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Introduction n 

Manyy epidemiological studies have been performed on the relation between manual 

materialss handling and the occurrence of back disorders. As concluded from the 

systematicc review of these studies (Chapter 2), epidemiological evidence for manual 

materialss handling as a risk factor for back disorders is present, but is largely based 

onn studies with methodological shortcomings. Most studies lacked adequate 

exposuree assessment, and methods to determine back disorders were mostly based 

onn self-reports of symptoms, with large diversity in definition of symptom as well as 

durationn and intensity. These conclusions underline the need for biomarkers which, 

ass indicators of biological responses to back load, can help to define and evaluate 

relevantt exposure and outcome parameters. 

Inn this thesis, a start was made to explore the feasibility of biomarkers in 

epidemiologicall  research on associations between physical back load and back 

disorders.. Evidence that quantitative changes in serum concentrations of selected 

extracellularr matrix components reflect changes in the rate of connective tissue 

metabolismm was derived from the literature. To explore the validity of the selected 

componentss as biomarkers of biochemical and structural changes associated with 

backk load studies were conducted to investigate whether structural damage and 

exposuree to back load induce the release of significant amounts of the matrix 

componentss from the tissue into the serum. Furthermore, associations between the 

biomarkerss and biomechanical properties of the spinal tissues were explored. 

Inn this chapter, the rationale for the focus on markers of matrix metabolism 

wil ll  be discussed. Next, the selection of the potential biomarkers, their characteristics 

andd the results of the validation studies wil l be evaluated. Finally, conclusions wil l be 

drawnn and suggestions for future research wil l be made. 

Biomarkers s 

Rationale Rationale 

Thee theoretical and experimental rationale for the selection of biomarkers of matrix 

metabolismm was supported by the results of clinical, observational, cadaver and 

animall  studies. These studies indicated that exposure to heavy physical work causes 
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strainn responses in intervertebral discs and other spinal structures is characterized by-

changess in extracellular matrix metabolism.1'21214-21 These changes have been 

associatedd with degeneration of these structures,4'6'10'11-15'1819 which may play a role in 

occurrencee or aggravation of back disorders. However, it should be noted that there 

weree studies that reported littl e or no association between exposure to physical load 

andd disc degeneration.517-24 It has been suggested that occupational exposure to 

physicall  back load only explains a minor proportion of individual variation in disc 

degeneration,, and that familial influences are also important.31 Furthermore, 

evidencee of a causal relationship between disc degeneration and low back pain is not 

conclusive.300 On the one hand, this means that the theoretical rationale for the 

decisionn to focus on markers of matrix metabolism is partly based on inconclusive 

evidence.. On the other hand, these uncertainties about the intermediate steps 

betweenn back load and back disorders were the original impulse to consider the use 

off  biomarkers to assess the effects of back load at tissue level. 

Inn conclusion, despite some inevitable gaps in knowledge, the theoretical 

foundationn was based on the available evidence and was considered to provide a 

goodd starting point for the selection and evaluation of potential biomarkers. 

KeratanKeratan Sulfate (KS) 

SelectionSelection of serum KS. KS was firstly selected because it was considered one of the few 

markerss that could be relatively specific for degeneration in intervertebral discs. The 

literaturee reported successful applications of serum KS as a marker of pathological 

breakdownn of articular cartilage in osteoarthritis patients, artificially induced 

degradationn of intervertebral disc tissue as well as physical loading of articular 

cartilagee (Chapter 3). Most of these studies assessed serum concentrations of KS 

usingg an enzyme-linked immunosorbent assay (ELISA) based on a method 

developedd and described by Thonar and colleagues.26 This ELISA was also used in 

thiss thesis. Although well-described and validated, the assay turned out not to be 

easilyy applicable in a routine laboratory. The antibodies used in this assay were not 

commerciallyy available, and only in close cooperation with a technician specially 

trainedd in the laboratory of Thonar in Chicago and after repeated communications 

withh experts from this laboratory, the assay could be performed. These practical 
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complicationss are considerable drawbacks with respect to the practical applicability 

off  serum KS as a potential biomarker in epidemiological research. 

CharacteristicsCharacteristics of serum KS. Time to appearance of KS in blood is not completely 

known.. However, based on the literature (Chapter 3) it was hypothesized that the 

timeframee for KS to appear in blood would be hours to days. It has been stated that 

thee normal biological variation in serum KS concentrations between subjects is 

considerable,, whereas the serum concentrations are very constant within subjects.7 

Thiss implies that under normal circumstances a single measure of serum KS can 

providee a reliable estimate of a person's serum concentration, and that serial 

measurementss may provide a sensitive marker of alterations in proteoglycan 

metabolism. . 

Thee KS epitope in serum is not denatured by repeated freezing and thawing 

andd is stable at room temperature for several days.25 With respect to analytical 

variation,, a certain magnitude of inter- and intra-analytical imprecision is inevitable 

inn ELISAs, variations of 5-9% are not unusual. Despite careful execution of the KS 

ELISAss in this thesis, the coefficients of variation turned out to be 13% for intra-assay 

variabilityy and 14% for inter-assay variability. Although the effects of these 

variabilitiess were reduced by analyzing each sample in duplicate, with all samples of 

eachh subject analyzed in the same batch, this measurement imprecision reduces the 

abilityy to detect differences. 

SerumSerum KS: association with back load 

Serumm KS was explored in one experimental study. Strong aspects of the study 

designn were: 1) the cross-over design eliminating the effect of expected large inter-

individuall  variation in serum KS concentrations, 2) the repeated measures of the 

serumm concentrations in a time frame accurate enough to allow monitoring of 

individuall  alterations, 3) the control for potentially confounding effects of age and 

genderr by restriction of the study population, and 4) the laboratory setting allowing 

detailedd assessment of the magnitude of the back load and resulting in minimal inter-

individuall  variations in external exposure. However, the study was designed under 

thee assumptions that 1) serum KS concentrations respond rapidly to metabolic 

changess in intervertebral discs and 2) short-term exposure to physical loading 

inducess such metabolic changes. Afterwards, based on the study results, - e.g. no 
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detectablee changes in serum KS - it is believed that the latter assumption was 

debatable.. The magnitude of the exposure to physical back load resembled the 

maximumm allowable load during one working day according to guidelines for the 

Dutchh construction industry. Contrary to the effect of artificially induced or 

degenerativee cartilage disorders, this short-term exposure did not induce metabolic 

orr structural changes large enough to cause detectable alterations in serum KS. It is 

possiblee that exposure to much higher loading of the back would cause detectable 

changes.. However, because of ethical reasons this cannot be investigated in humans. 

Inn conclusion, although this experiment did not provide definite proof of the 

inabilityy of serum KS to reflect effects of physical back load, taking the considerations 

discussedd above into account, together with the absence of commercially available 

routinee assays and the decreasing interest in serum KS as a biomarker of cartilage 

degenerationn in recent years, it was decided not to further explore serum KS as a 

potentiall  biomarker. 

PICPPICP and CTx 

SelectionSelection of PICP and CTx. The unsuccessful experience with serum KS led to slightly 

alteredd considerations when selecting markers of type I collagen synthesis and 

degradationn as potential biomarkers for further exploration in this thesis. Because 

identificationn of serum markers specific for intervertebral disc degeneration was 

consideredd impossible, emphasis was shifted to evidence in the literature of the 

sensitivityy for alterations in connective tissue metabolism induced by physical 

loading,, and availability and validity of assays applicable under routine laboratory 

conditions.. Markers of type I collagen metabolism can be used to monitor metabolic 

alterationss of many different tissues. Therefore, an adequate study design is of great 

importancee to be able to obtain relative site-specificity for these markers. In this 

thesis,, connective tissue pathologies were restricted as much as possible by means of 

selectionn of the subjects. Furthermore, it was strived for to investigate situations in 

whichh back loading was the most prominent exposure. In other words, construction 

workerss and nurses were selected as research groups because these occupations are 

characterizedd by high exposure to back loading and high risk for back disorders. The 

factt that these occupations are also characterized by physical loading of the whole 

bodyy compromises the relative specificity. However, nowadays there are hardly any 
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occupationss in which solely the structures in the back are exposed to physical 

loading. . 

Unfortunately,, interpretation of alterations in serum concentrations of markers 

off  collagen synthesis and degradation is hampered due to the difficulty to identify 

whetherr increased collagen synthesis is a favorable response, strengthening the 

tissuee to meet the increased physical demands and repair micro-damage that may 

havee occurred, or an undesirable change compromising the mechanical properties of 

thee tissue.21 

CharacteristicsCharacteristics ofPICP and CTx. Concentrations of PICP and CTx are thought to reflect 

thee actual status of type I collagen metabolism. With respect to the time frame, it has 

beenn shown that in response to a single bout of strenuous exercise (i.e. running a 

marathon),, type I collagen synthesis increased immediately, serum concentrations 

reachedd a peak after three days and returned to baseline values five days after the 

run.16 6 

Biologicall  variability of PICP and CTx is considerable. However, the 

magnitudee of this variability and the factors contributing to it are not completely 

known.. Because recent studies indicated that diurnal rhythmicity, dietary factors and 

menstruall  cycle may influence serum concentrations,3'832 in this thesis, time of 

collectingg blood was standardized as much as possible. Unfortunately, aspects such 

ass menstrual cycle and diet were not systematically controlled for. This may have 

beenn responsible for the unexplained variability of the biomarkers. The magnitude of 

thiss effect on the results is difficult to estimate. 

PICPP and CTx have been reported to be stable upon storage and repeated 

freezingg and thawing.22-23 Average analytical variability of the analyses described in 

thiss thesis was acceptable: for PICP the inter-assay variation was 9% and intra-assay 

variationn 4%, and for CTx the inter-assay variation was 11% and intra-assay variation 

5%.. To avoid confusion as to whether differences in analysis are responsible for 

observedd effects, samples from exposed and non-exposed subjects were analyzed 

simultaneously.. Moreover, when repeated samples of a subject were analyzed, all 

sampless of each subject were analyzed in the same run. 
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PICPPICP and CTx: associations with tissue damage 

Althoughh type I collagen is a major component of the annulus fibrosus of 

intervertebrall  discs, and biomarkers of type I collagen were selected as biologically 

relevantt with respect to tissue changes in the back, there was no evidence in the 

literaturee that serum concentrations of PICP and CTx reflect biochemical alterations 

causedd by structural damage in intervertebral discs in humans. Monitoring of serum 

PICPP and CTx following lumbar discectomy provided a unique opportunity to 

exploree this aspect of sensitivity of these potential biomarkers. The population 

consistedd of females and males of varying ages, however the potentially confounding 

effectss of age, sex and body mass index were accounted for in the statistical analysis. 

Drop-outt of study participants was considerable but not systematic, and mainly 

causedd by practical problems. Furthermore, in the GEE-analyses used to analyze the 

data,, all available data could be taken into account. Data for a person are included in 

thee statistical model whether or not that person has missing data at other times. The 

resultss suggest that a repair response of connective tissues following structural 

damagee to the annulus fibrosus and surrounding tissues is detectable by alterations 

inn serum concentrations of PICP and CTx. Unfortunately, the fact that there was no 

referencee group makes it impossible to discern the possible influences of increased 

physicall  activity following a period of inactivity prior to surgery from the healing of 

surgicallyy induced damage. 

PICPPICP and CTx: associations with occupational back load 

Twoo different studies were conducted to explore the effects of occupational back load 

onn serum concentrations of PICP and CTx. Firstly, the effect of long-term 

occupationall  exposure to heavy physical back load was investigated in a cross-

sectionall  study. The relatively simple design allowed comparison of serum 

concentrationss in two groups of considerable size. The groups were homogenous 

withh respect to age and gender, whereas contrast in (past) occupational exposure was 

large.. Exposure information was only based on job-title and self-reports, but because 

off  the large contrast in exposure between the selected occupational groups, 

misclassificationn of exposure was not considered an issue. Despite considerable inter-

individuall  variation in exposure within the groups, significant differences could be 

detectedd in serum concentrations of PICP and CTx between the two groups. Thus, 

thiss study showed that serum PICP and CTx can reflect differences in exposure to 
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physicall  back load on a group level in age and gender matched groups with large 

contrastt in exposure. Because of the cross-sectional design of this study, it is however 

nott possible to separate the effects of recent exposure from the cumulative effects of 

pastt exposure. 

Therefore,, secondly, a longitudinal study was conducted, with monthly 

repeatedd measures of serum PICP and CTx. This design enabled assessment of 

temporall  correlations between exposure and effect, and allowed correction for 

normall  biological variability within individuals over time. Because the subjects, 

youngg student nurses, were first-time exposed for a longer period of time, 

monitoringg of both recent and cumulative effects of back load was possible. Exposure 

too physical back load was assessed by direct observations, which is considered to 

providee fairly accurate exposure estimates,27 albeit only at the level of activities. In 

general,, the physical workload was not very high, when compared to registered 

nursess in the same wards. Within the exposed group, considerable differences in 

exposuree to patient handling activities existed. Serum concentrations of PICP and 

CTxx did not fluctuate significantly during the six-month exposure period, suggesting 

thatt there was no cumulative effect of back load. During the entire study-period, 

however,, serum concentrations were shown to differ significantly from the reference 

group.. Also, within the exposed group exposure to patient handling was 

significantlyy associated with serum concentrations of PICP and CTx. Thus, this study 

didd not provide significant temporal correlations between exposure and effect, but it 

showedd again that these serum markers were able to reflect differences in exposure 

betweenn contrasting groups as well as varying levels of exposure between 

individualss within the occupation. It can be hypothesized that no cumulative effect 

off  loading was detected because this, not exceptionally high, level of loading caused 

metabolicc changes in young, newly exposed healthy people, that were reversible 

withinn a short period of time. Considering the fact that another study showed serum 

concentrationss to rise shortly after intense physical loading, to peak after three days 

andd to return to baseline levels within five days,16 it would require more frequent, for 

instancee daily, assessment of the biomarkers to be able to monitor temporal 

correlationss between exposure and effect. Furthermore, interpretation of the 

associationss between biomarkers and back load in this study is difficult. The 

suppressedd collagen turnover in higher exposed subjects is contrary to the 

hypothesiss that exposure to physical load enhances collagen metabolism. Therefore, 
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furtherr exploration of these exposure - biomarker associations is needed, for instance 

withh different levels of exposure and longer follow-up. 

PICPPICP and CTx: associations with mechanical properties of spinal tissues 

Too improve interpretation of the biological relevance of serum PICP and CTx, the 

associationn between these biomarkers and spinal shrinkage, as a measure of 

mechanicall  capacity of the motion segment, was explored. Because there is evidence 

thatt tissue concentration of the matrix components is associated with mechanical 

propertiess and thus spinal shrinkage,28 shrinkage is considered a valuable estimate 

forr tissue composition of the motion segment. In the study, time frame of the two 

measuress was different; shrinkage was assessed on one working day during the 

exposuree period, whereas the biomarker concentrations during the whole exposure 

periodd were used as a measure of collagen metabolism. Since the biomarkers did not 

changee during that period, it was assumed that collagen metabolism was fairly stable 

andd biomarker concentrations were thus representative of the metabolic state of the 

tissuess at any time in the study period. The significant associations that were found 

betweenn the biomarkers and spinal shrinkage suggest that serum concentrations of 

PICPP and CTx may provide relevant information with respect to tissue composition 

off  the motion segment. However, the magnitude of the associations was small (see 

Tablee 2, Chapter 9) and interpretation remains speculative. Nonetheless, it would be 

interestingg to further explore the associations found in this study, for instance by 

studyingg a more varied population with respect to (age-related) degeneration of 

intervertebrall  discs. Furthermore, since the rate of deformation of the motion 

segmentt has been suggested to be more informative on the mechanical characteristics 

off  the tissues than just the magnitude of the shrinkage,29 relations between 

biomarkerss and the rate of deformation of the motion segment may provide 

additionall  information. 

SummarySummary of the results of the different studies 

InIn summary, the results of the studies in this thesis (Table 1) showed that short-term 

exposuree to back load did not cause acute tissue changes detectable by altered serum 

concentrationss of KS. There was consistent evidence that both structural damage to 

intervertebrall  discs (and surrounding tissues), and exposure to back load elicited 

changess in type I collagen turnover that were detectable by shifts in serum 

concentrationss of PICP and CTx, and/or in the ratio PICP/CTx. Interpretation of 
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alteredd type I collagen turnover remains speculative. Increased collagen synthesis 

followingg structural damage most likely reflected a repair response. Higher synthesis 

togetherr with higher degradation {balanced as indicated by the PICP/CTx ratio) in 

thee long-term exposed males in the cross-sectional study may have reflected 

increasedd collagen type I turnover rate caused by recent exposure, but it is believed 

too have reflected higher collagen type I concentrations in the connective tissue caused 

byy adaptation to years of loading. In the student nurses without history of 

occupationall  back loading, six months exposure did not seem to have a cumulative 

effectt on collagen metabolism. 

Tablee 1. Summary of the results of the validation studies. 

Aspect Aspect KS S PICP P 
ratio o 

CTxx PICP/CT 

Responsee short term back load: 
*-repeated*-repeated measures following lifting task in laboratory ND ND ND ND ND ND 

Responsee tissue damage: 
^-repeated^-repeated measures following lumbar disc surgery ND ND 

Effectt long-term back load (C-S): 

*-constructionn workers vs sedentary workers ND ND 

Effectt recent and cumulative back load (L): 
^-monthly^-monthly measures during exposure period nurses ND ND 

 measures exposed nurses vs reference group ND I 

*montly*montly measures exposed nurses, 

increaseincrease exposure to patient handling ND ND 

Associationn mechanical capacity tissues: 
^repeated^repeated measures exposed nurses, 

increaseincrease spinal shrinkage ND ND 

C-SC-S = cross-sectional, L = longitudinal, ND = not determined 
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Contraryy to the theory that exposure to load induces increased collagen synthesis, 

recentt exposure to back load was associated with suppression of turnover rate. 

Althoughh speculative, in combination with the associations with spinal shrinkage 

assessedd in these subjects, this may be interpreted as being a sign of unfavorable 

conditionn of spinal tissues with respect to mechanical capacity. 

Conclusions s 

Inn this thesis a first step was made to identify and validate potential biomarkers to 

supplementt traditional methods in epidemiological research on occupational back 

loadd as risk factor for back disorders. No valid serum markers specific for the effects 

off  physical load on the spinal structures are available. Therefore, validated assays for 

markerss of components that are important constituents of, but not specific for, spinal 

tissuess are considered most promising. Serum markers of type I collagen metabolism, 

PICPP and CTx have been selected as valid and relevant potential biomarkers for back 

load. . 

Fromm the exploratory studies in this thesis, it can be concluded that structural 

damagee to the annulus fibrosus of an intervertebral disc and surrounding tissues as 

welll  as various levels of exposure to physical back load are associated with 

significantt changes in serum concentrations of these biomarkers. Based on the 

biomarkerr values, differences in exposure to occupational back load, on group as 

welll  as individual level, could be discriminated. 

Despitee these positive results, current knowledge is still insufficient to be able 

too use PICP and CTx as practically applicable instruments to evaluate the risk of back 

loadd or identify individuals at risk in epidemiological studies or occupational health 

practice.. One of the major obstacles to practical implementation is the weak 

validationn of the biological relevance: interpretation of altered serum concentrations 

withh respect to relevant tissue changes is still speculative. There is not yet a gold 

standardd by which to evaluate (alterations) in serum markers. Another problem for 

practicall  use is the large unexplained variation between individuals. 

Nevertheless,, these results may provide a productive starting point for further 

research.. Recent studies reported on increased knowledge and the development of 

moree sophisticated assays for assessment of bone and cartilage metabolism.9'20'29'33 
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Thiss enhances the possibilities of obtaining tissue specific information. In 

combinationn with assays for proteoglycan components and/or type II collagen 

metabolites,, PICP and CTx may provide a more complete picture of the tissue 

responsess to physical back load. 

Too improve the foundation of the biological relevance, future studies should 

combinee measurement of biomarkers with different assessment methods of tissue 

composition,, such as MRI, in combination with adequate information on exposure. 

Longg term follow-up studies or case-referent studies are needed to investigate 

whetherr serum concentrations are predictive of development of back disorders. If 

thiss is validated, biomarkers could ultimately prove useful for identification of 

individualss at risk. There is growing evidence for involvement of genetic factors in 

susceptibilityy for degenerative musculoskeletal disorders. Biomarkers may identify 

individualss with (genetically determined) aberrant collagen turnover or response to 

physicall  loading. Therefore, it may be worthwhile to further explore them as markers 

off  susceptibility. 

Too be able to use biomarkers for the evaluation of loading conditions, 

assessmentt of quantitative relationships between exposure and biomarkers is 

needed.. This requires further exploration of the relationships reported in this thesis, 

forr instance by combining more detailed (biomechanical) exposure information with 

seriall  measures of the biomarkers. 

Inn conclusion, the results of this thesis give rise to the expectation that eventually 

biomarkerss wil l contribute to the unraveling of the relationship between 

occupationall  back load and back disorders. It is recommended to continue research 

inn this important area, for which this thesis provided a kick off. 
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