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1 List of abbreviations 

Bioelectrical impedance      BI 

Chronic venous insufficiency     CVI 

Discomfort developer      DD 

Low back discomfort      LBD 

Low back pain       LBP 

Measurement        M 

Musculoskeletal disorders      MSD 

Non-discomfort developer      NoDD 

Non-pain developer       NPD 

Pain developer       PD 

Standard deviation       SD 

Surface electromyography      SEMG 

Transforming growth factor     TGF 

Tumor necrosis factor      TNF 

TNF (tumor necrosis factor) receptor associated factor TRAF 

Venous diseases       VD 

Waterplethysmography      WP 
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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.  
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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-Yrjänäinen, 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.  
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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; 

Tüchsen et al., 2000; Tüchsen 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 C0 to C6; (Eklöf 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 detail 

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 
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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-
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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-beta1) production. TRAF-3 is inhibiting pro-inflammatory 

mechanisms whereas TGF-beta1 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; Lötters 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 
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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-Ceña 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 Côté, 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 

Côté, 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 
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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 I 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’ (Hägg, 1991; Zennaro et 

al., 2003; Visser and van Dieën, 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 I 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: up to 2.5 hours   → low standing load/ stress 

• 2: 2.5 – 4 hours  → increased standing load/ stress 

• 3: 4 – 5.5 hours   → significantly increased standing load/ stress 

• 4: more than 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). BI 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 
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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 

Dieën, 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 I 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? 
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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 Tübingen (project number: 

591/2014BO1).
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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 

Wall R, Lips O, 

Seibt R, Rie-

ger M A, Stein-

hilber B 

2017 Published 

Physiological 

Measurement 

(Impact Factor 

2017: 2.006) 

• Development of the study de-

sign (in cooperation with co-au-

thors) 

• Data acquisition and data analy-

sis 

• Preparation of the manuscript 

Wall R, Läubli 

T, Seibt R, 

Rieger M A, 

Steinhilber B 

2019 Published 

International 

Journal of Indus-

trial Ergonomics 

(Impact Factor 

2018: 1.571) 

• Development of the study de-

sign (in cooperation with co-au-

thors) 

• Data acquisition and data analy-

sis 

• Preparation of the manuscript 

Wall R, Garcia 

M, Läubli T, 

Seibt R, Martin 

B, Rieger M A, 

Steinhilber B 

2020 Published 

Ergonomics  

(Impact Factor 
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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, BI 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 

BI 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: 

• To investigate the inter-rater reliability of two separate raters, measuring 

waterplethysmography and bioelectrical impedance on the lower leg. 

• 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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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: 

• To investigate lumbar spine movement patterns during multiple hours of 

static standing comparing discomfort developers with asymptomatic sub-

jects. 

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

sent in discomfort developers and not in asymptomatic subjects.  

 

Wall, R., Läubli, 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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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: 

• To investigate, if there is a difference between multiple hours of static 

standing and walking on lower leg oedema.  

• To evaluate oedema progression during standing and walking. 

• 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., Läubli, 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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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 BI measurements 

Generally, good inter- and intra-rater reliability of the self-developed procedures 

in WP and BI 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 Ω (ca. 

5%) for BI, 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 BI 

and between M2 and M3 only in BI. Regarding that, especially in WP an increase 

in lower leg volume from M1 to M2 was found, whereas in BI a decrease was 

measured from M1 to M3. The reason for this discrepancy is that WP and BI were 

measured on different legs which were placed differently between measure-

ments. Subjects were seated with the WP leg in a downward position and BI 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 BI 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 BI (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 Tübingen 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 



 

64 

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 BI 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 I 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-

quential 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 BI 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 BI 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 BI were 27 ml and 3.8 Ω for rater 1 and 23 ml and 3.4 Ω for 

rater 2. Statistically significant increases of WP and BI from M1 to M2 were de-

tected. Additionally, BI 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 5th 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 BI values from M1 to M2 and M2 to M3 in BI 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 BI. 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 Arbeitsplätze in der heutigen Wirtschaft erfordern langandauerndes Stehen. 

Epidemiologische Studien zeigen, dass kontinuierliches, statisches Stehen mit 

diversen gesundheitlichen Folgen, wie Muskelskelett Beschwerden (MSD) des 

unteren Rückens und der unteren Extremitäten sowie venösen Erkrankungen 

(VD) assoziiert werden. Beschwerden der unteren Extremitäten und des lumba-

len Rückens treten gehäuft bei Menschen in Stehberufen, in steigendem Alter 

und bei Frauen auf. Einige Laborstudien zeigten zudem, dass zweistündiges Ste-

hen allein dazu führen kann, dass bei 30% bis 70% der Studienteilnehmer 

Rückenbeschwerden (LBP) entstehen. Die Mechanismen dahinter sind noch 

nicht vollständig geklärt. 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 Rücken spielen. Diesbezüglich könnte die „Cin-

derella Hypothese“ eine sinnvolle Erklärung bieten. Sie geht davon aus, dass es 

zu einer Ermüdung von Typ I Muskelfasern aufgrund von langanhaltender, nied-

riger Aktivierung kommt, die in der Folge zu einer metabolischen Überlastung 

und schließlich zu Schmerzen/ Beschwerden führt. Bezüglich venöser Erkran-

kungen geht man davon aus, dass eine kontinuierliche Dehnungsbelastung der 

Venenwände (erhöhter venöser Druck) und ein verringerter Blutfluss, aufgrund 

von statischem Stehen, pathophysiologische Mechanismen in Gang setzen, die 

zu entzündungsfördernden Vorgängen führen. Das Resultat dieser Vorgänge ist 

ein Umbau der Venenwände mit Fibrosierung, Verdickung und Atrophie elasti-

scher Fasern. Diese Prozesse machen Venen anfällig für Varikosen und Folge-

schäden. Vermehrte Bewegung scheint ein vielversprechender Ansatz für die 

Prävention von MSD und VD zu sein, indem man statische Haltungen reduziert 

und die Muskel-Venen Pumpe aktiviert. Surrogatparameter für ein erhöhtes Ri-

siko von MSD und VD beinhalten subjektive Beschwerdeangaben (via einer nu-

merischen rating Skala, NRS), Bewegung im unteren Rücken (via Lagesensor, 

PS), muskuläre Aktivität (Oberflächen Elektromyographie, SEMG) und das Un-

terschenkelödem (via Wasserplethysmographie und bioelektrischer Impedanz, 
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WP und BI). Die letzten beiden Messverfahren und -durchführungen sind teil-

weise selbst entwickelt und müssen daher auf ihre Reproduzierbarkeit hin über-

prüft werden.  

Methoden 

Die erste Studie untersuchte die intra- und inter-rater Reliabilität der WP und BI 

Messungen (M) an 20 gesunden Versuchspersonen. Jedes Messverfahren 

wurde dreimal von zwei unterschiedlichen Ratern an zwei separaten Tagen 

durchgeführt. Der Hauptkennwert zur Einschätzung der Reproduzierbarkeit war 

der „standard error of measurment“ (SEM). In der zweiten Studie wurden 60 ge-

sunde Studienteilnehmer eingeschlossen, die ca. fünf Stunden (inklusive zwei 

Pausen im Sitzen, nach 110 min und 220 min) aufgeteilt in drei Perioden gestan-

den sind. In regelmäßigen Abständen wurden die Beschwerden des unteren Rü-

ckens mittels NRS abgefragt. SEMG wurde beidseits am M. erector spinae ge-

messen. Zusätzlich wurde ein Lagesensor am Sakrum (Höhe S1) befestigt, um 

die Bewegung der Lendenwirbelsäule 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 mögliche 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. fünf Stunden (inklu-

sive zwei Pausen im Sitzen, nach 110 und 220 min) aufgeteilt in drei Perioden 

gestanden und gegangen sind. Das orthostatische Ödem wurde mittel WP und 

BI 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 überprüft, ob ein moderierender Einfluss von Geschlecht 

und Alter auf die getesteten Surrogatparameter besteht. 

Ergebnisse 
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Der SEM für die WP und BI Messung lag bei 27 ml und 3,8 Ω für Rater 1 und bei 

23 ml und 3,4 Ω bei Rater 2. Es wurde ein statistisch signifikanter Anstieg der 

WP und der BI zwischen M1 und M2 und zwischen M2 und M3 nur bei der BI bei 

beiden Ratern festgestellt. Die zweite Untersuchung zeigte, dass ein statistisch 

signifikanter Anstieg bei der lateralen Bewegung im unteren Rücken 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 Änderung von 0,3% im Mittel. Das Ödem 

stieg während der ersten 110 min stark an und flachte in der Folge ab. Alle SEMG 

Kennwerte waren statistisch signifikant geringer beim Stehen als beim Gehen. 

Während dem Stehen zeigten einige Probanden keine Aktivität (anhand des 5. 

Perzentils) im M. gastrocnemius. Es konnte kein statistisch signifikanter Einfluss 

von Geschlecht und Alter in sämtlichen Parametern von Publikation 2 und 3 fest-

gestellt werden.  

Diskussion 

Grundsätzlich zeigten die SEM Werte, dass eine gute Reproduzierbarkeit der WP 

und BI Messungen vorliegt. Beide Methoden sind gut geeignet, um Änderungen 

im Unterschenkelvolumen beim Stehen zuverlässig feststellen zu können. 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 zurückgeführt 

werden. Eine verbesserte Standardisierung (z.B. eine Ruheperiode vor der ers-

ten Messung und die Beine in horizontaler Lage zwischen den Messungen) 

könnte deswegen zu einer weiteren Verbesserung der Reproduzierbarkeit der 

WP und BI führen. Die zweite Studie zeigte, dass DD weniger Bewegung im Lum-

balbereich im Verlauf der Stehexposition zeigten als die NoDD. Das könnte da-

rauf hindeuten, dass mehr Bewegung (z.B. mittels Gehen) Schutz gegenüber der 

Beschwerdeentwicklung bieten könnte. In der dritten Studie wurde festgestellt, 

dass auch langsames Gehen und damit die Aktivierung der Muskel-Venen-

Pumpe, die Entwicklung eines orthostatischen Ödems vollständig verhindern 



 

74 

kann. Die Ödementwicklung über die Zeit scheint einem exponentiellen Verlauf 

zu folgen, mit einem starken Anstieg zu Beginn und einem Abflachen der Kurve 

in der Folge. Eine Ermüdung des M. gastrocnemius nach der „Cinderella Hypo-

these“ scheint sowohl für das Gehen (aufgrund von hoher Variabilität 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 Vorgänge (z.B. das Unterschenkelödem) für die Beschwerden in den un-

teren Extremitäten verantwortlich. Alter und Geschlecht scheinen keinen Einfluss 

auf die untersuchten Parameter zu haben.
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