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Abstract
Exposure to cold in working populations is a relevant risk factor that increases work
strain and may induce various health consequences including chronic diseases and
local cold injuries. Chronic problems include the association between cold exposure
and musculoskeletal symptoms and complaints, particularly concerning the neck and
upper arm. The purpose of this thesis was to investigate the occurrence of
musculoskeletal symptoms and complaints in cold indoor workplaces using two
questionnaire studies, and the effects of the whole-body cooling and local leg cooling
on the upper limb trajectories and muscle function using two laboratory studies.
A cross-sectional study in a working population aged 18 to 60 years (n=162)
showed that symptoms and complaints relating to the musculoskeletal system, in
particular the neck, shoulder and lower back, were more frequent in workers who were
exposed to more severe cold (the first questionnaire study). The repeated pain in the
musculoskeletal system, reported by 12% from respondents, was the fourth most
relevant cold-related health problem among workers (n=24) exposed during half of
their working time to extremely cold conditions indoors (-43ºC to -62ºC) (in the
second questionnaire study). A high prevalence (21%) of muscle problems in the neck
and lower back was detected in these workers.
In the first laboratory study, the effects of whole-body cooling on the vertical
trajectories and muscle function of the upper limb during repetitive handling of
lightweight objects in the horizontal plane were evaluated. Both, whole-body cooling
with light and heavier clothing increased the vertical trajectories of the upper limb.
The changes in trajectories were associated with increased muscular strain (increased
a-EMG) and with smaller number of EMG gaps, indicating more continuous activation
of muscle fibers. Changes in trajectories may serve as early indicators for the risk of
local muscle fatigue.
The effects of local leg cooling on muscle function and trajectories of the upper
limb during repetitive light work were assessed in the second laboratory study. The
ability to maintain dynamic balance was also evaluated. Local strong leg cooling
affected the balance parameters suggesting impaired postural control, but changes on
the trajectories of the upper limb and in the a-EMG and EMG gaps were only
moderate and predominantly non-significant. This indicates that even a strong local leg
cooling does not constitute a sufficient stimulus to alter the upper limb trajectories in
contrast to whole-body cooling.
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The results of this thesis indicate that there is a high prevalence of
musculoskeletal symptoms and complaints, especially in neck and shoulder area, in
cold indoor workplaces. One possible reason for this may be the changes in the upper
limb muscle function (increased muscular strain and smaller number of EMG gaps)
and trajectories during whole-body cooling as observed in the laboratory study. These
changes may serve as early indicators for a risk of local muscle fatigue.

Keywords: Musculoskeletal symptoms, whole-body cooling, local leg cooling, a-EMG,
EMG gaps, upper limb trajectories, limits of stability, repetitive work, cold-related
illnesses, cold-protective clothing
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“When you know a thing, to hold that you know it; and when you do not know
a thing, to allow that you do not know it - this is knowledge”
Confucius (BC 551-BC 479) Chinese philosopher
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1. Introduction
Occupational cold exposure is a relevant risk factor that increases work strain and may
induce various health consequences including cold-related illnesses and symptoms
(Påsche 2001, Jeebhay et al. 2004). In addition, varying amounts of exposure to cold
environments may cause cooling injuries, such as local frostbites, unintentional
injuries and hypothermia (Georgitis 1978, Granberg 1991a, Hassi et al. 2005). Food
processing industries must comply with strict standards relating to ambient storerooms
temperatures. This may conflict with the workers’ health conditions. Cardiovascular,
lung, peripheral circulation, skin and musculoskeletal symptoms, complaints and
diseases are common problems in this industry (Chen et al. 1991, Griefahn et al. 1997,
Campbell 1999). Multiple occupational and non-occupational risk factors associated
with musculoskeletal symptoms and complaints, consistently reported physical risk
factors, including cold exposure. Several epidemiological studies have shown that cold
may be a risk factor for the occurrence or aggravation of musculoskeletal disorders in
several body parts (Niedhammer et al. 1998, Inaba et al. 2005, Bang et al. 2005,
Dovrat & Katz-Leurer 2007). However, research in this field is limited. Previous
revisions (Pienimäki 2000 and Jin et al. 2000), identified a lack in the definition of
MSD’s and cold exposure, and established that, in general controversial results are
obtained.
Work-related cold exposure may occur in an outdoor or indoor environment; the
majority of workers are exposed primarily outdoors during the winter season (Hassi et
al. 2002). Outdoor exposure to cold commonly occurs in fields such as construction
work, agriculture, roadwork, fishing, forestry work, gas and oil exploration, seafaring,
mining, reindeer herding and rescue services. Indoor cold conditions are usually found
in the food processing industry, where many work tasks are carried out in low
temperatures below 15ºC. Fresh food is handled at temperature between -10ºC and 6ºC
and frozen food is usually stored and handled at temperatures around -25ºC. Coldrelated complaints and diseases are common among workers exposed to cold in indoor
environments (Lundqvist et al. 1990, Griefahn et al. 1997).
Although it has been demonstrated that cooling adversely affects several
parameters of muscular performance such as endurance, force, power, velocity, and
co-coordination (Oksa 2002), few studies have investigated the effects of cooling on
body movements and muscle function particularly on the upper limb. The effect of
repetitive work in cold conditions on the upper and lower arm has been studied in
relation to EMG activity and fatigue (Oksa et al. 2002, Oksa et al. 2006). The effect of
cooling on body movements has been studied in relation to shivering (Meigal et al.
1998), co-contraction of the agonist-antagonist muscles of the lower arm (Oksa et al.

1995, Oksa et al. 1997), whole-body postural sway (Mäkinen et al. 2005) and maximal
frequency rhythmic handgrip (Holewijn & Heus 1992). Increased joint stiffness after
cold water exposure (Coppin et al. 1978, Sargeant 1987, Vincent & Tipton 1988) has
been associated with increased power absorption, which affects the rhythmic
movement requiring optimal coordination of muscle activity across the joints
(Faulkner et al. 1990) therefore possibly, influencing motion trajectories. In cold
conditions energy will be wasted in order to overcome any increase in passive
resistance (stiffness of joints) to movement (Sargeant 1987).
The effect on the body when subjected to cold exposure can be modified by
several factors that influence heat production and loss. These factors include the
severity and duration of cold exposure and the type of activity, as well as individual
factors relating to heat transfer such as age, gender, fitness, health status, previous
adaptation, pre-existing diseases and medication, nutritional status, and cold-protective
clothing worn by workers (Mäkinen 2006, Raatikka et al. 2007).
Adequate cold-protective clothing provides the main protection against cooling in
cold environments. However, some negative effects have been associated with its use,
e.g. the fit (Nielsen et al. 1985, Lotens 1989), extra weight (Murphy et al. 2001), and
bulkiness of clothing (Rissanen & Rintamäki 1997). In addition, the effect of clothing
friction on performance has been studied, and it has been established that each
additional layer of clothing increases the energy cost by 4% (Rintamäki 2005). It is
possible that some cold-protective clothing characteristics could affect the dynamics of
motions and restrict movement.
In view of the fact that cold exposure in working populations is a relevant risk
factor that increases work strain and may induce various health consequences
including chronic diseases like musculoskeletal symptoms and complaints, the purpose
of this thesis was to use two questionnaires studies to evaluate the occurrence of
musculoskeletal symptoms and complaints in cold indoor workplaces, and to use two
laboratory studies to evaluate the effects of the whole-body cooling and the local leg
cooling on muscle function and upper limb movements. The ability to maintain
dynamic balance during local leg cooling was also assessed.
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2. Aims of the study
The purpose of this thesis was to evaluate the prevalence of musculoskeletal symptoms
and complaints during occupational cold conditions indoors, and the effects of wholebody cooling and local leg cooling on muscle function and upper limb movements.
The specific aims of the studies were as follows (the number in parenthesis refers
to the original papers):
1) To explore the relationship between musculoskeletal symptoms and complaints and
cold exposure with a cross-sectional epidemiological study comparing two groups
of workers, exposed and not exposed to cold, employed by a large meat-processing
company (I).
2) To examine the effects of an extreme cold condition indoors on the health status
and worker’s performance in three stores housing an ongoing freeze-drying process
(II).
3) To investigate the effects of whole-body cooling with light and heavier clothing on
the muscle function and vertical trajectories of the upper limb during repetitive
handling of lightweight objects (III).
4) To study the effects of local leg cooling on muscle function and trajectories of the
upper limb during light repetitive work and on the ability to maintain dynamic
balance (IV).

3
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3. Background
3.1 Occupational cold exposure
A cold environment is defined as an environment under which greater than normal
heat losses are anticipated and compensatory thermoregulatory actions are required
(Holmér 1994a). Work-related cold exposure may occur in an outdoor or indoor
environment where the majority of workers are exposed primarily outdoors during
winter season (Hassi et al. 2002). Exposure to cold commonly occurs in fields such as
construction, agriculture, roadwork, fishing, forestry, gas and oil exploration,
seafaring, mining, reindeer herding and rescue services. It has been found that workers
who daily perform routine work outdoor during the Finland winter can be affected by
decreased performance and increased discomfort and a risk of frostbite (Virokannas
1996).
Cold stores are the most common artificial cold work environments where the
work in cold is carried out all year round and therefore could be more stressful to the
workers than outdoor in winter (Tochihara 2005). Many work tasks in the food
processing industries are carried out in low temperatures below 15ºC. Fresh food is
handled at temperatures ranging between -10ºC and 6ºC and frozen food is usually
stored and handled at temperatures around -25ºC. Cold conditions in an indoor
environment are more predictable than those outdoors, and usually the temperature is
constant throughout the year with no variation depending on time of the day.
Furthermore, cold surfaces near to workers or contact with cold materials constitute a
risk sources for the workers (Chen et al. 1994, Geng 2001, Hassi et al. 2002). Coldrelated complaints and diseases are common among workers exposed to cold in indoor
environments (Chen et al. 1991, Griefahn et al. 1997).
The human heat balance equation describes how the body can maintain its
thermal balance by adjustments in heat production and heat loss. In order to achieve
thermal balance, the rate of heat transfer from the body surface to the environment
must equal heat production. The heat balance equation is a mathematical description of
the energy balance
M–W=E±K±R±C±S
where M=metabolic energy production, W=effective mechanical energy,
E=evaporative heat transfer, K=conductive heat transfer, R=radiation heat transfer,
C=convection heat transfer, S=heat storage
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The heat balance equation is determined by the interaction of four environments
variables (ambient temperature, radiant temperature, air movement and humidity) and
by the metabolic heat production and thermal insulation of the clothing (Parsons
2003). Heat is generated in chemical reactions in cells, especially in mitochondrias,
and the thermophysical properties of the body (mainly superficial circulation and
amount of subcutaneous fat) will determine its rate of transfer to the surface (Parsons
2003). The body looses heat by conduction, convection, evaporation and radiation,
where convection and radiation are usually the main avenues for heat loss in the cold.
Several chemical processes such as the oxidation of carbohydrates and fat are involved
in heat production. The metabolic rate indicates the rate of transformation of chemical
energy into heat and mechanical work. Individual factors (gender, age, size, fitness,
and subcutaneous fat), personality, medical status, and behaviour can affect human
thermal balance and consequent thermal responses (Mäkinen 2006). Although
shivering is effective in increasing metabolic heat production, in vigorous shivering a
considerable amount of heat can be lost to the environment due to body movements
(Parsons 2003).
Cold stress is defined as the integrated effect of a combination of climatic factors
affecting body heat balance. Cold stress may be classified according to various types
of cooling: whole-body cooling (as a function of metabolic heat production and the
various forms of heat losses), extremity cooling (particularly digits/or fingers),
convective cooling (the direct action of wind on bare skin), contact cooling (due to
contact with cold materials) and airway cooling (cooling of the respiratory tract)
(Holmér 1994b).
There are few methods which permit the assessment of the risk for cold stress and
cold injuries in the workplace. The required clothing insulation (IREQ) and the wind
child index (WCI) have been developed to evaluate the whole-body cooling and local
cooling, respectively. IREQ is a method that applied to continuous, intermittent, and
occasional exposure in both indoor and outdoor work. The calculated output of IREQ
indicates how much insulation would be needed at a certain physical activity level
(metabolic rate) and thermal climate (air and radiant temperature, air velocity and
humidity) to maintain heat balance during a working day (ISO 11079 2007). The WCI
combines two important climatic physical parameters (ambient temperature and air
velocity) and has for a long time been used for predicting the cooling effect of wind on
bare skin and for predicting the risk of frostbite (Gavhed 2003).
In moderate thermal environments (indoor climate), the main requirement is to
create for the occupants acceptable conditions in which they express thermal comfort.
To obtain and maintain thermal comfort, people must feel thermally neutral. The ISO
7730 (2005) presents methods for predicting the thermal sensation (PMV, predicted
mean vote on the conditions) and degree of discomfort (PPD, percentage of
dissatisfied) of people exposed to moderate thermal environments, and specifies
acceptable thermal environmental conditions for comfort.
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3.2 Health problems in the cold
Cold affects many organ systems in the body. The list includes the cardiovascular,
respiratory, renal, central nervous, endocrine, and metabolism systems and the muscle
and peripheral nerves (Granberg 1991b). Occupational cold exposure is a relevant risk
factor that increases work strain and may induce various health consequences
including cold-related illnesses and symptoms (Chen et al. 1991, Griefahn et al. 1997,
Påsche 2001). In addition, varying amounts of exposure to cold environments may
cause cooling injuries, such as local frostbites, unintentional injuries and hypothermia
(Georgitis 1978, Granberg 1991a, Hassi et al. 2005). The main health consequences by
occupational cold exposure are presented in Figure 1. Cardiovascular, respiratory,
peripheral circulation, skin and musculoskeletal diseases are associated with cold
exposure particularly in food processing industries where the standards to comply with
the ambient temperature in storerooms are strict and can conflict with workers’ health
conditions (Chen et al. 1991, Griefahn et al. 1997, Campbell 1999).
The risk of cardiovascular disease has been found to be higher in populations
exposed to cold particularly during wintertime (The Eurowinter Group 1997, Keatinge
et al. 2000, Näyhä 2002). Although the mechanisms by which cold environment affect
the cardiovascular system are not clear, some explanations have included the induced
arterial thrombosis by haemoconcentration and the coronary spasm (The Eurowinter
Group 1997). Moreover, Näyhä (2002) has suggested that there are indirect effects of
winter living, such as snow shovelling.
Respiratory diseases provoked by cold air are common in countries with a cold
climate; however, a cold ambient temperature is more likely to function as a trigger for
symptoms rather than an actual causal factor initiating lung diseases (Koskela 2007).
Cold environmental temperatures aggravate respiratory symptoms and increase the
susceptibility to respiratory infections in persons suffering from asthma and chronic
obstructive disease (Hassi et al. 2005).
The primary Raynaud’s phenomenon (RP) is the most recognised of cold-related
disorders. The prevalence of RP varies considerable between populations, countries
and regions, and depends in part on the method used for diagnosis (De Angelis et al.
2006). It is known that several mechanisms are involved in the aetiology of primary
Raynaud’s phenomenon, including neurogenic mechanism, blood and blood vessel
wall interactions, and abnormal immunological responses. Cold exposure is recognised
as one factor that may provoke an attack (Belch 1990). Although previous studies in
working populations have found high prevalence of RP, e.g. Griefahn et al. (1997)
18% and Inaba et al. (2005) 13.3%, the diagnosis has been done by reported symptoms
(white fingers) and no medical examinations were performed.
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Figure 1. Health consequences by occupational cold exposure.

Health consequences by
occupational cold exposure

Cold-related illnesses and
symptoms

Cold-related
illnesses
Cardiovascular diseases
Coronary heart disease
Myocardial infarction
Cerebral vascular accidents
(stroke)

Lung diseases
Rhinorrhea
Asthma

Peripheral circulation
disease
Raynaud’s phenomenon (RP)

Dermatological diseases

Cooling injuries

Cold-related
symptoms/complaints
Cardiovascular symptoms
Chest pain
Arrhythmias

General cooling
(hypothermia)

Respiratory symptoms
Shortness of breath
Increased excretion of mucus
Extended cough
Respiratory wheezing

Peripheral circulation
symptoms
Finger symptoms: white, blue,
red fingers

Local cooling
(frostbites)

Local cooling
(unintentional injuries)

Dermatological symptoms

Cold urticaria

Itching and eruptions of the
skin

Musculoskeletal diseases

Musculoskeletal
complaints and symptoms
Pain, stiffness, dullness in
different body parts

Skin reactions are common among workers exposed to cold and the most familiar
and common abnormal skin reaction related to cold exposure is cold urticaria (Hassi et
al. 2002). This dermatological disorder is a distinct clinical entity characterised by
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redness, itching, wheals, and oedema on the cold-exposed skin. The lesion can be
strictly limited to the site of contact with cold or can appear together with symptoms
such as headache, chills, tachycardia, and diarrhoea. The frequency of cold urticaria
varies between 5.2% and 33%, with a higher incidence in cold climates (Claudy 2001).
More than 15% of the Finnish population is subject to symptoms at the same stage of
their lives (Hassi et al. 2002). Among seafood industry workers who often felt cold at
work, 15% reported skin itching related to a cold work environment (Bang et al. 2005).
Although the relation between cold exposure and musculoskeletal symptoms and
complaints has been extensively studied particularly in epidemiological studies (see
3.3.2 in this thesis), less attention has been given to the relationship between specific
musculoskeletal diseases and cold exposure. Extensor tenosynovitis, CTS,
tenosynovitis and peritendinitis in hand and forearm and degenerative lumbar
discophathies were associated with cold exposure in an extensive revision (Pienimäki
2000).
An extensive list of cold-related symptoms and complaints has been included in
questionnaires that evaluate the prevalence of cold-related problems in workers
exposed to cold and in the general population in wintertime (Hassi et al. 2003, Inaba et
al. 2005, Raatikka et al. 2007). The list includes respiratory symptoms (shortness of
breath, increased excretion of mucus, respiratory wheezing), cardiovascular symptoms
(chest pain, arrhythmias), peripheral circulation symptoms (circulation disturbance
symptoms), finger symptoms (white fingers, blue fingers, blue-red fingers) and
repeated pain in the musculoskeletal system. In addition, general pain, stiffness and
dullness in different body parts, cold sensation in finger and feet, and general
symptoms such as appetite loss, stomach discomfort, abdominal pain, and headache
are included. Musculoskeletal pain (30% men and 72% women), respiratory symptoms
(25% / 29%), white finger (15% / 18%) and episodic peripheral circulation symptoms
(12% / 15%) were the most common cold-related complaints among a general
population in Finland in wintertime (Raatikka et al. 2007). The five main subjective
symptoms among female workers working with the classifications of cold storage
goods (4.8ºC to 10.2ºC) were finger cold sensation (80%), foot cold sensation (80%),
shoulder stiffness (73.2%), lower back dullness (64.3%) and lumbago (62.5%) (Inaba
et al. 2005).

3.3 Musculoskeletal problems in the cold
3.3.1 Work-related musculoskeletal disorders (WRMSD’s)
Work-related musculoskeletal disorders (WRMSD’s) describe a wide range of
inflammatory and degenerative diseases and disorders resulting in pain and functional
impairment (Buckle & Devereux 2002). The National Institute for Occupational Safety
and Health (NIOSH) defines these disorders as a group of conditions that involve the
nerves, tendons, muscles, and supporting structures such as inter-vertebral discs. They
represent a wide range of disorders which can differ in severity from mild periodic
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symptoms to severe chronic and debilitating conditions. Examples include carpal
tunnel syndrome (CTS), tension neck syndrome, and lower back pain (NIOSH 1997).
According to Hagberg et al. (1995) WRMSD’s are a group of disorders of muscles,
tendons, and nerves, which are caused or aggravated by work. Body regions most
commonly involved are the lower back, neck, shoulder, forearm, and hand, although
recently the lower extremity has received more attention (Punnett & Wegman 2004).
According to the estimated annual incidence of occupational injury and disease in
the World, WRMSD’s represents the primary occupational problem at around 31% of
all occupational diseases (Leigh et al. 1999). In 2006 there were 357,160 MSD’s cases
or 30 percent of all injuries and illnesses resulting in days spent off from work in the
U.S. (Bureau of Labor Statistics BLS 2007). WRMSD’s are commonly reported workrelated health problems by European workers. According to official Swedish statistics,
ergonomics factors such as monotonous or unusually strenuous movements or work
postures were the cause of 57% of all work-related diseases in Sweden in 2005
(Sveriges Officiella Statistik 2007) for example. Finland reported 4,807 cases of
occupational disease in 2002 (20 cases per 10,000 workers). Twenty-eight percent of
all these cases were categorised as repetitive strain injuries: musculoskeletal disorder
caused by non-physiological stress in work such as repetitive and monotonous work,
unusual work postures, with a rate of 5.7 cases per 10,000 workers (Riihimäki et al.
2002).
The exact cost of WRMSD’s is unknown. Estimates vary depending on the
methods used. Although exact figures do not exist, estimates from EU member states
indicate that the financial cost of all work-related ill health ranges from 2.6% to 3.8%
of the Gross National Product (GNP); 40% - 50% of the costs are attributed to
musculoskeletal diseases. Available cost estimates of WRMSD’s put the cost at
between 0.5% and 2% of GNP in Nordic countries and Holland (Blair et al. 2003).
Conservative estimates put the economical burden as measured by compensation cost,
lost wages, and loss productivity, at between $USD45 and $USD54 billion annually in
the United States (National Research Council & Institute of Medicine 2001).
WRMSD’s are also a significantly expensive problem in developing countries. Recent
research showed that the estimated cost of WRMSD’s represents approximately 0.2%
of the Colombian GDP in the year 2005 (Piedrahita 2006).
WRMSD’s have multiple risk factors, both occupational and non-occupational.
For occupational risk factors, consistently reported physical risk factors include
repetitive motion, static posture, force application, vibration, direct mechanical
pressure on body tissues, and cold exposure. Additionally, psychosocial factors such as
work organisation, interpersonal relationships, and lack of breaks have been included.
Personal factors (gender, age, seniority, exercise habits, lifestyle) should be considered
(Punnett & Wegman 2004). As regards non-occupational conditions, hobbies and
sports practices have been studied in relation to the aetiology (Malchaire et al. 2001).
This multi-causality has made musculoskeletal disorders a consideration in what the
World Health Organisation calls “work-related conditions” because they can be caused
by work exposures as well as non-work factors (WHO 1985).
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3.3.2 Musculoskeletal symptoms and complaints in the cold
Although several epidemiological studies have showed that cold may be a risk factor
for occurrence or aggravation of musculoskeletal disorders in several body parts,
research in this field is still limited. In previous studies [for review see (Pienimäki
2000 and Jin et al. 2000)], shortcoming in the definition of MSD’s and cold exposure
were discussed, and in general, controversial results were obtained. The most common
outcome of MSD’s measured in these revisions is self-administered questionnaires.
Administrative data (e.g. compensation claims), clinical examinations, and selfadministered symptoms questionnaires are the most common outcome measured in
MSD’s literature. However, self-reported questionnaires are more subjected and are
likely affected by variations in pain thresholds, cultural influences, psychosocial
factors at work, employer receptivity, job insecurity and labour relations, for example
(Punnett & Wegman 2004). On the other hand, cold exposure was also dichotomised
in the literature revisions and subjective perceptions of cold were used in some studies
to measure the cold exposure. When air temperature was measured, the level of cold
exposure classification varied substantially between studies. These variations in the
operational definition of cold exposure make it difficult to compare the studies and
stated conclusions.
Table 1 presents ten selected articles from an epidemiological point of view
where this association was studied. Only a few articles used reliable case definitions by
medical examination or neuro-conductive testing and the majority of the studies used
self-administered questionnaires on musculoskeletal symptoms. Cross-sectional
studies represented the most frequent study design in these collections of studies; only
one study was a case-control design and one was a cohort study. Potential weaknesses
of the cross-sectional studies include a design that cannot confirm a causal relationship
between cold exposures and musculoskeletal symptoms and complaints.
Dovrat & Katz-Leurer (2007) studied the LBP in 122 male workers in three cold
food storerooms, 54 exposed at -20°C and 64 at +20°C to +24°C. Prevalence in the
exposed group was 43.8% compared with 27.7% in the non-exposed group (OR=2.9,
95% CI=1.3 to 6.7). Inaba et al. (2005) studied 160 female workers in Japan. The
prevalence of lumbago in the exposed group (exposed at 4.8°C) was significantly
(p<0.05) higher compared with the control group (exposed at 11°C), 82.2% and 57.7%
respectively. They also studied other musculoskeletal complaints such as wrist pain
and arm pain with similar results. In 1,767 Norwegian seafood workers, Bang et al.
(2005) found that workers that often felt cold at work had significant (p<0.001) higher
neck and shoulder (81.7%), wrist and hand (55.9%) and back (72.2%) problems
compared with workers that never felt cold at work.
The prevalence of musculoskeletal symptoms and complaints in workers in a
meat processing company showed that the more severely cold-exposed workers (+2ºC)
had higher prevalence ratios of complaints in shoulder, wrist/hand and lower back
(3.36, 2.57 and 2.24 respectively) compared with less exposed workers (+9ºC)
(Piedrahita et al. 2006). The prevalence of shoulder disorders on left side of the body
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was studied by Niedhammer et al. (1998). In 210 female supermarkets cashiers in
France, researches found that the prevalence of shoulder disorders was twice as high in
workers that “often” or “always” were exposed to very cold temperature at work
compared with workers that “rarely” or “never” were exposed to cold. The exposure to
cold and its relation with shoulder disorders on the left side was associated with the
proximity of the cashiers to the store entrance or to the frozen food section.
Moderate cold exposure was associated with more frequently reported symptoms
of the musculoskeletal system by Griefahn et al. (1997). Among 1,213 workers
exposed to moderate cold in the food industry in Germany they found that the
prevalence ratios were 1.3, 1.47 and 1.8 for pain in the neck or shoulder, and pain in
the back and lumbago, respectively. In a case-control study, Pope et al. (1997) found
that for workers that most of the time or always worked in cold conditions, the risk of
shoulder pain was increased more than six-fold (RR 6.4, 95% CI=1.5 to 27).
In another cross-sectional study, Chen et al. (1991) studied the incidence of
musculoskeletal complaints (LBP, knee pain and shoulder pain) in 463 male workers
in China. Workers were divided into three groups according to their cold exposure
condition: 296 workers from lower temperature stores (LTS) -10°C to -25°C; 167
workers from the Ice Stores (IS) -5°C to +5°C, and 152 workers from normal stores
(control group or NS) +20°C to +30°C. The prevalence of LPB was 42.3% in LTS,
52.7% in IS and 9.2% in NS. The difference between IS and NS was significant
(p<0.01). Also Jin (2000) estimated for this study the prevalence ratio for LBP in 5.0
(95% CI=3.0 to 8.3) among total workers (exposed and non-exposed) and workers in
the control group. Another interesting finding was that lower back and knee symptoms
were more frequent after 5 years of cold exposure work.
The incidence of tenosynovitis or peritendinitis was studied by Kurppa et al.
(1991) using medical examinations. A cohort study was designed and 225 female
workers from a large meat processing company in Finland participated in the study.
The unadjusted incidence of tenosynovitis and peritendinitis among female sausagepackers (25.3%) was statistically higher than of female sausage-makers (16.8%) of the
same age (RR 1.5 95% CI=1.0-2.2). The most notable work condition difference was
the ambient temperature where female sausage-packers were exposed at +8°C to
+10°C; and female sausage-makers were exposed at +20°C.
Chiang et al. (1990) studied the carpal tunnel syndrome (CTS) by nerve
conduction in a cross-sectional study where they tested 207 active workers in Japan.
They studied the effects of the cold exposure, the repetition and their combination.
Cold exposure was defined as situation where the job required hands to be locally
exposed to cold. Workers were divided into three groups: (1) low-cold, low repetition
(comparison group, mainly office staff and technicians, n=49); (2) low-cold, high
repetition (non-frozen food packers, n=37) and (3) high-cold, high repetition (frozen
food packers, n=121). Group (3) handled frozen foods with temperatures between 12°C and -15°C. Compared with the control group the OR for CTS was 8.28 (95%
CI=1.18 to 58.3) for workers exposed to low temperature and high repetition and was
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11.66 (95% CI=2.92 to 46.6) for workers exposed to high cold and high repetition. An
attributable fraction of 89% was estimated for this study when cold exposure was
combined with high repetition (National Research Council & Institute of Medicine
2001). An interesting conclusion of this study was that the workers in group (3)
handled frozen foods (meat and crabs), experiencing more forceful exertion of their
hands and wrist than non-frozen food workers. A similar conclusion was stated by
Viikari-Juntura (1983) who suggested that causative factors of neck and upper arm
disorders include repetitive work, fast work pace, and the high resistance in the meat to
be cut due to a usually low temperature of the meat.
Some variable weather conditions, including temperature, have been related to
symptoms and complaints on the musculoskeletal system (Table 2). Raatikka et al.
(2007) included the effects of cold in winter on repeated pain in the musculoskeletal
system in a large national health survey in Finland. The prevalence of shoulder and
lumbago complaints (30.2% and 27.2% respectively) was the most common coldrelated complaints in this population. Cold was defined as a temperature below 0°C.
Hildebrandt et al. (2002) found a significant positive association between the
index of poor climatic conditions and lower back pain and shoulder symptoms in a
working population in the Netherlands. As regards specific climatic factors (cold,
draught, dampness, and changes of temperature) only draught showed a significant
(positive) association with neck and shoulder symptoms and sick leave due to neck or
shoulder symptoms.
McGorry et al. (1998) studied the effect of eight weather variables on the selfdaily pain rating in 94 individuals with chronic or recurrent non-specific LBP in
Boston (MA), USA. They found a significant negative correlation between LBP and
temperature. None of the other variables or daily changes in the variables
demonstrated a significant effect on daily pain scores.
Seventy percent of all reportable accidents among British telecommunications
engineers occur in 23 high-risk occupational groups. Twelve of these groups
concentrate the highest rate of back injuries and in 10 of them the work is carried out
outdoors throughout the year and workers are exposed to both wet and cold conditions
(Nicholson et al. 1981).
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Crosssectional study

Crosssectional study

Crosssectional study

Crosssectional study

Dovrat & KatzLeurer (2007)

Piedrahita et al.
(2006)

Inaba et al.
(2005)

Bang et al.
(2005)
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Study
design

Study
(Author and
year)

1767 Norwegian
seafood:
1588 industrial
workers and 179
administrative
workers

160
female
workers in a
consumer
cooperative
in
Japan

162 workers in
four
meatprocessing plants
in Colombia

122 male workers
in three food cold
stores rooms in
Israel

Study
population

Exposure: 186 workers who “often” felt cold
at work (1); 113 workers who “never” felt cold
at work (control group or 2)

Exposure: (1) 46 classification workers of cold
storage goods for door to door delivery temp:
4.8°C at the opening time, 10.2°C at the
closing time; (2): 56 checkers workers
operating a laser scanner in 3 supermarkets
temp: 12.1°C at the opening time, 16.6°C at
the closing time; (3) 59 office workers, control
group temp: 11.0°C at the opening time,
21.4°C at the closing time
Outcome: Self-reported questionnaire about
health complaints from muscles

Exposure:
Exposed group: 50 workers exposed to +2°C
Control group: 112 workers working in less
severe areas +9.4°C
Environmental measurement using Wet Bulb
Globe Temperature (WBGT)
Outcome: Lumbago, pain in the wrist and pain
in the arm by a self administered questionnaire

Exposure:
Cold exposure group:
54 workers working in cold stores at -20ºC
Control group:
64 workers working in cold stores at +20ºC to
+25ºC
Outcome: Neck, Shoulder, Wrist/Hand and
Lower Back symptoms using a selfadministered questionnaire

Outcome: Low Back Pain (LBP) diagnosed by
self-administered questionnaire

Outcome (MSD’s) and exposure
(Cold exposure)

Wrist/Hand:
23%
Back: 38.9%

Wrist/Hand:
55.9%
Back: 74.2%

Neck/Shoulder
pain: 46.9%

Pain in the arm
Group (3) 22%

Pain in the arm
Group (1): 61.2%
Group (2): 35.7%
Neck/Shoulder
pain: 81.7%

Pain in the Wrist
Group (3): 15.5%

Pain in the Wrist:
Group (1): 46.6%
Group (2): 16.1%

Lumbago
Group (3): 57.7%

Lower Back 20%

Lower Back 48%

Lumbago:
Group (1): 82.2%
Group (2): 62.5%

Wrist/Hand 11%

Shoulder 6%

Shoulder 24%
Wrist/Hand 28%

Neck 11%

LPB 27.7%

Significant differences
for
Neck/Shoulder,
Wrist/Hand and Back
between groups (1)
and (2) <0.001

Lumbago:
Group (1) and (3) and
Group (1) and (2)
p<0.05
Pain in the Wrist:
group (1) and (3) and
group (1) and (2)
p<0.05
Pain in the arm:
Group (1) and (3)
p<0.05

PRR for Neck 3.36
(1.75-6.44)
Shoulder 3.84 (1.619.17)
Wrist/Hand
2.57
(1.28-5.14)
Lower Back 2.24
(1.52-3.92)

2.9 (1.3–6.7)

MSD’s prevalence
Referent
RR, OR, PRR
(control)
(95% CI) or pgroup
value

Neck 36%

LBP 43.8%

Exposed
workers

Table 1. Epidemiological studies looking for the relationship between cold exposure and MSD’s.

This study showed that
moderate cold exposure
may increase the risk of
symptoms from muscles

The study was carried out
during winter months

Both groups had similar
ergonomics conditions but
some demographic and
employment
conditions
were not controlled

The study indicated that
workers in cold rooms had
increased odds ratios of
reporting back symptoms
in the last 12 months and
during work, compared to
workers in ambient air
temperature stores

Comments

Study
design

Crosssectional study

Crosssectional study

Case-control
study

Crosssectional study

Study
(Author and
year)

Niedhammer et
al. (1998)

Griefahn et al.
(1997)

Pope et al.
(1997)

Chen et al.
(1991)

Cold
store
workers in China
463 male worker

217 workers in
Manchester UK

1213
workers
exposed
to
moderate cold in
the food industry
in Germany

210 supermarket
female cashier in
France

Study
population

Exposure: (1) 296 from lower temperature
stores -10°C to -25°C; (2) 167 from the Ice
Stores -5°C to +5°C and (3) 152 from normal
stores (control group) +20°C to +30°C

Cases:
16 workers (with shoulder pain and disability)
Control group:
78 workers without shoulder pain or disability
Outcome: Musculoskeletal complaints by
general health check-ups and self-administered
questionnaire

Exposure: “Always” exposed to cold vs.
“occasionally” or “never” exposed

LBP:
9.2% (3)
Shoulder
2.0% (3)

Knee pain:
14.5% (3)

LBP:42.3% (1)
and 52.7% (2)
Shoulder
pain:
7.1% (1) and
15.0% (2)
Knee pain:
46.6% (1), 50.8%
(2)

pain:

1.3%
Control
group (in men)

Lumbago
25%

Lumbago
31%

19% Cases (in
men)

Pain in the back
57%

Pain
neck/shoulder
42%

Shoulder
disorders in left
side: 29.8%

Knee pain between
group (2) and (3)
p<0.05

Shoulder pain between
group (2) and (3)
p<0.05

LBP between group
(2) and (3) p<0.05

6.4 (1.5-27) (in men)

Lumbago
1.8 (1.77-1.83)

Pain in the back
1.47 (1.46-1.48)

Pain neck/shoulder
1.3 (1.29-1.31)

1.92 (0.96-3.82)

MSD’s prevalence
Referent
RR, OR, PRR
(control)
(95% CI) or pgroup
value

Pain in the back
79%

Pain
neck/shoulder
68%

Exposure: Cold exposure was defined if the
workers were “often” or “always” exposed to
very cold temperature at work. If the answer
was “rarely” or “never” they were defined
such as not exposed to cold
Outcome: Pain neck/shoulder, Pain in the back
and Lumbago by self-administrated
questionnaire
Exposure:
Exposure group was conformed by all 1213
workers (80% were exposed to +5ºC to
+15°C; 19% at 0ºC to +4°C and 1.5% at less
than 0°C
Control group was chosen from a German
Study on prevention of hypertension, 25-69
years of age (DHP-study)
Outcome: Shoulder pain and disability by
posted questionnaire

Shoulder
disorders in left
side: 40.5%

Exposed
workers

Outcome: Shoulder disorders in left side of the
body by self-administrate questionnaires and
medical examination

Outcome (MSD’s) and exposure
(Cold exposure)
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After 5 years of cold
exposure work, the lower
back and knee symptoms
were more frequent
A Prevalence Ratio for
LBP of 5.0 (3.0-8.3)
between total workers
(463) and workers of
control
group
was
estimated by Jin (2000)*

This study reported that
working environment can
have an influence on
shoulder symptoms as
those working in cold
environment had a greater
increased risk of having
symptoms

The
moderate
cold
exposure was associated
with more frequently
reported symptoms of the
musculoskeletal system

The exposure to cold and
its relation with shoulder
disorders on the left side
was associated with the
proximity of the cashiers
to the entrance to the store
or to the frozen food
section

Comments

Crosssectional study

Chiang et al.
(1990)

207
active
workers from 2
frozen
food
plants in Japan

225
women
workers from a
large
meat
processing
company
in
Finland

Study
population

Exposure: cold exposure was defined as
whether the job required hands to be locally
exposed to cold.
Three 3 groups: (1) low-cold, low repetition
(comparison group, mainly office staff and
technicians, n=49), (2) low-cold, high
repetition (non-frozen food packers, n=37), (3)
high-cold, high repetition (frozen food
packers, n=121). This group handled frozen
foods with temperatures between -12°C to 15°C

Outcome: Carpal Tunnel Syndrome (CTS)
diagnosed by nerve conduction testing.

Exposed group:
107 female sausage packers exposed at +8ºC
to +10°C
Control group:
118 female sausage makers exposed at +20°C

Outcome: Tenosynovitis or Peritendinitis by
medical examination

Outcome (MSD’s) and exposure
(Cold exposure)

16

Notes:
*
Prevalence ratios calculated in the Jin et al. (2000) review

Cohort study

Study
design

Kurppa et al.
(1991)

Study
(Author and
year)

Group (2): 40.5%
Group (3): 37.2%

25.3 rate for 100
person/year

Exposed
workers

Group
(1)
(Control group):
4.1%

16.8 rate for 100
person/year

Group (3) vs. Group
(1):
OR=11.66 (2.92-46.6)

Group (2) vs. Group
(1):
OR=8.28 (1.18-58.3)

1.5 (1.0 – 2.2)

MSD’s prevalence
Referent
RR, OR, PRR
(control)
(95% CI) or pgroup
value

The unadjusted incidence
of
tenosynovitis
and
peritendinitis
among
female
packers
was
statistically higher than of
female sausage makers of
the same age. The most
notable work condition
difference was the ambient
temperature
The
study
do
not
considered that workers in
group (3) handled frozen
foods (meat and crabs),
experiencing
more
forceful exertion of their
hands and wrist than nonfrozen food workers

Comments

National health
survey

Working
population
study

Six months of
daily low back
pain rating and
influence
of
weather
condition

Hildebrandt et
al. (2002)

McGorry et al.
(1998)

Study
design

Raatikka et al.
(2007)

Study
(Author and
year)

94
individuals
(43 male and 51
women)
with
chronic
or
recurrent
nonspecific LBP in
Boston
(MA),
USA

2030 workers in
the Netherlands

Sub-sample
of
the
National
FINSRIK 2002
health
survey
conformed
by
5320 Finns (2394
men,
2926
women)

Study
population

Neck/Shoulder:
44%

Exposure: Mean climatic index of poor
climatic condition, 1.52 (min=0, max=4)
Climatic index of poor climatic condition
included exposure to cold, draughts, dampness
and changes in the temperatures

Exposure: post hoc weather sensitivity
questionnaire relating to 8 weather variables:
temperature, vapour pressure, precipitation,
barometric pressure, wind speed, relative
humidity, percent sunshine, Leuven index

Outcome: Low Back Pain self daily pain
rating

LBP:
60%

30.2% men and
27.2% in women

Exposed
workers

Outcome: Symptoms of the LBP and Neckshoulders by self-reported questionnaires

Exposure: Cold exposure defined when people
were exposed at least for 10 h/ week. In the
questions, cold was defined as a temperature
below 0°C

Outcome:
Repeated
pain
in
the
musculoskeletal system (shoulder and
lumbago region complaints) using a special
questionnaire focusing on cold complaints and
symptoms

Outcome (MSD’s) and exposure
(Cold exposure)

Lumbago
OR=1.17 (1.04-1.30)
in men and OR=1.41
(1.04-1.87) in women
A significant positive
association was found
between the climatic
index and low back
and
shoulder
symptoms as well as
sick leave due to
neck/shoulder:
LBP symptoms 1.26
(1.01-1.56)
Neck-shoulder
symptoms 1.42 (1.141.76)
Neck shoulder sick
leave 1.42 (1.13-1.81)
Significant negative
correlation between
LBP scores and
temperature (r value 0.020, p<0.032).

Shoulder
OR=1.31 (1.12-1.51)
in men and OR=1.16
(0.81-1.59) in women

Regression of cold
related complaints on
cold exposure time:

MSD’s prevalence
Referent
RR, OR, PRR
(control)
(95% CI) or pgroup
value

Comments
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Except for the temperature
none of the other variables
or
daily
changes
demonstrated a significant
effect on daily pain scores

Of the specific climatic
factors (cold, draughts,
dampness and changes of
temperature),
only
draughts
showed
a
significant
(positive)
association
with
neck/shoulder symptoms
and sick leave due to
neck/shoulder symptoms

In this Finnish population
sample the most common
cold-related
complaints
was musculoskeletal pain

Table 2. Studies including some weather variables conditions (temperature) and symptoms and complain on the
musculoskeletal system.

Field
observation
and measuring
of stress on the
trunk

Nicholson et al.
(1981)

18

Study
design

Study
(Author and
year)
23
high-risk
groups
of
telecommunicatio
n engineers with
accidents
rates
significantly
grater
than
overall accident
rates

Study
population

Exposure: General weather conditions (wet
and cold)

Outcome: Back injuries

Outcome (MSD’s) and exposure
(Cold exposure)

10 high-risk
groups of
telecommunicatio
n engineers
working out of
doors throughout
the year exposed
to cold or wet

Exposed
workers
23 high-risk
groups of
telecommunicatio
n engineers
NS

MSD’s prevalence
Referent
RR, OR, PRR
(control)
(95% CI) or pgroup
value

The
majority
of
occupational
tasks
associated with relatively
high frequencies of back
injuries were performed
outdoors exposed to cold
and dampness

Comments

3.4 Upper limb muscle function and movements
in the cold
3.4.1 Neuromuscular function in the cold
Cooling deteriorates several parameters of muscular performance, including
endurance, force, power, velocity, and less well studied the co-ordination (for review
see Oksa 2002). At muscle temperatures below 27°C a proportion of the more
superficial muscle fibers do not contract as a result of interference in nervous or
neuromuscular transmission due to cooling (Clarke et al. 1958). The major influence of
a decrease of 10ºC in muscle temperature (35ºC to 25ºC) was a decrease in the velocity
of shortening, a decrease in maximum (40%) and sustained (60%) power output and an
increase in power absorption (Faulkner et al. 1990). Holewijn & Heus (1992) found
that cooling the arm to 15°C (skin temperature) resulted in a significant decrease of
20% in the maximal grip force and reduced significantly the maximal grip frequency
by 50%. Literature regarding to the effect of cooling on muscle strain is contradictory,
but several authors have found that EMG activity is increases in cold conditions
(Petrofsky & Lind 1980, Winkel & Jørgensen 1991, Hammarskjöld et al. 1992,
Rissanen et al. 1996, Meigal et al. 1998, Oksa et al. 2002). Although changes seen in
EMG amplitude are more often associated with the decrease of muscle temperature
than skin temperature (Winkel & Jørgensen 1991), it can be argued that superficially
cooled working muscles increase the a-EMG (Oksa et al. 2002). Holewijn & Heus
(1992) found that when skin temperature was decrease by 11 ºC in two hours at 14 ºC,
the EMG amplitude was doubled.
The mechanisms underlying the effects of cold on muscle function may be
many. Ranatunga et al. (1984) suggested that the particular recruitment sequence may
be from the slow to the fast motor units (MUs) at high temperatures, whereas it may be
from the fast to the slow MUs at cold temperatures. With decrease skin temperatures,
the cutaneous stimulation selectively reduced the recruitment force of high threshold
MUs during voluntary isometric ramp constriction (Yona 1997). The increased level of
co-contraction of the agonist-antagonist muscle pair during repetitive work (Oksa et al.
2002) and the decreased activity of the agonist muscle and increased activity of the
antagonist muscle (i.e. braking effect) during shortening phase may in part explain the
decreased muscle performance (Oksa et al. 1997).
A model explaining the aetiology of muscular disorders (the Cinderella
hypothesis) was proposed by Hägg (1991). The model is based on the recruitment
order of the motor units and on the nature of the injured fibers. Low threshold motor
units (type I) are always recruited first and remain active until total relaxation of the
muscle is achieved. Also certain type I muscle fibers seem to be injured selectively
(ragged red fibers). Considering these two facts, Hägg (1991) proposed that very low
threshold muscle fibers are affected first as a result of too long activation and non
enough rest. In a normally functioning muscle there are short silent periods (EMG
gaps) indicating variation in muscle fibers recruitment. If there are no or few gaps, it
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may indicate that the muscle fibers are active all the time. Sjøgaard G & Søgaard K
(1998) showed that during the low contraction intensities the effect of the feedback
mechanism for fatigue through the release of K+ from the intracellular to interstitial
space and the consequent reduction in the muscle membrane potential is abolished.
Consequently, action potential transmission is not affected and all contraction-induced
metabolic processes, including the high increases in cytosolic Ca2+ concentrations.
Therefore, necrotic changes in the muscle can be observed finally. In a longitudinal
study, workers with previous episodes of muscle complaints had higher levels of static
muscle activity and fewer EMG gaps than workers without such episodes. Thus, a
fewer number of EMG gaps can be considered a risk factor for the development of
musculoskeletal disorders (Veiersted et al. 1993). Cold increases the level of fatigue,
and with the addition of repetitive work (e.g. in food processing companies) fatigue is
accelerated further, and this combination could be involved in the genesis of workrelated upper extremity disorders (Oksa et al. 2002). A decrease in the number of EMG
gaps during the performance of low-intensity repetitive work in cold was found by
Oksa et al. (2006) indicating that the fibers underneath the measuring electrodes
remained active throughout the work period and probably these fibers are at higher risk
for localised fatigue.

3.4.2 Effects of cold on the body movements
According to Latash (1998) when producing a sub-maximal moment about a joint a
large number of degrees of freedom exist with respect to which muscles, parts of the
muscles or motor units are recruited. In motor control literature it is stated that it is a
“problem of choice” for the CNS (Bernstein 1967). If the subject is asked to repeat the
same movement several times, there will be relatively high variability of the individual
joint trajectories and lower variability of the endpoint trajectory, as was demonstrated
in the classical study of blacksmiths by Bernstein in the 1920s: highly reproducible
trajectory of the tip of the hammer (the working point) and much less reproducible
trajectories of all limb joints. The most reproducible feature of the trajectories of the
multi-joint reaching movement is the lack of reproducibility, which is addressed as
variability (Latash 1998).
This lack in the reproducibility of the trajectories has been demonstrated in
normal temperature where the progression of fatigue during repetitive tasks produces
compensatory mechanisms (strategies) or changes in the biomechanics of movement to
facilitate the performance of the task. Several studies have shown the effect of fatigue
on the coordination of movements in normal temperature (Forestier & Nougier 1998,
Côté et al. 2002, Voge & Dingwell 2003). Adaptations, such as decline in force,
relaxation rate, and motor neuron discharge, have been associated with sustained
activities. It has been shown that these adaptations produce changes in the local
parameters of movement, including decreased range of motion at the main agonist
joint and reduced movement velocity (Enoka & Stuart 1992). Healthy subjects
simulating a repetitive lifting task displayed changes in EMG (decrease in
instantaneous median frequency) and significant differences in the biomechanics of
movement (increased range of motion at knee and elbow), which verifies the
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hypothesis about the association between muscle fatigue and biomechanical adaptation
to task (Bonato et al. 2002). In healthy workers, increased perception of fatigue and
loss of concentration changed the postural pattern during a lifting task (Resnik 1996).
It has also been shown that muscular strain depends on the direction of movement
(Strasser & Keller 1989), and movement in a 30º direction in the horizontal plane
causes less than half of the muscular load compared to directions between 90º and 160º
(Strasser & Müller 1999).
Few studies have been conducted to find the effects of cooling on body
movements or trajectories of the upper limb. Meigal et al. (1998) found that voluntary
movements and posture can be affected by cold shivering. They found that hand grip
and elbow flexion were not affected by cold shivering, but that shoulder flexion was
adversely affected; this can be associated with the fact that proximal muscles are more
active during cold shivering (Bell et al. 1992). Exposure to cold increased the duration
of contact, stretch, and shortening phases and decreased the take-off velocity of
subjects performing a maximal rebound jump, demonstrating decreased muscle
performance (Oksa et al. 1997). Whole-body postural sway was increased considerably
(more corrective movements) in cold conditions in healthy subjects (Mäkinen et al.
2005). Cooling the arm to 15ºC significantly reduced the maximal rhythmic handgrip
frequency due to slower force generation capacity (Holewijn & Heus 1992). An
experiment simulating carpenter’s work (nailing, sawing, and screwing) revealed an
unchanged movement pattern after cold exposure; however, strength decreased and
failure to complete the task adequately was more common during cold exposure
compared with neutral conditions (Hammarskjöld et al. 1992).
Proper balance requires integration of information from various sources
including information from the vestibular system, vision, and proprioception (Latash
1998). Temperature is known to have a profound effect on the neuromuscular system
(Rutkove 2001) and cold exposure may consequently alter postural control. Following
90 minutes of general cold exposure at 10°C, which induced cold thermal sensation,
thermal discomfort and increased muscle tone, postural sway was significantly higher
compared with 25°C exposure (Mäkinen et al. 2005). The reduced plantar information
by local cooling leads to increased body sway while standing (Eils et al. 2004).
Stiffness resulting from exposure to cold is a well known experience (Hunter et
al. 1952). Several studies using cold water exposure have explained changes on the
trajectories or body movements based on the joint stiffness effect (Coppin et al. 1978,
Sargeant 1987, Vincent & Tipton 1988). A previous study stated that stiffness of the
joints in cold conditions could be due to increased viscosity of the joints’ synovial
fluids (LeBlanc 1956). At a given speed of movement, muscles must exert a greater
force to overcome the higher resistance due to increased viscosity (Hunter et al. 1952).
Sargeant (1987) also postulated that in cold conditions energy will be wasted in order
to overcome any increase in passive resistance (stiffness of joints) to movement. It is
possible that the increased stiffness may also affect the dynamic balance control.
Rhythmic movements, requiring optimal coordination of muscle activity across a joint,
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may also be disturbed due to increased power absorption (stiffness) of a cooled muscle
(Faulkner et al. 1990).

3.4.3 Cold-protective clothing and its effect on movement
and muscle performance
Adequate cold-protective clothing provides the primary protection against cooling in
cold environments. The nature of the protection required in cold environments
particularly in extremely cold conditions often means garments that are constructed of
several layers (thick) and heavy insulating materials inhibiting physical performance
usually measured by the increased of energy cost [for review see (Dorman 2007)].
Relating to these characteristics, weight and the “hobbling effect” has been
studies by several authors. Murphy et al. (2001) found that using heavy clothing (9.3
kg) increased energy cost and was more physiologically and psychological demanding
especially when performing tasks of a continues nature. Duggan (1988) suggested that
the increased energy cost may be attributed to the “hobbling effect”, caused by the
bulkiness and stiffness of such clothing interfering with joint movements. Rissanen &
Rintamäki (1997) also found that oxygen consumption was 13% higher in subjects
exposed to -10ºC using a bulky impermeable rubber suit compared with subjects using
a semi-permeable charcoal impregnated suit.
Teitlebaum & Goldman (1972) compared a multilayered artic clothing (6 – 7
layers) with a 1 - 2 layered clothing and found a 14-18 % higher energy cost in the
multi-layered artic clothing. The authors suggested that this increase could be
attributed to a “friction drag” between layers and/or a “hobbling effect” of clothing
interfering with movement at the body joints produced by the bulk of the clothing.
Each additional kg in clothing weight increase energy costs approximately by 3% and
each additional layer by 4% (Rintamäki 2005). Also, friction between clothing layers
and garment stiffness could explain the high metabolic rate measured in subjects
testing different cold-protective clothing ensembles (Meinander et al. 2004).
Restriction of movement when using clothing protection was studied by Huck
(1988). The study demonstrated that shoulder adduction and abduction and trunk
lateral flexion were the most affected movements when using different clothing
ensembles, and it concluded that multiple layers of clothing results in an ensemble
which is bulky, heavy and inflexible. Adams & Keyserling (1995) found that the fabric
weight of clothing can affect the range-of-motion (ROM). These effects are much less
pronounced than the garment size effects, where ROM is increased with garment size.
Rissanen et al. (1996) found that wearing shorts in a cool environment +5°C may,
at the beginning of exercise, result in higher (about 25%) EMG activity and this may
reflect increased muscle strain in comparison with wearing long trouser.
Changes in the fit of clothing or in posture also affect insulation. In the standing
position, the insulation of clothing was greater with loose fits compared with tight
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(Lotens 1989). Nielsen et al. (1985) also studied the effect of posture and clothing and
found that the intrinsic clothing insulation was maximal in the standing position. The
reduction in the seated position was by 8-18%.
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4. Material and methods
4.1 Subjects
The subjects participating in these studies were divided in two groups: working
population subjects (I and II) and laboratory subjects (III and IV). The physical
characteristics of the subjects participating in the four studies are presented in Table 3.

4.1.1 Questionnaire based studies (I and II)
Epidemiological study (I)
Male workers (n=162) in the packing areas of four meat-processing plants participated
in the study. The workers were divided into two groups according to cold exposure.
One group (n=52) comprised subjects working in packing areas with a low temperature
(+2ºC), labelled as “exposed group”, while the other group (n=112) worked in areas
with a somewhat higher temperature (+9ºC), labelled the “non-exposed group”.
Questionnaire based study (II)
Twenty-four male workers performing tasks inside three cold stores housed in a large
and modern freeze-dried coffee factory participated in the study. The air temperature
in the stores varied between -43°C and -62°C and the air velocity varied between 0.5
m/s and 2 m/s.

4.1.2 Laboratory studies (III and IV)
The Laboratory studies were conducted in Oulu, Finland (study III), and in Boden,
Sweden (study IV). Twelve healthy young women living in Oulu volunteered for the
Study III, and nine middle-aged healthy women living in Boden or Luleå voluntary
participated in the Study IV. In the Study III subjects were students and in Study IV
they were workers from different fields and positions. Subjects were fully informed of
the nature and purpose of the experiments, as well as associated risks. Following a
medical examination, written consent to participate in the experiments was read and
signed by all subjects. Experimental protocols were approved by the Ethics Committee
of the Hospital District of Helsinki and Uusimaa (III) and by the human ethics
committee at Umeå University, Umeå, Sweden (IV). Both studies complied with the
Declaration of Helsinki for human research.
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Table 3. Physical characteristics of the subjects in the working population and
laboratory (experimental) studies. Values are represented as mean and ±SD.
Study code

Gender
Age
Height (cm)
Weight (k)
Body mass index (kg/m2)

Working populations studies
Study II
Study I
(n=24)
(n=162)
Exposed
Non exposed
(n=50)
(n=112)
Male
Male
Male
26 (5)
30 (8)
29 (9)
172 (6)
172 (6)
171 (6)
71 (8)
70 (8)
74 (10)
24 (2)
24 (2)
25 (3)

Laboratory studies
Study III
Study IV
(n=12)
(n=9)

Female
23 (3)
163 (5)
60 (8)
22 (2)

Female
49 (6)
167 (7)
71 (12)
26 (4)

4.2 Study design
Epidemiological study (I)
A cross-sectional epidemiological study was carried out to explore the relationship
between musculoskeletal symptoms and cold exposure in a large meat processing
company. One-hundred-and-sixty-two male workers participated in the study. They
were divided into two groups: 50 workers exposed to more severe cold (+2ºC) and 112
exposed to less severe cold (+9ºC).
Participants completed a standardised Nordic questionnaire on pain, aches, or
discomfort in specified body parts during the last year and the last seven days, as well
as those that prevented the individual from carrying out his or her normal work.

Questionnaire based study (II)
A descriptive study based on all 24 male workers performing task inside three cold
stores housing an ongoing freeze-drying process was performed. A questionnaire on
cold-related health problems (Hassi et al. 2003) and the standardised Nordic
questionnaire on muscle complaints (Kuorinka et al. 1987) were completed by all
exposed workers. All workers underwent a physical examination.

Laboratory studies (III and IV)
For the laboratory studies a workstation (Figure 2) was designed and placed in a
climatic chamber (III) and in a normal room (IV). The climatic chamber (Study III)
was 26 m2 and had a temperature either 10ºC or 25ºC, relative humidity 30% and air
velocity <0.5 m/s. The air temperature in the normal room (Study IV) was 23ºC, air
velocity <0.5 m/s and relative humidity 30%. The work station consisted of a table
with individually adjusted height to fit the elbow height of the subjects (96 to 104 cm).
The subjects in both experiments performed one-handed repetitive work during one
hour while standing in front of the table. The object to be moved were six small boxes
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(11 cm x 5.5 cm x 7 cm length, height and width) weighing 0.5 kg each. The subjects
picked up the boxes placed in front of the table (Z) and positioned them at six target
angles (S): first at 30º, second at 60º, and so forth, so that the angle of the last one was
220º. They then continued by returning (R) the boxes to their original position in
reverse order, starting with the one at 220º and ending with the one at 30º. The task
described here represents one trajectory cycle (eleven angles). The duration of each
cycle was 20 s.
In Study III, subjects performed the experiment in three different conditions: at
10ºC dressed in T-shirt, shorts, comfortable shoes, and a left glove (cold conditions =
C); at 25ºC using the same clothing as at C, except for the left glove (thermo-neutral
conditions = TN); and, again at 10ºC, but dressed in cold-protective clothing (1.24 clo)
that included long-legged underpants, trousers, outer jacket, left glove, and a
laboratory robe (cold conditions plus clothing = Cp). In Study IV, subjects performed
the repetitive tasks while standing in front of the table with the legs inside a container
with cold water 15ºC (Cold condition or C) or without water (Normal condition or N).
To maintain the water temperature constant (15ºC) during the experiment, a circulation
system was created using an external cooling unit that maintained the water stirred
(Haake DC3, Haake Mess – Technik GmoH u. Co., Karlsruhe, Germany). The water
level covered whole lower legs from popliteal area to the feet. Subjects were dressed in
a T-shirt and shorts.
Figure 2. Schematic representation of the workstation. A, Study III and B, Study
IV.

A

B
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4.3 Measurements
4.3.1

Musculoskeletal symptoms and complaints (I and II)

Subjects in studies (I) and (II) completed a standardised questionnaire on pain, aches,
or discomfort in specified body parts during the last year and the last seven days, as
well as those that prevented the individual from carrying out his or her normal work. A
Spanish version of the Standardized Nordic Questionnaire was used (Kuorinka et al.
1987). The questionnaire included demographic data such as age and gender as well as
questions on the number of years spent in the job, hand dominance, and type of
employment contract. Questionnaire responses remained anonymous, and no company
officer was present during the completion of the questionnaires.

4.3.2
Health problems related to working in extreme cold
conditions indoors (II)
To identify cold-related health problems among workers in extreme working cold
conditions the Health-Check Questionnaire for Subjects Exposed to Cold (Hassi et al.
2003) was translated into Spanish and applied individually to each exposed worker in
the Study (II).

4.3.3

Thermal responses (III and IV)

During the laboratory studies (III and IV), rectal temperature (Tre, 10 cm depth) and
skin temperatures were measured continuously at 14 sites (finger, palm, wrist extensor,
wrist flexor, biceps, triceps, deltoid, chest, abdomen, lower back, thigh, calf, foot and
cheek) were measured continuously with thermistor probes (YSI 4000 Series, Yellow
Springs Instruments, CO., Inc., Yellow Spring, USA) and recorded at 1-min intervals
into a data logger (Squirrel 1200 Grant, Birmingham, UK). Mean skin temperature
(Tsk) was calculated by weighing the local skin temperatures by representative areas
(Hardy & Dubois 1938) using the formula: Tsk = palm * 0.05 + wrist extensor * 0.14 +
mean (chest, abdomen, lower back) * 0.35 + thigh * 0.19 + calf * 0.13 + foot * 0.07 +
cheek * 0.07.
In Study IV, the gastrocnemius muscle temperature (Tm) was measured using a
sterilised needle (18 gauge) that was introduced perpendicularly into the medial aspect
of the gastrocnemius muscle (right leg) at a depth of 2.5 cm and around 5-8 cm below
the popliteal region. Previous to insertion, the skin was disinfected using a solution
containing 0.5 mg Klorhexiding®. The area was anaesthetised with 2% Xylocaine
without Ephineprine®. A sterilised probe (0.7 mm) was inserted through the needle
into the muscle, and the needle was carefully withdrawn. To prevent the probe from
sliding out of the puncture site, the probe was taped at the puncture site with
TegadermTM ® tape. Tm was recorded at 1-min intervals data logger (Squirrel 1200
Grant, Birmingham, UK). A conversion chart was used for obtain the indicated
temperature to actual temperature.
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Subjective ratings of thermal sensation of the whole-body (III and IV), right
upper limb (III and IV), right fingers (III) and legs (IV) were evaluated at the
beginning and every twenty minutes during the experiments. The scale ranged between
-4 (very cold) and +4 (very hot) (ISO 10551 1995). In study (IV) thermal comfort
(comfortable, slightly uncomfortable and uncomfortable) of the whole-body, right
upper limb, and legs was assessed using the same method.

4.3.4

Muscle function and physical exertion (III and IV)

To evaluate the level of muscle activity in both studies (III and IV) during the different
conditions, surface electromyographic activity (EMG) was measured (ME3000P8,
Mega Electronic, Kuopio, Finland) for 20 seconds at the beginning and subsequently
every 20 minutes from eight muscles on the right side of the body: wrist extensor
(WE), wrist flexor (WF), biceps (B), triceps (T), pectoralis (P), deltoid medial part (D),
upper trapezius (UT) and lower trapezius (LT). The EMG signals from the skin above
the working muscles were recorded with a sampling frequency of 1000 Hz using pregalled bipolar surface electrodes (Medicotest, M-OO-S, Olstykke, Denmark). The
measured EMG signal was amplified 2000 times (preamplifier located 10 cm apart
from the measuring electrodes), and a signal band between 20 and 500 Hz was full
wave rectified and averaged with a 10 ms time constant (a-EMG). Analysis of EMG
data was performed in two phases: basic analysis, which consisted of analysing one
complete trajectory cycle (analysis during 20 s), and a more detailed angle analysis,
where each angle (1.8 s) was analysed separately. EMG gaps were defined according
to the following criteria: in the whole-cycle analysis EMG activity had to be below 20
μV and in the angle analysis below 10 μV for at least 300 milliseconds.
The 1 - 10 Borg Rating of Perceived Exertion (RPE) (Borg 1998) was used to
evaluate general and right upper limb physical exertion at the beginning and every
twenty minutes in both studies (III and IV).

4.3.5

Motion analysis (upper limb trajectories) (III and IV)

The trajectories of the right upper limb were recorded in studies III and IV. In Study
III two video cameras were used and digitalised and processed with an automatic
tracking of objects in an image sequencing software, WinAnalize (WINanalize
Version 1.4 2D, Micromak GmbH). In Study IV a 3D motion analysis system was
used (the windows-based data acquisition software, Qualysis Track Manager – QTM
(Qualysis Medical AB, Gothenburg, Sweden).
The trajectories in four anatomic points (head, shoulder, elbow and wrist) (III)
and five anatomic points (head, shoulder, elbow, wrist and hip) (IV) were recorded.
For each trajectory cycle (20 s) and for each angle of trajectory (11 angles as total),
two different measures were obtained:
(a) Transverse, sagittal and vertical estimated area under the curve (AUC): This value
was obtained from the sum of the absolute residuals of the mean for each x, y and z
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position related to time during one trajectory cycle. The AUC was calculated at the
beginning (1 min) and at the end (60 min) of the working period. The AUC represents
the amplitude of the trajectory in the three different axes at each anatomic point and
for each angle of motion. In Study III only the vertical AUC was calculated.
(b) Mean transverse, sagittal and vertical trajectories of the upper limb: For each
anatomic point, the mean transverse, sagittal and vertical trajectory during one cycle
(20 s) was calculated at the beginning and at the end of the working period. The
trajectories indicate the position of each anatomic point in these different axes. In
Study III only the mean vertical trajectories were calculated. (See papers III and IV for
a more detailed description).

4.3.6

Control of dynamic balance (IV)

For assessment of subject’s ability to voluntary sway to various locations in space the
limits of stability (LOS) were calculated before and at the end of each experiment in
Study IV. Testing was performed on a Neurocom Balance Master System (NeuroCom
® international Inc., V.8, Clackamas, Oregon, USA) which consists of a force plate
connected to a computer and monitor. The manufacturer’s software was used to
provide visual feedback during task performance and for data collection. Subjects were
tested on a visually guided balance task that consisted of moving their centre of gravity
(COG) to eight predetermined targets: forward (F), right forward (RF), right (R), right
back (RB), back (B), left back (LB), left (L) and left forward (LF), while maintaining a
stationary base of support. Individual scores were obtained and scores from all eight
transitions were added and divided by eight to provide a total average (the composite
score). Five parameters of the LOS were calculated: reaction time (RT), movement
velocity (MVL), directional control (DC), endpoint excursion (EPE), and maximal
excursion (MXE). (See paper IV for a more detailed description).

4.4

Statistical analysis

In Study I the prevalence ratio and corresponding 95% confidence interval (CI) were
calculated to compare the prevalence of musculoskeletal symptoms between groups.
The test of normality was calculated for continuous covariates of interest (age, years in
the job, number of hours worked per week, weight and height). Mean and percentages
were calculated in Study II.
In studies III and IV, analysis of variance with repeated measures was used to
compare data between thermal responses, muscular strain, and trajectories of the upper
limb over time. Greenhouse-Geisser adjustment was used for repeated measures. The
significance level accepted was p<0.05. The results presented are mean and standard
error (Study III) and mean and standard deviation (Study IV). Medians for thermal
sensation, thermal comfort and physical exertion were calculated. The effect of
temperature on thermal sensation, thermal comfort and physical exertion was
examined by Wilcoxon’s signed rank test.
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5. Results
5.1 Musculoskeletal symptoms and complaints (I
and II)
The prevalence of musculoskeletal symptoms and complaints among workers in a
meat processing company showed that workers exposed to more severe cold (+2ºC)
had higher prevalence ratios of complaints in different body parts compared with less
exposed workers (+9ºC). The prevalence ratios of musculoskeletal symptoms during
the last year for neck (3.36, 95% CI=1.75 to 6.44), shoulder (3.84, 95% CI=1.61 to
9.17), wrist/hands (2.57, 95% CI=1.28 to 5.14) and lower back 2.24 (95% CI=1.52 to
3.92) were significantly higher (p<0.05) among more severely exposed workers. The
prevalence of musculoskeletal symptoms that prevented workers from doing their
normal work was also significantly higher among exposed workers. Significant
differences (p<0.05) were found for neck (11.2, 95% CI=1.34 to 93.4) and lower back
(4.48, 95% CI=1.61 to 12.4). The ergonomics conditions, characterised by the highly
repetitive movements of hands, low manual forces and using the standing position all
day, were similar in both groups (exposed and non-exposed). Furthermore, in both
groups the estimated metabolic expenditure rate was moderate (155W/m2). The
thermal insulation provided by the clothing in the company was estimated to be 1.19
clo.
A high prevalence of musculoskeletal symptoms and complaints during the last
year in 24 male worker (Study II) exposed to extreme cold conditions in a freezedrying coffee company (-43ºC to -62ºC) was found at the neck and lower back (21%
respectively). The estimated level of thermal insulation provided by the cold-protective
clothing used by the workers was 2.36 clo and the weight of this ensemble was 7.5 kg.
Based on calculations using IREQ index and estimated level of heat production (116
W·m-1) the thermal insulation provided by the clothing should be approximately 4.6
clo.

5.2 Health problems related to working in
extreme cold conditions indoors (II)
The most relevant cold-related health problems among workers exposed during 50% of
the working time to extreme cold conditions indoor were episodic finger symptoms
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(50%), followed by respiratory symptoms (21%), peripheral circulation symptoms
(20%), and repeated pain in the musculoskeletal system (12%). Two subjects were
found to have previous diagnosis of Raynaud’s phenomenon (RP) and it was
confirmed by medical examination during the present study. The prevalence of
musculoskeletal complaints in the neck and lower back was 21% in each. Table 4
shows the most relevant percent of workers suffering from cold-related symptoms and
complaints, and illnesses.
Table 4. Prevalence (%) of cold-related symptoms, complaints, and diseases
among workers in extreme cold conditions indoor, n=24.
Self-reported complaint and symptoms

%

Finger symptoms episodic
Respiratory symptoms
Peripheral circulation symptoms episodically
Repeated pain in the musculoskeletal system
Skin symptoms
Injuries
Cardiovascular symptoms
Diagnosis by medical examination
Raynaud’s phenomenon
High blood pressure
Congestion of the nasal mucous
Red fingers
Skin blush and reddening

50
21
20
12
8
4
4
%
8
8
8
8
8

5.3 Thermal responses (III and IV)
5.3.1 Thermal responses during whole-body cooling
The mean skin temperature (Tsk) during the working period was 27.4 ± 0.3ºC, 32.0 ±
0.1ºC and 30.4 ± 0.2ºC at C, TN and Cp respectively. Compared with TN, Tsk was
significantly lower at C (4.6ºC) and Cp (1.6ºC) (p<0.05). Local skin temperatures at
triceps, wrist extensor, and biceps decreased by 9.0ºC, 7.3ºC, and 5.3ºC respectively
when comparing C with TN at the end of the working period (p<0.05). Rectal
temperature (Tre) remained stable during all three sets of conditions. The mean Tre at C
was 37.3 ± 0.1ºC; at TN 37.2 ± 0.1ºC and at Cp 37.3 ± 0.1ºC.
Thermal sensation (general, right upper limb and fingers) was significantly
(p<0.05) lower (ranges between “cold” and “very cold”) at C and Cp when compared
with TN.

5.3.2 Thermal responses during local leg cooling
The average gastrocnemius muscle temperature (Tm) during the working period was
26.7 ± 1.6ºC and 33.4 ± 0.6ºC at C and N respectively. Compared with N, Tm was
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significantly lower at C by 6.7ºC (p<0.05). The mean skin temperature (Tsk) during the
working period was 29.1 ± 0.1ºC and 31.3 ± 0.2ºC at C and N respectively. Compared
with N, Tsk was significantly lower at C (2.2ºC). Local skin temperatures at calf and
foot decreased by 16.9ºC and 11.9ºC, respectively when comparing C with N (p<0.05).
Rectal temperature (Tre) remained stable during the two sets of conditions. The mean
Tre was 37.2 ± 0.1ºC in both set of conditions. The comparison between temperatures
during the whole-body and local leg cooling studies is shown in Table 5.
Table 5. Different temperatures between conditions during the whole-body and
local leg cooling studies.
Study III
Whole-body cooling
C
TN
Cp
Tsk
Tre
Tm
Twrist extensor
Twrist flexor
Ttriceps
Tbiceps
Tfoot
Tcalf

27.4 ± 0.3ºC *

32.0 ± 0.1ºC

37.3 ± 0.1ºC

37.2 ± 0.1ºC

Study IV
Local leg cooling
C
N
31.3 ± 0.2ºC

30.4 ± 0.2ºC *
37.3 ± 0.1ºC

29.1 ± 0.1ºC **
37.2 ± 0.1ºC

37.2 ± 0.1ºC

NM

NM

NM

24.7 ± 1.2ºC *

31.6 ± 2.1ºC

32.1 ± 1.0ºC

26.7 ± 1.6ºC **
32.7 ± 0.8ºC

32.5 ± 0.8ºC

33.4 ± 0.6ºC

23.2 ± 1.0ºC *

31.7 ± 1.3ºC

31.4 ± 1.1ºC

30.8 ± 1.2ºC

31.3 ± 0.8ºC

22.0 ± 3.3ºC *

28.3 ± 1.4ºC

30.9 ± 1.1ºC

29.5 ± 1.0ºC

29.0 ± 1.5ºC

27.5 ± 2.3ºC *

32.5 ± 1.0ºC

32.1 ± 1.0ºC

32.7 ± 0.8ºC

32.5 ± 0.8ºC

25.9 ± 1.8ºC *

29.1 ± 1.8ºC

30.9 ± 1.9ºC

15.6 ± 0.5ºC **

28.6 ± 1.9ºC

22.2 ± 1.1ºC *

26.9 ± 1.9 ºC

29.9 ± 0.8ºC

16.8 ± 0.7ºC **

30.8 ± 1.4ºC

NM: No measured
* Significant lower compared with TN
** Significant lower compared with N

Figure 3 shows that Tm was curvilinearly associated with Tsk in the local leg
cooling study (IV). Tm can be predicted from the known Tsk by the following equation:
Tm = -777.8 + 27.7 Tsk - 42.3 (Tsk-29.0)2.
Participants rated their thermal sensation (general, legs and right upper limb)
significantly lower (ranges between “cold” and “very cold”) at C when compared with
N. The general and local (leg) thermal comfort was rated significantly uncomfortable
in C compared with N (p<0.05).
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Figure 3. Tm at different Tsk in the local leg cooling study (IV).
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5.4 Effects of whole-body and local leg cooling on
muscle function (III and IV)
Exposure to whole-body cooling (10ºC) demonstrated that the EMG activity (a-EMG)
was higher during C compared with TN in all eight muscles analysed on the right
upper limb from the beginning to the end of the working period. The highest increase
was observed in WF, which at the end of the working period was 95% higher than at
TN: 45.5 μV (+/-10.2) in relation to 23.3 (+/-3.6) μV, p<0.05. Significant differences
were also found in UT and LT. In Cp EMG activity was also higher compared with TN
in all muscles with the exception of P, p<0.05.
The local leg cooling study showed that a-EMG increased in four out of eight
muscles on the right upper limb: WF (58%), T (18%), UT (11%) and LT (5%) at the
end of the working period. However, the observed changes were not significantly
different in either general or sector analysis.
Figure 4 show the percentage difference in EMG activity between conditions in
the eight muscles of the upper limb studied at the end of the working period. The
results of the whole-body (III) and local leg cooling (IV) studies are presented.
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Figure 4. Percentage difference in a-EMG between conditions in the eight muscles
studied on the upper limb at the end of the working period. The results of the
whole-body (II) and local leg cooling (IV) studies are presented.
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When examining the changes on muscle strain at the different angles of the trajectories
on the upper limb, EMG activity was significantly higher (p<0.05) at C (WE, B and
LT) and Cp (LT) compared with TN at the extreme angles (200º, 220º and 200ºR) at
the end of the working period (whole-body cooling study). However, the changes
observed at the same angles during the local leg cooling study were only moderate and
predominantly non- significant.
Physical exertion (general and right upper limb) was significantly higher at C
than at TN at the end of the working period in the whole-body cooling study. During
the local leg cooling study physical exertion remained stable during the two sets of
conditions and no significant difference was observed.
Whole-body cooling decreased the number of EMG gaps in all muscles studied.
The highest decrease was observed in UT with 93% decrease at the end of the working
period (p<0.05). The decrease in EMG gaps on LT (48%) and B (57%) was also
significant (p<0.05). Cp decreased the EMG gaps in seven muscles compared with TN
at the end of the working period. Significant (p<0.05) differences were found on WE
(50%), Pectoralis (19%) and LT (26%).
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In the local leg cooling study the number of EMG gaps were decreased during the
cold water exposure at the end of the working period in three muscles: D (by 7%
p<0.05), WF (by 15%, NS) and P (by 7%, NS).
On the most extreme angle of the trajectory (200°, 220º and 200°R) the a-EMG
was higher and the number of EMG gaps were decreased significantly (p<0.05) during
C and Cp in three muscles WE, B and LT (whole-body cooling study). Table 6 presents
the results at the 220° angle. During the local leg cooling study no change in the EMG
gaps were observed at the extreme angles.
Table 6. Muscular strain (a-EMG µV) and number of EMG gaps on the most
extreme angle (220º) for three muscles at the end of the working period (Study
III).
Muscular strain a-EMG (µV)
Biceps
Lower Trapezius
C
TN
Cp
C
TN
Cp
220º
41.5
27.2
30.6
36.4
27.8
36.1
(5.6)*
(1.3)
(3.2)
(4.2)
(3.9)
(5.8)
Number of EMG gaps
Wrist Extensor
Biceps
Lower Trapezius
C
TN
Cp
C
TN
Cp
C
TN
Cp
220º
3
10
0
0
7
0
11
20
19
(3)
(5)
(0)
(0)
(4)
(0)
(5)
(9)
(5)
Values are mean and Standard Error (SE)
*
Significant difference compared with TN p < 0.05
Angle

Wrist Extensor
C
TN
Cp
52.2
39.8
47.2
(3.9)
(3.3)
(2.6)

The gaps’ duration was geared toward a reduction during whole-body cooling
study both in C and Cp compared with TN. At the end of the working period,
significant (p<0.05) differences were found in P, LT, WF and UT between C and TN
(44%, 31%, 25% and 21% reduction in relation to TN). At the end of the working
period, a significant difference (20% reduction) in WF was found between Cp and TN.
During local leg cooling study, reduction in the gaps’ duration in WE (19%), WF
(36%), T (30%) and UT (7%) was observed in C. However, none of the changes were
significant either in general or the sector analysis.

5.5 Effects of whole-body and local leg cooling on
the upper limb trajectories (III and IV)
During whole-body cooling study, the mean vertical trajectory of the upper limb was
significantly (p<0.05) higher at elbow, shoulder and wrist (1.2 cm, 1.2 cm and 1.1 cm
respectively) in C compared with N. At Cp, the mean vertical trajectory was also
significantly higher in elbow, wrist and shoulder (2.3 cm, 0.7 cm and 0.6 cm
respectively). The mean vertical trajectory of the upper limb was higher at extreme
angles in all anatomic points both at C and Cp, compared with TN. A statistically
significant difference (p<0.05) was found only an elbow angle of 200ºR, which was
2.5 cm higher at Cp than at TN.
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Except for wrist, the vertical AUC of the trajectories were higher at C than at TN
at the end of the working period in all anatomic point studied in whole-body cooling
study. The highest increases were observed at elbow, shoulder and head (16%, 8%,
and 7% respectively). A significant difference was found in the vertical AUC of the
trajectories for elbow and shoulder at extreme angles. At the 200ºR angle, the AUC
was 50% and 25% higher at C and Cp respectively compared with TN. At the same
angle at the shoulder, AUC at C was also significantly higher (33%) in relation to TN.
A schematic presentation of the AUC at the elbow in one extreme sector (200º) at the
end of the working period (whole-body cooling study) is shown on Figure 5.
Figure 5. Schematic representation of the AUC for the elbow in one extreme
sector (200º) at the end of the working period between conditions (Study III).
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During the local leg cooling the changes observed in trajectories of the upper
limb were minimum and practically non-significant. It was only on the vertical axis in
C that the AUC at elbow (7%) and head (16%) were significantly higher compared
with N. No differences were found at other anatomic points or on other axes
(transverse and sagittal). The mean trajectory of different anatomic points was
predominantly similar between conditions, time and axes and only two significant
(p<0.05) increases, at elbow and wrist, were observed in C compared with N at the end
of the working period. The trajectory of the shoulder during one complete cycle of the
movement at the end of the working period between C and N is represented in Figure
6.
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Figure 6. Time course (20 s) of the shoulder vertical axis trajectory between C
and N at the end of the working (Study IV).
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5.6 Effects of local leg cooling on dynamic balance
(IV)
At the end of the working period several parameters of LOS were affected by local leg
cooling. Reaction times and movement velocities showed a trend towards longer time
and slower velocities in C compared with N. However, some non-significant
differences were found. EXE% was decreased by 4% (p<0.05) on the right side and by
5% (NS) on the left side. Most significant changes were found in EPE%. The
composite score (9%), left (11%) and right sides (11%) were significant (p<0.05)
decreased in C. EPE% on the forward side (4%, NS) was also decreased in C. Figure 7
presents the EPE% between conditions at the end of the working period. Cooling of
the legs resulted in a 1% decrease in maximal excursion (right side) / 1°C fall in
muscle temperature.
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Figure 7. End Point Excursion as % of the LOS (EPE%) between conditions at
the end of the working period (local leg cooling study).
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6. Discussion
6.1 Musculoskeletal symptoms and complaints in
the cold (I)
Cold has been considered a risk factor for occurrence or aggravation of
musculoskeletal disorders in several body parts in working populations, principally
from an epidemiological point of view (see Table 1). The present study (Study I)
demonstrated that shoulder, neck, and lower back symptoms were more common
among workers that were exposed to more severe cold in a meat processing company.
Several studies have shown that cold is a risk factor for shoulder and neck symptoms
(Chen et al. 1991, Pope et al. 1997, Griefahn et al. 1997, Niedhammer et al. 1998,
Bang et al. 2005) as well as for lower back complaints and lumbago (Chen et al. 1991,
Griefahn et al. 1997, Inaba et al. 2005, Dovrat & Katz-Leurer 2007).
MSD’s are widely acknowledged to have a multi-factorial origin (Bernard 1997,
National Research Council & Institute of Medicine 2001, Buckle & Devereux 2002).
Authors of epidemiological literature have demonstrated an association between cold
exposure and musculoskeletal symptoms and complaints in several body parts. Still,
research in this field is limited and a lacking definition of MSD’s and cold exposure
has been discussed, but so far controversial results are obtained. The most common
outcome of MSD’s measured in epidemiological literature is the self-administered
questionnaire. However, these questionnaires are more subjective and are likely
affected by variations in pain thresholds, cultural influences, psychosocial factors at
work, employer receptivity, job insecurity, and labour relations, for example (Punnett
& Wegman 2004). In this study, we used a questionnaire to evaluate the prevalence of
musculoskeletal symptoms and complaints (Kuorinka et al. 1989) which has a large
validity and repeatability (Palmer et al. 1999, Descatha et al. 2007).
Definitions of cold exposure have been dichotomised in literature reviews, and
subjective perceptions of cold are used in some studies to measure cold exposure.
When air temperature is measured, the level of cold exposure classification varies
largely between studies. These differences in the operational definition of cold
exposure make it difficult to compare studies and stated conclusions. In our study we
defined the range of exposure depending on the air temperature. We could not evaluate
the potential for differential error between the more and less exposed groups.
However, it may be reasonable to assume that the prevalence of lower back symptoms
in the more and less severely cold-exposed groups (48% and 20%, respectively) were
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similar to those reported by Chen et al. (1991) for workers exposed to similar
temperature ranges.
Working conditions were similar in both groups of workers, except for the
exposure to cold. However, other job demands related to cold exposure, not controlled
in our study, have been associated with muscle strain. For example, workers who
handled frozen foods (meat and crabs) experience more resistance and forceful
exertion in their hands and wrist (Viikari-Juntura 1983, Chiang et al. 1991). Local
cooling caused by excessive drafts increased in both mean power frequency (MPF) and
root-mean-square (RMS) amplitudes from lateral and cervical portion of the
descendent trapezius muscle (Sundelin & Hagberg 1992). The extra weight and
“hobbling effect” of cold protective clothing has been associated with increased cost
energy in cold environments (Duggan 1988, Murphy et al. 2001).
Potential weaknesses of this study include its cross-sectional design, meaning
that it could not confirm a causal relationship, and its reliance on self-report for the
determination of MSD’s symptoms. The true physiologic exposure would also have
been modified by the thermal properties of the clothing worn by workers (1.19 clo)
which differed somewhat between the two exposed groups. Since the unexposed group
was less likely to wear all of the insulated clothing, the effective temperature
difference between the two groups may have been less than the ambient temperatures
suggest.
The fact that the more cold-exposed workers were predominantly on night shift
could have some influence (potential confounding factor) on the results, because the
physical and physiological changes that produce the circadian rhythm could have some
influence over the functional capacity or vulnerability of the musculoskeletal system. It
has been shown that maximal force production is dependent on the time of day
(Racinais et al. 2007). The type of employment contract with the company is important
because when workers have an temporary contract (common in developing countries)
it is possible that they work more hours per week (as was true in this case) or accept
more strenuous activities. Either of these considerations could increase the stress on
the musculoskeletal system. Less secure employment might also have affected their
willingness to report symptoms, which would have led to under-reporting in the
exposed group.

6.2 Health problems related to working in
extreme cold conditions indoors (II)
To our knowledge no previous studies have been published on health problems related
to extreme cold indoor conditions comparable to those appearing in the freeze-drying
coffee industry (-43º to -62ºC), Study II. Considering that the workers in the company
are exposed to extreme cold conditions during 50% of the working time and wear
inadequate cold-protective clothing, our study unveiled some important cold-related
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complaints. The most relevant problem was episodic finger symptoms followed by
respiratory symptoms, peripheral circulation symptoms and repeated pain in the
musculoskeletal system.
Human responses to cold are modified by several factors influencing heat
production and heat loss such as the severity and duration of cold exposure and form
of activity. Also, individual factors relating to heat transfer like age, gender, fitness,
health status, previous adaptation, pre-existing diseases and medication, and nutritional
status (Holmér 1994b, The Eurowinter group 1997, Raatikka et al. 2007) may also
modify responses. Extra weight and bulkiness of the cold-protective clothing has been
associated with some negative effects on workers' work performance and health
(Murphy et al. 2001). The high prevalence of neck and lower back muscle problems
found in the study is probably in related to the increased muscle strain caused by the
bulkiness and extra weight (7.5 kg) of the clothing used by the workers in this extreme
cold indoor condition. However, it is interesting to note that not all workers used the
provided clothing in its complete form and on some occasions removed, for example,
the gloves. Removal of the cold-protective clothing and/or direct contact of any
metallic object and nude parts of the body present a significant risk for frostbites (Chen
et al. 1994, Geng 2001) and other injuries while working in very cold or extreme cold
conditions. In addition considering that the actual clothing protection was 2.36 clo, and
the estimated IREQ index required was 4.6 clo, the company should improve clothing
protection (higher insulation and lower weight) and reduce the exposure time.
In general the majority of the cold-induced symptoms and complaints of the skin,
respiratory and cardiovascular system were light and reached similar prevalence that
others have reported previously (Påsche 2001, Inaba et al. 2005, Bang et al. 2005,
Raatikka et al. 2007). However, one interesting finding was the identification of two
workers (8%) who had been diagnosed with Raynaud’s phenomenon (RP). It is known
that several mechanisms are involved in the aetiology of Raynaud’s phenomenon,
including neurogenic mechanism, blood and blood vessel wall interactions, and
abnormal immunological responses. Cold exposure is recognised as one factor that
may provoke an attack (Belch 1990). When the diagnosis of RP is made by perceived
symptoms, the prevalence in working population exposed to cold vary considerably,
e.g. Griefahn et al. (1997) 18%, Inaba et al. (2005) 13.3%. In our study the diagnosis
was confirmed by medical examination and clinical registers analysis.
Difficulties in concentration were the most commonly reported (17%) decrement
in performance among the workers in this extreme cold indoor environment. This is in
line with a report stating that for 22% of the general Finnish population concentration
is affected by cold weather (Raatikka et al. 2007). A reduced concentration capacity
can increase the risk of injuries when operating equipment inside the cold stores.
Considering the extreme cold conditions to which these workers are exposed,
most of the cold-induced symptoms were fairly light. However, the prevalence of
various complaints implies that the cold conditions inside cold stores may increase the
risk of cold-related health problems, and through decreased concentration, may also
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heighten the likelihood of injuries. In these extreme cold environments, additional
effort to ensure appropriate use of the provided cold-protective clothing should be
made.

6.3 Thermal responses during laboratory cold
exposures (III and IV)
Core temperature (Tre) was not affected by cold during the two studies and remained
stable during different conditions. In the local leg cooling study (IV), despite
approximately 14% of the body surface being exposed for one hour to 15ºC cold water,
no changes were observed in Tre. However, Tsk and local skin temperatures decreased
significantly during the whole-body cooling (III) and local leg cooling (IV). Tsk was
significantly decreased in whole-body cooling study (by 4.6°C) and in the local leg
cooling study (by 2.2°C).
Although the changes in the EMG amplitude are more associated with the
decrease of muscle temperature than skin temperature (Winkel & Jørgensen 1991), it
can be argued that superficially cooled working muscles increase the a-EMG (Oksa et
al. 2002). When the Tsk was decreased by 11ºC in two hours at 14ºC, the EMG
amplitude was doubled (Holewijn & Heus 1992). In our whole-body cooling study
(III) we found that with a decrease of 5ºC in Tsk at C after one hour of exposure to
10ºC, the EMG activity was significantly higher in all muscles analysed and in some it
was doubled. Local skin temperatures in the upper limb were also significantly
(p<0.05) decreased in C compared with TN by 16°C (fingers), 12°C (palm) and 9°C
(triceps). However, during the local leg cooling study (IV) no change was observed in
the local skin temperatures of the upper limb between the conditions.
Temperature of the gastrocnemius muscle was significantly decreased (by 6.7°C)
in the local leg cooling study. A similar decrease of Tm (5.9°C) was found by Beelen &
Sargeant (1991) during 45 min cold-water leg exposure at 12°C. The decrease in Tm by
cooling of the limbs has been shown to alter muscle function: e.g. muscle strength
decreases (Clarke et al. 1958, Bergh & Ekblom 1979, Haymes & Rider 1983, Sargeant
1987, Vincent & Tipton 1988), endurance improves (Haymes & Rider 1983), elastic
component of the passive force increases (Muraoka et al. 2005) and a-EMG increases
(Petrofsky & Lind 1980; Winkel & Jørgensen 1991, Rissanen et al. 1996). Although
the decrease in temperature of the gastrocnemius muscle was high (~7°C lower
compared with N) and the Tsk was also 2.2°C decreased compared with N at the end of
the working period in this study (IV), the local temperatures on the upper limb (TBiceps,
TDeltoid, TWrist Extensor, TWrist floxor, TTriceps) were similar between conditions. Practically no
effects on muscle function (a-EMG, EMG gaps and gaps’ duration) were observed in
the eight muscles of the right upper limb.
Whole-body cooling (III) showed that at C and Cp thermal sensation was
significantly (p<0.05) lower (ranges between “cold” and “very cold”) compared with
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TN from the beginning to the end of the working period. Also, during the local leg
cooling study (IV), thermal sensation was ranked significantly (p<0.05) lower by the
subjects compared with N. Thermal comfort (no measured in the Study III) was rated
significantly (p<0.05) lower in C by the subjects. The changes on thermal sensation
and comfort during whole-body cooling and local leg cooling could be associated with
a body reaction aimed at minimising heat loss, therefore possibly affecting trajectories
as well.

6.4 Upper limb muscle function in cold (III and
IV)
It was hypothesised that while performing manual repetitive work, whole-body
cooling, C and Cp (Study III) and the local leg cooling C (study IV) can lead to a
smaller number in short resting periods for the muscle (EMG gaps) and increased
muscular strain, resulting in altered trajectories of the upper limb. The results during
the whole-body cooling confirmed the hypothesis but local leg cooling did not.
Whole-body cooling during repetitive work both at C and Cp induced higher aEMG particularly at the extreme angles of trajectory of the upper limb and all eight
muscles studied were affected. Although the literature regarding the effect of cooling
on EMG activity is contradictory, several studies have found that EMG activity is
increased in cold conditions (Petrofsky & Lind 1980, Winkel & Jørgensen 1991,
Hammarskjöld et al. 1992, Meigal et al. 1998, Oksa et al. 2002). Previously it has been
found that the temporal summation of action potentials is increased due to cooling
(Ricker et al. 1977) thus eventually causing higher amplitude of measured EMG. Other
mechanisms explaining the increased muscle effort during cooling were proposed to be
due to more intense cutaneous afferent input to the spinal cord (Oksa et al. 2002). In
normal conditions, it has been observed that static and dynamic muscle strain with and
without external load strongly depends on the direction of the arm movements.
Movements about 30º (more favourable working direction) revealed to be optimal
where measured strain was less than half of that in directions between 90º and 160º
(more stressful movement) (Strasser & Müller 1999). The higher muscle strain at the
extreme angles of the trajectories found in our study, suggested that during wholebody cooling muscle strain is also depending on the direction of movement.
The number and duration of the EMG gaps were also decreased during wholebody cooling (C and Cp), when compared with TN. Oksa et al. (2006) found a
decreased in the number of EMG gaps during the performance of low-intensity
repetitive work in cold indicating that the fibers underneath the measuring electrodes
remained active throughout the work period and probably these fibers are at higher risk
for localised fatigue. Veiersted et al. (1993) found in a longitudinal study that workers
with previous episodes of muscle complaints had higher levels of static muscle activity
and fewer EMG gaps than workers without such episodes. They stated that EMG gaps
may prove beneficial by improving blood flow, by allowing calcium to be reabsorbed
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into the sarcoplasmatic reticulum or by reducing the extra cellular efflux of potassium.
If considering that increased number of EMG gaps can be beneficial in terms of
muscle function, the decrease in the number of EMG gaps during cooling could
indicate increased fatigue of low threshold muscle fibers and in the long run
speculatively could induce musculoskeletal symptom and complaints.
During the local leg cooling experiment (Study IV), no effects on muscle
function (a-EMG, EMG gaps and gap duration) were observed in the eight muscles of
the right upper limb compared with N, although the temperature of the gastrocnemius
muscle and Tsk were decreased significantly by ~7°C and ~2.2°C, respectively.
Rissanen et al. (1996) found that unilateral cooling of one leg did not affect the a-EMG
activity in the other leg suggesting that additional recruitment of motor units was
restricted only to leg cooled.
The assumption of increased strain and fatigue of the upper limb during wholebody cooling study (III) is supported by the finding that the perceived general and
upper arm physical exertion was rated significantly higher by the subjects at C and Cp
compared to TN. No changes were observed in physical exertion of the upper limb in
the local leg cooling study (IV).

6.5 Upper limb trajectories in cold (III and IV)
To determine whether performing repeated manual work during whole-body cooling
(at C and Cp) or during local leg cooling could alter trajectories of the upper limb we
designed studies III and IV. The main finding of the Study III was that during wholebody cooling the vertical amplitude of the trajectories of the upper limb at the elbow
level was significantly (p<0.05) higher both at C and Cp than at TN at the extreme
angles. In the shoulder, the amplitude at C was also significantly (p<0.05) higher than
at TN in these angles. During local leg cooling (Study IV) practically no effects on the
upper limb trajectories were observed. The changes in the amplitude of the trajectory
of the upper limb during whole-body cooling were most pronounced at the extreme
angles (most unfavourable from an ergonomic point of view).
At the extreme angles of trajectories muscular strain (a-EMG) increased and the
number and duration of the EMG gaps was decreased at the end of the working period.
It has been shown that muscular strain depends on the direction of movement (Strasser
& Keller 1989), and movement in a 30º direction in the horizontal plane causes less
than half of the muscular load compared to directions between 90º and 160º (Strasser
& Müller 1999). The results of this study support this finding, since the increase of aEMG was significantly higher particularly at extreme angles of the trajectories (200º
and 220º). The high mean vertical trajectories found at C and Cp at all anatomic points
compared with TN indicate that the increased muscular strain and the possible lack of
variation in fibers recruitment (smaller numbers of EMG gaps), changed inter-joint
coordination at C and Cp to maintain a constant endpoint trajectory. The assumption of
increased strain and fatigue is supported by the finding that the perceived general and
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upper limb physical exertion was rated significantly higher by the subjects at C and Cp
compared to TN. Local leg cooling demonstrated that cold water exposure induced
cold sensation and discomfort and a significantly lowered Tm (6.7°C) and Tsk (2.2°C),
however these changes were not enough to produce any effects on muscle strain and
trajectories of the upper limb.
Based on published literature, we may assume that our findings could, at least in
part, be due to some degree of muscle or joint stiffness. Several authors have found
increased joint stiffness after cold water exposure (Coppin et al. 1978, Sargeant 1987,
Vincent & Tipton 1988) and in a previous study it has been stated that stiffness of the
joints in cold conditions could be due to increased viscosity of the synovial fluids
(LeBlanc 1956). In cold conditions, muscular stiffness increases power absorption,
which affects the rhythmic movement requiring optimal coordination of muscle
activity across the joints (Faulkner et al. 1990) therefore possibly influencing the
trajectories. The altered upper limb trajectory strategy at C and Cp does not appear to
be beneficial in terms of muscle function.
The changes observed on the trajectories at the extreme angles during wholebody cooling were found both in C and in Cp. It is also possible to speculate that some
of the cold-protective clothing characteristics such as extra weight (Murphy et al.
2001), clothing layers friction (Meinander et al. 2004, Rintamäki 2005) and bulkiness
of the clothing (Rissanen & Rintamäki 1997), could affect the dynamics of the motions
and restrict movement.

6.6 Dynamic balance (IV)
The results of this study showed that EPE% at the composite score (9%), left (11%)
and right sides (11%) were significantly decreased in C (Study IV). Mäkinen et al.
(2005) found with a decrease of 6.4°C in Tsk a significant increase in postural sway in
healthy subjects during one and half hour general cooling exposure at 10°C. Increased
postural sway and its consequence, impaired postural control, were associated with
thermal sensation and thermal discomfort, lowered Tsk and increased muscle tone.
However, in the study by Dewhurst et al. (2007) moderate decrease (3ºC) in the
muscle temperature in the leg did not have an effect on postural stability. In our study,
besides the significant changes in Tm and Tsk, the subjects rated their leg thermal
sensation and general and local (leg) thermal comfort significantly lower in C and with
these changes we observed a significant impairment in dynamic balance. Therefore, it
seems that decrease in Tm bigger than 3°C is needed in order to cause impairment in
dynamic balance.
Although the present study did not examine the mechanism for decreased EPE%,
it could be hypothesised that the impairment in LOS could be due to a marked
sensation of leg stiffness at the end of the working period in cold water. Coppin et al.
(1978), Sargeant (1987) and Vincent & Tipton (1988) have reported similar results
while subjects are exposed to cold water. Sargeant (1987) postulated that in cold
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conditions energy would be wasted in order to overcome any increase in passive
resistance (stiffness of joints) to movement. It is possible that the increased stiffness
will also affect the control on the LOS.
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7. Main findings and conclusions
1. In similar ergonomic conditions, the intensity of cold exposure had a clear
relationship with the prevalence of musculoskeletal symptoms, especially for neck,
shoulders, and lower back. The intensity of the cold exposure was the most relevant
difference in the studied occupational conditions. However, differences in
demographic and employment conditions were potential confounders. The crosssectional design of the study made it difficult to evaluate the cold exposure as an
etiologic factor and may therefore appear as contributing factor for musculoskeletal
symptoms, too.
2. Considering the extreme cold conditions indoors to which workers are exposed in
the freeze drying cold stores (-43ºC to -62ºC), most of the cold-induced symptoms
were fairly light. However, the relative high prevalence of various complaints,
including musculoskeletal symptoms and peripheral circulatory disturbances,
implies that the low temperature in the cold stores may increase the risk of coldrelated symptoms and complaints, and indirectly also the probability for injuries.
Efforts should be made to minimise the cold exposure of workers by developing
automation processes to avoid the permanent presence of the workers inside the
freeze-drying cold stores. In addition, the risk of discomfort, health problems and
cold injuries should be reduced by the appropriate use of the cold-protective
clothing provided.
3. Whole-body cooling during repetitive tasks increased muscular strain (increased aEMG) and decreased the number of EMG gaps possibly indicating more
continuous activation of working muscle fibers and decreased alternation of the
work load with other muscle fibers. These changes were associated with changes in
the vertical trajectories of the upper limb, particularly at extreme angles. Thus, the
changes in trajectories may serve as early indicators for a risk of local muscle
fatigue.
4. Marked local leg cooling, which had a clear effect on balance and thermal
sensation and comfort, did not cause changes in upper limb trajectories and muscle
function. This indicates that local leg cooling is not a sufficient stimulus to alter
upper limb function. Instead, a whole-body cooling is required. On the other hand
local leg cooling which also induced a significantly lowered Tm and Tsk impaired
dynamic balance.
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8. Suggestions for further research
Suggestions for further research
1) The majority of epidemiological studies looking for a relation between cold
exposure and musculoskeletal symptoms and complaints have been cross-sectional
studies like presented in Study I. One potential weakness of these studies is that
they could not confirm a causal relationship. Due to this lack of prospective field
studies, long-term follow up studies among, for example, workers exposed to cold
in the food processing industries, should be performed.
2) Considering that the majority of cold exposure occurs in outdoors occupations,
epidemiological studies on musculoskeletal symptoms and complaints among
different working populations e.g. in fishing, forestry work and reindeer herding
could show the impact that kind of cold exposure on the musculoskeletal system.
3) The combinations of several risk factors are the normal situation in real working
conditions. A laboratory study testing different combinations between cold and
other risk factors (for example repetition or vibration) in relation with muscle strain
and upper limb trajectories could demonstrate marked interactions.
4) The impact of heavy cold protecting clothing of workers exposed to extreme cold
conditions indoors, as presented in the Study II, on thermal and physical strain and
working capacity should be studied.
5) A further approach should be made to assess the impact of various work-rest
schedules on musculoskeletal symptoms and upper limb muscle function while
working in cold condition, particularly in extreme cold conditions indoors such the
presented in the study II.
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Abstract
A cross-sectional epidemiologic study was carried out to explore the relationship between musculoskeletal symptoms
and cold exposure in a large meat processing company in Colombia. All workers in the packing areas (n=162) were
recruited: 50 workers from very cold areas (+2 C) and 112 workers from less severely exposed areas (range +8 C to
+12 C). Thermal environmental conditions were measured in both areas. By Standardized Nordic Questionnaire, there
was a high prevalence of musculoskeletal symptoms among the more exposed workers, especially for low back, neck
and shoulders. The prevalence ratios for neck and low back symptoms interfering with usual work were 11.2 (95% CI
1.3–93.4) and 4.5 (95% CI 1.6–12.4), respectively. Job features that could not be addressed in this study included work
shift (day versus night), adequacy of thermal protective clothing, type of contract with the company and psychosocial
conditions at work. The association between cold exposure and musculoskeletal problems is plausible but the
mechanism is still obscure and there is a need for further research, both experimental and epidemiologic (preferably
cohort studies).
Relevance to industry
Industries that have environments with cold exposure might consider measures such as warm rooms for breaks and
thermal protective clothing as part of a program to reduce the prevalence of workers’ musculoskeletal symptoms.
r 2004 Elsevier B.V. All rights reserved.
Keywords: Cold exposure; Ergonomics; Environmental cold; Cross sectional study; Standardized Nordic Questionnaire for
Musculoskeletal Symptoms

1. Introduction
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The Bureau of Labor Statistics of United States
(2002) indicated that the highest incidence rates of
disorders associated with repeated trauma in
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private industries during 2000 affected meat
packing plants; poultry slaughtering processing,
and sausages; and other prepared meats with rates
of 812.0, 374.0 and 274.2 cases by each 10,000 fulltime workers respectively. These speciﬁc industries
occupied the ﬁrst, third and sixth place respectively
between all private industries in this country. The
workers in these three industries are permanently
exposed to low air temperatures.
Cold exposure may result from low ambient air
or water temperature or from wind-chill (Pienima. ki, 2000). It may also be mediated through direct
contact with cooled or frozen food products in
cold stores and in the meat-processing industry.
Hagberg et al. (1995) considered that cold may act
in two ways to affect risk of musculoskeletal
disorders: directly, by its effect on body tissue, and
indirectly, from the possible problems caused by
the personal protective equipment used to alleviate
its effect. For example, wearing gloves increases
the muscular load requirement for a given task. In
addition, humidity in the environment and direct
contact with cold water or wet products has been
noted as potential contributors. Musculoskeletal
disorders are widely acknowledged to have a
multi-factorial origin (Bernard, 1997; Buckle and
Devereux, 1999; National Research Council,
2001). Research on the relationship between
musculoskeletal disorders (MSDs) and cold
exposure is limited (Holm!er, 1994). Several
epidemiologic studies have shown that cold may
be a risk factor for occurrence or aggravation
of disorders of the low back (Chen et al., 1991;
Wang et al., cited by Pienim.aki, 2000; Hildebrandt
et al., 2002; McGorry et al., 1998; and review
by Jin et al., 2000); knee (Chen et al., 1991);
shoulder (Chen et al., 1991; Pope et al., 1997;
Niedhammer et al., 1998); and distal upper
extremities (Chiang et al., 1990, 1993; Kurppa
et al., 1991). However, only one of these was a
cohort study, which concerned the incidence of
tenosynovitis, peritendinitis and epicondylitis in a
meat-processing factory (Kurppa et al., 1991). The
unadjusted incidence of tenosynovitis/peritendinitis among female packers was higher than that of
female sausage makers of the same age. The most
notable difference between the working conditions
of these two groups was the ambient temperature:

+8 C to +10 C for packing versus +20 C for
sausage making.
The remaining investigations of cold and MSDs
have all been cross-sectional. Most of them also
treated the exposure data as dichotomous, limiting
the ability to make inferences about a doseresponse relationship. In addition, several study
populations had an association between cold
exposure and other ergonomic job demands, either
because of differences in the nature of the work;
the effect of cold on work demands (e.g., frozen
meat is more resistant to cutting); or the effect of
extra thermal clothing on physical workload, body
movements and postures of cold-exposed workers.
Thus it remains unclear whether cold exposure is
an independent risk factor or a co-factor in the
development of chronic problems with muscles
and joints (Lundqvist et al., 1990).
In regard to physiological mechanism, the
evidence is also limited. With regard to the spine,
Jumghanns (cited by Hildebrandt et al., 2002)
stated that exposure to cold is unfavourable for
the diffusion of ﬂuid in the inter-vertebral disc
when combined with heavy work and/or static
posture. Most research involving the upper extremity has addressed the effects of cold on
muscle, such as decreased voluntary strength
capacity (Vincent and Tipton, 1986). Sundelin
and Hagberg (1992) evaluated the effect of local
cooling, caused by excessive drafts, on the myoelectric activity in shoulder and neck muscle in
sedentary visual display unit work. They found
that muscle activity in the cervical part of the
descending trapezium and in the elevator scapulae
changed during exposure to excessive airﬂow.
Oksa et al. (1995) found in a climatic chamber
study that cooling (+10 C) decreased muscular
performance, measured as mean IEMG activity in
m. triceps brachii, especially with fast contraction
velocities. Along with the decrement in performance, cooling slowed the function of the agonist
muscle and decreased its IEMG-activity but increased the IEMG activity of the antagonist muscle.
When either local or systemic cold exposure was
combined with repetitive work, electromyographic
(EMG) activity in the forearm muscles was higher
for a given level of external work compared with
the thermo-neutral condition (Oksa et al., 2002).
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In light of these plausible physiological mechanisms and inconclusive epidemiology, this study
explored the possible relationship between musculoskeletal disorders and cold exposure through a
cross-sectional epidemiologic study comparing
two groups of workers, exposed and non-exposed
to cold, employed by a large meat-processing plant
in Colombia.

2. Material and methods
2.1. General design and study population
This research was carried out in four meatprocessing plants belonging to the largest meatprocessing company in Colombia. This was a
cross-sectional study whose base was all packing
workers in the cities of Medell!ın, Bogota! , Barranquilla, and Pereira.
2.2. Study questionnaire
Participants completed a standardized questionnaire in Spanish on paid work time. One
researcher (H.P.) explained the questionnaire to
the workers in groups of ten. Worker’s names
remained anonymous. No company ofﬁcer was
present at any of the meetings with the workers.
Participation in the research was voluntary.
The questionnaire included demographic items
such as age, gender, and educational level as well
as questions such as years on the job, hand
dominance, and discomfort with cold draught.
Questions about musculoskeletal symptoms were
adopted from the Standardized Nordic Questionnaire (Kuorinka et al., 1987). The speciﬁc symptoms researched were pain, ache, or discomfort in
speciﬁed body parts during the last year and
during the last 7 days, as well as those that
prevented the individual from doing his normal
work. These items were translated into Spanish by
the ﬁrst author.
2.3. Job analysis and cold exposure
The packing job consisted of placing sausages in
individual packages and then placing the packages
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in plastic baskets. Study participants were classiﬁed into two groups according to cold exposure.
One group comprised subjects working in packing
areas with a very low temperature, considered
‘‘exposed,’’ while the other group worked in areas
with a somewhat higher temperature and were
labeled ‘‘non-exposed.’’ The ‘‘exposed’’ and ‘‘nonexposed’’ workers performed very similar tasks.
The ‘‘Ergonomic Workplace Analysis’’ method
developed by the Finnish Institute of Occupational
Health (Ahonen et al., 1989) was used for job
analysis.
For calculation of the metabolic heat production, three workers were selected for observation
from each of the two exposure groups in each of
the four plants. Each worker was evaluated for
one hour while performing his or her usual job.
The ISO 8996 standard, ‘‘Determination of metabolic heat production,’’ was used to calculate the
metabolic heat production in both groups. The
INSHT (Instituto Nacional de Seguridad e Higiene en el Trabajo) in Spain has published a
technical document (NTP 323) on the determination of metabolic heat production according to
ISO 8996 (Nogareda et al., 1990). This method
was used to estimate metabolic rates from tables
by type of generic physical activity.
Ambient temperatures were measured in all
plants in both the exposed and unexposed packing
areas. Wet bulb temperature ( C), dry bulb
temperature ( C), and WBGT ( C) were measured
using a Quest 15 WBGT heat stress monitor. Air
velocity (m/s) was measured by Alnor thermo
anemometer and relative humidity (%) was
measured by Air Quality Monitor AQ 5000 Pro.
All equipments were calibrated before use. Two
speciﬁc places were selected in each plant, both
close to working areas. One place corresponded to
exposed areas and the other one to non-exposed
areas. The register of temperature was made every
15 min during three or four hours in each place
selected in each plant. Environmental measurements of temperature were taken at three different
levels from the ﬂoor: head (1.70 m), abdomen
(1.10 m) and feet (0.10 m).
The company provided all packing workers with
the following clothing for cold protection: jacket,
insulated boots, insulated gloves, head protection,
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insulated trouser and insulated socks. The company’s internal policy required that they use all of the
thermal insulation provided. This clothing was
examined visually and determined that it was
uniform among all plants. All of these garments
are made by local companies in Colombia and the
manufacturers do not provide the clo index values
for their products. Thus, in addition to computing
the insulation value (clo units) required to maintain thermal equilibrium, the clo index provided by
the clothing was estimated from tables (Holme! r,
1999) according to the clothing thickness and body
surface area coverage.
2.4. Statistical analysis
The Statistical Package for Social Sciences
(SPSS) 8.0 for Windows was used for all statistical
analyses. The prevalence ratio and corresponding
95% conﬁdence interval (CI) were calculated to
compare the prevalence of musculoskeletal symptoms between groups.
The test of normality was calculated for
continuous covariates of interest (age, years on
the job, hours per week, weight and height). To
compare these variables between exposure groups,
the Mann-Whitney test was used for age, years at
the company, years on the job, hours per week and
weight. The Student t-test was calculated for
weight because this variable had a normal
distribution (see Table 1).
Table 1
Test statistics: Mann-Whitney U and t-test for interested
variables

Mann-Whitney U test statistic
Age
Years at the company
Years on the job
Hours per weeka
Height
Weight
t-test
Weight

Mann-Whitney

p-value

1823.000
1691.500
1902.000
1582.000
2430.500

0.000
0.000
0.001
0.000
0.179

0.940

0.379

 po0.05.
a
Working hours per week according to Colombian legislation is 48.

3. Results
A total of 162 employees (100% of the target
population) participated in the study. All workers
were male. Some differences in demographic
characteristics were found between the groups. In
particular, the cold-exposed workers (n=50) were
younger, had less seniority in the present job, and
worked more hours per week compared with the
non-exposed group (n=112) (Table 2). Further,
most of the exposed group (92%) worked at night
(shift 3, 10 pm to 6 am). There were no workers in
the night shift working in unexposed areas. In
addition, 90% of cold-exposed workers had an
indirect contract with the company (by outsourcing), as opposed to 62.5% of those not exposed to
cold.
The most important ergonomic conditions
identiﬁed were highly repetitive movements with
hands, low manual forces, and standing position
all day. In both groups the estimated metabolic
expenditure rate was moderate (155 W/m2). The
only micro-ergonomic difference was that the
exposed group had a faster work pace.
Around 20 h of temperature measurements were
developed for each worker. Differences among the
environmental measurements at head, abdomen
and foot level were very small (Table 3). The
average dry bulb temperature in the ‘‘unexposed’’
areas was 11.6 C and in the exposed areas it was
2.4 C or about 9 C colder. In addition, humidity
and especially air velocity were higher in the
exposed areas.
According to the recommendations of Holm!er
(1999), the thermal insulation provided by the
company was 1.19 Clo, including the T-shirt,
underwear, and shirt usually worn by the workers.
The clo index was calculated under the assumption
that all workers used the clothing completely.
However, no workers used all the clothing
provided, and there were important differences
between the two groups in the usage of insulated
garments. Usually the exposed group wore all issued
clothing, whereas the unexposed group was much
less likely to wear gloves, trousers and socks (Fig. 1).
The workers working at exposed areas reported
more discomfort with cold draught than the nonexposed group, 62% and 52%, respectively.
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Table 2
Descriptive data on the population studied, mean and standard deviation (SD): Cold-exposed workers at one Colombian meat-packing
company (n=162)
p-value

Variables

Exposed group (n=50)

Non exposed group (n=112)

Mean (range)

(SD)

Mean (range)

(SD)

Age
Years on the job
Years at the company
Hours per weeka
Weight (kg)
Height (cm)
Educational levelb

26 (18–45)
1.4 (0.1–9)
2 (0.1–14)
53.5 (48–72)
70.9 (52–96)
172 (158–185)
4.64 (1–8)

5.67
1.67
2.65
5.12
8.1
5.7
4.64

30.1 (19–60)
3.6 (0.1–25)
5.7 (0.1–25)
50.2 (48–65)
69.6 (54–97)
171 (160–188)
4.34 (1–7)

8
4.45
6.22
3.89
8.1
6.1
1.16

0.000
0.001
0.000
0.000
0.379w
0.179

 Mann-Whitney U test statistic.
w

Student t-test.
The maximum number of work hours per week, according to Colombian legislation, is 48.
b
(1=incomplete primary school, 8=complete secondary school).
a

The prevalence of musculoskeletal symptoms
according to the Standardized Nordic Questionnaire was highest for the low back and neck
(Tables 4 and 5). Prevalence during the last year
was higher in the exposed group than in the nonexposed group for all body parts, except for
elbows (Table 4). The highest prevalence ratios
were for the hip/thigh (but very unstable), neck,
shoulder, and wrist/hand.
The exposed group also had a higher prevalence
of musculoskeletal problems that prevented the
worker from doing his normal work (Table 5). The
highest prevalence ratios were for the neck (also
very unstable), low back, and shoulder.

4. Discussion
The results of this cross-sectional study of meatprocessing workers showed that neck, shoulders
and low back symptoms were more common
among the more severely cold-exposed workers
than among less exposed workers. The low back
region was the most affected both by any
symptoms in the last year and by those preventing
workers from doing their normal work. Symptoms
were signiﬁcantly elevated for the neck, shoulders,
low back and hips/thighs. Musculoskeletal problems that prevented workers from doing their

normal work also showed signiﬁcant increases in
the neck and low back.
Among potential weaknesses of this study was
its cross-sectional design, meaning that it could
not conﬁrm a causal relationship and reliance on
self-report for determination of MSD symptoms.
Questionnaires have been used by several authors
to identify the relationship between musculoskeletal disorders and cold exposure (Chen et al., 1991;
Pope et al., 1997; Niedhammer et al., 1998). The
reliability of the questionnaire used in this
research, the Standardized Nordic Questionnaire,
has been demonstrated (Kuorinka et al., 1987). We
could not evaluate the potential for differential
error between the more and less exposed groups.
However, it may be relevant that the prevalences
of low back symptoms in the more and less
severely cold-exposed groups (48% and 20%,
respectively) were similar to those reported by
Chen et al. (1991) and Jin et al. (2000) for workers
exposed to similar temperature ranges.
For the deﬁnition of cold exposure, several
classiﬁcations have been used by different authors
(Chen et al., 1991; Wang et al. and Diang et al.
cited by Pienim.aki, 2000; Niedhammer et al., 1998;
Kurppa et al., 1991; Chiang et al., 1990; Pope et al.,
1997; Griefahn, 1997; Viikari-Juntura, 1983). In
this research the classiﬁcation to cold exposure
used was –2 C to +2 C, equivalent to the
conditions studied by Diang cited by Pienim.aki
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0.45 (0.2–0.9)

0.12 (0.07–0.23)

0.41 (0.15–0.6)

0.12 (0.07–0.23)

0.36 (0.2–0.5)

0.16 (0.1–0.35)

9.4 (6–12.7)
11.6 (8.1–15.4)
12.3 (8.9–15.8)
10.3 (6.9–13.5)
69.1 (53.7–76.8)
0.14 (0.07–0.35)
2.0 (0–4.6)
2.4 (0.5–5.4)
2.8 (1.2–5.9)
2.2 (0–5.0)
88.6 (68.7–94.1)
0.41 (0.15–0.9)
9.1 (6–11.4)
11.3 (8.1–13.4)
11.9 (8.9–14.7)
10 (6.9–12.1)

Wet bulb Temperature ( C)
Dry bulb Temperature ( C)
Globe Temperature ( C)
WBGT (Int) ( C)
Humidity (%)
Air velocity (m/s)

2.1
2.5
2.8
2.3

(0–2.5)
(1.6–3.2)
(2.6–3.1)
(1.9–3.3)

9.7 (7.1–12.7)
11.8 (9–15.4)
12.4 (9.9–15.7)
10.85 (8–13.5)

2.1
2.5
2.8
2.3

(0–4.4)
(0.5–5.4)
(1.2–5.9)
(0–4.8)

9.5 (6.6–12.3)
11.8 (8.9–15.4)
12.6 (9.6–15.8)
10.5 (7.5–13.2)

1.9
2.3
2.7
2.1

(0–4.6)
(0.5–5.3)
(1.3–5.8)
(0–5.0)

Unexp
Exp
Unexp

Exposed areas.
b
Unexposed areas.

a

Exp
Unexp
Exp
Unexp

Exp

Fig. 1. Percentage of workers wearing thermal insulation
clothing during working-hours, by exposure status.



Feet level
Abdomen level

b
a

Head level

Table 3
Results of environmental measurements (means and ranges) in four Colombian meat-packing plants

Average
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(2000) as ‘‘Ice Stores.’’ The temperature range
between +8 C to +12 C was here deﬁned as nonexposed to cold. However, these latter temperatures are also well below the normal ambient
range. Of note, Oksa et al. (1995) found decrements in muscle function precisely in this exposure
range. Thus comparison available for study was
limited and the lack of a truly unexposed group
may represent another weakness of this study. The
true physiologic exposure would also have been
modiﬁed by the thermal properties of the clothing
worn by workers, which differed somewhat
between the two exposure groups. Since the
unexposed group was less likely to wear all of
the insulated clothing, the effective temperature
difference between the two groups may have been
less than the ambient temperatures suggest.
The fact that the more cold-exposed workers
were predominantly on night shift could have
some inﬂuence (potential confounding) on the
results, because the physical and physiological
changes that produce the circadian rhythm could
have some inﬂuence over the functional capacity
or vulnerability of the musculoskeletal system.
The type of contract with the company is
important because when workers have an indirect
contract it is possible that they work more hours
per week (as was true in this case) or accept more
strenuous activities. Either of these considerations
could possibly increase the stress on the musculoskeletal system. Less secure employment might
also have affected their willingness to report
symptoms, which would have led to under-reporting in the exposed group.
Unfortunately, in the population available for
study here, night work and indirect contract—two
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Table 4
Prevalence of musculoskeletal symptoms during last year (ache, pain, discomfort) in speciﬁed body regions
Body parts

Neck
Shoulders
Elbows
Wrist/hands
Upper back
Lower back
Hips/thighsa
Knees
Ankle/feet

Exposed group (n=50)

Non-exposed group (n=112)

No.

%

No.

%

18
12
2
14
13
24
6
6
5

36
24
4
28
26
48
12
12
10

12
7
4
14
13
22
1
10
6

11
6
13
11
12
20
1
9
5

Prevalence ratio (CI)

3.36 (1.75–6.44)
3.84 (1.61–9.17)
1.12 (0.21–5.92)
2.57 (1.28–5.14)
2.24 (1.12–4.48)
2.24 (1.52–3.92)
13.44 (1.66–108.8)
1.34 (0.52–3.45)
1.87 (0.60–5.83)

 po0.05.
a

For this body part there were six cases in the exposed group and only one case in the non-exposed group.

Table 5
Prevalence of musculoskeletal symptoms that prevented workers from doing their normal work

Neck
Shoulders
Elbows
Wrist/Hands
Upper back
Lower back
Hips/thighsa
Knees
Ankle/feet

Exposed group (n=50)

Non-exposed group (n=112)

No.

%

No.

%

5
4
1
4
2
10
1
2
1

10
8
2
8
4
20
2
4
2

1
2
1
4
2
5
0
3
1

1
2
1
4
2
5
0
3
1

Prevalence ratio (CI)

11.2 (1.34–93.4)
4.48 (0.85–23.6)
2.24 (0.14–35.1)
2.24 (0.58–8.6)
2.24 (0.32–15.45)
4.48 (1.61–12.4)
(undeﬁned)
1.49 (0.26–8.66)
2.24 (0.14–35.1)

 po0.05.
a

For this body part the cases were 1 in exposed group and 0 in non-exposed group.

important sources of psychosocial stress—were so
highly correlated with cold exposure that their
separate associations could not be analyzed in this
research. Two other factors whose effects could
not be distinguished from ambient temperature
were air velocity, which has a relationship with
subjective discomfort to cold draughts, and the
ergonomic consequences of wearing heavier clothing (Niedhammer et al., 1998).
In summary, intensity of cold exposure had a
clear relationship with the prevalence of musculoskeletal symptoms, especially for neck, shoulders
and lower back. The more and less exposed groups
in this study had similar ergonomic conditions but

some important differences in demographic and
employment conditions. However, the evaluation
of cold exposure as an etiologic or contributing
factor for musculoskeletal symptoms is difﬁcult.
While there is evidence that cold affects muscle
function, such processes could either potentiate the
effects of ergonomics exposures or could result in
subclinical symptoms becoming manifest. Few
extant occupational health surveillance systems
recognize cold as a primary risk factor. The lack of
experimental and prospective ﬁeld studies, and
uncertainty about the precise pathophysiology
mechanisms involved in the development of
musculoskeletal disorders, limit our ability to
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deﬁnitively identify cold exposure as a causative
factor; the need for further research is apparent.
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ABSTRACT
Objectives. To identify health problems among workers performing cleaning, maintenance and
machine operation tasks inside cold storage rooms with temperatures between -43 ºC and -62 ºC
in a freeze drying coffee company.
Study design. Descriptive study.
Methods. All 24 workers working inside the cold stores participated in the study. A questionnaire
about cold-related health problems and the standardized Nordic questionnaire assessing muscle
complaints were completed by all exposed workers. A physical examination was performed on
each worker.
Results. The most relevant cold-related health problem was episodic ﬁnger symptoms (50%),
followed by respiratory symptoms (21%), peripheral circulation symptoms (20%), and repeated
pain in the musculoskeletal system (12%). Two subjects had a previous diagnosis of Raynaud’s
phenomenon (RP). The prevalence of musculoskeletal complains in the neck and low back was
21% in each.
Conclusions. The prevalence found for various complaints among the freeze drying coffee
workers implies that the cold conditions inside cold stores may present a real risk of cold-related
health problems and, due to lowered concentration level, for injuries, too. Greater efforts should
be made to minimize the cold exposure by designing automation processes to prevent continuous exposure to cold during freeze drying process. In addition, improving the cold-protective
clothing and guaranteeing its appropriate use will reduce health risks (Int J Circumpolar Health
2008;67(2-3):xxx-xxx).
Keywords: cold-related illnesses, freeze drying, cold-protective clothing, cold injuries.
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INTRODUCTION
Work-related cold exposure may occur in
an outdoor or indoor environment, with the
majority of workers being exposed outdoors
during winter season (1). Exposure to cold
commonly occurs in ﬁelds such as construction, agriculture, trafﬁc, ﬁshing, forestry,
gas and oil exploration, seafaring, mining,
reindeer herding and rescue service. Indoor
cold conditions are usually found in the food
industry, where the most frequent air temperature when handling fresh food is from 0 to
-10 ºC, while frozen food is usually stored
and handled at temperatures around -25 ºC.
In some cases, for example when handling
tuna ﬁsh, the process involves colder storage
with temperatures down to -60 ºC. Thus, cold
indoor workplaces can expose the workers to
very or extreme cold conditions. For example,
in Japan there are about 4,000 cold storages,
85% of which are kept at a temperature below
-20 ºC (2). In Denmark more than 20,000
people are employed by slaughterhouses,
some of them working in cold storage rooms
with temperatures down to -25 ºC (3). The
cold conditions in an indoor environment are
more predictable than outdoors, and usually
the temperature is constant throughout the
year with no daily variation.
A cold environment may be a signiﬁcant
health risk factor (1,2). Many types of chronic
health problems, such as cardiovascular
diseases, respiratory symptoms, musculoskeletal diseases, peripheral circulation problems,
and skin diseases, are associated with cold
exposure (4). In addition, varying amounts
of exposure to cold environments may cause
cooling injuries, such as local frostbites, and
induce hypothermia.
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Freeze drying (also known as lyophilization) is the process by which water and other
solvents are removed from frozen foods by
sublimation. It occurs when a frozen liquid
changes directly into gaseous form without
passing through the liquid phase. Freezedrying results in a stable, readily re-hydrated
product (5). This process has been used for a
long time for food preservation. The freeze
drying process has been used since 1938 (6)
in soluble coffee production and it enables
the preservation of the organoleptic qualities
of the coffee, such as ﬂavour and aroma. The
freeze drying process employs cold stores
with temperatures between -40 ºC to -60 ºC.
The tasks performed by workers inside these
stores include cleaning, maintenance and
machine operation.
Based on two questionnaires and a medical
examination, this paper presents the experience of 24 workers working inside cold stores
in a freeze drying coffee company. The main
objective of this research was to examine the
effect of extreme cold indoor condition on the
health condition of the workers.

MATERIAL AND METHODS
General design and study population
The research was carried out in a large and
modern freeze drying coffee factory in
Colombia, located at an elevation of 1,360 m
and with an average temperature of 26 ºC. The
descriptive study was based on all 24 workers
performing tasks inside three cold stores housing
an ongoing freeze drying process. All of the
workers were male and the participation in the
research was voluntary. The informed consent
to participate in the study was obtained.
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Musculoskeletal symptoms
and discomfort
The participants completed a standardized
questionnaire in Spanish on paid work time.
One of the researchers explained the questionnaire individually to each worker. The questionnaire responses remained anonymous,
and no company ofﬁcer was present in the
completion of the questionnaires. The questions about musculoskeletal symptoms were
adopted from the Standardized Nordic Questionnaire (7). The speciﬁc symptoms inquired
in the questionnaire were about pain, ache or
discomfort in speciﬁed body parts during
the preceding year and during the preceding
7 days. The questionnaire also inquired
whether the symptoms suffered prevented the
individual from doing his normal work. The
questionnaire included demographic items
such as age and gender, as well as questions
on the number of years spent on the job, hand
dominance, and type of contract with the
company.
Health questionnaire about
cold experience
For the detection of cold-related health problems, the Health-Check Questionnaire for
Subjects Exposed to Cold (8) was translated
into Spanish and applied individually to each
exposed worker.
Physical examination
A medical history and physical examination
were performed on each worker.
The skin and the musculoskeletal and
cardiovascular systems were the focal points
of the physical examination.

Job analysis and tasks
All workers worked eight hours per day and
six days per week with a total of 48 hours
per week as a is established by the Colombian regulations. They performed their tasks
in three consecutive shifts of 06:00 to 14:00,
14:00 to 22:00, and 22:00 to 06:00 and rotated
shifts regularly (every week) always in the
clockwise order. The workers performed their
tasks in three cold storage rooms. The environmental conditions according to the Engineering Department of the company were: air
temperatures between -43 ºC to -62 ºC and
air velocity varying between 0.5 m/s and 2
m/s. The workers were assigned to a cold
storage room by the supervisor according the
machine’s function or the speciﬁc production
necessities. The main tasks in the cold storage
rooms were cleaning and maintenance and
machine operation.
Cleaning tasks consisted of removing ice and
coffee residuals from the ﬂoor and walls using
special tools, some of them with a metallic
handle. Five workers performed this task.
Maintenance and machine operation consisted of some small reparations or replacement
of machine parts and operating the machine’s
controls. These tasks were performed by 19
workers.
Both tasks (cleaning and maintenance-operation) were always performed in pairs and the
exposure time was 60 minutes inside the cold
stores, followed by 60 minutes of rest. During
the rest period the workers did not perform any
work-related tasks, and they could stay in a
neutral room or move to the restaurant, toilet or
elsewhere. They usually spent the time in the
company of their co-workers.
The company provides the following coldprotective clothing to the workers: a work
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overall (multi-component), regular trouser,
gloves and mittens, a cap (covering the entire
head), thick socks and over-boots. Except
for the over-boots, the other garments are
confectioned by local companies and the clo
index values are not provided. In addition, the
workers used briefs, a T-shirt, a long-sleeved
shirt, a sweater, normal socks, and personal
shoes. Thus, in addition to computing the
insulation value (in clo units) required to
maintain thermal equilibrium, approximate
clo index for the clothing was estimated from
tables according to clothing thickness and
body surface area coverage (9).

RESULTS
Demographic characteristics of
the population
All 24 workers were male and 79% of them had
a permanent contract with the company. The
other workers (21%) had a temporary contract.
Of all workers, 92% were right-handed. The
other demographic characteristics of the population studied are shown in Table I.
Cold-protective clothing
According to ISO 9920 (9), the level of thermal
insulation provided by the cold-protective
clothing used by the workers was 2.36 clo. This

Table I. Descriptive data on the studied population, n=24.

Exposed workers (n=24)
Age (yrs)
Years on the present job
Working hours per weeka
Weight (kg)
Height (m)
Mean and standard deviation (SD)

Mean/range
29.5 (18-54)
7.1 (0.1-34)
48
73.7 (57.5-98.2)
1.70 (1.58-1.80)

SD
9.7
9.0
10.7
0.0

a
The accepted number of hours per week according to Colombian
legislation is 48

Table II. Estimateda clothing protection against cold in a freeze drying coffee company

Clothing protection provided by company
Work coverall ﬁlling (multi-component)
Regular trouser
Over-boots (fur lined boots)
Cap
Thick socks, calf length
Thick gloves
Gloves (mittens)
Other clothing used by workers
Briefs
T-shirt
Shirt, long sleeves
Sweater - Long sleeve,V neck
Normal shoes
Normal socks
TOTAL
a

Weight (kg)
2.9
0.8
2.5
0.0
0.1
0.0
0.1

Clo index
1.03
0.25
0.10
0.01
0.11
0.08
0.05

0.0
0.2
0.4
0.2
0.2
0.1
7.5

0.04
0.12
0.25
0.25
0.05
0.02
2.36

Values were estimated based on tables according to ISO 9920 (1995)
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value is based on the clothing usually worn by
the workers. The weight of this ensemble was
of 7.5 kg (Table II). Based on calculations
using IREQ index and estimated level of heat
production (116 W·m-1) the thermal insulation
provided by the clothing should be approximately 4.6 clo.
It is important to note that not all workers used
all clothing provided by the company, with the
consequence that there were important differences between workers with regard to their cold
protection. In some cases they mentioned that
for (minimal tasks or) short periods they may
avoid using some pieces of the cold-protective
clothing, and in some manual and ﬁne tasks (for
example screwing) they removed the mittens
and gloves for short periods of time.
Prevalence of musculoskeletal complaints
Table III presents the prevalence of musculoskeletal symptoms among the participants.
One out of ﬁve workers reported troubles
(ache, pain, discomfort) in the low back and
neck. However, there were no reports of
muscle problems preventing the workers from
completing their normal work tasks during the
preceding year.

Table III. Prevalence of musculoskeletal symptoms during
the preceding year (ache, pain, discomfort) in speciﬁed
body regions, n=24.

Body parts
Neck
Shoulder
Elbow
Wrist/hands
Upper back
Lower back
Hips/thighs
Knees
Ankle/feet

Exposed workers n=24
n
%
5
21
1
4
0
0
1
4
1
4
5
21
0
0
0
0
0
0

Prevalence of complaints, symptoms
and injuries associated with cold
The highest prevalence of health problems
related to cold exposure in the studied population was for the episodic white and red/purple
ﬁnger symptoms reported by 21% and 17% of
workers, respectively. Increased excretion of
mucus from the lungs was reported by 17%
of the workers. The prevalence of other coldrelated problems is presented in Table IV.
Performance in cold
The responses from 24 respondents to the HealthCheck Questionnaire for Subjects Exposed to
Cold yielded the following ﬁndings:
Thermal sensation of cold in the whole body
4% unpleasant (1 respondent)
25% slightly unpleasant (6 respondents)
Thermal sensation of cold in ﬁngers
4% unpleasant (1 respondent)
33% slightly unpleasant (8 respondents)
Thermal sensation of cold in toes
4% unpleasant (1 respondent)
29% slightly unpleasant (7 respondents)
Cold sensitivity
8% conﬁrm exceptional sensitivity to cold
(2 respondents)
Cold sensitivity for ﬁngers
13% conﬁrm exceptional sensitivity to
cold for ﬁngers (3 respondents)
The most commonly reported decrement in
performance in cold was impaired concentration (17%) followed by decreased motivation (13%). Table V shows the prevalence of
decreased performance in cold.

Information from the Standardized Nordic Questionnaire
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years of age) were symptomatic during the
examination and both were using medication for the problem. In one worker (54 yrs),
the symptoms also affected the feet. Both
subjects were working in the cold stores at
the time of the study.

Physical examination
Table VI shows the main results of the
physical examination of the workers. The
most relevant ﬁnding was that two of
them had previous diagnosis of Raynaud’s
phenomenon (RP). The workers (29 and 54

Table IV. Prevalence (%) of cold-related symptoms and complaints, n=24.

Complaint/Symptoms

n

Skin symptoms
Itching and eruptions of skin
Respiratory symptoms
Shortness of breath
Persistent cough or bouts of cough
Respiratory wheezing
Increased excretion of mucus from the lungs
Cardiovascular symptoms
Chest pain
Cardiac arrhythmias
Peripheral circulation symptoms episodically
Circulation disturbances in hands and feet
Blurring of vision
Migraine type headache
Finger symptoms episodic
White ﬁngers
Blue ﬁngers
Red-purple ﬁngers
Repeated pain in the musculoskeletal system
Neck/Shoulder or upper extremity pain
Back or Hip pain
Lower extremity pain
Injuries
Frostbite

2
0
1
0
4
0
1
2
1
2
5
3
4
1
1
1
1

% with symptoms
or complaints
8
8
21
0
4
0
17
4
0
4
20
8
4
8
50
21
12
17
12
4
4
4
4
4

Table V. Prevalence (%) of decreased performance due to cold, n=24.

Decreased performance due to cold
Concentration
Motivation
Manual strength
Musculoskeletal function

n
4
3
2
2

% of the decreased performance
17
13
8
8

Table VI. Prevalence (%) of ﬁndings from the medical examination during the study, n=24.

Medical examination
Raynaud’s phenomenon
High blood pressure
Congestion of the nasal mucous
Red ﬁngers
Skin blush and reddening
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n
2
1
1
1
1

%
8
4
8
8
8
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DISCUSSION
No previous studies have been published on
health problems related to extreme cold indoor
conditions comparable to those appearing in
the freeze drying coffee industry. Considering
that the workers in the company studied are
exposed to extreme cold conditions during
50% of the working time and wear inadequate
cold-protective clothing, our study unveiled
some important cold-related complaints. The
most relevant problem was episodic ﬁnger
symptoms followed by respiratory symptoms,
peripheral circulation symptoms, and repeated
pain in the musculoskeletal system.
Workers’ reactions to a cold environment
include several symptoms and diseases. The
risk of cardiovascular diseases has been found
to be higher in populations exposed to cold
particularly during wintertime (10). In our
study, only one worker reported cardiovascular
problems related to cold exposure (cardiovascular arrhythmia).
We found that peripheral circulatory symptoms were present in 20% of the workers, with
circulation disturbance and migraine type headache as the most prevalent. In a working population (workers in the ﬁsh industry) exposed to
a temperature of +10 ºC, a high prevalence of
periodical circulatory disturbances in hands
and/or feet (52%) was explained by inadequate
protection of hands (11). Our results were also
higher when compared with a general population exposed to cold during the long winter
period. In this population study, the ageadjusted prevalence for peripheral circulatory
symptoms was 12% (12).
Respiratory symptoms were frequent
among the workers in the freeze drying coffee
company. Increased excretion of mucus from

the lungs and persistent cough or bouts of
cough were present (17% and 4% respectively).
Respiratory symptoms provoked by cold air
are common in countries with a cold climate;
however, a cold ambient temperature is more
likely to function as a trigger for symptoms
rather than an actual causal factor initiating
lung diseases (13). Clothing is usually effective against many of the ill effects of cold,
but it may not protect the respiratory system.
The only unprotected part of the body of
the workers was a small area of facial skin,
which is thus considered a possible trigger site
(including nasal mucosa) for cold air-provoked
respiratory symptoms (13).
From an epidemiological viewpoint, an
association has been established between
cold exposure and musculoskeletal symptoms and complaints, especially for the neck
and upper arms (14-17). A high prevalence
of muscle problems in the neck and low back
was detected in the study: 21% in each area.
The use of cold-protective clothing has been
considered to be involved with some adverse
effects on workers’ work performance and
health. For example, each additional kg in
clothing weight increase energy costs approximately by 3% (18). Also cold-protective
clothing can increase the physical work due to
bulkiness (19). The weight of the cold-protective clothing ensemble of the studied workers
was high (7.5kg), probably increasing the
workers’ muscle strain.
An interesting ﬁnding was the identiﬁcation of two workers who had been diagnosed previously with primary Raynaud’s
phenomenon (RP). This condition is the best
recognized of the cold-related disorders. The
prevalence of the RP varies considerable
between populations, countries and regions,
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and depends for example on the method used
for the diagnosis (20). In spite of the fact that
both cases were diagnosed a long time ago (6
and 10 years ago), both workers still continued
working inside the cold stores. It is known
that several mechanisms are involved in the
etiology of primary Raynaud’s phenomenon,
including neurogenic mechanism, blood and
blood vessel wall interactions, and abnormal
immunological responses. Cold exposure is
recognized as one factor that may provoke an
attack (21). Patients with RP should avoid any
form of cold exposure.
The use of cold-protective clothing is
the responsibility of the workers, while the
company should provide a clean, well-ﬁtting
and complete ensemble of clothing. It was
observed that not all workers used the provided
clothing in its complete form and on some
occasions removed, for example, the gloves.
Removal of the cold-protective clothing and/
or direct contact of any metallic object to bare
skin areas present a signiﬁcant risk of frostbites and other injuries while working in very
cold or extreme cold conditions. In addition,
considering that the actual clothing protection is 2.36 clo, and the estimated IREQ index
was 4.6 clo, the company should increase the
clothing protection and reduce the exposure
time.
Among the skin reactions related to cold,
“cold urticaria” is cited as the most common
skin problem (1). We did not ﬁnd any urticaria problem between the exposed workers,
although itching and eruptions of skin were
observed in 8% of the workers. This is lower
than the ﬁgures gained in a study among
seafood industry workers, who often felt cold
at work (22), and of whom 15% reported skin
itching. However, in the seafood processing
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industry, low temperature, wetness, protein
juices, and the gloves used may constitute
independent risk factors of skin symptoms. A
study conducted among the general population
exposed to cold during a large part of the year
in Finland, itching and eruptions of the skin
were present in 9% of men and 14% of women
(12).
One worker reported a previous cold injury
(frostbite) related to the cold work environment. Reported cold injuries (frostbites)
usually occur among workers in outdoor occupations (agriculture, oil and gas extraction,
trucking and warehousing, protective services,
and interurban transportation), although cold
injuries have also been detected in people
involved in the processing, distribution, and
preparation of food (23). The low temperature
and high air velocity inside the cold stores
requires substantial cold protection by clothing
especially of the workers’ hands; this level
appeared adequate in the studied company.
Difﬁculties in concentration was the most
commonly reported (17%) decrement in performance among the workers. This is in line with
a report stating that for 22% of the general
Finnish population concentration is affected
by cold weather (12). A reduced concentration
capacity can increase the risk of injuries when
operating equipment inside the cold stores.
Considering the extreme cold conditions
to which these workers are exposed, most of
the cold-induced symptoms were fairly light.
However, the prevalence of various complaints
implies that the cold conditions inside cold
stores may increase the risk of cold-related
health problems, and through decreased
concentration, may also heighten the likelihood of injuries. Efforts should be made to
minimize the cold exposure of the workers
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by designing automation processes to avoid the
permanent presence of the workers inside the
freeze drying cold stores. In addition, the risk
would be reduced by the appropriate use of the
cold-protective clothing provided.
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Abstract The present study was designed to Wnd out if
cooling and/or clothing aVect the vertical trajectories and
muscle function of the upper arm during repetitive light
work. Twelve female subjects performed a one-handed lifting task for 60 min while standing in front of a table with
six target angles (30° to 220°). The experiment was carried
out in a climatic chamber in three diVerent conditions: at
10°C (C), at 25°C (TN), and at 10°C dressed in cold-protective clothing (Cp). Skin and rectal temperatures were
measured continuously. The vertical trajectories of the
head, shoulder, elbow, and wrist on the right side of the
body were recorded. Muscular strain (averaged EMG,

a-EMG) and EMG gaps in eight muscles on the right upper
arm were measured. The variation of the vertical trajectory
amplitude of the upper arm measured from the elbow was
signiWcantly higher (at 200°) both at C and Cp (50 and 25%
respectively) and in shoulder (at 220° angle) at C (33%)
compared with TN (P < 0.05). Both C and Cp increased aEMG and reduced the number and duration of EMG gaps
signiWcantly in all muscles studied. In conclusion, in repetitive tasks the high mean vertical trajectory and changes in
the amplitude of the trajectory of the upper arm at C and Cp
compared with TN were associated with increased muscular
strain and reduced number of EMG gaps (more continuous
activation of given muscle Wbers). The changes in trajectories may serve as indicator of a risk for local muscle fatigue.
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Working in cold environments, for instance in food processing industries, can expose workers to several physical
and psychosocial risk factors. Consistently reported physical risk factors include repetitive motion, static posture,
force application, vibration, direct mechanical pressure on
the body tissues, and cold exposure. Exposure to cold is a
relevant risk factor that increases work strain and may
induce various health consequences including chronic diseases and local cold injuries. Among chronic problems,
especially from the viewpoint of epidemiology, an association has been established between cold exposure and musculoskeletal symptoms and complaints, particularly for the
neck and upper arm (Chen et al. 1991; Kurppa et al. 1991;
Pope et al. 1997; McGorry et al. 1998; Niedhammer et al.
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1998; Hilderbrandt et al. 2002). Although the pathophysiological mechanisms underlying this association are not
clearly understood, it has been demonstrated that cold
increases the level of fatigue, and with the addition of
repetitive work (e.g. in food processing companies) fatigue
is accelerated further. This combination could be involved
in the genesis of work-related upper extremity disorders
(Oksa et al. 2002).
A connection between the combination of cold and other
occupational risk factors to some MSDs has been established in the scientiWc literature. In a cross sectional study,
Chiang et al. (1990) found that compared to work in thermoneutral conditions, workers from factories producing
frozen food had a higher prevalence of carpal tunnel syndrome due to exposure to cold in combination with high
repetition work tasks (37%). The odds ratio (OR) for workers exposed only to repetitive work was 1.87, but combined
with cold exposure the OR was increased to 3.32. In addition, from experimental studies the combination of cold and
repetitive work has been associated to a higher EMG activity and fatigue compared with thermoneutral conditions
(Oksa et al. 2002). The combination of cold and other risks
factors (in particular repetitive work) could increase the
possibility for discomfort or developing overuse symptoms
in the musculoskeletal system. This could in turn aVect the
movement trajectories of the on upper arm.
The progression of fatigue during repetitive tasks produces compensatory mechanisms (strategies) or changes in
the biomechanics of movement to facilitate the performance of the task. In thermoneutral conditions, several
studies have shown the eVect of fatigue on the coordination
of movements (Forestier and Nougier 1998; Cote et al.
2002; Voge and Dingwell 2003). Several adaptations, such
as decline in force, relaxation rate, and motor neuron discharge, have been associated with sustained activities. It
has been shown that these adaptations produce changes in
the local parameters of movement, including decreased
range of motion at the main agonist joint and reduced
movement velocity (Enoka and Stuart 1992).
Healthy subjects simulating a repetitive lifting task displayed changes in EMG (decrease in instantaneous median
frequency) and signiWcant diVerences in the biomechanics
of movement (increased range of motion at knee and
elbow), which veriWes the hypothesis about the association
between muscle fatigue and biomechanical adaptation to
task (Bonato et al. 2002). In healthy workers, increased perception of fatigue and loss of concentration changed the
posture pattern during a lifting task (Resnik 1996).
Although it has been demonstrated that cooling deteriorates several parameters of muscular performance, few studies have investigated the eVects of cooling on upper arm
movement. Cold shivering can alter voluntary movement
and posture (Meigal et al. 1998). Increased level of co-
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contraction of the agonist–antagonist muscle pair and
decreased activity of the agonist muscle during shortening
phase may in part explain the reduced muscle performance
observed (Oksa et al. 1995). Exposure to cold increased the
duration of contact, stretch, and shortening phases and
decreased the take-oV velocity of subjects performing a maximal rebound jump, demonstrating decreased muscle performance (Oksa et al. 1997). Whole body postural sway was
increased considerably (more corrective movements) in cold
conditions in healthy subjects (Mäkinen et al. 2005). Reduction of muscle temperature by cooling decreased rhythmic
handgrip frequency due to slower force generation capacity
(Holewijn and Heus 1992). An experiment simulating carpenter’s work (nailing, sawing, and screwing) revealed an
unchanged movement pattern after cold exposure; however,
strength was decreased and failure to complete the task adequately was more common during cold exposure compared
with neutral conditions (Hammarskjöld et al. 1992).
Adequate cold-protective clothing is the main protection
against cooling in cold environments. However, the use of
cold-protective clothing has been suggested to be involved
in some negative eVects on workers due to certain characteristics of clothing, such as the Wt of the clothing and its
posture on subjects (Nielsen et al. 1985; Lotens 1989),
extra weight (Murray et al. 2001), and bulkiness of clothing
(Rissanen and Rintamäki 1997). In addition, the eVect of
clothing friction on performance has been studied, and it
has been established that each additional clothing layer
increase the energy cost by 4% (Rintamäki 2005). Also,
friction between clothing layers could explain the high metabolic rate measured in subjects testing diVerent cold-protective clothing ensembles (Meinander et al. 2004). It is
possible to speculate that some of these cold-protective
clothing characteristics could aVect the biodynamics of the
motions and restrict movement.
The present study was designed to investigate the eVects
of cooling and cooling with clothing on the vertical trajectories of upper arm during repetitive handling of lightweight objects in the horizontal plane. We hypothesize that
performing manual repetitive work in cold conditions can
lead to increased muscular strain and a reduction in short
resting periods for the muscle (EMG gaps), resulting in
altered trajectories of upper arm. The altered trajectories
could in the long run lead to a state of cumulative fatigue,
thereby enhancing the risk of overuse symptoms.

Methods
Subjects
Twelve female non-smoking and right-handed subjects volunteered for the study. The subjects were healthy and had
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no history of musculoskeletal problems. Their age was
23 § 3 (mean § SD) years, height 163 § 5 cm, weight
59 § 8 kg, body mass index (BMI) 22 § 2 kg/m2, and body
fat percentage 24 § 4%. The subjects were fully informed
of the nature and purpose of the experiment, as well as the
possible risks involved. After a medical examination, a
written consent to participate in the experiment was read
and signed by all subjects. The experimental protocol was
approved by the Ethics Committee of the Hospital District
of Helsinki and Uusimaa.
Experimental setup
A workstation was designed for the experiment and placed
in a climatic chamber. It consisted of a table with individually adjusted height to Wt with the elbow height (96–
104 cm) of the subjects. The subjects performed onehanded repetitive work while standing in front of the table.
The objects to be moved were six small boxes
(11 cm £ 5.5 cm £ 7 cm length, height and width) weighing 0.5 kg each. The subjects picked up the boxes placed in
front the table (Z) and positioned them at six target angles
(S): Wrst at 30°, second at 60°, and so forth, so that the angle
of the last one was 220°. They then continued by returning
(R) the boxes to their original position in reverse order,
starting from the one at 220° and ending with the one at
30°. The task described here represents one trajectory cycle
(11 angles). The time spent on the activity was controlled
using a metronome (Seiko SQ-50 Quartz Metronome—
Seiko S-Yard Co., Japan) so that the duration of each cycle
was 20 s. The most extreme angles of the trajectory were
200°, 220°, and 200° return (200°R) (Fig. 1). The distance

between the test subject and the objects was 38 cm at each
angle (Z to S). This distance was chosen based on Mital
et al. (1997) as a distance acceptable for one-handed horizontal lifting with females for a 2-h working period when
standing. The work was carried out for 1 h and the diVerent
conditions were tested for in a randomized order on diVerent days. Before starting the experiment, the subjects were
trained to move the boxes in several angles following the
pace of the metronome. The order in which the subjects
performed the work was random. At 10°C, the subjects
were dressed in T-shirt, shorts, comfortable shoes, and a
left glove (cold conditions—C); at 25°C they wore the
same clothing as at C, except for the left glove (thermoneutral conditions—TN); and, again at 10°C, they were
dressed in cold-protective clothing that included long-legged underpants, trousers, outer jacket, left glove, and a laboratory robe (cold conditions plus clothing—Cp). The clo
index (Icl) for this ensemble of clothing was estimated to
1.24 clo by summing up the thermal isolation values of all
individual garments (ISO-9920 1995). Air velocity inside
the climatic chamber was <0.5 m/s and relative humidity
(RH) was 30%.
Thermal exposures and temperature measurements
During the experiment, rectal temperature (Tre, 10 cm depth)
and skin temperatures from 14 sites (Wnger, palm, wrist
extensor, wrist Xexor, biceps, triceps, deltoid, chest, abdomen,
lower back, thigh, calf, foot and cheek) were measured continuously with thermistor probes (YSI 4000 Series, Yellow
Springs Instruments, CO., Inc., Yellow Spring, USA) and
recorded at 1-min intervals into a data logger (Squirrel
1200 Grant, Birmingham, UK). Mean skin temperature
(Tsk) was calculated by weighing the local skin temperatures by representative areas (Hardy and Dubois 1938)
using the formula, (Tsk) = palm £ 0.05 + wrist extensor £
0.14 + mean (chest, abdomen, lower back) £ 0.35 + thigh
£ 0.19 + calf £ 0.13 + foot £ 0.07 + cheek £ 0.07.
Upper arm trajectories

Fig. 1 Schematic representation of the workstation. The objects were
moved from the starting position (Z) to six positions at predetermined
angles (S) and back again. Extreme angles were 200°, 220° and 200°R
represented in the picture by a shaded area

ReXective markers were attached to four anatomic points
(head, shoulder, elbow and wrist), and one video camera
(front) was used to record the trajectories. To ensure accurate placement of the reXective markers during the diVerent
experiments, their locations were marked on the skin with
waterproof drawing ink. The data was digitalized and processed using automatic tracking of objects in an image
sequencing software, WinAnalize (WINanalize Version 1.4
2D, Micromak GmbH).
The position of reXective markers during the vertical trajectory (the “y-axis”) related to time was recorded at each
anatomic point. One 20-s trajectory cycle consisted of 482
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diVerent measures (one in every 0.0415 s); the movements
necessary to pick up the objects from the starting position
(Z) and move them along the table in the six (S) directions
and return them to their original position. Calculations are
based on nine subjects, as three were omitted due to missing data.
For each trajectory cycle and for each angle of trajectory
(11 angles as total), two diVerent measures were obtained:
(a) Mean vertical trajectory of upper arm. For each
anatomic point, the mean vertical trajectory (the y-axis)
during one trajectory cycle was calculated at the beginning (1 min) and at the end (60 min) of the working
period. Mean vertical trajectory of upper arm indicates
how high or low the trajectory is in a vertical plane.
(b) Vertical estimated area under the curve (AUC).
This value was obtained from the sum of the absolute
residuals of the mean for each y position related to time
during one trajectory cycle. The AUC was calculated at
the beginning (1 min) and at the end (60 min) of the
working period. The AUC represents the amplitude of
the trajectory in the vertical plane at each anatomic
point.
Also the trajectories in the x-axis were measured in this
study. However, the x-axis trajectories were extremely
Wxed (low variability), probably due to the fact that the task
was to move the boxes to a Wxed places on the table. The xaxis results are therefore not presented.
EMG
To evaluate the level of muscle activity during the three
diVerent conditions, surface electromyographic activity
(EMG) was measured (ME3000P8, Mega Electronic, Kuopio, Finland) for 20 s in the beginning and subsequently
every 20 min from eight muscles on the right side of the
body: wrist extensor (WE), wrist Xexor (WF), biceps (B),
triceps (T), pectoralis (P), deltoid medial part (D), upper
trapezius (UT) and lower trapezius (LT). The EMG signals
from the skin above the working muscles were recorded
with a sampling frequency of 1,000 Hz using pre-galled
bipolar surface electrodes (Medicotest, M-OO-S, Olstykke,
Denmark). The electrodes were placed over the belly of the
muscle, and the distance between the recording contacts
was 2 cm. Ground electrodes were attached to inactive tissues above the muscles. To ensure accuracy in the placement of the electrodes during the diVerent experiments,
their locations were marked on the skin with waterproof
drawing ink. The measured EMG signal was ampliWed
2,000 times (preampliWer located 10 cm apart from the
measuring electrodes), and a signal band between 20 and
500 Hz was full wave rectiWed and averaged with a 10 ms
time constant (a-EMG). Analysis of EMG data (and trajec-
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tories as well) was performed in two phases: basic analysis,
which consisted of analysing one complete trajectory cycle
(analysis during 20 s), and a more detailed angle analysis,
where each angle (1.8 s) was analysed separately. EMG
gaps were deWned according to the following criteria: in the
basic analysis EMG activity had to be below 20 V and in
the angle analysis below 10 V for at least 300 ms.
Thermal sensation and local and general physical exertion
Subjective ratings of thermal sensation of the whole body
and of the right upper arm and Wngers were evaluated at the
beginning and every 20 min during the experiments. The
scale ranged between ¡4 (very cold) and +4 (very hot)
(ISO-10551 1995). During all three sets of conditions, the
Borg rating of perceived exertion (RPE) was used to evaluate general and right upper arm physical exertion at the
beginning and every 20 min (Borg 1998).
Statistical analysis
Analysis of variance with repeated measures was used to
compare data between thermal responses, muscular strain,
and vertical trajectories of upper arm over time. Greenhouse–Geisser adjustment was used for repeated measures.
The signiWcance level accepted was P < 0.05. The results
are mean and standard error (SE). Medians for thermal sensation and physical exertion were calculated. The eVect of
temperature on thermal sensation and physical exertion was
examined by Wilcoxon’s signed rank test.

Results
Thermal responses and thermal sensations
The mean skin temperature (Tsk) during the working period
was 27.4 § 0.3, 32.0 § 0.1 and 30.4 § 0.2°C at C, TN and
Cp, respectively. Compared with TN, Tsk was signiWcantly
lower at C (4.6°C) and Cp (1.6°C) (P < 0.05). Figure 2
shows the time course of Tsk in the three sets of conditions.
Local skin temperatures at triceps, wrist extensor, and
biceps decreased by 9.0, 7.3, and 5.3°C, respectively when
comparing C with TN at the end of the working period
(P < 0.05). Rectal temperature (Tre) remained stable during
all three sets of conditions. The mean Tre at C was
37.3 § 0.1°C; at TN 37.2 § 0.1°C and at Cp 37.3 § 0.1°C.
No signiWcant diVerences were found between the conditions.
The subjects rated the thermal sensation (general, right
upper arm, and Wngers) signiWcantly lower (ranges between
“cold” and “very cold”) at C and Cp when compared with
TN.
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The mean vertical trajectory of the upper arm was higher
at extreme angles in all anatomic points both at C and Cp,
compared with TN. However, a statistically signiWcant
diVerence was found only at elbow angle of 200°R, which
was 2.5 cm higher at Cp than at TN.
A signiWcant diVerence in the vertical AUC of the trajectories for elbow and shoulder in extreme angles was found.
At the 200°R angle, the AUC was 50 and 25% higher at C
and Cp, respectively, compared with TN. At the same angle
in the shoulder, the AUC at C was also signiWcantly higher
(33%) than at TN, Table 2.
Muscular strain

Fig. 2 Time course of mean skin temperature Tsk (°C) (mean and standard error) during 60 min at three diVerent conditions (C: inverted triangles, TN: diamonds, Cp: square) during the working period.
Asterisks, signiWcant diVerences between C and TN at P < 0.05; plus
symbol, signiWcant diVerences between Cp and TN at P < 0.05; a, signiWcant diVerences from the beginning of the working period at C
P < 0.05; b, signiWcant diVerences from the beginning of the working
period at Cp P < 0.05

Upper arm trajectories
Compared with TN the mean vertical trajectory of upper
arm at the end of the working period was signiWcantly
higher at C at elbow, shoulder and wrist (1.2, 1.2 and
1.1 cm, respectively). At Cp, the mean vertical trajectory of
upper arm at the end of the working period was also signiWcantly higher in elbow, wrist and shoulder (2.3, 0.7 and
0.6 cm respectively) compared with TN (Table 1).
Except for the wrist, the vertical AUC of the trajectories
was higher at C than at TN at the end of the working period.
The highest increases were observed at elbow, shoulder and
head (16, 8 and 7%, respectively). Compared with TN, a
higher increase of the AUC at Cp at wrist (7%) and elbow
(2%) was also observed. The diVerences were not statistically signiWcant, however.

The EMG activity (a-EMG) had a tendency to be higher
during C compared with TN in all muscles from the beginning to the end of the working period. At C highest increase
was observed in WF, which at the end of the working
period was 95% higher than at TN: 45.5 V (§10.2) in
relation to 23.3 (§3.6) V, P < 0.05. At Cp, the EMG activity was higher, compared with TN in all muscles with the
exception of P. The a-EMG from the beginning to the end
of the working period for the eight muscles at the diVerent
conditions is shown in Table 3.
The EMG activity during one trajectory cycle showed
that at the extreme angles at the end of the working period
the a-EGM was higher at C (WE, B and LT) and Cp (LT)
compared with TN (P < 0.05).
Physical exertion
The physical exertion (general and right upper arm) was
signiWcantly higher at C than at TN at the end of the working period. Table 4 shows the median of physical exertion
and thermal sensation between conditions.
EMG-gaps and gaps’ durations
Compared with TN, working at C and Cp reduced the number of EMG gaps in all muscles. The highest decrease at C
was observed in UT with 93% reduction at the end of the

Table 1 Mean vertical trajectory of upper arm during one cycle in the diVerent conditions at the beginning and at the end of the working period
C
1 min

TN
60 min

1 min

Cp
60 min

1 min

60 min

Head

172.0 (0.6)

171.8 (0.6)

172.1 (0.6)

172.1 (0.6)

171.8 (0.5)

171.6 (0.5)

Shoulder

144.6 (0.2)

144.6 (0.2)*

144.6 (0.3)

143.4 (0.2)

144.9 (0.2)

144.0 (0.2)*

Wrist

102.8 (0.5)

102.9 (0.6)*

102.4 (0.5)

101.8 (0.5)

102.7 (0.5)

102.5 (0.5)*

Elbow

116.2 (0.4)

116.1 (0.4)*

115.8 (0.4)

114.9 (0.4)

118.0 (0.4)

117.2 (0.4)*

Values are cm (mean and standard error—SE)
* SigniWcant diVerence compared with TN P < 0.05 at the same time
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Table 2 Vertical trajectories of upper arm at extreme angles for elbow and shoulder
Angle 200°
C

Angle 220°

Angle 200°R

TN

Cp

C

TN

Cp

C

TN

Cp

2

AUC (m )
E

0.18 (0.02)

0.17 (0.02)

0.15 (0.01)

0.29 (0.06)

0.25 (0.06)

0.25 (0.04)

0.18 (0.02)*

0.12 (0.02)

0.15 (0.02)*

S

0.03 (0.00)

0.03 (0.01)

0.03 (0.00)

0.03 (0.00)

0.03 (0.01)

0.03 (0.01)

0.04 (0.00)*

0.03 (0.00)

0.02 (0.00)

114.9 (1.6)

116.3 (1.5)

119.8 (1.4)

118.1 (1.3)

120.4 (1.4)

116.2 (1.2)

114.6 (1.3)

117.1 (1.5)*

Trajectory (cm)
E

115.7 (1.4)

Values are mean and standard error (SE). EMG gaps: number of EMG gaps; a-EMG (V)
E Elbow, S shoulder
* SigniWcant diVerences compared with TN
Table 3 Muscular strain (a-EMG, V) of the eight muscles at the beginning and the end of the working period between conditions
Muscle

1 min

60 min

C

TN

Cp

C

TN

Cp

Wrist extensor

54.3 (5.7)

44.9 (3.9)

54.3 (3.7)

54.5 (3.9)

42.2 (3.3)

49.9 (3.0)

Wrist Xexor

44.4 (14.5)

27.7 (6.0)

24.3 (2.6)

45.4 (10.2)*

23.3 (3.6)

23.5 (3.1)

Biceps

48.0 (4.4)

42.0 (3.9)

47.3 (4.3)

52.5 (4.7)**

39.5 (5.2)

47.8 (4.6)

Triceps

21.9 (4.8)

14.1 (2.0)

15.5 (1.9)

20.7 (4.9)

12.7 (1.7)

17.1 (2.5)

Deltoid

48.9 (3.9)

58.2 (18.3)

48.8 (4.0)

47.4 (5.6)

40.0 (3.4)

45.9 (3.3)

Pectoralis

15.8 (1.4)

13.9 (1.5)

14.2 (1.8)

14.2 (1.1)

12.4 (1.3)

12.4 (1.2)

Upper trapezius

67.8 (12.1)

56.4 (8.9)

67.6 (19.1)

72.2 (9.6)*

56.3 (9.9)

62.7 (12.1)

Lower trapezius

38.6 (7.0)

29.1 (4.6)

31.6 (3.1)

38.7 (7.0)*

26.5 (3.7)

32.4 (4.1)*

Values are mean and standard error (SE)
* SigniWcant diVerence compared with TN P < 0.05
** SigniWcant diVerence at C compared with Wrst-minute P < 0.05

working period: 1 (§1) min¡1 at C compared with 15
(§5) min¡1 at TN, (P < 0.05). The percentage reductions in
other muscles at C in relation to TN were: WE (67%), B
(57%), D (50%), and LT (48%). At Cp the sharpest reductions were observed in WE (50%), UT (33%), D (30%),
and LT (26%) muscles (see Fig. 3).
It was also found that at the most extreme angle (220°),
the number of the EMG gaps was reduced at C and Cp compared with TN in the WE, B and LT muscles. Table 5
shows the muscular strain (a-EMG) and the EMG gaps on
the extreme angles for these muscles.
The gaps’ duration was reduced at C and Cp compared
with TN. At the end of the working period, signiWcant
diVerences were found in P, LT, WF and UT between C
and TN (44, 31, 25 and 21% reduction in relation to TN).
At the end of the working period, a signiWcant diVerence
(20% reduction) in WF was found between Cp and TN.
Mean power frequency
Compared with TN, in C conditions the mean power frequency (MPF) was decreased in Wve of the eight muscles
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analyzed at end of the working period. This reduction varied between 11.8 and 2.6%. SigniWcant diVerences were
found only in the Deltoid muscle (Table 6).

Discussion
This study was designed to determine whether performing
repeated manual work at C and Cp could alter vertical trajectories of the upper arm. The results showed that the vertical amplitude of the trajectories of the upper arm at the
elbow level was signiWcantly higher at both C and Cp than
at TN in the extreme angles. In the shoulder, the amplitude
at C was also signiWcantly higher than at TN in these
angles. Our experiment also demonstrated that compared
with TN, both C and Cp increased muscular strain (a-EMG)
and reduced the number and duration of the EMG gaps at
the end of the working period and at the extreme of trajectory angles. The changes in the amplitude of the trajectory
of the upper arm at C and Cp were most pronounced at the
extreme angles (most unfavorable from an ergonomic point
of view). The high mean vertical trajectories found at C and
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Table 4 Thermal sensation and physical exertion at three diVerent
sets of conditions from the beginning (1 m) to the end (60 m) of the
working period
C
1 min 60 min

TN

Cp

1 min 60 min

1 min 60 min

Diff in EMG g a ps (%)

W

a

Thermal sensation
General

¡2.00 ¡3.00*,**

1.00

1.25**

0.00 ¡0.50*

Right upper
extremity

¡2.25 ¡3.25*,**

1.00

1.50**

0.00

Right Wngers ¡3.00 ¡4.00*,**

0.75

1.00

Physical exertion

0.00*

¡1.00 ¡1.00*

b

General

11.25 14.00*,** 11.00 13.00** 11.00 13.00**

Right upper
extremity

12.00 15.00*,** 11.50 14.00** 12.00 13.50**

The values represent median
* SigniWcantly diVerent from TN, P < 0.05
** SigniWcantly diVerent from the Wrst minute (1 min) in each condition, P < 0.05
a
4, Very hot; 3, hot; 2, warm; 1, slightly warm; 0, neutral; ¡1, slightly
cool; ¡2, cool; ¡3, cold; ¡4, very cold
b

6, No exertion at all; 11, very light; 15, hard; 20, maximal exertion

Cp in all anatomic points compared with TN indicate that
the increased muscular strain and the lack of alteration in
Wber recruitment (reduced numbers of EMG gaps), changed
inter-joint coordination at C and Cp to maintain a constant
endpoint trajectory.
Performing repetitive work at C and Cp induced higher
a-EMG particularly at the extreme angles of trajection,
which could be associated with higher muscular strain and
fatigue and possibly contributed to the observed changes in
the trajectories of the upper arm. The assumption of
increased strain and fatigue is supported by the Wnding that
the perceived general and upper arm physical exertion was
rated signiWcantly higher by the subjects at C and Cp compared to TN. Literature regarding the eVect of cooling on
EMG activity is contradictory, but several authors have

0
-10
-20
-30
-40
-50
-60
-70
-80
-90
-100

st
ri

t
Ex

r
so
en
W

or
ex
Fl

st
ri

ce
Bi

ps

-14

-20

Tr

s
ep
ic

id
to
el

-17

Pe

-17 -19

-50

-26

*

-30

-34

-67

D

s
us
iu
zi
ez
pe
ap
ra
Tr
T
r
er
we
pp
U
Lo

is
al
or
ct

-33

-50

*

*
-48

*

-57

*
-93

Fig. 3 Percentage diVerence between conditions in EMG gaps per
minute (min¡1) in eight muscles between conditions at the end of the
working period (60 min). The line 0 on the y-axis represents the TN
(25°C) and a negative value indicates the mean number of EMG gaps
at C (gray bars) or at Cp (white bars) were lower compared to TN. SigniWcant diVerences compared with TN values are denoted by asterisks
(P < 0.05)

found that EMG activity is increased in cold conditions
(Petrofsky and Lind 1980; Winkel and Jørgensen 1991;
Hammarskjöld et al. 1992; Meigal et al. 1998; Oksa et al.
2002;). It has also been shown that muscular strain depends
on the direction of movement (Strasser and Keller 1989),
and movement in a 30° direction in the horizontal plane
causes less than half of the muscular load compared to
directions between 90° and 160° (Strasser and Muller
1999). The results of this study support this Wnding, since
the increase of a-EMG was signiWcantly higher particularly
at extreme angles of the trajectories (200° and 220°).
Tsk and local skin temperatures were signiWcantly lower
at C and Cp compared with TN. Although the changes seen
in EMG amplitude are more associated with the reduction
of muscle temperature than skin temperature (Winkel
and Jørgensen 1991), it can be argued that superWcially
cooled working muscles increase the a-EMG (Oksa et al.
2002). When the Tsk was reduced by 11°C in 2 h at 14°C,
the EMG amplitude was doubled (Holewijn and Heus
1992). In our experiments, we found that with a reduction

Table 5 Muscular strain (a-EMG V) and the number of EMG gaps on the extreme angles for three muscles at the end of the working period
Angle

Wrist extensor
C

Biceps
TN

Lower trapezius

Cp

C

TN

Cp

C

TN

Cp

35.5 (4.7)

Muscular strain a-EMG (V)
200°

49.1 (3.2)

41.5 (3.7)

52.5 (3.2)

37.1 (3.4)

31.9 (3.3)

37.8 (5.4)

38.9 (5.9)

32.9 (3.6)

220°

52.2 (3.9)

39.8 (3.3)

47.2 (2.6)

41.5 (5.6)*

27.2 (1.3)

30.6 (3.2)

36.4 (4.2)

27.8 (3.9)

36.1 (5.8)

200°R

56.2 (4.1)*

42.3 (3.5)

51.8 (3.4)

46.4 (5.4)*

30.1 (2.6)

37.3 (5.0)

33.4 (5.0)*

21.5 (2.2)

30.6 (4.8)*

10 (5)

0 (0)

0 (0)

7 (4)

0 (0)

11 (5)

20 (9)

19 (5)

Number of EMG gaps
220°

3 (3)

Values are mean and standard error (SE)
* SigniWcant diVerence compared with TN P < 0.05
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Table 6 Mean power frequency—MPF (Hz) at the end of the working
period between conditions
Muscle

60 min
C

TN

Cp

Wrist extensor

83.5 (4.5)

93.9 (3.4)

93.7 (2.9)

Wrist Xexor

75.2 (5.7)

77.2 (4.6)

77.6 (3.9)

Biceps

49.8 (1.7)

53.0 (1.8)

52.4 (1.2)

Triceps

55.4 (3.8)

62.8 (4.1)

55.1 (5.4)

Deltoideus

65.9 (2.4)*

71.4 (2.4)

69.1 (2.1)

Pectoralis

37.9 (2.8)

30.3 (1.8)

31.9 (2.3)

Upper trapezius

63.4 (2.3)

62.5 (2.1)

61.4 (2.4)

Lower trapezius

59.6 (1.8)

55.6 (2.4)

57.6 (1.5)

Values are mean (SE)
* SigniWcant diVerences compared with TN

of 5°C in Tsk at C after 1 h of exposure to 10°C, the EMG
activity was signiWcantly higher in all muscles analysed and
in some of them it was doubled.
Compared with TN, both C and Cp reduced the number
and duration of EMG gaps in all the muscles studied. The
reduction of EMG gaps refers to a more continuous activation of the working muscle Wbers underneath the measuring
electrodes, and in cold environments this has been associated with a more frequent occurrence of musculoskeletal
problems (Veiersted et al. 1993). This may partly explain
the observed increase in a-EMG through a more intense
summation of EMG activity in a given time period. Both of
these changes (increased a-EMG and reduced number and
duration of EMG gaps) are possibly related to altered upper
arm trajectories. In the long term, these changes may result
in an increased risk for musculoskeletal disorders.
Performing task in C induced changes in frequency component of EMG that could be associated with fatigue and
contributing to the changes in upper arm trajectories. However, it has been established that the MPF reduction could
be related also with decreased muscle temperature (Petrofsky and Lind 1980) inducing a shift towards lower frequencies because of decreased conduction velocity. Therefore,
the observed changes in MPF may be due to fatigue or
decreased nerve conduction velocity (NCV) or both.
Besides the changes in EMG which could explain the
variance observed in the trajectories, another possible
explanation for the observed changes on the AUC and the
mean high vertical trajectories of upper arm could be
increased joint stiVness. Based on published literature, we
may assume that our Wndings could, at least in part, be due
to some degree of muscle or joint stiVness. Several authors
have found increased joint stiVness after cold water exposure (Coppin et al. 1978; Sargeant 1987; Vincent and Tipton 1988) and in a previous study it has been stated that
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stiVness of the joints in cold conditions could be due to
increased viscosity of the synovial Xuids (LeBlanc 1956).
In cold conditions, muscular stiVness increases power
absorption, which aVects the rhythmic movement requiring
optimal coordination of muscle activity across the joints
(Faulkner et al. 1990) therefore possibly inXuencing the trajectories. The altered upper arm trajectory strategy at C and
Cp does not appear to be beneWcial in terms of muscle function.
The present study showed that at C and Cp thermal sensation was signiWcantly lower (ranges between “cold” and
“very cold”) compared with TN from the beginning to the
end of the working period. The changes observed in the trajectories at C and Cp may be associated with a reaction of
the body aimed at minimizing heat loss, therefore possibly
aVecting trajectories as well.
It is also possible to speculate that some of the cold-protective clothing characteristics, such as extra weight (Murray et al. 2001), clothing layers friction (Meinander et al.
2004; Rintamäki 2005) and bulkiness (Rissanen and Rintamäki 1997), could aVect the biodynamics of the motions
and restrict movement. At Cp in this study the subjects were
wearing clothing that could partly be responsible for the
observed changes in EMG and trajectories.
In conclusion, we found that in repetitive tasks compared with TN, both C and Cp changed the vertical trajectories of upper arm, particularly at extreme angles. The
changes in trajectories were associated with increased muscular strain (increased a-EMG) and more continuous activation of given muscle Wbers (reduced number of EMG
gaps). Thus, the changes in trajectories may serve as early
indicators for a risk of local muscle fatigue and possibly
also for subsequent musculoskeletal disorders.
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Abstract

This study was designed to find out if local leg cooling affects muscle function and
trajectories of the upper limb during repetitive light work as well as capability to maintain
dynamic balance. Nine healthy female subjects performed repetitive lifting task with a right
hand for 60 min while standing in front of a table with six target angles (30º to 220º) and with
the legs inside a container with 15ºC cold water (Cold condition, C) or without water (Normal
condition, N). Muscle temperature of the medial aspect of the gastrocnemius, rectal and skin
temperatures from 14 different places were measured continuously. The trajectories of the
right upper limb were recorded with a 3D motion analysis system. Muscular strain (averaged
EMG, a-EMG) and EMG gaps in eight muscles of the right upper limb were measured. End
point excursion depicting the ability to maintain dynamic balance was measured before and
after each experiment. Leg cooling decreased significantly (p<0.05) the muscle and the mean
skin temperature in C compared with N (6.7°C and 2.2°C respectively). Only moderate and
non significant changes of the trajectories of the upper limb and in the a-EMG and EMG-gaps
were obtained between conditions. The end point excursion was significantly (p<0.05)
reduced in C compared with N and a positive correlation between excursion and muscle
temperature was found at the end of the working period in C. In conclusion, local leg cooling
did not affect upper limb muscle function or trajectories but ability to maintain dynamic
balance was reduced.

Keywords: Local leg cooling, EMG, EMG gaps, upper limb trajectories, limits of stability
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Introduction

Food processing industries have strict standards to complete with the ambient temperature in
store rooms, which can conflict with workers health conditions. This industry is a common
occupation with cold-related problems (Campbell 1999, Chen et al. 1991, Griefahn et al.
1997). Uncomfortable cold thermal sensations are frequently manifested by the workers in
cold environments. Legs are the one body part more difficult to protect in spite of the fact that
the workers are not in direct contact with the floors (for example using mats or elevated
platforms) or that they are using adequate cold-protective boots. Among seafood industry
workers that often felt cold at work, 54% reported pain on the legs during the last 12 months
compared with 26% among workers that never felt cold at work (Bang et al. 2005). The
percent of workers in meat processing companies reporting highly harmful sensation in toes
and feet were 31% and 19% respectively (Rintamäki et al. 2000). Cold sensation in the feet
(80.4%) was the second frequent subjective symptom referred to by cashier workers in a
supermarket checkout counter with moderate cold exposure (12.1ºC to 16.6ºC) (Inaba et al.
2005).

Cooling the muscles has been found to cause changes in average electromyographic activity
(a-EMG). Although the evidence has been contradictory in the literature, several authors have
found that a-EMG activity is increased in cold conditions (Petrofsky and Lind 1980; Winkel
and Jørgensen 1991; Hammarskjöld et al. 1992; Meigal et al. 1998; Oksa et al. 2002a) thus
indicating increased muscle strain. Also it has been shown that muscular strain depends on the
direction of movement (Strasser and Keller 1989), and that 30º directions in the horizontal
plane causes less than half of the muscular strain compared to directions between 90º and
160º (Strasser and Muller 1999).
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Although the adverse effect of cooling on muscular performance has been well studied [for
review see (Oksa, 2002b)], less studies have been conducted to find the effects of cooling on
upper limb trajectories. In a previous study (Piedrahita et al. 2007) we found that general
cooling increased the vertical trajectories of upper limb particularly on the extreme angles and
we postulated that the increased muscular strain and the reduced number of EMG gaps found
at the extreme angles could explain the change in the trajectories. The effect of cooling on the
body movements has been also studied in relation to shivering (Meigal 1998), co-contraction
of the agonist-antagonist muscles on the legs (Oksa et al. 1997), whole body postural sway
(Mäkinen et al. 2005) and maximal frequency rhythmic handgrip (Holewijn and Heus 1992).
However, to our knowledge local leg cooling and its effect on the upper limb trajectories has
not been studied before.

Proper balance requires integration of information from various sources including information
from the vestibular system, vision and proprioception (Latash 1998). Temperature is known to
have a profound effect on the neuromuscular system (Rutkove, 2001) and cold exposure may
consequently alter the postural control. After 90 min of general cold exposure at 10°C, which
induced cold thermal sensation, thermal discomfort and increased muscle tone, the postural
sway was significantly higher compared with 25°C exposure (Mäkinen et al. 2005). The
reduced plantar information by local cooling leads to an increased body sway while standing
(Elis et al. 2004). Several authors have found increased joint stiffness after cold water
exposure (Coppin et al. 1978; Sargeant 1987; Vincent and Tipton 1988) and in a previous
study it has been stated that stiffness of the joints in cold conditions could be due to increased
viscosity of the joints’ synovial fluids (LeBlanc 1956). This increased stiffness may also
affect postural control.
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The aim of the present study was to investigate the effects of local leg cooling on muscle
function and trajectories of the upper limb during light repetitive work and on capability to
maintain dynamic balance. We hypothesize that local leg cooling affect the trajectories of the
upper limb and muscle function and impair the subjects’ ability to maintain dynamic balance.

Methods

Subjects
Nine female non-smoking and right-handed subjects volunteered for the study. The subjects
were healthy and had no history of musculoskeletal problems. Their age was 49 ± 6 (mean ±
SD) years, height 1.67 ± 0.07 m, weight 71 ± 12 kg, and body mass index (BMI) 26 ± 4
kg/m2. The subjects were fully informed of the nature and purpose of the experiment, as well
as the possible risks involved. After a medical examination, a written consent to participate in
the experiment was read and signed by all subjects. The experimental protocol was approved
by the human ethical committee at Umeå University, Umeå, Sweden (DNr 06-047M) and
complied with the Declaration of Helsinki for human research.

Experimental setup
A workstation was designed for the experiment and placed in a thermoneutral room (air
temperature was 23ºC, air velocity was < 0.5 m/s and relative humidity (RH) 30%). It
consisted of a table with individually adjusted height to fit with the elbow height of the
subjects (96 - 104 cm). The subjects performed repetitive work with the right hand while
standing in front of the table with the legs inside a container with cold water 15ºC (Cold
condition, C) or without water (Normal condition, N). The objects to be moved were six small
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boxes (11 cm x 5.5 cm x 7 cm length, height and width) weighing 0.5 kg each. The subjects
picked up the boxes placed on the table (Z) and positioned them at six target angles (S): first
at 30º, second at 60º, and so forth, so that the angle of the last one was 220º (Figure 1). They
then continued by returning (R) the boxes to their original position in reverse order, starting
from the box at 220º and ending with the box at 30º. The task described here represents one
trajectory cycle (eleven angles). The time spent on the activity was controlled using a
metronome (Korg MA 30 Digital Metronome, Tokio, Japan) so that the duration of each cycle
was 20 s. The most extreme angles of the trajectory were 200º, 220º, and 200º return (200ºR).
The distance between the test subject and the objects was 38 cm at each angle (Z to S) (Figure
1). This distance was chosen based on Mital et al. (1997) as a distance acceptable for
horizontal lifting by one hand with females for a 2-h working period when standing. The work
was carried out for one hour and the two different conditions were tested for on different
days. On separate day, each subject participated in one special training session previous to
start of the experiment. In this session the subject were trained to move the boxes to the above
mentioned angles following the pace of the metronome as well as training on the balance test
(see below "limits of stability").
The order in which the subjects performed the work was random. In the local cooling
condition (C), the subjects were dressed in T-shirt and shorts and performed the experiment
standing in a container with 15ºC cold water. To maintain the water temperature constant
(15ºC) during the experiment, a circulation system was created using an external cooling unit
that maintained the water stirred (Haake DC3, Haake Mess – Technik GmoH u. Co.,
Karlsruhe, Germany). The water level covered whole lower legs from popliteal area to the
feet. In Normal condition (N) the subjects were standing in the same container without water.

Place Figure1 here
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Temperature measurements
During the experiment, muscle temperature of the medial aspect of the gastrocnemius muscle
on the right leg (Tm, 2.5 cm depth), rectal temperature (Tre, 10 cm depth) and skin
temperatures from 14 sites (finger, palm, wrist extensor, wrist flexor, biceps, triceps, deltoid,
chest, abdomen, lower back, thigh, calf, foot and cheek) were measured continuously with
thermistor probes (YSI 4000 Series, Yellow Springs Instruments, CO., Inc., Yellow Spring,
USA) and recorded at 1-min intervals into a data logger (Squirrel 1200 Grant, Birmingham,
UK). Mean skin temperature (Tsk) was calculated by weighing the local skin temperatures by
representative areas (Hardy and Dubois 1938) using the formula: Tsk = palm * 0.05 + wrist
extensor * 0.14 + mean (chest, abdomen, lower back) * 0.35 + thigh * 0.19 + calf * 0.13 +
foot * 0.07 + cheek * 0.07.
Muscle temperature was measured using a sterilized needle (18 gauge) that was introduced
perpendicularly into the medial aspect of the gastrocnemius muscle (right leg) at a depth of
2.5 cm and around 5-8 cm below the popliteal region. Previous to insertion, the skin was
disinfected using a solution with 0.5 mg Klorhexidin®. The area was anaesthetized with 2%
Xylocaine without ephineprine®. A sterilized probe (0.7 mm) was inserted through the needle
into the muscle, and the needle was carefully withdrawn. To prevent the probe from sliding
out of the puncture site, the probe was taped at the puncture site with TegadermTM ® tape.

Upper limb trajectories
During the experiment the trajectories of the right upper limb were recorded with a 3D motion
analysis system: the windows-based data acquisition software, Qualysis Track Manager –
QTM (Qualysis Medical AB, Gothenburg, Sweden), which consisted of eight ProReflex
motion capture units. The measurements were carried out at a sampling frequency of 100 Hz.
Reflective markers were attached to five anatomic points (head, shoulder, elbow, wrist and
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hip). To ensure accurate placement of the reflective markers during the different experiments,
their locations were marked on the skin with waterproof drawing ink.
The position of reflective markers during the transverse (horizontal), sagittal and vertical
trajectories (the x, y and z axis respectively) related to time was recorded at each anatomic
point. In order to standardize the measurements, the starting point of each cycle was set by
recording the first time frame (0.01 sec) when a marker placed on the box started to move in
the z axis. One 20-second trajectory cycle consisted of 2000 different measures (one in every
0.01 s); the movements necessary to pick up the objects from the starting position (Z) and
move them along the table in the six (S) directions and return them to their original position.
For each trajectory cycle and for each angle of trajectory (11 angles as total), two different
measures were obtained:
(a) Transverse, sagittal and vertical estimated area under the curve (AUC): This value was
obtained from the sum of the absolute residuals of the mean for each x, y and z position
related to time during one trajectory cycle. The AUC was calculated at the beginning (1
min) and at the end (60 min) of the working period. The AUC represents the amplitude of
the trajectory in the three different axes at each anatomic point and for each angle of
motion.
(b) Mean transverse, sagittal and vertical trajectories of the upper limb: For each anatomic
point, the mean transverse, sagittal and vertical trajectory during one cycle (20 s) was
calculated at the beginning and at the end of the working period. The trajectories indicate
the position of the upper limb in these different axes. (See Piedrahita et al. 2007 for
details).
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EMG
To evaluate the level of muscle activity during the two different conditions, surface
electromyographic activity (EMG) was measured (ME3000P8, Mega Electronic, Kuopio,
Finland) for 20 seconds at the beginning and subsequently every 20 minutes from eight
muscles on the right side of the body: wrist extensor (WE), wrist flexor (WF), biceps (B),
triceps (T), pectoralis (P), deltoid medial part (D), upper trapezius (UT) and lower trapezius
(LT). The EMG signals from the skin above the working muscles were recorded with a
sampling frequency of 1000 Hz using pre-galled bipolar surface electrodes (Medicotest, MOO-S, Olstykke, Denmark). The electrodes were placed over the belly of the muscle, and the
distance between the recording contacts was 2 cm. Ground electrodes were attached to
adjacent inactive tissues. To ensure accuracy in the placement of the electrodes during the
different experiments, their locations were marked on the skin with waterproof drawing ink.
The measured EMG signal was amplified 2000 times (preamplifier located 10 cm apart from
the measuring electrodes), and a signal band between 20 and 500 Hz was full wave rectified
and averaged with a 10 ms time constant (a-EMG). Analysis of EMG data (and trajectories as
well) was performed in two phases: basic analysis, which consisted of analysing one complete
trajectory cycle (analysis during 20 s), and a more detailed angle analysis, where each angle
(1.8 s) was analysed separately. EMG gaps were defined according to the following criteria:
in the whole cycle analysis EMG activity had to be below 20 μV and in the angle analysis
below 10 μV for at least 300 milliseconds.

Thermal sensation, thermal comfort and local and general physical exertion
Subjective ratings of thermal sensation of the whole body, right upper limb and legs were
evaluated at the beginning and every twenty minutes during the experiments. The scale
ranged between -4 (very cold) and +4 (very hot) (ISO 10551, 1995). Thermal comfort was
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assessed according to the same method. During the two sets of conditions, the 1 - 10 Borg
Rating of Perceived Exertion (RPE) (Borg 1998) was used to evaluate general and right upper
limb physical exertion at the beginning and every twenty minutes of the one hour work
period.

Limits of stability (LOS)
For assessment of the subject’s ability to voluntary sway to various locations in space the
limits of stability (LOS) was recorded before and at the end of each experiment. LOS is
defined as a region in space through which a normal person can move their centre-of-gravity
(COG) without altering the base of support. Testing was performed on a Neurocom Balance
Master System (NeuroCom ® international Inc., V.8, Clackamas, Oregon, USA) which
consists of a force plate connected to a computer and monitor. The manufacturer’s software
was used to provide visual feedback during task performance and for data collection. After
proper foot placement, subjects were instructed to observe how they could move their COG,
utilizing the computer monitor located in front of the force plate. Previous training in a
separate day was performed to allow the participants to become accustomed to moving while
watching the stick figure representation on the monitor. Subjects were tested on a visually
guided balance task that consisted of moving their COG to 8 predetermined targets: forward
(F), right forward (RF), right (R), right back (RB), back (B), left back (LB), left (L) and left
forward (LF), while maintaining a stationary base of support. Centre of gravity position on the
force platform was visually represented on the computer screen as a stick (Figure 2). Subjects
were instructed not to move their feet and were asked to shift their COG toward the target as
quickly, accurately, and far as they could. If a loss of balance was experienced during any
trial, it was discarded and performed again. Each direction was repeated until three successful
trials were obtained and the means of the three trials were used for further data analysis.
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Individual scores were obtained and scores from all eight transitions were added and divided
by eight to provide a total average (the composite score).
Five parameters of the LOS were calculated: reaction time (RT), movement velocity (MVL),
directional control (DC), endpoint excursion (EPE), and maximal excursion (MXE). Reaction
Time (RT) is the time in seconds between the signal to move and the intention of movement.
Because the subjects were asked to move quickly, rapid RT is desirable. Movement velocity
(MVL) is the average speed of COG expressed in degrees per second, between 5% and 95%
of distance to the primary endpoint. Because the subjects were asked to move quickly, greater
speed is desirable. Directional Control (DC) is the comparison of the amount of movement in
the intended direction (toward the target) to the amount of extraneous movement (away from
the target) and it is calculated using the following formula: [(amount of intended movement –
amount of extraneous movement) / amount of intended movement] * 100%. DC is expressed
as a percentage and scores close to 100% are good. Endpoint excursion (EPE) is the distance
travelled by the COG on the primary attempt to reach the target expressed in percent of LOS.
Maximal excursion (MXE) is the furthest distance travelled by the COG during the trial
expressed in percent of LOS. Because the subjects were asked to go to the centre of each
target, endpoint and maximum excursion scores that equal the percent of LOS of the target
“goal line” are desirable.
In C the subjects were transported to the balance test lab (6 m distance from the experiment
lab) using a wheelchair to avoid muscle warming due to walking. In N the subjects walked to
the balance test lab.

Place Figure 2 here
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Statistical analysis
Analysis of variance with repeated measures was used to compare data between thermal
responses, muscular strain, and transverse, sagittal and vertical trajectories of upper limb over
time. Greenhouse-Geisser adjustment was used for repeated measures. The significance level
accepted was p < 0.05. The results are mean and standard deviation (SD). Medians for
thermal sensation, thermal comfort and physical exertion were calculated. The effect of
temperature on thermal sensation and physical exertion was examined by Wilcoxon’s signed
rank test.

Results

Thermal responses
The average gastrocnemius muscle temperature (Tm) during the working period was 26.7 ±
1.6ºC and 33.4 ± 0.6ºC at C and N respectively. Compared with N, Tm was significantly lower
at C by 6.7ºC (p<0.05). Tsk during the working period was 29.1 ± 0.1ºC and 31.3 ± 0.2ºC at C
and N respectively. Compared with N, Tsk was significantly lower at C (2.2ºC). Local skin
temperatures at calf and foot decreased by 16.9ºC and 11.9ºC, respectively when comparing C
with N (p<0.05). Rectal temperature (Tre) remained stable during the two sets of conditions.
The mean Tre was 37.2 ± 0.1ºC in both set of conditions. Figure 3 shows the time course of
Tm, Tsk, Tcalf and Tfoot in the two sets of conditions.

Place Figure 3 here
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Upper limb trajectories
During whole 20 s cycle in C at the end of the working period the vertical axis AUC
trajectories at elbow and at head were significantly higher compared with N (7% and 16%
respectively, p<0.05). In the other anatomic points and in other axes we did not find any
significant differences on the AUC trajectories between conditions. At the extreme angles of
the motion (200º, 220º and 200ºR) we found that vertical AUC trajectories were significantly
higher at elbow and head in C compared with N. Table 1.

Place Table 1 here

The mean trajectory at different anatomic points was predominantly similar between
conditions, time and axes. Only two significant (p<0.05) increases at the end of the working
period were observed in C compared with N at elbow and wrist. The vertical (6mm) and the
sagittal axes (10mm) at the wrist and the sagittal axis (16mm) at the elbow were significantly
higher in C.

Upper limb muscle function
In C the a-EMG displayed a trend to towards increase in four out eight muscles: WF (58%), T
(18%), UT (11%) and LT (5%) at the end of the working period. However, the changes
observed did not reach statistical significance in general or in sector analysis.
Exposure to C decreased the number of EMG-gaps in D (7%, p<0.05) at the end of the
working period. A trend toward a reduction of EMG-gaps was observed also in WF (15%,
NS) and P (7%, NS). No significant differences were found in the sector analysis (Table 2).
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Gap duration was also geared toward a reduction in C compared with N in WE (19%), WF
(36%), T (30%), UT (7%). But again, the changes were not significant either in general or in
sector analysis.

Place Table 2 here

Subjective ratings of thermal sensations, thermal comfort and physical exertion
The subjects rated their thermal sensation (general, legs and right upper limb) significantly
lower (ranges between “cold” and “very cold”) at C when compared with N. General and
local (leg) thermal comfort were rated significantly more uncomfortable in C compared with
N (p<0.05) (Table 3)
Physical exertion remained stable during the two sets of conditions and no significant
difference was observed.

Place Table 3 here

Limits of stability (LOS)
At the end of the working period several parameters of the LOS were affected by cooling.
Reaction times and movements velocities showed a trend to towards longer time and slower
velocity in C compared with N. Reaction Time displayed a trend to towards longer time in C
compared with N on the back (22%), composite score (7%), left (15%) and right side (11%).
Movement velocity displayed a trend to towards slower velocity in C compared with N at the
end of the working period by 3%, 5%, 11% and 19% (back, composite score, left and right
sides respectively). The EXE% was reduced by 4% (p<0.05) on the right side and by 5%
(NS) on the left side. The EPE% composite score (9%), left (11%) and right sides (11%)

15

were significant (p<0.05) reduced in C (Figure 4). EPE% on the forward side (4%, NS) was
also reduced in C. At the end of the working period in C a strong correlation (R2=0.53,
p=0.04) was found between maximal excursion (EXE%) on the right side and Tm. Cooling of
the leg muscle resulted in a 1% reduction in maximal excursion (right side) per degree Celsius
fall in muscle temperature (Figure 5).

Place Figure 4 here

Place Figure 5 here

Discussion

The present investigation used a local leg cooling exposure which induced cold sensation and
discomfort and a significantly lowered Tm (6.7°C) and Tsk (2.2°C). The main finding was that
local leg cooling reduced significantly (p<0.05) the end point excursion, but the changes on
the trajectories of the upper limb and in the a-EMG and EMG-gaps were only moderate and
predominantly non significant.

Despite approximately 14% of the body surface being exposed for one hour to 15ºC cold
water, core temperature (Tre) remained stable during the two sets of conditions, but Tm of
gastrocnemius was significantly (by 6.7 °C) decreased. A similar decrease of Tm (5.9°C) was
found by Beelen and Sargeant (1991) during 45 min cold-water leg exposure at 12°C. The
decrease in Tm by cooling of the limbs has been shown to alter muscle function: e.g. muscle
strength decreases (Haymes and Rider 1983, Clarke et al. 1958, Vincent and Tipton 1988,
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Sargeant 1987, Bergh and Ekblom 1979), endurance improves (Haymes and Rider R, 1983),
elastic component of the passive force increases (Muraoka et al. 2005) and a-EMG increases
(Rissanen et al. 1996, Petrofsky and Lind 1980; Winkel and Jørgensen 1991). Although the
decrease in temperature of the gastrocnemius muscle was high (~ 7°C lower compared with
N) and the Tsk was also 2.2°C decreased compared with N at the end of the working period,
the local temperatures on the upper limb (TBiceps, TDeltoid, TWrist Extensor, TWrist floxor, TTriceps) were
similar between conditions. Practically no effects on muscle function (a-EMG and EMG-gaps
and gaps duration) were observed in the eight muscles of the right upper limb. Rissanen et al.
1996 found that unilateral cooling of one leg did not affect the a-EMG activity in the other leg
suggesting that additional recruitment of motor units was restricted only to leg cooled. The
results of this study clearly indicate that local leg cooling does not affect muscle function of
the upper limb.

In a previous study we found that general cooling at 10°C altered the vertical trajectories of
the upper limb during the repetitive light task similar to the present study. The Tm was not
measured, but the local skin temperatures of the upper limb were decreased significantly in C
by 16°C (fingers), 12°C (palm) and 9°C (triceps). The Tsk was decreased also significantly by
4.6 °C. The changes in motion trajectories in the extreme angles were associated with higher
muscular strain and fewer amounts of EMG gaps (Piedrahita et al. 2007). Although Tsk and
local skin temperatures on the leg (calf and foot) were decreased significantly in the present
study, practically no significant change in the functions on upper limb trajectories were found.
Unlike in the case of whole body cooling (Piedrahita et al. 2007), this indicates that local leg
cooling is not a sufficient stimuli to alter upper limb trajectories.
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An interesting result in this study was the observed change in LOS. After repetitive work in C
longer reaction times, slower movement velocities and reduced end point and maximal
excursion (EPE% and EXE%) were found. The reduction on EPE% at the composite score
(9%), left (11%) and right sides (11%) were significant (p<0.05). Cooling of the legs resulted
in a 1% reduction in maximal excursion (right side) / 1°C fall in muscle temperature. Mäkinen
et al. 2005 found with a decreased of 6.4°C in Tsk a significant increase in postural sway in
healthy subjects during one and half hour general cooling exposure at 10°C. The increased
postural sway and its consequence the impaired postural control were associated with thermal
sensation and thermal discomfort, lowered Tsk and increased muscle tone. However, in the
study of Dewhurst et al. (2007) moderate local leg cooling (3ºC) did not have an effect on
postural stability. In our study, besides the significant changes in the Tm and Tsk, the subjects
rated their leg thermal sensation and general and local (leg) thermal comfort significantly
lower in C and with these changes we observed a significant impairment in dynamic balance.
Therefore, it seems that decrease in Tm bigger than 3°C is needed in order to cause
impairment in dynamic balance.

It is also worth noting that subjects reported a marked sensation of leg stiffness at the end of
the working period in cold water. Coppin et al. (1978), Sargeant (1987) and Vincent and
Tipton (1988) have reported similar results while subjects are exposed to cold water. Sargeant
(1987) postulated that in cold conditions energy will be wasted in order to overcome any
increase in passive resistance (stiffness of joints) to movement. It is possible that the
increased stiffness may also affect the control on the LOS. One practical finding of this study
is that the local leg cooling affects the dynamic balance and increases postural instability and
in consequence increase the risk of fall. It is also interesting to note that the effects of cooling
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of tissues tend to be maintained during 60 min post-cooling during recovery time
(Yanagisawa et al. 2007).

The present results show that a marked leg cooling, which has clear effects on balance and
thermal sensation and comfort, do not, as such cause changes in upper limb trajectories and
muscle function. Instead, a whole body cooling is required, as shown in the previous study
(Piedrahita et al. 2007).

To conclude, although a strong cooling of the legs impaired the ability to maintain dynamic
balance, it had only moderate and mostly non significant effects on upper extremity muscle
function and trajectories.
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Figure 1. Schematic representation of the workstation. The objects were moved from the
starting position (Z) to six positions at predetermined angles (S) and back again.
Extreme angles 200º, 220º and 200 ºR are represented in the picture by a shaded area.
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B
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Figure 2. A, Experimental setup in the balance test. B, Tracing from a trial to each eight
targets for one representative subject
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Figure 3. Time course of Tcalf (A), Tfoot (B), Tsk (C) and Tm (D) at two different conditions
during the one hour working period
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Figure 4. End Point Excursion as % of the LOS (EPE%) between conditions at the end
of the working period
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Figure 5. Correlation between Maximal Excursion (EXE%) on the right side and Tm
and the end of the working period in C
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Table 1. Vertical trajectories (z axis) of the upper limb AUC for elbow and head during
20 sec and at the extreme angles of the motion between conditions in the beginning and
at the end of the working period

ELBOW
N
20 sec analysis
Angle 200º
Angle 220º
Angle 200ºR

C

1min

60min

1min

60min

45.6 (5.8)
5.3 (1.2)
3.4 (1.5)
4.9 (1.0)

48.1 (4.9)
5.2 (1.6)
3.1 (2.1)
5.5 (0.8)

50.1 (6.5)
5.7 (1.6)
4.3 (2.4)
5.5 (1.8)

51.6 (7.6)*
5.7 (1.9)
4.6 (2.3)*
4.8 (1.9)

HEAD
N
20 sec analysis
Angle 200º
Angle 220º
Angle 200ºR

C

1min

60min

1min

60min

17.9 (4.0)
1.9 (1.1)
2.9 (1.5)
1.0 (0.4)

17.9 (5.8)
1.5 (0.6)
1.8 (0.9)
1.1 (0.6)

21.5 (7.5)
2.7 (2.1)
2.9 (1.3)
1.7 (1.2)

20.7 (4.2)*
2.2 (1.3)*
3.1 (1.5)*
1.7 (6.7)

Values are mean and Standard Deviation (SD)
* Significant (p<0.05) differences over time and condition
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Table 2. Muscular strain (a-EMG, µV) and EMG-gaps min-1 in the eight muscles at the
end of the working period

Wrist Extensor
Wrist Flexor
Biceps
Triceps
Deltoid
Pectoralis
Upper Trapezius
Lower Trapezius

a-EMG, µV
N
C
60 min
60 min
64 (23)
49 (17)
24 (8)
38 (22)
67 (57)
55 (16)
12 (2)
13 (4)
51 (34)
51 (31)
15 (4)
15 (3)
57 (27)
63 (56)
22 (10)
23 (10)

EMG-gaps min-1
N
C
60 min
60 min
35 (24)
52 (35)
95 (20)
81 (33)
57 (24)
58 (14)
48 (34)
49 (34)
96 (15)
89 (18)*
96 (15)
89 (18)
51 (39)
55 (46)
90 (37)
94 (23)

Values are mean and Standard Deviation (SD)
* Significant (p<0.05) differences over time and condition
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Table 3. Thermal sensation and thermal comfort at two different sets of conditions from
the beginning to the end of the working period

N
Thermal sensation§
General
Legs
Upper Limb

1 min
0
0
0

20 min
0
0
0

C
40 min
0
0
0

60 min
0
0
0

1 min
-1
-2
0

20 min
-1
-3
0

40 min
-2
-3
0

60 min
-1a, b
-4a, b
-1a

1
2a
0a

1b
2b
0

Thermal Comfort#
0
0
0
0
0
General
0
0
0
0
1
Legs
0
0
0
0
0
Upper Limb
The values represent median
a
Significant higher compared with the first min (1m)
b
Significant higher compared with N
§
Thermal sensation: ranges between -4: very cold and +4: very hot
#
Thermal comfort: 0: Comfortable; 1: Slightly uncomfortable and 2: Uncomfortable

1
1
0
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