in repetitive movements can lower perceived
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discomfort for specific tasks (Madeleine, 2010; Srinivasan and
Mathiassen, 2012). However, it is questionable whether dynamic, re-
petitive movements as analyzed in the mentioned studies can be com-
pared with static standing. Furthermore, the difference in pelvic
movement between the DD and NoDD was very small (0.5°), although
this was well above the maximum repeatability error (0.12°) of the
measuring device. However, this statistically significant difference must
be interpreted carefully, since it is unclear whether such minor move-
ment differences can be clinically relevant,

A different approach was taken by Nelson-Wong et al.,2008. They
investigated co-contractions of trunk flexor-extensor muscles (lumbar
erector spinae vs. internal/external oblique and rectus abdominis) and
left vs. right gluteus medius muscles by calculating cross correlations of
the SEMG activity. Trunk co-activation seemed to predispose pain
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development in the first 30 min of standing with no significant differ-
ences between subjects with and without pain development in the fol-
lowing 90 min, whereas gluteus medius co-activation differed during
the whole 2h of standing (Nelson-Wong et al., 2008). The findings
concerning gluteus medius co-activation were repeated in several sub-
sequent studies from the same research group (Marshall et al., 2011;
Nelson-Wong and Callaghan, 2010, 2014). Predicting pain or dis-
comfort development is therefore more likely to be possible in altered
muscle recruiting patterns for trunk and pelvis stabilization (left vs.
right, agonist vs. antagonist) than in the investigated activity levels.

An important role in the development of low back pain has been
attributed to structural (morphological) changes and adaptations of the
activation patterns (Wong et al., 2014) of the deeper lumbar muscles
(multifidus and transversus abdominis). However, these changes were
shown for patients with existing LBP. It is unclear whether muscle
adaptations can already be found in otherwise symptom-free in-
dividuals who develop LBD during prolonged standing, as in the present
study.

Lower back kinematics were previously investigated in standing
work using motion capture systems. Authors compared different
footrest heights (Son et al., 2017), office workstations (Le and Marras,
2016), or sloped surfaces (Fewster et al., 2017; Gallagher et al., 2013;
Gallagher and Callaghan, 2016). Further, Sorensen et al. investigated
the connection between lumbar lordosis and subjects developing LBP
during a 2 h standing period and found that the risk of developing LBP
and its intensity increased with the angle of lumbar lordosis, which was
evaluated prior to the standing exposure (Sorensen et al., 2015). Al-
though lumbar lordosis angles were not specifically measured in the
present study, they may have had an influence on the development of
LBD.

4.3. Influence of gender, age, and habituation to standing work on low back
muscle activity

No statistically significant differences between the four investigated
subgroups were found. Neither gender in the younger subjects nor age
or habituation to standing work in the male subjects had an influence
on erector muscle activity or pelvic movements. Subgroup sizes may
have been too small to show possible differences in the investigated
variables.

4.4. Limitations

Several limitations of the present study have to be addressed. In this
exploratory approach, comparisons between DD and NoDD, as well as
the investigated subgroups, led to group sizes that may be too small to
show possible associations. It may be possible to overcome this deficit
in a subsequent study, where a sample size calculation with regard to
meaningful effects would be possible based on the results of our present
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low back discomfort developer group. This might be a strategic starting
point to help protect individuals from developing LBD. Interventions to
increase pelvic movement may be beneficial to LBD developers.
However, the clinical relevance of this finding needs further in-
vestigation due to the very small differences measured.
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4.3 Research paper 3: Changes in lower leg oedema and gas-
trocnemius muscle activity during prolonged standing and

walking considering age, gender and standing work experience

Prolonged standing leads to an orthostatic oedema increasing venous pressure
which is a long-term risk factor for vascular diseases (Pfisterer et al., 2014; Ser-
ralheiro et al., 2017). Activating the muscle-venous pump can reduce swelling,
but it is unknown to which extent this mechanism works when walking for multiple
hours. Further, MSD of the lower legs might be due to continuous low-level acti-

vation of the calf muscles, leading to fatigue and thus complaints.

The third research paper investigates the effect of prolonged standing and walk-

ing on mentioned surrogate parameters.

The aims of research paper 3, relevant to this dissertation were:

e To investigate, if there is a difference between multiple hours of static
standing and walking on lower leg oedema.

e To evaluate oedema progression during standing and walking.

e To examine if continuous low-level gastrocnemius muscle activity is pre-
sent during multiple hours of standing and walking, as a possible explana-

tion of lower leg muscle fatigue.

Wall, R., Garcia, G., Laubli, T., Seibt, R., Rieger, M.A., Martin, B. and Steinhilber,
B. (2020), “Physiological changes during prolonged standing and walking
considering age, gender and standing work experience”, Ergonomics, Vol. 63
No. 5, pp. 579-592.
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ABSTRACT

Occupational standing is associated with musculoskeletal and venous disorders. The aim was to
investigate whether lower leg oedema and muscle fatigue development differ between standing
and walking and whether age, gender and standing work habituation are factors to consider.
Sixty participants (15 young females, 15 young males, 15 older males, and 15 young males habi-
tuated to standing work) were included and required to stand/walk for 4.5 hours in three peri-
ods with two seated breaks. Waterplethysmography/bioelectrical impedance, muscle twitch
force and surface electromyography were used to assess lower leg swelling (LLS) and muscle
fatigue as well as gastrocnemius muscle activity, respectively. While standing led to LLS and
muscle fatigue, walking did not. Low-level medial gastrocnemius activity was not continuous
during standing. No significant influence of age, gender and standing habituation was observed.
Walking can be an effective prevention measure to counteract the detrimental effects of quasi-
static standing.

Practitioner summary: Prolonged standing leads to lower leg oedema and muscle fatigue
while walking does not. The primary cause of fatigue may be in other muscles than the medial
gastrocnemius. Walking may be an effective prevention measure for health risks of occupational
standing when included intermittently.

Abbreviation: Bl: bioelectrical impedance; LLS: lower leg swelling; SEMG: surface electromyog-
raphy; MTF: muscle twitch force; WP: waterplethysmography; Bsl: Baseline; L: Lunch; E: Evening;
MTM: method times measurement; EA: electrical activity; IQR: interquartile range; p: percentile;
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Background

Occupational standing is associated with a wide range
of medical issues. Musculoskeletal complaints such as
low back and lower leg pain, and venous disorders,
such as varicosis or venous insufficiency have been
associated with jobs requiring long hours of standing
(Waters and Dick 2015; Coenen et al. 2017). About
50% of the workers in industrialised countries and
across professions are required to stand for the larger
part of their shift (Tissot, Messing, and Stock 2005;
Wittig, Nollenheidt, and Brenscheidt 2013; Graf et al.
2015). This provides an enormous potential for pre-
vention measures to reduce the risk of the above-
mentioned health impairments. The mechanisms
behind lower leg musculoskeletal complaints during

standing work are most probably related to restricted
freedom of movement paralleled by continuous static
muscle activity, which solicits primarily type | muscle
fibres, and a decrease in blood flow over time, leading
to muscle fatigue as previously shown for the upper
extremities (Hagg 1991; Zennaro et al. 2003; Visser
and van Dieén 2006). Several studies have evaluated
muscle fatigue during prolonged standing work
through measurements including muscle twitch force
(Garcia, Laubli, and Martin 2015; Garcia et al. 2016)
subjective perception of discomfort (Cham and
Redfern 2001; Wiggermann and Keyserling 2013),
and surface electromyography (Madeleine, Voigt, and
Arendt-Nielsen 1998, Halim et al. 2012). Previous stud-
ies showed that muscle fatigue, and more specifically
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its long-lasting component, can be quantified by the
decrease in amplitude and increase in duration of
muscle twitch force induced by electrical stimulation
at low frequency (Edwards et al. 1977; Adamo, Martin,
and Johnson 2002; Adamo et al. 2009). Hence, the
muscle twitch force (MTF) method applied at the ankle
joint can serve to objectively measure muscle fatigue
of the lower legs. Additionally, activity of a lower leg
muscle (e.g. the gastrocnemius muscle) measured by
surface electromyography (SEMG) would help to indi-
cate whether its pattern of activation contributes to
MTF changes.

Furthermore, an increase in lower leg oedema,
which develops rapidly during static standing (Stick,
Stofen, and Witzleb 1985), leads to an increase in cir-
cumferential stress of the venous walls (increased ven-
ous hypertension). This is believed to trigger
pathophysiological remodelling processes (e.g. fibrosis
and thickening of the venous wall, atrophy of elastic
fibres) that can lead to varicose veins and chronic ven-
ous insufficiency (Segiet et al. 2015; Serralheiro et al.
2017; Mansilha and Sousa 2018). In addition,
decreased hemodynamics can lead to pro-
inflammatory responses, further contributing to ven-
ous wall remodelling (Pfisterer et al 2014, Mansilha
and Sousa 2018). A commonly used surrogate measure
for the development of venous diseases is the lower
leg volume (Kanai, Haeno, and Sakamoto 1987;
Hansen, Winkel, and Jergensen 1998). The gold stand-
ard of volumetry is the so called waterplethysmogra-
phy (WP) (Petersen et al. 1999; Henschke, Boland, and
Adams 2006). However, this procedure is time con-
suming (Wall et al. 2017). Another approach uses the
property of bioelectrical impedance (Bl) which is based
on frequency dependent electrical resistance changes
due to variations in liquid quantity in the encom-
passed area (Kanai, Sakamoto, and Haeno 1983; Seo,
Rys, and Konz 2001). The short measurement duration
with this method allows estimation of the oedema
progression over time.

Epidemiological data suggest an increase in risk of
venous symptoms with age (Robertson et al. 2013)
but data on gender differences are not conclusive.
While some studies show a higher prevalence of ven-
ous disorders in females (Carpentier et al. 2004; Wrona
et al. 2015), others found no differences (Evans et al.
1999; Robertson et al. 2013) or at least not for higher
degrees of chronic venous insufficiency (Rabe
et al. 2012).

Some studies have proposed walking as an inter-
vention for prolonged standing work, as it may coun-
teract the influence of pathophysiological pathways

(Balasubramanian, Adalarasu, and Regulapati 2009;
Garcia et al. 2016), mediating hemodynamic reduction
and the increase in venous pressure. Continuous walk-
ing leads to an increase in lower leg blood flow and
to an activation of the muscle-venous-pump, which to
some extent counteracts the development of lower
leg oedema (Stick, Grau, and Witzleb 1989). However,
it is unclear whether walking can prevent the above-
mentioned detrimental effects of static standing or
aggravating/exacerbating effects associated with mus-
cular fatigue and vascular outcomes. Other interven-
tions, including sitting breaks (Gallagher, Campbell,
and Callaghan 2014) and active breaks to alleviate
muscle fatigue, discomfort and/or lower leg oedema
induced by prolonged standing have been investi-
gated (Balasubramanian, Adalarasu, and Regulapati
2009; Garcia, Laubli, and Martin 2018). In addition,
studies related to prolonged standing work have not
explored the potential difference between individuals
habituated and not habituated to standing work and
only a few have investigated age and gender differen-
ces during long hours of prolonged standing (e.g.
Garcia, Laubli, and Martin 2015).

Hence, the present study attempted to address
some gaps in the literature by testing the following
questions in an explorative approach:

Primary question:

1. Can continuous slow pace walking on a treadmill
and quasi-static standing be differentiated by
lower leg oedema and muscle fatigue magni-
tudes?

Secondary questions:

2. Does habituation to prolonged standing work has
an influence on oedema and muscle fatigue in
the lower legs?

3. Are age and gender factors relevant in lower leg
oedema and muscle fatigue development?

4. How high are the static and dynamic components
and variability of gastrocnemius muscle activity
during prolonged standing and walking?

5. Is there a correlation between muscle fatigue and
static low-level gastrocnemius muscle activity?

Methods
Participants

Sixty healthy individuals participated in the present
study. In order to investigate possible age and gender
effects 15 young women, 15 young men and 15 older
men who were non-standing workers (defined as: not
required to stand for more than two hours per
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working shift) were included. Another group of 15
male standing workers (defined as: required to stand
for at least four hours per working shift, on at least
four days per week, for at least one year) was also
included to investigate possible habituation effects
resulting from long term standing exposure. Exclusion
criteria were: severe venous and musculoskeletal dis-
eases (severe spine deformations such as hyperlordosis
or scoliosis), age lower than 18 or higher than 67 and
medication including diuretics, venotonics, vasodilata-
tors, antihypertensive drugs or analgesics and preg-
nancy for females. Inclusion criteria were age
range18-30 for the younger groups and 45-67 for the
older group. The study was approved by the local eth-
ics committee of the Medical Faculty, University of
Tuebingen. All participants signed informed consent
prior to investigations and received financial compen-
sation for their participation.

Two participants did not complete the experiments
due to circulatory problems. Further exclusions are
mentioned in the respective measurement procedures.
Anthropometric data of all included participants are
shown in Table 1.

Procedure

All participants took part in both a standing and walk-
ing ‘workday’ in the laboratory (in randomised order),
each including three different tasks (1: assembling
pens, 110 min; 2: watching movies, 110 min; 3: playing
video games, 55 min). The mandatory break between
the two experimental conditions was two to seven
days. Each workday included a 35 min seated lunch
break between tasks 1 and 2, and a 10 min seated

Table 1. Anthropometric data of included participants for
each of the four groups.

Younger Younger Older Standing

females males males worker males
Group n=15 n=15 n=15 n=15
Age 24+ 4 years 24 +3 years 52+6 years 25+ 4 years
Height 165+ 6cm 183+4cm 179+ 8 182+8cm
Weight 59+ 7kg 76+5 75+ 7kg 83+ 11kg

Bsl L
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break between tasks 2 and 3. Hence, the total work
time was 4 hours and 35 minutes, the complete work-
day duration was 5 hours and 20 min (Figure 1).

A sixty-minute seated recovery period was provided
at the end of the workday after task 3. Task contents
were selected to prevent boredom while avoiding sig-
nificant upper limb exertion. Walking was conducted
on a treadmill with speed determined as a function of
height and gender using the methods-time measure-
ment (MTM) approach (Britzke 2014). Since the MTM
speed recommendation does not consider working
while walking it was reduced by 50% to maintain par-
ticipants task performance (MacEwen, MacDonald, and
Burr 2015). Measurements started in the morning
between 8 and 9 am. First, in- and exclusion criteria
were assessed. Before the experiment, the lower leg
side for measurements was randomly selected (Bl, MTF
and SEMG on one side, WP on the other side). A sub-
maximal reference activation of the gastrocnemius
muscle was used for normalisation of electromyo-
graphic data. For this reference contraction, the lower
leg was fastened in a custom-designed restraining
device equipped with a force sensor (Figure 2).

The participant was required to exert constant plan-
tar flexion (push downward with the ball of the foot)
of 25N for 20s. The median of the most stable 10s
period was used for SEMG normalisation. Visual force
feedback was provided on a computer screen placed
next to the foot.

|
»!

" —

Figure 2. Reference contraction of the gastrocnemius muscle.
The 25N plantar flexion was maintained constant for 20s.
Force feedback was presented on a visual display next to
the foot.

El E2 E3

10' 30", 30

=

55'

| Assembling pens

Watching movies l_l Playing

games

Figure 1. Workday schedule. The horizontal lines represent the working periods (standing or walking) with their respective tasks
(1 =assembling pens, 2=watching a movie or reading, and 3 = playing video games), and the boxes represent the rest breaks.
Muscle twitch force and bioelectrical impedance metrics were obtained at times Bsl (baseline), L (beginning of lunch break), E1
(immediately after last work period), E2 (30 min after last work period), and E3 (1 hr after last work period). SEMG was measured
continuously until E1 and waterplethysmography only at Bsl and E1.
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Figure

3. Experimental
phy measures.

setup for waterplethysmogra-

Measurements
Lower leg volume

Waterplethysmography

Waterplethysmography ~ (WP), based on the
Archimedean principle of water displacement, was
used to measure the lower leg volume in ml. Figure 3
shows the water tank and leg posture. The setup and
measurement procedure were validated in terms of
test-retest reliability and inter-rater reliability and
detailed in a previous study (Wall et al. 2017). The vol-
ume of the selected lower leg was measured immedi-
ately before the first and immediately after the last
work periods (at Bsl and E1).

Bioelectrical impedance

Bioelectrical impedance (Bl) measurements were con-
ducted with a four-electrode setup as detailed in Wall
et al. (2017). Two stimulation electrodes through
which a constant low-intensity current (1 ms square
pulse duration at a frequency of 13 Hz with a 300 pA
intensity) was applied and two additional electrodes,
which measured resulting voltage between stimulation
electrodes (see Figure 4), were placed on the selected
lower leg. An impedance decrease is related to a leg
volume increase (oedema), which is measured by a
decrease in voltage. The sampling frequency was
370-372 Hz which allows estimation of intercellular
liquid distribution changes (Cole 1972; Kanai, Haeno,
and Sakamoto 1987). In contrast to WP, BI

Figure 4. Electrodes setup for bioelectrical impedance (Bl),
muscle twitch force (MTF) and surface electromyography
(SEMG) measures. 1 and 1a=stimulation electrodes for BI,
2=measuring electrodes for Bl and SEMG, 3 and
1a = Stimulation electrodes for MTF measurement.

measurements take only 20 s while participants sit
relaxed on a chair. Details of this validated measure-
ment procedure and data processing can be found in
Wall et al. (2017). In comparison to WP, Bl can be
measured rapidly and without a change in posture.
Hence, Bl was measured before (Baseline, Bsl) and
after (at Lunch, L) the first period, after the third
period (Evening 1, E1), as well as 30 min (Evening 2,
E2) and 60 min (Evening 3, E3) after the third work
period (five measurements in total) to determine the
course of oedema development (see Figure 1 for time-
line). Changes in lower leg volume (LLV) are expressed
in percent of the initial value measured at
the baseline.

Gastrocnemius muscle twitch force and activation

Muscle twitch force

MTF was quantified in a seated relaxed posture by
electrical stimulation of the gastrocnemius and soleus
muscles (1 ms pulse, constant current ranging from 10
to 30mA) at a frequency of 2 Hz through a Digimeter
LTD stimulator (DS7A) and a pulse generator (DG2A).
The procedure was detailed in previous work (Garcia,
Laubli, and Martin 2015; Garcia et al. 2016; Garcia,
Laubli, and Martin 2018). Briefly, the foot was posi-
tioned in a zero degree ankle dorsiflexion angle and
resting on a fixed plate connected to a force sensor.
The stimulation electrodes were placed in the area
corresponding to the elicitation of the largest twitch
force, the cathode close to the motor point (Botter
et al. 2011) and anode over the upper part of the
Achilles tendon. The stimulation intensity was selected
individually for each participant based on the most
tolerable discomfort with the largest twitch force and
it remained constant for all measurements. The
induced plantar flexion twitch force was measured by
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the strain gauge placed under the foot pedal at the
level of the distal part of the ball of the foot.

For each participant, the stimulated leg was ran-
domly selected and strapped during the stimulation
for isometric measurement. Twitch force amplitude
and duration (contraction time -+ 1/, relaxation time)
were computed in real-time by a custom software
based on LabVIEW (National Instruments Corp., USA).
The force signal was sampled at 1000 Hz. MTF was
quantified by the average over three series of 30
twitches with a coefficient of variation <3% obtained
during the steady state period after electrically
induced potentiation (Garcia et al. 2016; Kim and
Johnson 2014). Each MTF measurement period lasted
about 3 to 4 minutes.

Surface electromyography
A common method to assess muscle activity is bipolar
SEMG. Two pre-gelled Ag/AgCl surface electrodes
(Covidien™, Kendal™ ECG electrodes H93SG, inter-
electrode distance: 25 mm) were placed, as recom-
mended by SENIAM (Hermens 1999), on the medial
gastrocnemius muscle of the selected leg. The SEMG
signals were amplified, bandpass filtered (4th order
high pass at 16 Hz; 10th order low pass at 650 Hz),
sampled at 2048 Hz and recorded by a combined data
analyser and logger (P$11-UD®, THUMEDI GmbH & Co.
KG, Thum, Germany). Data were real-time transformed
into the frequency domain (1024-point Fast Fourier
Transform using a Bartlett-window with 50% overlap),
and digitally high-pass filtered (11th order at 16 Hz);
power line interference (50 Hz and first seven harmon-
ics) was replaced by the spectral values of a 2Hz wide
band signal around its centre frequency corresponding
to the means of both spectral neighbours. Finally, the
root-mean-square of the EMG (EA, [uV]) was computed
in real-time and stored synchronously to the raw data.
SEMG were recorded continuously throughout each
workday (standing and walking) and split into three
working periods (see Figure 1). Of each working
period, the first and last 20 min (excluding the first
and last 5 min of each period to avoid transients)
were used for data analysis. The 5th and 95th (p5-EA
and p95-EA) percentiles and the interquartile ranges
(IQR) of the EA were calculated and expressed in a
percent of the reference EA. The reference EA was
determined by the median activity of a stable ten-
second period during the submaximal reference con-
traction. p5-EA represents the static, low-level, muscle
activity, while p95-EA represents the peak activity. The
dynamic activity is represented by the IQR (Wall et al.
2019). These specific values were computed to
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contrast standing and walking muscle activity, and
possible changes associated with muscle fatigue.

Statistical analyses

The MTF, WP, SEMG and Bl dependent variables were
analysed using mixed models in JMP 13 (SAS Inc. Cary,
NC, USA) and SAS 9.4 (SAS Institute Inc., Cary, NC,
USA). Statistical significance was set to o= 0.05. Since
in standing 83 p5-EA values were negligible the values
were dichotomised into 0 (no measurable activity) and
1 (some activity). Only one measurement corre-
sponded to 0 in walking. Hence, the two conditions
were separately analysed: a linear mixed model for
standing and a mixed model based on logits
for walking.

Data normal distributions were verified by rating
histograms, skewness and kurtosis (Kim 2012; 2013).
Not normally distributed data were log-transformed.
Experimental condition (standing vs. walking), group
[(a) young females, (b) young males, (c) old males (d)
young males habituated to standing work] and time
(only for MTF and BI; five measurements at B, L, E1, E2
and E3) were considered as fixed factors. Participants
and day (within participant) were added as random
factors in all cases. Two-way and three-way interac-
tions were also tested for Bl and MTF followed by
Sidak post-hoc tests corrected for multiple compari-
sons. Measurements were graphically represented as a
percentage of baseline only to facilitate visualisation
of the results.

For the statistical analysis of the SEMG data, the
p5-EA, p95-EA and IQR where computed for 15 min
periods at the beginning and end of each standing
and walking period (total of six values). The fixed fac-
tors of condition (standing or walking), group and
time, and their interactions were calculated. As in the
analysis of MTF, participants and day (within partici-
pant) were added as random factors.

Additionally, Spearman correlations between signs
of fatigue (MTF amplitude) at E1 and p5_EA were sep-
arately calculated for the standing and walking condi-
tions over the respective six periods. Correlations
between fatigue (MTF) at E1 and mean IQR were
also calculated.

Results
Lower leg oedema

Waterplethysmography
Fifty-seven participants were included in the analysis.
Data were missing for two participants (one for each
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condition). In addition, one subject was excluded due
to movement induced water spillage.

The mixed model indicated a statistically significant
effect of condition (standing vs. walking, F=173.7,
p <.0001). LLV increased from baseline to E1 by 3.6 %
(~116 ml) after standing. However, the increase in LLV
was only 0.03 % (~1 ml) after walking. Differences
between age and gender groups were not statistically
significant.

Bioelectrical impedance

Fifty full datasets (standing and walking) could be ana-
lysed. Additionally, four datasets included only data
corresponding to the standing experiment and five
included only data corresponding to walking.
Exclusions were made due to signal corruptions identi-
fied by visual inspection. As it was not normally dis-
tributed, Bl Data were log transformed for the
statistical analysis (see Table 2).

Table 2. Mixed model for bioelectrical impedance including
the factors Time (five measurements), Group (young male,
young female, older male, young male habituated to stand-
ing), Condition (standing and walking) and their interactions.

Source df F ratio p
Time 4 92.2 <0.0001*
Group 3 0.6 0.6
Condition 1 538 <0.0001*
Condition x Time 4 1239 <0.0001*
Group x Condition 3 39 0.016*
Group x Time 12 19 0.038*
Group x Condition x Time 12 24 0.006*

Note. Bold font and *indicate significant values, « —0.05.

The only statistically significant interaction effect
was observed for Condition Group x Time
(p=0.006); which indicated that Bl was only signifi-
cantly lower (p=0.045) at E3 than Bsl in the walking
condition for young individuals  habituated
to standing.

For the standing condition, all two-way interactions
were significant (Condition x Time; Group x Condition;
Group x Time). Condition x Time revealed significant
(L, E1-3; p<0.0001) differences between baseline and
all other measurement times. The Condition x Time
interaction revealed significant (p < 0.0001) differences
between baseline and L, E1, E2 and E3. Finally, post-
hoc analysis showed no significant Group x Condition
and Group x Time interaction. No significant effect
was observed in the walking condition. Results corre-
sponding to the two conditions are illustrated in
Figure 5.

X

Lower leg muscle fatigue and activation

Muscle twitch force

The mixed model analysis (Table 3) revealed that the
main effects of Time, Condition and Group were statis-
tically significant for twitch amplitude and duration.
The Condition x Time and Group x Time two-way
interactions were significant for both measures, while
the Group x Condition interaction was significant only
for twitch duration. However, the three-way inter-
action, Group x Condition x Time, was not significant
for either twitch amplitude or duration.
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Figure 5. Changes in bioelectrical impedance for all groups relative (%) to baseline (Bsl) at lunch time (L), in the evening (E1)
and after 30- and 60-min recovery (evening 2 and 3, E2 and E3) when (a) standing and (b) walking. Vertical bars indicate standard
errors. *indicate a significant difference for all groups when compared with Bsl and quotation mark (*) a significant difference for

the corresponding group, when compared with Bsl.
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Table 3. Mixed model for muscle twitch force (MTF) ampli-
tude and duration with the factors Time (five measurements),
Group (young male, young female, older male, young male
habituated to standing), Condition (standing and walking)
and their interactions.

MTF amplitude

MTF duration

Source df F ratio p df F ratio P
Time 4 749 <0.0001* 4 1421 <0.0001*
Group 3 3.6 0.013* 3 5.2 0.002*
Condition 1 28.7 <0.0001* 1 706  <0.0001*
Condition x Time 4 195  <0.0001* 4 16.5  <0.0001*
Group x condition 3 0.6 0.62 3 35 0.017*
Group x time 12 4.2 <0.0001* 12 1.8 0.048*
Group x condition 12 1.6 0.11 12 0.2 0.99

% time

Note: Bold font and *indicate significant values,  =0.05.

MTF in standing condition

In the standing condition, post-hoc analysis revealed
that twitch amplitude was significantly lower at E1, E2
and E3 than at baseline for young females, young
males and older males, while it was only smaller at E2
and E3 than at baseline for males habituated to stand-
ing work (Table 4).

However, for all male groups twitch amplitude was
significantly lower (p=<0.0001) at E1 than L. In this
condition, twitch duration was significantly higher for
all groups at E1, E2 and E3 when compared to base-
line. However, at L the relative difference to Bsl was
significant for all groups except the older males
(Table 4). The corresponding results are illustrated in
Figure 6.

MTF in walking condition

In the walking condition, post-hoc analysis revealed
that twitch amplitude was significantly higher for
older males at L and significantly lower for males habi-
tuated to standing work at E3 when compared to
baseline (Table 5).

Moreover, for older males and males habituated to
standing, twitch amplitude was significantly lower (Adj
p-value <0.0001) at E2 and E3 when compared to L,
while it was only lower at E3 for young males. Twitch
duration was significantly higher at E3 for all groups,
and at E2 for young females and young males, when
compared to baseline (Table 5). Corresponding results
are illustrated in Figure 7. Please note that scales are
not identical in Figures 6 and 7 to preserve visual rep-
resentation of significant effects.

Surface electromyography

Forty-nine full datasets (standing and walking) were
analysed in the final model. Additionally, data avail-
able from five participants only for standing and from
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Table 4. Change in twitch force over time during the standing condition for each group.

Standing condition: Mean (M) relative changes of muscle twitch force (MTF) measures (standard error, SE)

over time given in % of baseline, including adjusted (Adj) p-value when compared to baseline

E3
Adj p-value

M(SE)%

Adj p-value

E2

M(SE)%

E1
Adj p-value

Adj p-value M(SE)%

M(SE)%
83.95 (6.9)

Group

MTF
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0.003*
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3
0.005*

100.10 (5.83)
113.85 (6.05)
115.13 (5.64)
113.81 (2.81)
110.10 (2.38)

106.25 (2.47)
112,76 (2.29)

Young habituated to standing work
Young habituated to standing work

Young females
Young males

Old males
Young females

Young males
Old males

Amplitude
Duration

Note. Bold font and *indicate significant values, « = 0.05.
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Figure 6. MTF in standing condition. Changes in muscle twitch force amplitude and duration (% baseline reference, Bsl) at lunch
time (L), in the evening (E1) and after 30- and 60- min recovery (evening 2 and 3, E2 and E3). Vertical bars indicate standard
errors. *indicates a significant difference for all groups, and quotation mark (“) a significant difference for the corresponding

group, when compared with Bsl.

three participants only for walking were included into
the statistical model. Excluded outlying data were
related to sensor displacement or contact loss (e.g.
due to sweating). Data were log transformed due to
non-normal distribution. As p5-EA was negligible for
several participants a signed rank test was used to
test for differences between standing and walk-
ing conditions.

All the SEMG parameters were significantly lower in
the standing than the walking condition (p5-EA:
F=446.5, p<0.0001; p95-EA: F=888.8, p<0.0001;
IQR: F=1334.1, p<0.0001), as illustrated in Figure 8.
The only statistically  significant  interaction,
Condition x Time, was found for the p95-EA with
lower activity at the beginning of the second standing
period compared to the end of the first and the
second period (F=2.5, p=0.028). Age and gender
group differences were not statistically significant for
any parameter (p5-EA standing: F=1.3, p=0.27; p5-
EA walking: F=1.3, p=0.29; p95-EA: F=0.5, p=0.72;
IQR: F=0.5, p=0.68).

Correlations between the p5-EA or the IQR and the
MTF amplitude at E1 in both the standing (p5-EA:
r=0.2, p=0.17; IQR: r=0.15; p=0.31 and walking
(p5-EA: r=—0.05, p=0.73; IQR: r=0.004; p =0.98) con-
dition were not statistically significant.

Discussion
Lower leg oedema

Both WP and Bl showed that lower leg oedema devel-
oped in the standing condition but not during the
walking condition. This finding is in line with previous

results obtained with similar measures (Belczak et al.
2009; Karimi et al. 2016; Garcia, Laubli, and Martin
2018). While WP measures the whole LLV including
venous blood pooling, Bl measures only intercellular
liquid distribution, as a frequency spectrum below
1 kHz was used. According to the Cole model (Cole
1972; Kanai, Haeno, and Sakamoto 1987; Jaffrin and
Morel 2008), in this frequency range current flows
mainly through extra-cellular fluid due to the high
impedance of cell membranes. However, the advan-
tage of the corresponding quick measurement time
allowed multiple measures during and after the end
of the workday such that the oedema progression
could be documented. As illustrated in Figure 6,
oedema progression (Bl decrease) is higher from Bsl to
L (110 min of standing) than from L to E1 (165 min of
standing). This shows a fast increase in LLV in the first
two hours of standing which subsequently slows
down. This profile corresponds to an exponential evo-
lution of LLV in static standing.

Furthermore, the oedema persists at least one-hour
post-work when remaining seated. The change from
standing to sitting does not seem to be sufficient/effi-
cient enough to reduce the orthostatic pressure and
associated detrimental effects. This is similar to the
development of oedema when remaining seated and
epidemiological data indicating that not only pro-
longed standing but also sitting is associated with a
higher risk for venous disorders, although to a lesser
extent (Lacroix et al. 2003; Sudol-Szopinska
et al. 2011).

Our result also shows that walking at a slow speed
of 2.3 km/h max prevents the development of lower
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Adj p-value

E3

M(SE)%

E2
Adj p-value

M(SE)%

E1
Adj p-value

Walking condition: Mean (M) relative changes of muscle twitch force (MTF)
M(SE)%

measures (standard error, SE) over time given in % of baseline, including adjusted (Adj) p-value when compared to baseline

Adj p-value

MI(SE)%

Group

Table 5. Change in twitch force over time during the walking condition for each group.
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leg oedema (Figure 5), which is most likely due to the
5 g% %"%%% activation of the muscle-venous-pump. Voluntary
~-333 & % 3\,% dynamic activation of leg muscles appears to be more
efficient than other interventions aimed at reducing
leg oedema (and therefore venous hypertension) such
~BET ZE5% as unstable support (Madeleine, Voigt, and Arendt-
ugy ooga Nielsen 1997; Karimi et al. 2016), compression stock-
%535 E§§§ ings (Partsch, Winiger, and Lun 2004; Mosti and
R Partsch 2013) or intermittent exercise (Uda, Seo, and
Yoshinaga 1997). However, continuous walking is
rarely applicable in occupational settings and may not
3 % é%g z be compatible with a number of work tasks.
~o~-oc ©odo Therefore, it is necessary to investigate how insertion
of short walking/dynamic periods between static
standing periods influences LLV. Both the frequency
=853 R84A] and proportion of standing and walking alternations
oo oo should be investigated to find the most effective pat-
g8 55 Sgss tern to reduce venous hypertension and increase
blood flow in order to counteract pathophysiological
mechanisms of venous disorders. This is of particular
interest since walking may also contribute to the
E‘f “E reduction of muscle fatigue, as observed here and in a
TTeT T Ten previous study (Garcia et al. 2016).
No substantial influence of age, gender or standing
habituation was found. The only significant effect was
S283% zRAY seen for the young males habituated to standing
S¥Tn BNER work, after the walking condition. They were the only
5853 8538 group that showed a significant increase in LLV after
one hour of seated rest following the walking condi-
tion. This may indicate disruption of the vascular sys-
% tem (e.g. weakened venous valves); whereas, walking
2882 3ER may have attenuated the increase in LLV when com-
eees —ee~ pared to standing (Figure 5).
=85% 5853 Lower leg muscle fatigue
S;é::: §§§‘;§ In the standing condition, muscle fatigue indicated by
cERZ 55&&| the decrease in MTF amplitude and increase in dur-
§ ation was significant for all groups immediately after
= =1 or within 30 min of prolonged standing work and per-
% i g sisted for at least an hour post-work. In the walking
-.E .E E condition, the muscle fatigue stage is particularly
£ g5 noteworthy as the twitch amplitude decreases and/or
ﬁ ﬁ g‘ duration increases only appear 30min post-work,
5. % 5. % é regardless of the groups characteristics (see Figures 6,
%,;E 5% %é m% ‘§ 7). This delayed fatigue phenomenon has been previ-
“é, g,f_g > “é, gg > *; ously observed and explained. Earlier studies showed
3323 3323 E that muscle fatigue can be evidenced by the decrease
5 in amplitude and increase in duration of muscle twitch
L - = force induced by electrical stimulation at low fre-
% % P quency (Edwards et al. 1977; Adamo, Martin, and
£ =] 2 Johnson 2002; Adamo et al. 2009). However, before a
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ing period.

fatigue stage, the muscle can undergo a combined
stage of potentiation and fatigue translated by an
increase in both twitch amplitude and duration
(Johnson et al. 2013; Kim and Johnson 2014; Garcia

et al. 2016). This combined stage is clearly observed in
all male groups during the standing condition at time
L. It is also observed in the walking condition, where
muscle twitch force amplitude and duration do not
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change or tend to increase at L or E1. Overall, for all
groups, regardless of condition (standing or walking)
the fatigue stage becomes prominent 30 min post-
work and continues to progress up to more than an
hour post-work. However, fatigue appears less promin-
ent after walking than quasi-static standing. These
results are in agreement with our previous studies
concerning the delayed onset, progression and persist-
ence of muscle fatigue, in which age, gender and
flooring characteristics do not influence the detrimen-
tal effect of prolonged standing work (Garcia, Laubli,
and Martin 2015; Garcia et al. 2016). In addition, the
meagre changes in twitch amplitude and duration
after 110 min of standing work also corroborate our
earlier suggestion that this standing duration is
acceptable in terms of localised muscle fatigue (Garcia
et al. 2016). This does not preclude that discomfort
and/or pain could indicate other limits to consider
during the work period.

Some differentiations between groups and condi-
tions can be noted before the second post-work
measure (E2). In the standing condition, the decrease
in MTF amplitude relative to baseline is not significant
until E2 for the young males habituated to standing,
while the increase in twitch duration was already sig-
nificant at time L (Figure 6). In addition, for this group,
the decrease in twitch amplitude relative to L is sig-
nificant immediately post-work (E1). Hence, these var-
iations indicate an interaction between potentiation
and fatigue during the work period (Garner, Hicks, and
McComas 1989; Johnson et al. 2013; Kim and Johnson
2014; Garcia et al. 2016) that may be difficult to differ-
entiate between groups. However, the difference
between the young males habituated to standing and
the other groups could be associated with a possible
adaptation of motor unit recruitment strategy to
fatigue (Singh and Latash 2011; Ortega-Auriol et al.
2018) that temporarily delays the onset of fatigue but
does not prevent its development resulting from the
prolonged standing exposure.

A potentiation-fatigue interaction (increase in MTF
amplitude followed by a decrease, concomitant to an
increase in duration) is also observed in the walking
condition for the older male group (Figure 7). Walking
at a slow pace appears to delay the onset of muscle
fatigue when compared to standing, as in the former
case the increase in twitch duration becomes signifi-
cant only beyond 30min post work. The discernible
potentiation for the older participants may be
explained in that older individuals tend to be less
active / more sedentary and generally exhibit less
muscle strength than younger individuals (see Francis
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et al. 2017 for a review), which likely leads to a larger
recruitment of motor units to perform the same task,
thereby favouring potentiation. This interpretation is
supported by the trend in potentiation (at L) followed
by a large decline in twitch force magnitude (at E1
and after) in the standing condition.

In sum, slow-paced walking may delay and reduce
the negative effects of fatigue as corroborated in Garcia
et al. (2016). However, walking should not be consid-
ered an ultimate solution, as long-lasting fatigue is still
evident post-work. Moreover, habituation to standing
work does not seem to add benefit to prolonged slow-
paced walking, since MTF amplitude and duration show
the clear presence of fatigue one-hour post-work.

Medial gastrocnemius activity

As expected, gastrocnemius muscle activation differs
considerably between standing and walking. Muscle
activity is lower and less variable during standing than
walking. Despite the use of a highly sensitive EMG sys-
tem, p5-EA was very low and no activity was measur-
able in several instances. However, p95-EA in standing
was about one-third the value obtained in the walking
condition, which may not be a negligible muscle acti-
vation. Hence, the contribution of this muscle to
changes in MTF fatigue should not be excluded but it
is likely to play a rather minor role. Other parts of the
triceps surae muscle, such as the soleus, are suspected
to be the major contributors to fatigue development
as measured by MTF. This perspective is supported by
the results of Dos Anjos et al. (2015) who found that
the medial part of the soleus muscle is activated con-
tinuously during static standing rather than the medial
gastrocnemius, which is activated intermittently.
Another possible explanation may be that oedema
interferes with MTF measures; however, there is no
known evidence of such phenomenon. A recent paper
argued that this effect is unlikely as the authors
observed a decrease of lower leg volume after a rest-
ing period following prolonged standing work, but
muscle twitch force remained the same (Garcia, Laubli,
and Martin 2018).

Limitations

There are some limitations to the present study that
must be addressed. The effect of the distribution of
the standing and walking periods was not tested. The
selected sequences may have led to a possible order
effect. However, the present results agree with our pre-
vious results. Finally, we did not consider any parame-
ters of task performance that would allow us to ensure
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an equal task performance level during the walking
condition. This should be kept in mind when consider-
ing walking periods as a workplace intervention.

Conclusions

When compared to prolonged static standing, continu-
ous slow pace walking is beneficial, as it contributes
to reduced lower leg oedema and muscle fatigue.
Gender, age or habituation to standing did not influ-
ence the development of oedema when standing or
the muscle-venous-pump function during walking.
Muscle fatigue is evidenced by changes in MTF ampli-
tude and duration. However, the medial gastrocne-
mius may not be the muscle primarily fatigued by
static standing.
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5 Discussion

The third chapter of this doctoral thesis includes a comprehensive and supple-
mentary discussion. Important aspects of the discussions already provided in the
three research papers will only be mentioned but not discussed in detail again.
Additionally, broader supplementary aspects that have not been included in the
research papers are reviewed in this chapter. Finally, results from a follow-up

study (only published in conference proceedings, yet) are mentioned and argued.

5.1 WP and Bl measurements

Generally, good inter- and intra-rater reliability of the self-developed procedures
in WP and Bl measurements were found in study 1. Both methods can appropri-
ately detect lower leg volume changes in standing work, with standard error of
measurement (SEM) values of 23/ 27 ml (ca. 0.9%) for WP and 3.8/ 3.4 Q (ca.
5%) for Bl, because expected volume increases are over 100 ml (3-5 % WP/ ca.
20% BI; (Hansen et al., 1998; Belczak et al., 2009; Stick et al., 1992; Sanders et
al., 2012). The necessity for good standardization of leg placement can be seen
in the systematic error that was present between M1 and M2 in both WP and Bl
and between M2 and M3 only in Bl. Regarding that, especially in WP an increase
in lower leg volume from M1 to M2 was found, whereas in Bl a decrease was
measured from M1 to M3. The reason for this discrepancy is that WP and Bl were
measured on different legs which were placed differently between measure-
ments. Subjects were seated with the WP leg in a downward position and Bl leg
was elevated for another exploratory measurement not mentioned in the publica-
tion. This situation led to an increased volume in the WP leg and a decreased
volume in the Bl leg. Taking all that into account, it can be assumed that repro-
ducibility for both volume measurement procedures is further improvable, if leg
placement is standardized. Lastly, for future standing work evaluation it seems to
be very important to consider the subject’s baseline value as they won'’t travel
similarly to the laboratory. Arriving after a car or bus ride could result in a begin-
ning oedema compared to subjects that arrive by foot or bike, activating their

muscle-venous pump. Therefore, it might be sensible to try to reset lower leg
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volume prior to the measurements by elevating legs in a supine position and ad-
ditionally activating the muscle-venous pump by intermittently moving feet in full

range of motion in dorsiflexion and plantarflexion for 15-20 minutes.

5.2 Movement as a prevention measure

Both publications 2 and 3 showed that movement can be beneficial in the pre-
vention of MSD and VD during prolonged standing. However, the statistically sig-
nificant differences in lateral movement in publication 2 have to be interpreted
carefully. The measured differences are very low with 0.7° of increase in inter-
quartile ranges from the beginning to the end of the standing periods for the
NoDD and 0.2° for the DD. It is unclear, if such low movement ranges can influ-
ence blood flow or muscle activation. No differences in the assessed erector spi-
nae muscle activity were found in the same publication. It might be that deeper
lumbar muscles like multifidi and transversus abdominis are more relevant than
the measured erector spinae muscles. It was shown that these deeper lumbar
muscles undergo morphological changes and adaptations in activation patterns
in the development of LBP (Wong et al., 2014). These changes were only shown
in patients with existing LBP and might therefore be a result of LBP and not a
precursor. However, it is thinkable that measured low range movements might
have a bigger influence on the deeper and smaller multifidi muscles than on the
superficial erector spinae, influencing low back discomfort development in
healthy subjects during prolonged standing. Further research is necessary to ver-
ify this idea.

Other factors that were found to differ between PD/ DD and NPD/ NoDD are trunk
and gluteus medius muscle co-activations and lumbar lordosis angle (Nelson-
Wong et al., 2008; Sorensen et al., 2015). PD/ DD are suggested to have an
increased muscle co-activation compared to symptom free subjects. The in-
creased simultaneous activation of antagonist muscle groups might be another
indication of a more rigid posture during prolonged standing, leading to pain/ dis-
comfort development. In case of lumbar lordosis, it was shown that PD had a

significantly larger lordosis angle than the NPD. Further, pain intensity increased
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with lordosis angle. It is hypothesized that an increased lordotic posture causes

a higher compressive loading of dorsal spinal structures (Sorensen et al., 2015).

A very clear positive effect of movement was shown on lower leg oedema devel-
opment in publication 3. The attributed venous risks can be prevented completely
by continuous slow pace walking. Furthermore, data from the same study show
similar effects on subjective ratings of discomfort of the lower legs and the lower
back region. These results were only published as a conference paper yet (Stein-
hilber et al., 2016).

Continuous walking is rather rare in an occupational setting. Most standing work-
places require walking and standing. Therefore, it is very interesting to investigate
the preventive effect of walking in more detail. Both frequency of changes and
proportion of standing and walking should be considered to find a setup that is

feasible for workplaces and also effective in preventing MSD and VD.

The only studies that investigated the effect of muscle-venous pump activation
on lower leg oedema development did not use walking as their intervention. Uda
et al. compared different leg movement exercises (1 min each 10 min of stand-
ing): knee-bending, foot-stepping, stationary walking and heel-raising. They
found that knee-bending was the most effective way of oedema prevention be-
cause of the simultaneous use of thigh and calf muscles (Uda et al., 1997). Stick
et al. were effective in reducing an orthostatic oedema by cycling (Stick et al.,
1989). However, both of these measures are more difficult to implement in actual

standing workplaces than intermittent walking.

A similar approach of preventing standing work risks by intermittent walking bouts
were conducted in two publications by Balasubramanian et al. They investigated
the difference of short walking bouts (walking from one station to the other) and
stationary standing in a 60 min assembly task on discomfort, lower leg and back
muscle fatigue. They found that intermittent walking was effective in reducing
both discomfort and muscle fatigue of the lower legs (Balasubramanian et al.,
2009). In the second publication subjects conducted the same protocol but only
for 25 min. Again, the intermittent walking showed positive effects on subjective

ratings of lower extremity discomfort (Balasubramanian et al., 2008). However,
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these studies only included nine and eleven subjects, respectively, who con-
ducted the experiment barefoot, which makes the results at least questionable.
Furthermore, fatigue by means of continuous low-level activation is unlikely to
occur in the gastrocnemius medius muscle (measured in research paper 3). It
might be that other parts of the triceps surea muscle are at risk of fatigue, as
suggested by several studies (Balasubramanian et al., 2009; Garcia et al., 2015;
Garcia et al., 2016). The measured changes in muscle twitch force might also be
a consequence of lower leg oedema and a resulting water deposit in the muscle
fibres, leading to a disruption of the action potential provoked during MTF meas-
urements. This is also a reasonable explanation for the unchanged MTF during
walking with an indication of muscular fatigue (decrease of twitch amplitude and
increase of twitch duration) during 60 min sitting after the walking experiment (see
figure 8 in research paper 3). In the same measuring period lower leg oedema is
validated by Bl (see figure 6 in research paper 3). Again, walking is preventing

lower leg oedema rather than fatigue.

The subgroup analyses in research papers 2 and 3 showed no statistically signif-
icant differences in any of the investigated parameters for age and gender. Un-
fortunately, no studies were found investigating age or gender related influences
of static standing or continuous walking on physiological parameters. Lower leg
oedema and discomfort seem to develop independently of these factors in a
healthy population. Recommendations of workplace design or intervention
measures can be suggested without differentiation of age and gender, until new

studies with possible larger sample sizes show otherwise.

5.3 Outlook and further research for standing work recommenda-

tions

In a follow-up study to the standing and walking evaluation on which publication
2 and 3 are based on, the Institute of Occupational Medicine, Social Medicine
and Health Services Research in Tubingen investigated two different standing/
walking cycles. Subjects were thus measured on four different days for two hours
respectively. Additionally to the two hours of only standing (100% standing) and

only walking (0% standing), two cyclic changes from standing to walking once
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every ten minutes were conducted. Both cycles started with standing changing to
walking after 3.5 minutes in one of the measuring days (35% standing) and after
6.5 minutes on the other day (65% standing). Again, subjective ratings of discom-
fort of the lower back and lower extremities as well as Bl and WP (amongst oth-
ers) were measured equally to the previous study. First results showed that dis-
comfort ratings were reduced substantially comparing 100% standing to 65%
standing with a decrease of the number of subjects developing low back discom-
fort from 17 when only standing, to 5 when changing from standing to walking
every 6.5 minutes (Wall et al., 2018).

Regarding oedema development a model with the parameters exposure time,
standing proportion and oedema variation (resulting from changes between
standing and walking) was developed (Seibt et al., 2018). This model is able to
predict lower leg oedema when the parameters exposure time, standing propor-
tion and frequency of changes between standing and walking (oedema variation)
are known. Relative oedema increase itself is not sufficient to predict venous
health risks. The next steps towards a risk assessment is a ‘translation’ of oe-
dema development into a health risk using epidemiological data. If studies can
be found that show specific risk increases (e.g. by means of odds ratios or hazard
ratios) in defined standing work (known or good estimation of standing time and

proportion etc.), the model could be used to predict venous health risk.

There are some limitations of the described risk assessment model that should
be addressed in future research. To date, it is not possible to include sitting into
the risk evaluation, as it was not part of the underlying measurements. Other fac-
tors that might contribute to venous and musculoskeletal risks, like predisposition,

gender and age are not implemented yet either.

Coenen et al. concluded in their systematic review, that the exposure limit for
continuous static standing is at ca. 40 min. This number is based on dose-re-
sponse relationships of standing time and LBP/ LBD intensity ratings of laboratory
studies (Coenen et al., 2017). The threshold was set for the assumed clinically
relevant increase in LBP/ LBD intensity of 9 mm on a 100 mm visual analogue

scale (Kelly, 1998). This limit was exceeded after 42 min, cumulating the results
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of every included laboratory study. The LBD intensity rating results from research
paper 2 showed an increase in the number of subjects with LBD from 4 after 27.5
min to 10 after 55 min and a considerable increase in LBD intensity from minute
27.5 to minute 82.5 (see figure 3 and figure 4 of research paper 2), confirming
Coenen et al. results to some extent. However, it is unknown how long a break
from static standing should be included and how it should look like (sitting or
walking). Additionally, our results indicate that the 40 min limit is not necessarily
valid after two, four or six hours of total standing time. This can be seen by the
faster increase in LBD intensity and by the number of subjects with LBD after the
first and second seated break (see figure 3 of research paper 2), which was also
shown in another publication (Gallagher et al., 2014). While the recommendation
for an initial standing exposure might be valid, it is not possible to give advice for
a whole standing work shift, based on the present findings concerning LBP/ LBD

prevention.

Based on the SEMG results regarding the lower extremities of research paper 3,
no profound recommendations for exposure limits can be given. The model in the
follow-up study, described in the beginning of this chapter, can also be adapted
to lower leg discomfort. This might be a first step towards recommendations for
preventing lower leg musculoskeletal complaints, if they are not related to lower
leg oedema, as hypothesized by some authors (Coenen et al., 2017; Friden et
al., 1986).

Continuous walking can be safely recommended for the prevention of lower leg
oedema and thus the risk of VD. However, this is rarely or never applicable in
existing workplaces. The follow-up study from which yet no results have been
published in a peer-reviewed journal, is the first step towards concrete statements
for workplace design and risk assessments concerning VD. The developed model
can be used as the basis for recommending specific standing and walking sched-

ules for workplaces where work in seated positions is not allowed.

5.4 Limitations

Several limitations apply to the research papers 2 and 3. The tasks within the

standing and walking periods were not conducted in a randomized order. This
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might have led to order effects which are impossible to correct for, post-hoc. Ad-
ditionally, the influence of the tasks within the periods and the seated breaks on
measured outcomes cannot be differentiated. The sample size in research paper
2 and research paper 3 was comparatively high with 60 included subjects. How-
ever, by forming subgroups for the analysis of an age, gender and standing ha-
bituation effect, the resulting group sizes might have been too small to show pos-
sible associations. Sample size calculations could avoid this issue in future stud-
ies. Finally, the described oedema model should be validated in a subsequent
study in order to confirm or adapt the calculated risks for VD in specific occupa-

tional settings.

5.5 Conclusions

Lower leg volume changes (lower leg oedema) can be reliably measured by the
described procedures of the waterplethysmography and bioelectrical impedance
methods (see research paper 1), independent of the investigator (if a minimum
of fifty measurements were conducted previously). The standard error of meas-
urement is satisfactory low, so that expected lower leg volume changes during
standing work can be measured sufficiently as a surrogate parameter for an in-
creased venous health risk. Adaptations concerning standardization procedures
(reset of oedema before baseline measurement) should be implemented for up-
coming studies to further improve reliability.

Previously asymptomatic people might develop LBD because of less movement
in the lower back region during prolonged standing compared to those who are
symptom free. This mechanism is most probably not connected to continuous
low-level erector muscle activity, but rather to deeper trunk stabilizing muscula-
ture like the multifidi and transversus abdominis. This hypothesis has to be inves-
tigated in future research. Other factors like trunk and gluteus muscle co-activa-
tion and increased lumbar lordosis might also be contributing to LBD develop-
ment. A previously suggested threshold of 40 min for continuous static standing
to prevent LBP/ LBD can be confirmed by the findings in research paper 2. This

limit may only be applicable in the first standing period of a working shift, because
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the increase in LBP/ LBD intensity is faster after seated breaks with increasing

standing time.

Lower leg discomfort is unlikely to occur due to gastrocnemius muscle fatigue
during prolonged standing. The measured activity levels were very low and not
present continuously. Based on the ‘Cinderella Hypothesis’ muscular fatigue can
therefore not be concluded. Either other parts of the triceps surea muscle, like
the soleus, or the increasing stress on passive structures due to lower leg oe-

dema are the reason for lower leg discomfort.

Generally, continuous slow pace walking was found to be an effective interven-
tion to prevent LBD and lower leg oedema. Further research might include mod-
elling of oedema and discomfort progression during standing and walking to de-
velop an objective risk assessment method for future workplace design.
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6 Abstract

Background

Prolonged standing is required in many of today’s workplaces. Epidemiological
studies show that continuous static standing is associated with multiple adverse
health outcomes, like musculoskeletal and venous disorders (MSD and VD). Pain
and discomfort in the lower leg and lower back regions are common among
standing workers. They increase with age and are more common in females.
Several laboratory studies showed that standing for two or more hours alone can
initiate low back pain/ discomfort (LBP/ LBD) in 30% to 70% of the participants.
The mechanisms behind this are not fully understood. Most hypothesis assume
that continuous static posture is playing a major role in the development of com-
plaints of both the lower legs and the lower back. In this regard, the ‘Cinderella
Hypothesis’ might be a reasonable explanation. Here, it is assumed that fatigue
of type | muscle fibres through prolonged low-level activation, leads to a metabolic
overload and thus pain or discomfort. Regarding venous diseases, continuous
circumferential stress of the venous wall (increased venous pressure) and de-
creased blood flow, resulting from static standing, facilitate pathophysiological
mechanisms, leading to pro-inflammatory responses. The result of these mech-
anisms is venous wall remodelling with fibrosis, thickening of the venous walls
and atrophy of elastic fibres, making veins susceptible to varicosis and conse-
guential damages. Increasing movement seems to be a reasonable prevention
mechanism for both MSD and VD by reducing static posture and activation of
muscle-venous pump function. Surrogate parameters for an increased risk of
MSD and VD measure subjective rating of discomfort (via numeric rating scale,
NRS), muscle activity (via surface electromyography, SEMG), lower back move-
ment (via position sensor, PS) and lower leg oedema (via waterplethysmography
and bioelectrical impedance, WP and BI). The latter two are measured with self-

developed procedures and devices and were therefore tested for reproducibility.

Methods
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The first study investigated the intra- and inter-rater reliability of WP and Bl meas-
urements (M) in 20 healthy subjects. Each method was measured three times by
two different raters on two separate days. As the main outcome for reproducibility
the standard error of measurement (SEM) was used. In the second paper 60
healthy subjects were included and had to stand for five hours (including two
seated breaks after 110 and 220 minutes) in three periods. The participants were
asked to rate their lower back discomfort periodically during standing via NRS.
SEMG was measured bilaterally on the erector muscle. Additionally, a PS was
placed at the sacrum (S1) to measure lower back movement in lateral and ante-
rior/ posterior direction. Post hoc, a discomfort developer (DD) and a non-discom-
fort developer (NoDD) group was separated based on NRS ratings. A linear
mixed model was calculated to find possible differences in muscle activation and
movement patterns between DD and NoDD. The third publication also included
60 healthy subjects that had to stand and walk for approximately five hours (in-
cluding two seated breaks after 110 min and 220 min) in three periods. Lower leg
oedema was measured using Bl and WP. SEMG was measured to see if contin-
uous low-level activation in the gastrocnemius muscle was present. Again, a lin-
ear mixed model was calculated in order to find differences between the two con-
ditions (standing and walking) and the course of the experiments. Further, it was

tested if gender and age moderate tested surrogate parameters.
Results

The SEM for WP and Bl were 27 ml and 3.8 Q for rater 1 and 23 ml and 3.4 Q for
rater 2. Statistically significant increases of WP and Bl from M1 to M2 were de-
tected. Additionally, Bl increased further from M2 to M3. The second study
showed that there was a statistically significant increase in lateral lower back
movement for NoDD from the beginning to the end of each standing period, which
was not the case for the DD. No further statistically significant differences be-
tween the DD and NoDD were found. The third paper showed that lower leg vol-
ume increased significantly during standing (3.6% average) and resulted in a
0.3% average change after walking. The oedema increased rapidly in the first
110 min with a subsequent flattening in the rest of the experiment. All the SEMG

values were statistically significantly lower in standing than in walking. During
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standing several subjects had no activity (shown by means of 5" percentile) in
the gastrocnemius muscle. No statistically significant differences were found for

older and female subjects.
Discussion

Generally, SEM values showed good reproducibility of WP and BI. Both methods
are suitable for detecting lower leg volume changes during standing, reliably. The
increase in WP and Bl values from M1 to M2 and M2 to M3 in Bl can be explained
by the lack of standardization prior to the first measurement after the subjects
arrived in the laboratory and the positioning of the leg between the measure-
ments. This resulted in an actual change in lower leg volume. Better standardi-
zation (resting period before the first measurement and horizontal leg placement
between measurements) can therefore lead to a further increase in reproducibility
of WP and BIl. The second study showed that DD moved less in the course of the
standing exposure than the NoDD. This may indicate that more movement in the
lower back region (e.g. via walking) could protect from developing LBD. The third
paper revealed that even slow pace walking can protect oedema progression
completely by activating the muscle-venous pump. The progression of oedema
during standing seems to follow an exponential curve with an initial fast increase
and a subsequent lower development of oedema. Gastrocnemius muscle fatigue
by means of the ‘Cinderella Hypothesis’ seems unlikely during walking (because
of high variability in activation) and standing because the activation level is rather
low but not continuous, indicated by the frequent non-activation. Either other parts
of the triceps surae (soleus) muscle are activated continuously or other mecha-
nisms (like lower leg oedema) are the reasons for MSD in the lower legs. No
moderating effect of gender and age was found in either of the publications.
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7 Zusammenfassung

Hintergrund

Viele Arbeitsplatze in der heutigen Wirtschaft erfordern langandauerndes Stehen.
Epidemiologische Studien zeigen, dass kontinuierliches, statisches Stehen mit
diversen gesundheitlichen Folgen, wie Muskelskelett Beschwerden (MSD) des
unteren Riuckens und der unteren Extremitaten sowie vendsen Erkrankungen
(VD) assoziiert werden. Beschwerden der unteren Extremitaten und des lumba-
len Rickens treten geh&uft bei Menschen in Stehberufen, in steigendem Alter
und bei Frauen auf. Einige Laborstudien zeigten zudem, dass zweisttindiges Ste-
hen allein dazu fuhren kann, dass bei 30% bis 70% der Studienteilnehmer
Ruckenbeschwerden (LBP) entstehen. Die Mechanismen dahinter sind noch
nicht vollstandig geklart. Die meisten Hypothesen gehen davon aus, dass eine
kontinuierliche, statische Haltung eine wichtige Rolle in der Entstehung von MSD
in den Beinen und dem lumbalen Ricken spielen. Diesbeziglich kénnte die ,,Cin-
derella Hypothese® eine sinnvolle Erklarung bieten. Sie geht davon aus, dass es
zu einer Ermudung von Typ | Muskelfasern aufgrund von langanhaltender, nied-
riger Aktivierung kommt, die in der Folge zu einer metabolischen Uberlastung
und schlie8lich zu Schmerzen/ Beschwerden fuhrt. Bezuglich vendser Erkran-
kungen geht man davon aus, dass eine kontinuierliche Dehnungsbelastung der
Venenwande (erhéhter vendser Druck) und ein verringerter Blutfluss, aufgrund
von statischem Stehen, pathophysiologische Mechanismen in Gang setzen, die
zu entzindungsfordernden Vorgangen fuhren. Das Resultat dieser Vorgange ist
ein Umbau der Venenwande mit Fibrosierung, Verdickung und Atrophie elasti-
scher Fasern. Diese Prozesse machen Venen anféllig fur Varikosen und Folge-
schaden. Vermehrte Bewegung scheint ein vielversprechender Ansatz fur die
Pravention von MSD und VD zu sein, indem man statische Haltungen reduziert
und die Muskel-Venen Pumpe aktiviert. Surrogatparameter fiir ein erhohtes Ri-
siko von MSD und VD beinhalten subjektive Beschwerdeangaben (via einer nu-
merischen rating Skala, NRS), Bewegung im unteren Riicken (via Lagesensor,
PS), muskulare Aktivitat (Oberflachen Elektromyographie, SEMG) und das Un-

terschenkelédem (via Wasserplethysmographie und bioelektrischer Impedanz,
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WP und BI). Die letzten beiden Messverfahren und -durchfiihrungen sind teil-
weise selbst entwickelt und missen daher auf ihre Reproduzierbarkeit hin Uber-

pruft werden.
Methoden

Die erste Studie untersuchte die intra- und inter-rater Reliabilitdt der WP und BI
Messungen (M) an 20 gesunden Versuchspersonen. Jedes Messverfahren
wurde dreimal von zwei unterschiedlichen Ratern an zwei separaten Tagen
durchgefuhrt. Der Hauptkennwert zur Einschétzung der Reproduzierbarkeit war
der ,standard error of measurment” (SEM). In der zweiten Studie wurden 60 ge-
sunde Studienteilnehmer eingeschlossen, die ca. funf Stunden (inklusive zwei
Pausen im Sitzen, nach 110 min und 220 min) aufgeteilt in drei Perioden gestan-
den sind. In regelméfigen Abstanden wurden die Beschwerden des unteren RU-
ckens mittels NRS abgefragt. SEMG wurde beidseits am M. erector spinae ge-
messen. Zusatzlich wurde ein Lagesensor am Sakrum (Hohe S1) befestigt, um
die Bewegung der Lendenwirbelsaule in lateraler und anterior- posteriorer Rich-
tung zu messen. Post hoc wurden zwei Gruppen — Beschwerdeentwickler (DD)
und nicht- Beschwerdeentwickler (NoDD) — auf Grundlage der NRS Angaben ge-
bildet. Es wurde ein lineares gemischtes Modell (,linear mixed model“) berechnet,
um mogliche Unterschiede im Bewegungsverhalten und der Aktivierung des M.
erector spinae zwischen DD und NoDD zu finden. In der dritten Publikation wur-
den ebenfalls 60 gesunde Personen eingeschlossen die ca. funf Stunden (inklu-
sive zwei Pausen im Sitzen, nach 110 und 220 min) aufgeteilt in drei Perioden
gestanden und gegangen sind. Das orthostatische Odem wurde mittel WP und
Bl gemessen. SEMG wurde gemessen, um festzustellen, ob eine kontinuierliche,
niedrige Aktivierung des M. gastrocnemius vorlag. Es wurde wiederum ein linea-
res gemischtes Modell berechnet, um Unterschiede zwischen den Versuchsta-
gen (Stehen und Gehen), sowie dem Verlauf innerhalb der Versuchstage festzu-
stellen. Zudem wurde Uberprift, ob ein moderierender Einfluss von Geschlecht

und Alter auf die getesteten Surrogatparameter besteht.

Ergebnisse
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Der SEM fir die WP und Bl Messung lag bei 27 ml und 3,8 Q flr Rater 1 und bei
23 ml und 3,4 Q bei Rater 2. Es wurde ein statistisch signifikanter Anstieg der
WP und der Bl zwischen M1 und M2 und zwischen M2 und M3 nur bei der Bl bei
beiden Ratern festgestellt. Die zweite Untersuchung zeigte, dass ein statistisch
signifikanter Anstieg bei der lateralen Bewegung im unteren Riicken von Beginn
bis zum Ende jeder Stehphase bei den NoDD vorlag. Dieser Anstieg zeigte sich
bei den DD nicht. Es wurden keine weiteren statistisch signifikanten Unterschiede
zwischen den zwei Gruppen festgestellt. Die dritte Publikation zeigte, dass beim
Stehen ein signifikanter Anstieg des Unterschenkelvolumens stattfindet (3,6% im
Mittel). Beim Gehen zeigte sich eine Anderung von 0,3% im Mittel. Das Odem
stieg wahrend der ersten 110 min stark an und flachte in der Folge ab. Alle SEMG
Kennwerte waren statistisch signifikant geringer beim Stehen als beim Gehen.
Wahrend dem Stehen zeigten einige Probanden keine Aktivitat (anhand des 5.
Perzentils) im M. gastrocnemius. Es konnte kein statistisch signifikanter Einfluss
von Geschlecht und Alter in samtlichen Parametern von Publikation 2 und 3 fest-
gestellt werden.

Diskussion

Grundsatzlich zeigten die SEM Werte, dass eine gute Reproduzierbarkeit der WP
und Bl Messungen vorliegt. Beide Methoden sind gut geeignet, um Anderungen
im Unterschenkelvolumen beim Stehen zuverlassig feststellen zu kénnen. Der
Anstieg der WP und BI Kennwerte von M1 und M2 kann auf eine mangelnde
Standardisierung des Vorgehens vor der ersten Messung und auf die Haltung
des Unterschenkels zwischen der ersten und zweiten Messung zurtickgefuhrt
werden. Eine verbesserte Standardisierung (z.B. eine Ruheperiode vor der ers-
ten Messung und die Beine in horizontaler Lage zwischen den Messungen)
kbnnte deswegen zu einer weiteren Verbesserung der Reproduzierbarkeit der
WP und BI fihren. Die zweite Studie zeigte, dass DD weniger Bewegung im Lum-
balbereich im Verlauf der Stehexposition zeigten als die NoDD. Das koénnte da-
rauf hindeuten, dass mehr Bewegung (z.B. mittels Gehen) Schutz gegeniber der
Beschwerdeentwicklung bieten kdnnte. In der dritten Studie wurde festgestellt,
dass auch langsames Gehen und damit die Aktivierung der Muskel-Venen-

Pumpe, die Entwicklung eines orthostatischen Odems vollstandig verhindern
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kann. Die Odementwicklung uber die Zeit scheint einem exponentiellen Verlauf
zu folgen, mit einem starken Anstieg zu Beginn und einem Abflachen der Kurve
in der Folge. Eine Ermudung des M. gastrocnemius nach der ,Cinderella Hypo-
these” scheint sowohl fur das Gehen (aufgrund von hoher Variabilitat der Aktivie-
rung), als auch das Stehen (aufgrund der zwar niedrigen aber nicht konstanten
Aktivierung) unwahrscheinlich. Entweder es sind andere Teile des M. triceps
surae (z.B. M. soleus) den beschriebenen Mechanismen ausgesetzt oder es sind
andere Vorgange (z.B. das Unterschenkeltédem) fur die Beschwerden in den un-
teren Extremitaten verantwortlich. Alter und Geschlecht scheinen keinen Einfluss

auf die untersuchten Parameter zu haben.
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