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The US Department of Labor defines work-
related musculoskeletal disorders (MSDs) as
injuries/disorders of several tissues, including
nerves, muscles, tendons, bones and joints, asso-
ciated with prolonged exposure to risk factors in
the workplace such as repetitive movements,
forceful exertions, assumption of awkward or
extreme postures, exposure to vibrating tools
and performance of tasks in cold temperatures
or poor lighting conditions [1,101. While the
risk-factor exposure levels are sufficient to cause
acute tissue injury, long-term exposure eventu-
ally leads to tissue damage because insufficient
recovery between bouts of exposure does not
occur. Diagnoses attributed to such workplace
exposures include tendinopathies (e.g., lateral
epicondylitis and DeQuervain’s tenosynovitis),
peripheral neuropathies (e.g., carpal tunnel syn-
drome [CTS] and cubital tunnel syndrome),
myopathies (e.g., myositis and trapezius myal-
gia), bone and joint disorders (e.g., osteo-
arthritis and effusion) and vascular disorders
(e.g., hand-arm vibration syndrome) 2. In
2005, MSDs accounted for 30% of lost work-
day illnesses in the US industry [1015. In this
Bureau of Labor Statistics survey, MSDs of the
upper limb were among those with the longest
work absences, such as CTS with a median of
27 lost days, shoulder injury with a median of
15 lost days and wrist injury with a median of
14 lost days. Furthermore, repetitive motion
was the event associated with the longest work
absences by type of exposure: a median of
19 lost days. Epidemiological research associates
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Work-related musculoskeletal disorders (MSDs) have accounted for a significant proportion
of work injuries and workers’ compensation claims in industrialized nations since the late
1980s. Despite epidemiological evidence for the role of repetition and force in the onset
and progression of work-related MSDs, complete understanding of these important
occupational health problems requires further elucidation of the underlying pathogenesis.
Results from several clinical and experimental studies indicate that pathological and/or
adaptive tissue changes occur as a consequence of performing repetitive and/or forceful
tasks. Here, we review evidence of these tissue changes as revealed by the testing of serum
biomarkers. Biomarkers of inflammation (inflammatory cytokines and C-reactive protein),
cell stress or injury (malondialdehyde and creatine kinase), and collagen synthesis and
degradation (collagen | carboxy-terminal propeptide and type-I collagen cross-linked
C-telopeptide, respectively) and their association with MSDs will be reviewed.

the onset and severity of upper-extremity MSDs
with the performance of repetitive and forceful
hand-intensive tasks [1], yet the mechanisms of
pathophysiology in the development of MSDs
are incompletely understood. The National
Research Council and Institute of Medicine
report on work-related MSDs proposes that
internal tissue tolerance may be exceeded by
external loads in the workplace (11, a concept
known as the overexertion theory of work-
related MSD development [3). Recent findings
from our laboratory and others have led us to
hypothesize that performance of repetitive tasks
leads initially to injury, then transient or cyclical
inflammation, which may resolve if tissues
adapt. However, if internal tissue tolerance is
exceeded, as suggested by the overexertion the-
ory, then when continued task performance is
superimposed upon injured and inflamed tis-
sues, a vicious cycle of injury, inflammation and
tissue degeneration may ensue [4].

One means by which underlying tissue
pathology can be examined is with the use of
serum biomarkers. The testing of biomarkers in
association with disorders or diseases may pro-
vide three types of information. First, tissue
biomarkers may be useful for the immediate
diagnosis of a disorder or disease. For example,
troponin elevations in the proper clinical context
may be diagnostic of a non-ST-segment eleva-
tion myocardial infarction [56. Second, a
biomarker may assist in risk and disease severity
stratification [7). Such stratification may include
the risk of adverse events acutely or chronically
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related to the antecedent trauma or illness.
Third, a biomarker may ideally direct therapeu-
tic decision-making and provide outcome data as
to therapeutic efficacy [8,9). This article will pro-
vide a review of the examination of serum for
biomarkers indicative of cell stress, injury,
inflammation or collagen turnover associated
with MSDs. While research regarding biomark-
ers for MSDs is still in the nascent stage, and is
thus not definitive regarding their use for diag-
nosis or therapeutic decision-making, there is
some evidence that certain biomarkers may pro-
vide insight into the stage or severity of the
underlying tissue pathophysiology associated
with these disorders, as well as the potential
mechanisms for injury and its sequelae.

Inflammatory cytokines as mediators &
biomarkers of inflammation
Cytokines are a large group of low-molecular-
weight polypeptides produced by many cell types
including activated immune cells and injured
cells. Over 150 cytokines have now been identi-
fied and cloned. Cytokines are chemical mediators
that allow cells to communicate with each other
locally or at a distance, similar to hormones. They
are involved in many immune, inflammatory and
disease responses, such as the acute-phase response
(APR), as well as in several developmental and
embryonic processes. For example, when the body
is subject to a trauma, immunological stress, neo-
plasm, infection or surgery, cytokines upregulate
and the nonspecific APR is stimulated [10]. A com-
plex network of molecular and cellular responses
ensues that either amplifies or depresses the con-
centration of acute humoral defensive compo-
nents produced by the liver, referred to as acute-
response proteins. The synthesis and increased
serum levels of these liver-derived acute-response
proteins are biomarkers of the first 12-24 h of
acute inflammation. Cytokines are the chief stim-
ulators of the APR proteins. They also contribute
to the recruitment of immune cells as well as the
regulation and remediation of signs and symp-
toms of acute and chronic inflammation through
local and systemic actions [11,12].

Four main groups of cytokines corresponding
to effect pathways can be distinguished [12):

e Catabolic cytokines that primarily act as
negative growth factors for a variety of cells

¢ Anabolic cytokines that primarily act as
positive growth factors

¢ Regulatory proteins
« Inhibitory proteins

Biomarkers Med. (2008) 2(1)

It is important to note that most cytokines
function in combination with other cytokines as
part of a network. Activated macrophages release a
substantial amount of ‘first wave’ proinflamma-
tory cytokines such as IL-1 and TNF in response
to tissue injury and trauma. IL-la and IL-1p
interact at specific receptors on numerous cell
types, and produce a broad spectrum of cell
responses at both local cellular and systemic levels,
as shown in Box 1 [11,13,14]. TNF-o has many simi-
lar effects and has been shown in certain cell types
to initiate IL-1 expression [i5). Pertaining to
inflammation, IL-1 and TNF-a play roles in
phagocyte proliferation and activation, adhesion,
angiogenesis, as well as inflammation-induced
cartilage and bone destruction [i6]. Another
cytokine, 1L-6, is tightly regulated and is not nor-
mally detected in serum unless there is trauma,
infection or cellular/tissue stress [17]. It is produced
by a variety of cells, including activated leuko-
cytes, adipocytes and endothelial cells, and elicits
pleiotropic effects on a variety of biological func-
tions, including regulation of the immune
response, hematopoiesis, inflammation and cellu-
lar differentiation. Proinflammatory effects of
IL-6 include induction of cell growth and prolifer-
ation, inflammation and the APR [17,18]. The anti-
inflammatory actions of IL-6 include inducing
increases in circulating levels of IL-1 receptor
antagonist and soluble TNF receptor [17,19]. IL-6
is also a ‘myokine’ produced by muscle cells as a
result of exercise-induced glycogen depletion [2q].
It then acts in a hormone-like fashion to regulate
lipolysis and fat oxidation [20]. Thus, inflamma-
tory cytokines are cell-derived factors that func-
tion as intercellular chemical messengers at local
and distant sites. Sensitive immunoassays that can
detect concentrations of cytokines at levels less
than 1 pg/ml in serum have been developed,
thereby allowing their practical use in the investi-
gation of underlying inflammatory processes.
Unfortunately, there is still a lack of immunoassay
standardization internationally, making compari-
sons between the findings of different laboratories
difficult. The WHO s currently working in col-
laboration with the National Institute of Biologi-
cal Standards and Controls in the UK to develop
such standards.

C-reactive protein as a biomarker

of inflammation

The APR is characterized by an increased hepa-
tocyte synthesis of acute-phase reactants, includ-
ing C-reactive protein (CRP) [211. CRP is a
sensitive inflammatory marker of low-grade
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Box 1. Systemic effects of recombinant IL-1 in humans.

CNS effects

= Fever

« Increased slow wave sleep

< Increased secretion of corticotropin-releasing hormone
* Anorexia

» Decreased social interaction and depression

Metabolic effects

« Increased synthesis of hepatic proteins
» Increased sodium excretion

e Decreased serum zinc and iron

« Decreased cytochrome P450

e Lactic acidosis

Hematologic effects

« Increased circulating neutrophils

» Decreased circulating lymphocytes

 Inhibition of lipoprotein lipase

< Increased secretion of colony-stimulating factors
« Increased nonspecific resistance

Vascular wall effects

< Increased leukocyte adherence

» Increased prostaglandin synthesis

« Increased release of platelet-activating factor
« Increased capillary permeability

« Hypertension

From [11,13,14].

inflammation 221, and has been shown to be of
benefit in identifying individuals with unstable
angina pectoris [23], underlying coronary artery
disease and risk of future stroke (Table 1) [24,25]. It
has also been suggested that CRP is useful not
only as a marker of the APR but may also be
involved in the pathogenesis of inflammatory
disease [26,271. CRP may interact directly with the
atherosclerotic vessels of ischemic myocardium
by activation of the complement system, thereby
promoting acute vascular damage at plaque sites,
inflammation and thrombosis.

Inflammatory biomarkers

& work-related MSDs

Recent work suggests that repetitive and/or force-
ful motions induce injury in nerve, tendon, mus-
cle, bone and cartilage in animal models [28-33], as
well as an early inflammatory response at the tis-
sue level [29,34,35. Using a rat model, we have
reported that repetitive reaching causes injury and
both local and widespread increases in macro-
phage influx into musculotendinous and bony tis-
sues and peripheral nerves, fibrosis in and around
the median nerve, decreased nerve conduction
velocity and decreased grip strength [29-31,34,36].
The macrophage response is associated with
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increased inflammatory cytokines in the median
nerve and musculoskeletal tissues [29,36]. While
many of our findings are suggestive of a wide-
spread inflammatory response in the upper
extremity tissues, a systemic inflammatory
response is also suggested by the elevation of
activated macrophages in limbs not involved in
the highly repetitive activity, such as the hind-
limb [29,34], and by an increase in serum levels of
IL-1o compared with control rats [29].

We have also observed a positive association
between several inflammatory biomarkers and the
severity of signs and symptoms in patients with
short-term (no longer than 12 weeks) upper-
extremity overuse injuries [371. In order to avoid
confounding of results, exclusion criteria included
a history of inflammatory diseases (e.g., lupus,
rheumatoid arthritis, diabetes and nonmedically
controlled hypertension), cancer, known coronary
artery disease, disease processes that required med-
ication with steroids or NSAIDs, and cigarette
smoking. In that study, we stratified 22 human
subjects according to severity of early-onset upper-
extremity MSD symptoms, compared with nine
control subjects, using an upper body muscu-
loskeletal assessment (UBMA) [381. The UBMA
takes a regional approach to diagnosis and includes
neurological, musculoskeletal and vascular tests, as
well as identification of active and latent trigger
points in the shoulder complex, passive range of
motion for all upper extremity joints, and the sub-
jective reporting of duration, frequency and inten-
sity of pain and discomfort for all upper limb
segments. A final composite score ranging from 0
to 152 made it possible to quantify the severity of
the patients’ MSDs. Analysis of serum collected
from these patients revealed significant increases in
serum CRP, IL-1B, TNFa and IL-6 with increas-
ing UBMA scores. All of the serum biomarkers
correlated with the UBMA scores: CRP was
strongly correlated, TNF-a and IL-1B were mod-
erately correlated and IL-6 was fairly correlated.
Ordinal logistic regression analysis with backward
elimination was used to determine which combi-
nation of the inflammatory biomarkers, age and
body mass index were associated with UBMA
scores. Only CRP and TNF-a were significantly
associated with UBMA scores in this analysis.
Since inclusion in our study required duration of
symptoms no longer than 12 weeks, these findings
support the presence of an early inflammatory
process in the development of MSDs.

Freeland et al. also examined serum as well as
tissue biomarkers of injury and inflammation
in patients with CTS, one of many MSDs [39].

69



REVIEW - Carp, Barr & Barbe

‘Awanxs Jaddn 3N {19pI0sIp [B18]3XSOINISNIAl :dSIN ‘dwoapuAs [auuny [edue) 519 ‘uidload aandeal-) :dyd

‘usw yum paredwod §0°0 > d§ s108lgns BunoA Jo [ewlou |0J1u0d yum pasedwod T0°0 > d; S[ewlou Jo sjoJ1uod yum pasedwod G0°0 > dy

‘UoIIBINSP pJepuE]s sa1edlpul F ‘abuel a3edlpul sesayluated ul siaquinu eleq

‘[2€] A&11saqo 10 Buibe ‘saseasip Je|naseAolpied J1U0IYyd J8Yl0 0} UOIIeIIU3duU0d Ul Jejiwis 0} [sE] (sanssil [einouAsoual

ul pajeAs|a sem 9-1| ybnoyije) Juswanjoaul a11s-a1buls ‘eaibunsaid Jo ased ayl ul WNJas Ul 8|ge19931ap 10U wody abues saSiN Yiim siuaired Ul siaxsewolq Alojewweljul 8sayl Jo S|aAa| ay3 eyl 810N

uonedIPaW OU ‘s|qeIsun
+(08-¢€€) L8 UOITeIIPAW + 3|rISUN

(re-L0)v'T eulbue a|qeIs
0'e> pey %ET
uesw ,1G9°T 10Je}UI [eIpIed0AN
[ez] uesw 0t'T 1UBAD Je[naseA Auy

a|geisun Tg ‘euiBue a|geIS YUM 2€
[vv] uesw €T°T 3UON 9seasIp JeNaseA 8NNy F uaw Aylresy 980T
9seasIp Jejnasep

$£.0FG0'T Auapi3
6E°0+ V€0 109 ¥ G'G Bunoj
00T+TT'T b’V + LG'¢C 29F8YV uswom 3npy
(8'%-20°0)
er-1v'72]  YOCTFEST /8'€¥50Z Ausplaang jre ul |/Bw G> usw npy Apmis yoes gy T< 01 65
pabe a|ppiw pue 3jNpe BunoA ‘uswom pue uasw :s33algns AyyesH
S10
2oUaIaYIP
3|ge10919p 90UBIaYIP sjonuod Ayiesy T2
[6€l ON  9|qe19818p ON joauod ‘(sapewsay TE ‘saew uay) 19 diyredoipl yum siusined Ty = U
186 T* /0¥ tCEF6V'9 9€+¢208 L.8T0F .99 dSIN 219A38S
$1¢9°0+9T'¢ 6C°C+ vy ce'C+80'S HbT0+T2'S dSIN 81elspoN
tVCT+CL'E 2T +08°¢ T +e6ev'e 800+ 9917 dsIN PI'N
[z€] T6'0+S0'T TOT+TET STT+.8%¢ ¢T'0+8L°0 [ Pleie] $]0J1U0D BUIU ‘ASIAl 3N 18suo-Ales yum 2z = u
SASN Pareal-10Mm 3N yum spslans
(Jw/6d)
"Joy (lw/bd) 9-71 (Jw/Bd) 9T1-71 0-4N1 (I/6w) ddd suJoyoo s3oalgns

‘suewny ul

SuUOIIPUOI pue salNlul J18Yy10 pue SI9PIOSIP [L18[3%S0INISNW Y1IM $193[gNs 1jNpe Ul Sauix01Ad pue uia1oid aAIloeal-) JO SUOIIRIIUSIU0I WNISS ‘T 3|geL

future science group .

Biomarkers Med. (2008) 2(1)

70



Biomarkers as signals for work-related musculoskeletal injury - REVIEW

‘usw yum paredwod §0°0 > d§ s108lgns BunoA Jo [ewlou |01u0d yum pasedwod T0°0 > d;

‘Awaiixa 1addn 3N ‘49pIosIP [LIB|AXSOINISNIA :ASIN ‘8W0oIpuAs [auuny fedse) :S19 ‘ule104d aAloeal-d (ddd

‘S|ewlou 40 $|0J3U0d Ym pasedwod G0'0 > dy

‘uolIeINap prepuels sayedlpul F ‘abues ayealpul sasayuated Ul siaquinu eleq
‘[2€] A&11saqo 10 Buibe ‘saseasip Je|naseAolpied J1U0IYd J8Y10 0} UOIIRIIU3duU0d Ul Jejiwis 0} [sE] (sanssil [einouAsoual
ul pajeAsls sem 9-7| ybnoyafe) JuswanjoAul 81s-a|Buls ‘[ed1Binsaid Jo ased syl Ul WNJss Ul 8|ge1d93ap 10U Wwoiy abuel sgSIN UHMm sjuaired Ul siasrewolq Alojewwe|jul 8sayl Jo S|aAs| 8yl eyl 810N

TL+CTT
65 + 89

[2v] TISF IV

60+ LT
t€TFL'T
70¥0¢C
CT+G¢

t€T+T¢C
L’0+8'1T
80FV'T
ETFVT
tAAE =)
CT+91

AR A4

60F8T

L'0FGST

80FGT

0ZFV'T

80FGST
[ov'sy]

19y (Jw/6d) 9-71

S9T + 9T¢C
skep QT—¢ 10}
uolleAsld pIIA uono9leg>

€CF+09 uondLleg>

1CCF 6V
1 TFT'S
TT*G9S
ViI+19

tC ¥ V'S
EF6Y
EFCY

1C'CF¥6°S
0C+6'S
LTFLY

£ ¥86
EF¥6V
EFOY
1€¢+09
1TC¢+9'9
V1¥6'¢

(Iw/bd)

(Jwy/6d) dT-11 D-4NL

1CTFLT
18T +8'T
7VT¥8T1T
Vi+¢ee

JCF6E
€T+8T
CTFET

1€TFV¢C

LTF0C
(AR A

LCFLC
TT+6'T
TTFLT

1€T+6°¢C

HLTFVC
ZT*8T1T

Afeiow 1oy ysu ye
sioAIANS ul Julod 3saybiH

ainjrey ueflo Jo 18sUQ

ewnen) T Aeq

Auanoe [eaisAyd ybiH o
Auanae [eaisAyd winipsiy e
Aanoe [eaisAiyd mo e
Aleluspas e

Japuab Jayy3

95900 o

1YBIBaMIBND

1yBIam [eWION e
SAISUBLIBdAH o
aAISUaIadAYaId
SAISUBJOWION e
USWOAN

95900 o

WBIBMIBAD

ybIam [ewIoON e
9AISUBLIBdAH
aAISUsIadAyald e
SAISUBJOWION e

UaN

pa1si| Aujeniow

10} YSU MO| Je asoy] Ajuo ‘ewnesy ajdinw yum siuaned gz

ewneJ} Joley

sieak 6g—gT pabe ‘sejews) 8gGT ‘sefew $TGT = U

SO1UI[D 84edyl[eay 01 SMSIA [elausb BuliNp painseaw ‘s|oAs] 8s1919xa pue A1sado ‘uoisusliadAH

(1/6w) d¥yo

S1ioyo)

sy08lgns

‘suewny ul

SuUOIIPUOI pue salN(ul 18Yy10 pue SI9PIOSIP [L18[3%S0INISNW Y1IM $193[gNs 1jNpe Ul Sauix01Ad pue uia1oid aAIloeal-) JO SUOIIRIIUSIU0I WNISS ‘T 3|geL

71

www.futuremedicine.com

future science group



REVIEW - Carp, Barr & Barbe

72

The 41 patients in Freeland’s study had diag-
noses of idiopathic CTS (most with abnormal
nerve conduction velocity changes), but no his-
tory of trauma, diabetes, metabolic disease,
inflammatory arthritis or other related systemic
disease. Serum was collected 1 week prior to
carpal tunnel release surgery, while tenosynovial
tissue was collected at the time of surgery. They
found significantly increased levels of PEG,
and IL-6, but not IL-1, in tenosynovial carpal
tunnel tissues as well as fibrous hypertrophy
with localized necrotic areas in patients with
CTS compared with control subjects (cadavers
or patients undergoing other hand surgery with
no history of CTS). In contrast to the tissue
findings, there was no increase in serum PGE,,
IL-1 and IL-6 in patients with CTS compared
with controls. This absence of serum PGE, and
cytokines may reflect low serum concentra-
tions, rapid metabolism or both. Alternatively,
perhaps the single anatomical site involved does
not release enough PGE, or IL-6 to be detecta-
ble in serum. The presence of progressive
edema, fibrous hypertrophy and angiogenesis
in the examined tissues suggests that a previous
inflammatory phase existed that has now
resolved, although the absence of inflammatory
serum biomarkers may indicate that the patho-
genesis of idiopathic CTS is purely degenerative
in nature.

Circulating levels of inflammatory cytokines
were also examined in a recent study by Som-
merich and colleagues examining the effects of
a repetitive pinching task in a nonhuman pri-
mate model [33]. Subjects performed a pinch
grip at 20% of their estimated maximum vol-
untary exertion in a non-neutral wrist posture
(flexed approximately 60°), at a rate up to
6/min, for approximately = 15-20 weeks.
Median nerve impairment developed during
this time frame, as evidenced by changes in task
performance levels (in three of four subjects),
decreased nerve conduction velocity in the
working hand and MRI enlargement of the
median nerve. However, they observed an
absence of serum IL-6 and TNF-a. Since serum
was measured every 2 weeks in this primate
study, it is unlikely that they missed a systemic
inflammatory phase. Since one or more serum
cytokines increased in our rat model study, in
which rats perform a task involving the entire
limb [29], and in patients with MSDs and multi-
ple-site involvement [37], perhaps multiple limb
regions need to have pathological changes to
elicit detectable increases in serum cytokines.

Biomarkers Med. (2008) 2(1)

Comparison of inflammatory biomarker
levels in MSDs to other conditions

Table 1 shows the similarities of our results to a
selection of studies of healthy patients and
patients with diseases and conditions in which
serum levels of CRP, TNF-a, IL-1p and/or IL-6
were measured. This summary places our find-
ings in patients with work-related MSDs in a
clinical context, and a number of interesting par-
allels are evident. Our control group had similar
levels of each biomarker examined, as seen in
healthy young adult and middle-aged men and
women [40,41], although our IL-6 serum levels are
higher than those found in Hager’s study [42], pre-
sumably owing to differences in assay sensitivities.
The moderate and severe MSD groups show sim-
ilar CRP levels as elderly subjects [21] and patients
with uncontrolled, unstable angina [23). The mild
MSD group had levels similar to patients at future
risk for a myocardial event 43]. Hypertension and
obesity also contribute to increased serum levels of
CRP and TNF-a. that are similar to those seen in
our moderate and severe MSD groups, and to
serum levels of IL-6 seen in all of our MSD
groups [4445]. All of our patients had serum
TNF-o levels that were considerably lower than
those seen in studies examining patients with
severe, multiple trauma at risk for mortality [46].

Inflammatory biomarkers

& intensive exercise

A spectrum of studies illustrate the relationship
between exercise and serum levels of CRP and
cytokines. Since overtraining syndrome is a sub-
set of MSDs, it is apropos to review some of the
literature examining elevation of cytokines with
intense exercise. Prolonged, intensive cycling
results in short-lived increases (immediate to 2 h
post-exercise) in several serum cytokines [47,48],
presumably after release from contracting mus-
cles [491. For example, high-intensity eccentric
exercise can induce post-exercise serum increases
in IL-6 that last up to 144 h [48,50). Kim et al.
investigated the relationship between ultramara-
thon running, a sport known for musculoskele-
tal overuse injuries and elevated cytokine/CRP
serum levels [51. They found increases in CRP
and IL-6, but not TNF-a. It appears as if
TNF-o does not increase in muscle or serum
during typical types of exercise [49], but only
after tissue trauma is induced and at levels that
match the severity of the trauma [52). Bruun-
sgaard et al. tested the hypothesis that the exer-
cise-induced increase in circulating IL-6 levels is
associated with muscle damage [53). Nine
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healthy young male subjects performed two
high-intensity bicycle exercise trials separated by
2 weeks. Exercise was performed in the concen-
tric and eccentric modes. Significant increases in
serum concentration of creatine kinase (a
biomarker of muscle damage), aspartate ami-
notransferase and alanine aminotransferase were
observed only after the eccentric exercise. The
level of IL-6 in serum increased significantly
after the eccentric exercise and was significantly
correlated to creatine kinase concentration in
the following days, whereas no significant
increase was found after the concentric exercise.
Lymphocyte concentration in serum increased
significantly as a result of eccentric exercise, but
not concentric. The finding that high-intensity
eccentric exercise caused a more pronounced
increase in the serum level of IL-6 compared
with concentric exercise supports the hypothesis
that the post-exercise cytokine production is
related to an incident of skeletal muscle damage.

Inflammatory biomarkers

& ‘sickness behavior’

Smith postulates that overtraining syndrome, a
subset of MSDs, can be associated with not only
tissue injury, but also decreased performance,
insomnia, loss of appetite, emotional lability and
difficulty handling stress [49]. Such an hypothesis
is interesting, since a disorder termed ‘sickness
behavior’ is defined as including behavioral
changes such as malaise, listlessness, perceived
and actual motor weakness, inability to concen-
trate, lethargy, anorexia, decreased social interac-
tion and an exaggerated pain response [14,54].
Elevated serum proinflammatory cytokine con-
centrations are implicated in the development of
sickness behavior [14]. Although it is not yet clear
whether these symptoms occur through a
peripheral or central pathway, data support the
hypothesis that sickness behaviors such as leth-
argy and anorexia are induced by administration
of exogenous cytokines, whether the cytokines
were injected peripherally or centrally into the
third cerebral ventricle [14,55]. One theory postu-
lates that cytokines, owing to their size, do not
cross the blood-brain barrier and, therefore,
inflammation occuring in the body is relayed via
neurons to the CNS and affects the pitui-
tary—adrenal axis [14,55]. The sickness behaviors
produced in animals through the administration
of cytokines parallel those produced endog-
enously by tumor and rheumatoid disease [13]. A
recent report by Clays et al. examined the associ-
ation between dimensions of job stress and

www.futuremedicine.com

serum biomarkers of inflammation [se]. Their
study included 892 males who were free of coro-
nary artery disease and were recruited from pri-
vate companies, banks, public administrations
and hospitals. The sample comprised executives,
and white and blue collar workers. The dimen-
sions of job stress were assessed using a self-
administered Job Content Questionnaire that
allowed the stratification of subjects into three
categories: high, medium or low levels of job con-
trol. Although the investigators did not find ele-
vated serum CRP, they did find a significant
negative correlation between job control and
another biomarker of inflammation, plasma
fibrinogen. This association was independent of
age, education level, occupational group, body
mass index, smoking status, alcohol consumption
or use of antihypertensive medication. Although
more research is needed in this area, Clays and
others hypothesize that psychosocial stress
induces neuroendocrine stress responses that
affect the pituitary—adrenal axis, thereby increas-
ing circulating levels of inflammatory mediators
and biomarkers. It is important to note, however,
that large prospective studies with multiple
assessments of exposure, physical outcome meas-
ures and biomarker measures are needed to
explore these possible associations in greater
depth. Thus, there is strengthening evidence of
relationships between inflammation, cytokines
and sickness behavior. The possible role of serum
cytokines among patients with MSDs in contrib-
uting to psychosocial problems is compelling and
should be explored in future studies.

Biomarkers of injury & collagen
turnover & work-related MSDs

In addition to biomarkers of inflammation, there
are also biomarkers of general cell stress 39], bone
turnover (resorption and deposition) (57, and col-
lagen turnover (both synthesis and degradation)
in bone and nonbone connective tissues [57-60]. A
few of these biomarkers have been utilized to give
insights into the mechanisms driving tissue
changes as well as the status of subjects with dis-
orders involving musculoskeletal and nerve tis-
sues. For example, in the study by Freeland et al.,
patients with idiopathic CTS were examined for
serum elevation of not only IL-6 and IL-1, as
described earlier, but also malondialdehyde
(MDA), an indicator of cell stress [39]. Malondial-
dehyde is a free oxygen radical (an aldehydic end
product) formed during the generation of reactive
oxygen intermediates following tissue damage. In
the study, increased serum MDA matched
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Figure 1. Serum biomarkers associated with the development of musculoskeletal
disorders due to repetitive and intensive physical activity over time.

Repetitive/intensive activity

—

Adaptive Cell stress/injury
response response

Single anatomical Site/ \Multiple anatomical sites

Local inflammation
(localized release of serum
inflammatory biomarkers;
probably undetectable
systemically)

(Muscle
injury)

Systemic inflammation/
sickness behaviors
(release of serum
inflammatory biomarkers)

Collagen turnover
(PICP:CTX1 <t
indicates degeneration
PICP:CTX1 >1
indicates adaptation)

Two pathways lead to the upregulation of serum biomarkers. In an adaptive response, the ratio of collagen
synthesis (PICP) to degradation (CTX) is balanced or increased so that tissues are able to withstand repetitive
loading. In a cell stress/injury response, serum biomarkers of injury are evident. In the case of a localized
injury—inflammation response, as has been shown with involvement of a single anatomical site, no release of
serum biomarkers of inflammation has been shown. However, in more severe cases with multiple anatomical
site involvement, the circulatory distribution of inflammatory mediators occurs. In cases where an injurious

repetitive activity persists, collagen degradation may exceed collagen synthesis, thereby leading to

tissue degeneration.

CK: Creatine kinase; CRP: C-reactive protein; CTX: C-terminal telopeptide of type | collagen;
MDA: Malondialdehyde; PICP: Carboxyterminal propeptide of type | collagen.

increased MDA in collected tenosynovial tissues,
further supporting their hypothesis that idio-
pathic CTS, an important example of an upper-
extremity MSD, results in degenerative changes
in carpal tunnel tenosynovial tissues.

Serum analysis strategies for testing of
biomarkers of bone and nonbone connective tis-
sue metabolism have also been developed in
recent years for potential use in the diagnosis of a
variety of adaptive or pathological musculoskele-
tal tissue changes, including those musculoskele-
tal changes driven by overuse. Since type |
collagen is the main constituent of most bone
and nonbone connective tissues, analysis of
type | collagen formation in these tissues is per-
formed by analyzing serum for the collagen I
carboxy-terminal propeptide (PICP), which is
released from collagen-forming cells prior to its
incorporation into extracellular connective tissue

Biomarkers Med. (2008) 2(1)

matrix [61]. For collagen type | degradation, both
serum and urine can be analyzed for levels of the
type-1 collagen cross-linked C-telopeptide
(CTX), a molecule released during osteoclastic
bone resorption and during nonbone collagen
type | degradation [5762]. The ratio between
PICP and CTX has been shown to provide an
estimate of type I collagen metabolism, as this
ratio reflects a dynamic process of synchronous
anabolism and catabolism.

Kuiper and colleagues have performed a series
of studies examining serum biomarkers of colla-
gen synthesis (PICP) and degradation (CTX) in
workers [58-60]. In one of their recent studies [59],
they examined serum for PICP and CTX levels
and the PICP:CTX ratio in male construction
workers involved in heavy manual materials
handling. Both the collagen synthesis and deg-
radation biomarkers increased in serum in
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Figure 2. Confounding individual characteristics,
disease and lifestyle factors for serum biomarkers of
musculoskeletal disorders.

Each of these factors may cause elevation of the inflammatory mediators to the
same concentrations as observed in persons with early-onset musculoskeletal
disorders due to overuse, and must be considered if they are to be used as
indicators of musculoskeletal disorder severity.

CRP: C-reactive protein.

Hypertension

Cardiovascular
disease

Arthritis/
inflammatory
disease
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workers involved in heavy manual tasks com-
pared with male sedentary workers. However,
the overall ratio of serum synthesis to degrada-
tion products (PICP:CTX) remained the same
in both groups of workers. These results suggest
that type 1 collagen synthesis and content may
increase in musculoskeletal connective tissues
(both bone and soft tissue) as an adaptive
response in workers engaged in heavy physical
work over several years as a mechanism to pro-
tect them from degradative responses to the
task. Kuiper’s group also analyzed the serum of
young healthy student nurses engaged in short-
term (6 months) patient handling activities (i.e.,
lifting patients, moving patients around in bed,
transfer of patients from bed to wheelchair and
vice versa, and pushing and pulling wheelchair
or bed with patients) [60]. To avoid potentially
confounding effects on serum concentrations of
these collagen markers, exclusion criteria
included a history of musculoskeletal trauma in
the previous year, joint diseases, liver or kidney
diseases, blood diseases or metabolic diseases
such as diabetes. They found that, compared
with an age-matched reference group, serum
concentrations of PICP increased significantly

www.futuremedicine.com

in the exposed group over time, as did the
PICP:CTX ratio, each indicative of increased
collagen synthesis over time as a response to this
new work task. Thus, in young and healthy con-
nective tissues, cells respond to mechanical load
by increasing collagen synthesis. Similar changes
were found in a follow-up study [ss], in which
they also observed an association between a
lower rate of collage degradation (decreased
CTX) and an increase in collagen metabolism
(an increased ratio of PICP:CTX) in association
with spinal column shrinkage (estimated by
measuring stature loss with a stadiometer) with
exposure to patient handling activities.

Conclusion

Elevated levels of biomarkers of inflammation,
cell stress, injury and collagen turnover (both syn-
thesis and degradation) have been found in associ-
ation with work-related MSDs and intensive,
overuse-level exercise. Figure 1 Synthesizes these
findings in the context of MSD initiation and
progression. The inflammatory biomarkers are
present during the early phases of MSDs, indicat-
ing an early inflammatory phase in these disor-
ders. However, it appears as if multiple anatomical
sites must have underlying injury and inflamma-
tion to reach a detectable level of circulating
inflammatory biomarkers. Also, several biomark-
ers of injury and collagen turnover, both collagen
synthesis and degradation, increase with work-
related MSDs. It is important to note that many
of these same biomarkers may increase following
nonwork-related musculoskeletal trauma, arthri-
tis, inflammatory diseases, lifestyle habits or bio-
logical changes related to aging (Figure 2 & Table 1).
Furthermore, owing to the nascent stage of this
research, the sensitivity and specificity of biomar-
kers of inflammation and collagen turnover in the
diagnosis of MSDs has not yet been established.

Future perspective

Work-related MSDs represent an important class
of occupational health problems that have suf-
fered from an incomplete understanding of their
pathophysiology, as well as their complex, multi-
factorial etiology. The work presented in this
review indicates several important directions for
the immediate future. The use of animal models
has enabled a link to be made between the under-
lying tissue changes and serum biomarkers that
are more easily obtained and studied than in
human subjects, thereby providing researchers
and clinicians with the means to follow the initia-
tion and progression of these disorders, as well as

75



REVIEW - Carp, Barr & Barbe

their response to primary prevention and therapeu-
tic intervention. Such animal models will continue
to elucidate the underlying pathomechanisms in
the development of MSDs.

Although care must be taken to consider con-
founding characteristics, diseases and injury, the
evaluation of biomarkers of inflammation, injury,
collagen synthesis and/or degradation may allow
the use of serum biomarkers as indicators of the
effects of specific work tasks on musculoskeletal
tissues, as well as the effectiveness of interventions
used to treat work-related MSDs. This approach,
in conjunction with findings in animal models,
will provide valuable information in elucidating
the exposure—response relationship between work
tasks and tissue pathophysiology and will enable

progress in the determination of the sensitivity
and specificity of serum biomarkers in the diag-
nosis of MSDs. Despite the fact that there is large
individual variation in biomarkers that needs to
be explored in detail before we can ever hope to
apply these otherwise promising assays to individ-
ual patients, translational research studies may
utilize a panel of serum biomarkers, the combina-
tion of which could resolve some of the uncer-
tainty regarding the underlying cause of these
nonspecific responses, capable of distinguishing
pathophysiological and adaptive tissue changes
and to relate these changes to workplace exposures,
as well as therapeutic outcomes in a research set-
ting in the immediate future. Future work that
explores the correlation between serum biomarkers

Executive summary

Inflammatory cytokines & C-reactive protein are indicative of underlying tissue inflammation

< Inflammatory cytokines are made by immune or injured cells, can circulate systemically and can mediate distant
inflammatory effects.
« C-reactive protein (CRP) is an acute response protein indicative of underlying tissue inflammation.

Inflammatory cytokines & CRP correlate with severity of work-related musculoskeletal disorders

* CRP and TNF-a are highly predictive of severity of musculoskeletal disorders.
« Inflammatory cytokines may elevate in serum only after involvement of multiple tissues and body regions.

Inflammatory cytokines & CRP also elevate with other types of trauma, conditions &
disease processes

« Cytokines and CRP elevate with hypertension, cardiovascular disease, arthritis/inflammatory conditions, aging, obesity and
sedentary lifestyles.

« If such elevations of inflammatory biomarkers are additive, then musculoskeletal disorders should be considered comorbidities
leading to increased CRP

Cell stress biomarkers increase with musculoskeletal disorders

= Malondialdehyde is a biomarker of cell distress and increases in the tissues but not serum of patients with severe carpal
tunnel syndrome.
« Creatine kinase is a marker of muscle damage and increases with eccentric exercise.

Collagen turnover biomarkers indicative of collagen type | synthesis & degradation

= Serum levels of the carboxyterminal propeptide of type | collagen (PICP), a molecule released by collagen-forming cells, is
indicative of collagen synthesis.

« Serum levels of C-terminal telopeptide fragments of type | collagen (CTX), a molecule released during osteoclastic bone
resorption, is indicative of collagen degradation.

Collagen turnover biomarker changes are associated with work-related musculoskeletal disorders

« |f CTX increases are matched by PICP increases in workers involved in heavy manual tasks, then collagen synthesis and
degradation are balanced, indicative of tissue adaptation.

Levels of evidence for the use of biomarkers of inflammation & collagen turnover in the diagnosis & management of
musculoskeletal disorders based on the Oxford Centre for Evidence-based Medicine Levels of Evidence [102]

« Two prospective cohort studies of biomarkers of collagen turnover: level 2b
* One cross-sectional study of biomarkers of collagen turnover: level 3b

« One cross-sectional study of biomarkers of inflammation: level 3b

* One case series of biomarkers of inflammation: level 4
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and physical examination findings and perform-
ance measures will also help to strengthen the
association between biomarkers and MSDs.

In addition, the contribution of this work to
understanding the psychosocial aspects of work-
related MSDs is tremendous. Behavioral symp-
toms among workers with MSDs are often inter-
preted as symptom amplification with
underlying secondary gains. Evidence for a phys-
iological basis for the sickness behaviors often
seen in these workers should be an area of active
investigation, which can only result in improved,
biopsychosocial therapeutic approaches to the
successful management of these disorders.
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