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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 standingworki n t odayo6és gl obal e C 0 n adweyse
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 oft o d avpr&épsaces.
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.

t
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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 bil | i o n 15i(Statistisclze® Bundesamt, 2018) which
al most havenodot c (Rabe gnd Banrser, 2060p. 2 00 5

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 biliontd, and
liona f or back pain alone according t
(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 knHywmt & @agp H®]1; Zcnaroaéter el | a
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. s 0 ¢ a | Headt i &gauredadd shoa inseI¢s. 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 etal., 2014).1 f t he OHyiprod dreaslilsad i s t

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

Standingisrequired i n plenty of todayés worKk
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

11
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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. I nHypios hesgalddmighe 6GEI ad
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:
1 1:upto 2.5 hours A low standing load/ stress
1 2:257 4 hours A increased standing load/ stress
1 3:47 5.5 hours A significantly increased standing load/ stress
1 4: morethan 5.5 hours A 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 OL 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

13



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 i 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-
and the

per s a u tAhtberrelearctcpapers ard cobnsigteintavith the

version accepted by the corresponding journal.

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

Authors Year Status Journal Authoré& contribution
1 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 9 Data acquisition and data analy-
hilber B 2017: 2.006) sis
9 Preparation of the manuscript
] 1 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, 9 Data acquisition and data analy-
o (Impact  Factor
Steinhilber B sis
2018: 1.571)
1 Preparation of the manuscript
_ 1 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
) 9 Data acquisition and data analy-
B, Rieger M A, 2018: 2.181) )
sis
Steinhilber B
1 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:

1 To investigate the inter-rater reliability of two separate raters, measuring
waterplethysmography and bioelectrical impedance on the lower leg.
1 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) , fandt r a
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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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Figure 4. (a)—(f) Bland—Altman plots of waterplethysmography (a) and (b), impedance (c) and (d) and
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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