We compared the CFi and CFre estimated by ISO7933 and IS09920. Because both air velocity
and walking velocity were included in the formula for CFi, we calculated the independent effects
of air velocity and walking velocity to the CFi and CFre. Because the formula for CFi changes
for clothing less than 0.6 clo, CFi and CFre were compared at 0.3 clo and 1.0 clo.

There were times when the core temperature did not return to the equilibrium level associated
with the metabolic rate. While the amount of heat loss needed to reduce the core temperature was
computed and factored into the model, this was not sufficient to bring the core temperature all
the way down (and sometimes it was too much and the core temperature was reduced below the
equilibrium value for the metabolic rate). To account for this discrepancy, two steps were taken.
The first was to assess the elevation of the current core temperature above the equilibrium value.
If Eyeq was less than zero and there was still a core temperature elevation, the required sweat rate
(SWieq) was adjusted proportionately to the difference. To fine tune the outcome, E;, and SW,
were set to zero when the equilibrium core temperature was reached.

Finally, as a minor modification, posture adjustments to the available surface area for convection
and maximum evaporative cooling were instituted for sitting (0.7) and squatting (0.9). It was
assumed that there was no conduction across the surfaces in contact with the body during sitting.

After changing the PHS code to compute CFi and CFre by either method, the code was verified
using the standard test conditions in ISO7933. Values for final Ti, water loss, Diim tre, Diimiosssos
Diimiossos by PHS model (ISO7933) and PHS, (PHS with the changes). We also calculated Dy yre
by PHS model and PHS, using trial conditions used for high heat stress exposure conditions
(safe exposure times less than 120 min) for 142 trials (Bernard and Ashley 2009).

An Excel workbook with a VBA macro was used to compute PHS and PHSm.
RESULTS

The first step in the PHS modification process was to examine the differences between CFi and
CFre as specified by ISO7933 and IS09920 as a function of air speed, walking speed, and
clothing level. Fig. 1 illustrates the comparison.

CFi was not substantially different for either method, and decreased with air and walking speed.
CFre by 1S09920 was larger than ISO7933, and the difference increased with either air or
walking speed. As a note, the difference in methods for estimating CFre in ISO9920 was less
than 5% over the same conditions.

The outcomes by PHS and PHS,, were compared using the standard test conditions in ISO7933
(Table 1). The calculation time limit was 480min. PHS,, showed higher Final T, than PHS. The
temperature difference between PHS and PHS,, increased when the final T, increased.
Maximum allowable exposure time for heat storage (Diim tre) Was shorter in PHS,, than PHS. In
example 3 and 7, PHS did not have limitation but PHS, had limitation time of 117 min and 196
min respectively. :
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Table 1. Differences in outcomes for standard test conditions

Parameters 1 2 3 4 5 6 7 8
Acclimatized Yes Yes Yes No No No Yes Yes
Posture Standing Standing Standing Standing Standing Standing Standing Standing
t.(° C) 40 35 30 28 35 34 40 40
Pa(kPa) 2.5 4.0 3.0 3.0 3.0 3.0 3.0 3.0

t(° C) 40 35 50 58 35 34 40 40
va(m/s) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
M(W/m2) 150 150 150 150 208 150 150 150
l4(clo) 0.5 0.5 0.5 05 0.5 1.0 0.4 0.4
B(degree) 0 0 0 0 0 0 0 90
Walk speed

(m/s) 0 0 0 0 0 0 0 1
Output PHS |PHSm|PHS |[PHSmM|{PHS |PHSm|PHS |PHSm|PHS |PHSm|PHS |PHSm{PHS [PHSm|PHS |PHSm
Final t(° C) 37.5| 37.7 39.8 41| 37.7 39| 41.2| 4251 39.2f 413 41] 425} 37.5| 38.4] 37.6] 376
Water loss{g) | 6174} 7200| 6938} 6973| 7167| 7208| 5807| 5807| 7252| 7371; 5551| 5642| 6691| 7215| 5386] 5541
Djim re (mMin) 480] 480 74 56| 480] 117 57 44 69 45 67 54| 480| 196] 480f 480
Dimossso (Min) | 439| 378| 385 382 380 377| 466| 466] 371| 360 480 479] 406] 377 480 480
Dimossos (Min) | 297| 257] 256f 256| 258 255 314 314| 246 237| 317) 314| 275 255| 339 329

To compare the differences of Diim e calculated by PHS and PHS,,, 142 experimental conditions
from a previous study were used. Dyim e Was longer in PHS than in PHSm (Fig. 2). When the
Diim tre Was below 20 min, PHS and PHS,, were about the same value. As Djiy e increased, the

difference became larger.
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Fig. 2. Differences in predicted time limit by PHS and PHSy, based on experimental trials for

short term exposures.

To illustrate the code changes for recovery to the equilibrium core temperature, T, time course
for an exposure and recovery by PHS, PHS,,, PHS,. (core equilibrium included in PHS), PHS e
(core equilibrium included in PHS,) (see Fig. 3). The faster rate of rise was expected for PHSm.
The recovery to different levels from the different levels of rectal temperature without the code

adjustment was also expected.
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Fig. 3. Recovery of T;. calculated by four variations of the PHS model.
CONCLUSIONS

By introducing the dynamic correction factor of clothing insulation and evaporative resistance of
1S09920 (PHSm) into ISO7933 (PHS), there was little change in the total dynamic (resultant)
insulation, but the total dynamic evaporative resistance was higher for PHSm. Thus the predicted
heat strain was greater in PHS,, than PHS. This trend was seen both in the test scenerios
published in ISO7933 and from a set of experimental data.

After the elevation of current core temperature above equilibrium temperature was used to adjust
predicted sweat rate, Ty returned to the equilibrium temperature as intended.
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INTRODUCTION

The Predicted Heat Strain (PHS) was proposed by Malchaire et al (2002) and validated against
laboratory and field data (Machaire et al 2001) as part of the EU BIOMED II project. The result
of the effort was an update to ISO7933 (2004). One useful purpose of PHS is to examine the
pattern of heat strain that results from steady and time varying heat stress exposures. Alternative
controls can be simulated on a desktop evaluation. A second use of the PHS is to limit acute heat
stress exposures to the time it takes to reach a predicted physiological limit (either rectal
temperature or dehydration).

Japan National Institute of Occupational Safety and Health and University of South Florida
undertook several changes to PHS, mainly to account for clothing effects following the guidance
of IS09920 (2007). The purpose of this paper was to compare the predicted exposure limit from
PHS and the modified PHS (called here PHSm) to observed data from trials designed to last from
about 30 to 110 minutes (Bernard and Ashley 2009). From these comparisons, the ability of PHS
and PHSm to limit acute exposures can be assessed.

METHODS

Twelve adults participated in the time-limited heat stress exposures. Prior to beginning the
experimental trials to determine critical WBGT, they underwent a 5-day acclimatization to dry
heat. Participants wore a base ensemble of shorts, tee-shirt (or sports bra for women), socks and
shoes.

Three different clothing ensembles over the base ensemble were evaluated: work clothes (135 g
m? cotton shirt and 270 g m™ cotton pants), water-barrier, vapor-permeable ensemble
(NexGen® LS 417), and vapor-barrier ensemble (Tychem QC®, polyethylene-coated Tyvek®).
The limited-use coveralls had a zippered closure in the front and elastic cuffs at the arms and
legs; and they did not include a hood.

Each participant walked on a treadmill at a moderate rate of work (190 W m™) at five levels of
heat stress. The 15 combinations of clothing and heat stress level (see Table 1) were completed
in random order. During trials, participants were allowed to drink at will. Core (rectal)
temperature, heart rate and ambient conditions were monitored continuously and recorded every



5 minutes. The time at which T reached 38 °C (t@38) was noted. The safe exposure time (SET)
was taken as the time at which the first of the following conditions was satisfied: (1) Ty reached
38.5 °C, (2) a sustained heart rate greater than 85% of the age-predicted maximum heart rate, or
(3) participant wished to stop. Only trials in which @38 was reached and trials that ended before
120 min were used to evaluate validity for t@38 and SET.

Table 1. Combinations of Clothing Ensemble and Target Levels of WBGT [°C] at 50% Relative
Humidity ‘
Heat Stress Level

Ensemble HL1 HL2 HL3 HL4 HL5
Work Clothes 36 37 38 40 44
NexGen 33 34 36 38 41
Tychem QC 29 30 32 34 38

The experimental conditions for each trial were used as the heat stress conditions for the PHS
and PHSm. These included dry bulb and radiant temperatures, ambient water vapor pressure, air
speed, metabolic rate, walking speed, and intrinsic clothing insulation and estimated i, from
previous data as well as participant height and weight. The PHS and PHSm times were taken as
the time at which predicted rectal temperature reached 38 °C. When walking speed was used, the
wind direction was considered omni-directional. A second evaluation was performed in which
the effective walking speed based on metabolic rate was used.

For comparison, t@38 and SET were compared to PHS and PHSm times. The outcomes were
classified in three categories. On-Time (OT) was a condition in which the actual time (either
t@38 or SET) occurred within a window that was plus or minus 10% of the predicted time (i.e.,
PHS or PHSm time). An early predicted time (E) was the outcome in which the predicted time
plus 10% was earlier than the observed time. A late predicted time (L) occurred when the
predicted time minus 10% was greater than the observed time.

RESULTS

There were 8 comparison groups based on observed time at two levels (t@38 and SET),
predicted time by two methods (PHS and PHSm), and the use of walking speed at two levels
(Yes and No). The experimental trials were not designed to have True Negatives, and thus
sensitivity and specificity were not evaluated. The distribution of trials among Early, On-Time
and Late was determined and provided in Table 2. If a broad view of protection including over-
protection is taken, then protective accuracy can be computed as the ratio of the On-Time plus
the Early over the total observations. These values were generally high but driven by the large
number of Early observations.

For each factor in Table 2, there were trends worth noting. Using the actual walking speed to one
estimated from metabolic rate led to fewer Early classifications within each of the four
combinations of observed and predicted time. For t@38 and PHS with actual walking speed, the
distribution was somewhat balanced; and it shifted to Early for PHSm and for estimated walking
speed. For SET, there was a general movement to Early regardless of the predicted time or
walking speed method.



Table 2. Classification of outcomes for the eight comparison groups.

Early
t@38 v. PHS 55
t@38 v. PHSm 123
SET v. PHS 92
SET v. PHSm 157
t@38 v. PHS 121
t@38 v. PHSm 134
SET v. PHS 158
SET v. PHSm 164

On-Time Late
Actual Vi
28 71
17 14
23 53
8 3
Estimated Vi
22 11
15 5
8 2
3 1

Total

154
154
168
168

154
154
168
168

Figures 1 and 2 illustrate the relationships between individually observed safe exposure times
(SETs) and individually determined predicted times when walking speed was used. As expected
from Table 2, there was a trend for the predicted times to be less than the observed times (to the
right and below of the identity line). This effect was greater for PHSm than PHS. The trial
protocol called for stopping at 120 min and represented greater than 120 min.
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Figure 1. Predicted time from PHS compared to the observed safe exposure time.
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Figure 2. Predicted time from PHSm compared to the observed safe exposure time.
CONCLUSIONS

Comparing t@38 with PHS including walking speed was the approach most in line with the
original intent of PHS. That is, (1) PHS used walking speed to adjust for the dynamic effects of

" work on clothing factors and the metabolic estimation was offered as an alternative and (2) it was
validated in its ability to predict a mean rectal temperature response (Malchaire et al 2001). This
comparison supported the original validation with a roughly balanced set of outcomes among
Early, On-Time and Late.

The validity study also showed that the 95% confidence interval included 38.5 °C; and was up to
38.7 °C (see Fig 2 and 4 of Malchaire et al 2001). This fact means that most rectal temperatures
will be less than 38.7 °C when the model predicts 38 °C. For this reason, a comparison to the
observed safe exposure time at 38.5 °C (or elevated heart rate or fatigue) was appropriate. While
PHS was indicative of the mean response, it was not protective when used as a method to limit
heat stress exposures in a prescriptive fashion. When using the SET value, there were a large
number of Late outcomes (53 of 168 or 32%).

The lower predicted times of PHSm were not intended but an outcome of updating the methods

to adjust static values of insulation and evaporative resistance to dynamic (resultant) values. The -
result was fewer Late outcomes (3 of 168 or 2%) but more Early ones (157 of 168 or 93%). The
protective accuracy was generally high for PHSm, but this was driven by a high number of Early
trials. That means that PHSm was overly protective in 93% of the trials.

Overall, the use of PHS or PHSm for prescribing acute exposures appeared to be limited. Where
PHS had significant risk of Late outcomes pointing out the risk for over-exposures, PHSm was
characterized by a large number of Early outcomes, which may reduce the utility for exposure
planning. ‘



It was clear from the data that substituting a metabolic rate for actual walking speed led to a
systematic lowering of the predicted times. This may be an area for further investigation.
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Abstract: This systematic review evaluates and summarizes the evidence of association between
work-related factors and heart rate variability (HRV) in workers. We reviewed English articles
indexed in MEDLINE under the key words: work, worker, occupational, industrial, and heart
rate variability. Studies were included if one or more of the dependent variables was one of the
time- or frequency-domain indexes of HRV [standard deviation of all normal-to-normal (NN)
intervals (SDNN), mean of the 5-min standard deviations of NN intervals calculated over sever-
al hours (SDNN index), the root mean squared differences of successive NN intervals (RMSSD),
integrated spectral powers of high (HF, > 0.15 Hz) and low frequency (LF, 0.04-0.15 Hz) HRV,
and the LF/HF ratio] as recommended by the European Society of Cardiology and the North
American Society of Pacing Electrophysiology. Physical and chemical work environments (i.e.
exposure to occupational toxicants and hazardous environments), psychosocial workload (i.e. job
stressors), and working time (i.e. shift work) had been examined and identified as having asso-
ciations with low HF power. These findings may indicate that research into parasympathetic
nervous system activity should be focused to protect cardiovascular health at work. We also pro-
pose the use of very low and ultralow frequency HRV components in autonomic research for
workers’ health.

Key words: Physical and chemical work environment, Psychosocial workload, Shift work, Fatigue,

Cardiovascular disease, Autonomic nervous system, HRV

Background

Cardiovascular disease (CVD) is the leading cause of
mortality and morbidity in industrialized countries’. In
a working population, occupational factors are believed
to pose a threat to workers’ cardiovascular health.
Substantial research has shown that adverse physical and
psychosocial work environments and working conditions,
such as shift work and excessive workload, are related to
CVD. To examine the acute and chronic effects of such
work-related factors on the cardiovascular system, cardiac
autonomic nervous system activity during work and rest
has been assessed by heart rate variability (HRV).

Heart rhythm is recorded by electrocardiography. The
measured signal shows a series of waves that present elec-
trical events in the four chambers and the conduction

*To whom correspondence should be addressed.
E-mail: togo@bh.jniosh.go.jp

pathways within the heart. The time interval between
consecutive R waves that correspond to the contraction
of the ventricles is called the RR interval (RRI). HRV
is a time series of RRIs that fluctuate beat by beat in
healthy humans because of time-to-time changes in activ-
ities of sympathetic and parasympathetic nerves innervat-
ing to the sinus node.

HRYV is generated in part by periodic inputs of both
respiration and blood pressure variability into the
medullary cardiovascular centers?. These periodic mod-
ulations are clearly identified within the power spectrum
of HRYV as peaks at the respiratory frequency (= 0.25 Hz)
and at the frequency of the well-known Mayer wave
(0.1 Hz) in blood pressure variability!> ),

Heart rate increases and decreases during inspiration
and expiration, respectively. This is mainly caused by
the physiological fact that parasympathetic output from
the cardiovascular center is inhibited during inspiration®.
Respiratory rhythm during rest is about 0.25 Hz. Therefore,
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the amplitude of variations in HRV related to respiration

(i.e. respiratory sinus arthythmia) is considered to reflect
the fluctuation in tonic parasympathetic input, and the
integrated spectral power of high frequency (HF, >
0.15 Hz) HRYV is used as an index of the level of parasym-
pathetic activity>. The Mayer wave is a 10-s oscillation
of blood pressure. The wave is mediated mainly by the
sympathetic nervous system. The wave elicits a 10-s
osciilation in HRV by modulating both sympathetic and
parasympathetic nerve activities via baroreceptors. As a
result, low-frequency (LF, 0.04-0.15 Hz) power of HRV
reflects both sympathetic and parasympathetic activity and
the LE/HFE ratio is considered to mirror sympathovagal
balance®. Therefore, the frequency analysis of HRV is
able to provide results that are more easily interpretable
in terms of physiological regulation. To standardize phys-
iological and clinical studies, short-term recordings of 5
min under physiologically stable conditions are recom-
mended for HRV frequency-domain methods®. For long-
term (> 5 min) recordings, the frequency analysis should
be performed in 5-min segments or over the total 24-h
record®. The HF and LF components of power spectfal
density obtained from the entire 24-h record are not dif-
ferent from the mean HF and LF components obtained
from 5-min segments over the entire 24-h period.

For descriptive statistical methods, several time-domain
measures are recommended by the Task Force of the
European Society of Cardiology and the North American
Society of Pacing and Electrophysiology (Task Force)®.
The measures for overall variation include the standard
deviation of all normal-to-normal (NN) intervals (SDNN)
and the HRV triangular index, which is the number of
NN intervals divided by the number of NN intervals with-
in the modal bin of the NN interval histogram. The mean
of the 5-min standard deviations of NN intervals calcu-
lated over several hours (SDNN index) is the measure of
variation due to cycles shorter than 5 min. The measure
of variation due to cycles longer than 5 min is the stan-
dard deviation of the average NN interval calculated over

5 min (SDANN). The estimates for short-term variation-

are the root mean squared differences of successive NN
intervals (RMSSD).

Low HRV has been utilized in clinical studies of
patients with CVD to predict a variety of cardiovascular
outcomes™’, and in healthy populations’ all cause and car-
diac mortality®®, as well as new onset of hypertension®.
Low HF power of the HRV spectrum is also a risk for
mortality in patients, who have had myocardial infarc-
tion'®-12) and who have coronary artery disease!®’ or con-
gestive heart failure!® 19,

The goal of this paper was to review studies of HRV
concerning occupational health. Given the functional util-
ity of HRV analysis, it may inform us of the autonomic

F TOGO et al.

effects of many factors at the workplace, such as work
environments, workloads, and working time. The infor-
mation quantified by HRV may help to determine effec-
tive strategies for health assessment’and promotion at
work and also future research needs. This systematic
review included only studies which used one or more of
the above mentioned indices of HRV, which are recom-
mended by the Task Force®, as a dependent variable.

Methods

We conducted a systematic review of all English arti-
cles using MEDLINE (Ovid, Pubmed) to identify all
observational studies assessing the association between
work and HRV. Key words used for the computer search-
es were: work, worker, occupational, industrial, and heart
rate variability. Studies were included in our review if
one or more of the dependent variables was one of the '
time- or frequency-domain indexes of HRV recommend-
ed by the Task Force¥, as mentioned in the Background.
Studies in which participants were not workers (subjects
without occupational exposure) were not included. Forty-
six studies published from 1994 to July 2007 were includ-
ed in the review. Sample sizes of these studies ranged
from 6 to 2,197, with a median of 51.5. It is notable that
only 2 of 46 studies (4%) utilized longitudinal study
designs. Factors of occupational exposure were classified
as a) physical and chemical work environment, b) psy-
chosocial workload, or ¢) working time. Table I presents
a summary of the studies reviewed. "

Results

Physical and chemical work environment
Particulate matter

Magari et al.'® found that mean RRI and SDNN on
workdays decreased with increase in a 4-h moving aver-
age of fine particle (particulate matter with a mean aero-
dynamic diameter = 2.5 pun, PM,s) concentration after
controlling for time of day, age, and urinary nicotine lev-
els in male boilermakers and a pipe fitter. Lead and vana-
dium concentrations as a component of PM, 5 were pos-
itively associated with the SDNN index during work in
the male boilermakers after controlling for mean RRI, age,
and smoking status!”.

Exposure to high levels of PM, s, mainly from weld-
ing fume was significantly associated with reduced mean
RRI, SDNN, RMSSD, and HF and LF components on
workdays in the male boilermakers after controlling for
time of day and time-varying activities'®). The respons-
es were greater in subjects with a high CVD risk profile
than in subjects with a low CVD risk profile.

Particles of motor vehicle origin, as an occupational

Industrial Health 2009, 47, 589-602
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Table 1.  Studies of industrial environment and heart rate variability in workers

First author, Population N Duration of  Condition at recording Data length  Comparison Outcome
year {mepfwomen  recording for unalysis Mean SDNN
or total} R:Un TP} SDNNI RMSSD HF LF LF/HF

Physical and chemical work environment

Particular matter

Magari e al. boilermakers and

N 33 2 2 corkday ory 5 mi PM: - - - - -
200119 a pipe fiter 3310 4hx2d workday every 5 min 28 i }
dapari X boi cer constructi
Magm_x ef al. oilermaker construc mn. 390 =10 h workday overy § min PMas s, R y : L. .
200217 workers ’
Chen ¢! dl. bhoilenmakers 10/0 4 h workday every 5 min - PMas i ! - i Poloas

2006'%

Ricdiker ef al. resting in the morning on

200419 highway patrol troopers 9/0 20 min warkday last 10 min PM; 5 H i - - - - -
;‘);T}sr et al highway patrol troopers 9/0 20 min ]\:;l‘}\n‘fa;“ the morning on last 10 min PM; < i i - - H “‘S }
Carbon disulfide
a. warkers at a chemical
Bortkiewicz ef a. 152/0 . resting in the morning after .
$12 poins £ Jpoints wvs, IS . .
al. 199721 fibye piant b. 93/0 POIRES ™ tne night rest 512 poimts - uvs. b ) bodons
b*, healthy workers
a. workers with carbon disulfide
et al. 710 . . . .
i}&l;;;( al poisoning g 2770 3 min resting 3 min avs. b nse () - - s } -
- b¥, healthy workers ’
Lead
Murata ef al. a. glass warkers a. 0/36 . . .

N . 3 t sting 3 s avs, - - - - -
199538 be. textile workers b. 0/15 00 points  resting 300 points Lvs. b n.s i
pti ter at feast 2

Gajek ¢t al. a. capper foundry workers a. 2210 24 h :?‘)n“:“:‘ ::lt;‘:rn;l ::'N 0 15 min x ave b ns as ns ns ns ns
200479 b*, healthy workers b .13/0 - (0400\-‘0415) £ 2 sessions b o.M
resting. psychometric stain avs.b ns (ns) N . s s
Bockelmann e a. lcad-cxposed workers a. 109/0 . test (number memory test), ut baseline
al. 200229 b*, healthy workers b. 270 and recavery perods in the hascline vs.
morning 4 yr later ! h - - Lo -
Munganese
Barrington ef al a. mangancse ulloy workers w3
& g L orlepr " it . 2 ., . . 1
19982 b*, healthy workers or published b. 8 or 274 24 h 24h avs. b 13 ns. { [ i
normals
Smuoking
Kobayashi ef al. s . . s
200527 taxi drivers 20/0 18h workday (08000200} every 5 min smoking - - - - - t
Electromaguetic field
Bortkiewicz ef | * workers on AM broadeast sta- a 71
g " tions . 512 points  resting in the moming 512 points avs.b 1 n.s. - - nsons ns
al. 1996>% . - . b, 22
b¥, workers of radio link stations
Wilén er al. a. radiofrequency operators u. 18117 5 s
24 vork v s. - - - -
200729 b*. healthy workers b. 14/23 h workday every 1k avs.b tH ot
Bortkiewicz er  a. switchyard substations a. 63/0 . Lo . ns n.s
512 3 N i s s 's. ! - -
al. 20060 b, radio link stations b. 420 12 points  resting in the morning 12 points avs. b n.s C s
Vibration
a. chainsaw operators and tonnel
Lasker and construction workers with hund- 2. 210 2 min resting 2 win ave b s s Pl
Harada, 1999  arm vibration syndrome b. 10/0 s o . ° )
b*. healthy workers
a. paticnts with hand-arm vibra-
Lasker ef al tion syndrome with VWF a. 16/0 supine deep breathing 3 min x
l;é?i;‘ : b. paticnts with hand-arm vibra- b 13/0 4 min before and after psychologi- | n:m . bvs. ¢ ns. i - { - R
tion syndrome without VWF c. 1200 cal test = sessions
¢*, healthy workers
Sakakibara e al. a. patients with VWF a. 210 50 min resting, cold water immer- 128 sx ave b . as
200233 b*. healthy workers bh. 1710 ) sion, and recovery 8 sessions avs ' : ) : . 1 !
Colel enviromment
Bortkiewicz et cold storage workers 63/39 512 points  resting in the mornin 512 points cold | ns 1.5 s s
al. 2006 ' © . e e 2 P microclimate ) oL




592 - F TOGO et al.

First author, Population N Duration of  Condition at recording Data length  Comparison Outcome
year B (men/women  recording for analysis M SDNN
or totah) Rl (1p) SONNI RMSSD HF LF LFHF

Psychosocial workioad
Job strain

. corkday and ‘L res
Collins et al. day warkers 360 4 hx2d workday and the next rest

2005301 day every 5 min job strain } - - - - H

workers in the integrated circuit

\:?“ IA;ICISZ%M‘ manufacturing industry, waste 135 24h morning or day shifi cvery 5 min job strain t ns. - - ns t -
et ak. incinerator plants, or in hospitals :
Riese et al. the third moming shift . R

ses 5 2 30s str - - - - -
20048 nUFsCs 0/159 24hx2d (07301615 and rest duy every 30 s job strain ns ns
Kang er al. workers employed in the ship- . . . . N ns ns
2004 building industry aged over 40 0 min resting 5 min Jab stress s o8

supine and standing rest
n - . N N . NS ns
white collar workers 2230 5 min during latc morning or 3 and 2 min job stress 1.8, - - - -
curly aftemoon . :

Kageyama ef al.
1998

Vrijkotte et al.

20004 white collar workers 109/0 24 hx3d 2 workdays and a rest day  every 30 s work stiess { - - | - - -
Employment

Hemingway e . . . o : . employment

al, 20059 clerical civil servants 2,197 5 min resting 5 min grade { i - - [ -

Organizational injustice

Elovainio ef al.

200645 workers in Jong tern care homes  0/57 5 min resting 5 min injustice - - - - - -

White-collar office work for hypertensive

Kobayashi ef al. 512 points

‘hite-collar workers 24h ‘| - - -
200156 white-collur workers 2200 workday fevery 30 min hypertension s 1ol 1
Fuatigue
Pichot ef al. a. garbage collectors a. 6/0 nocturnal sleeping every 256
2002+ b*. heulthy sedentary workers b. 840 4hx8 (00000400} on workday points avs.b ! s s L bodos
Watanubc ef al.  workers of an clectric instrument . . . . vital ns
S24 b resting | rning - - - - -
200248 corporation 0 min resting in the morning 5 min exhaustion 1 }
Sasuki ef al. . resting in the afteroon on working
. 1 ¢ : 2 N N . R L.
1999+ engineers 188/0 mm- workday 3 min houss ns.
Sasaki er al. . . resting in the afternoon on . working
: 47 3 3 s - . B - - as
199950 cogineers 147/0 min workday 3 min hours n.s. n.s
Karita er al. . — . A . " . subjective ns
20065 information service workers 41310 10 min rosting last 150 points sympfoms - - - - H n.s.
asa ef al. 24-h shift (1700-1700) and 3
Aasid f’ o ambulance personncl 242 24 hx3d h shift {1 700) an (mean values of health . n.S. - - - Pt -
20065 the next two rest days R complaints
1 h intervals)
Train driving
llv;);;fh e al. train drivers 230 1,387 min  workday every | min specd H - - { .- . B
Warking time
Night shift work
) i a. day shift (0800-1700) 512 s ns ns
4 3 24 2 I N 'S, S, - . . <
Mo ef al. 2004 nursing staff no Bx2d o ght shift (2140-0840) (each hou)  * %P s Lo
Freitas et al. . - a. day shift (0600-1400) 512 points as NS
7 ry secut kers 12/0 2dhx2 s, ES kS - - .
1097551 oil yefinery security workers x2d b. night shift (2200-0600)  (cach hour) avs. b ns n.s. ) n.s.
Adams ot al. 1500-1700. the middle of 2hx
amms el al. emergeney physician 814 24 h night shift (2300-07001. . night work } | - - - H
1998350 N 3 sessions
and after the shift
" ! resting in the cvening
Ishii et al. a, shift purses =
20050 b, non-shift nurses 0191 00 points  (1700-1900) following day 300 points avs. b 0.y } 1
work
R resting in the morning 100 points
Murata ef al. a. shift workers a. 153/0 . =, . ns
0! shift or 's. 5. - - - ;
20055 b*. day workers b. 87/0 300 points  (0800-1200) of day shift or with minimum a vs. b s ) ! ns
rest day §D
resting on the second or
Ha er al. a finn maoufacturing diapers and 1340 Sminx  third day of the 3-day peri- middie 3 minx shift work L
20015 ferinine hygicnic materials . 3 sessions  od of morning, uftemoon. 3 sessions STt wor ) ) - ” N

and night shift
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First author. Population N Duration of  Condition at recording Data length ~ Comparison Outcome
year (men/women  recording for analysis Mcan SDNN
or total) R c1py SDNNI RMSSD HF LF LF/F
a. shift workers
b*. duy workers
\,;m’IA?:)CO‘(\);:‘m (all workers in the integrated cir- ; l‘; 24 h morning or day shift every 5 min avs. b ! } - 0 RS
o< cuit manufacturing industry, wase
incincrator plants, or in hospitals)
a. shift workers avs. b . . L
= day warkers e ! i -
van Amelsvoort b, day Tm! ors . a. 618 N N morning or day shift at at hascline
et al. 20017 @ll workers in the integrated cir- b, 29/3 Hhx2d baseline and | yr later cvery S min :
: cuit manufacturing industry or T ) ’ baseline vs. t B ns R S s
waste incinerator plants) ! yr later
24-h shifi work
Mitani ef al. § 2d-h shift (0900-0900) and . . .
200601 ambulance personnet 9/0 24 hx2d rest day every 5 min 24-h waork S, - - - - 1
Tokeyama er al. . N N ) . . 24-h work ns
ohiers 2 2 24-h s ery § . . - -
200560 firefighters 12/0 4 h d-h shift every 5 min 05 700) 1 ) 1
n 24 i Q
i()l:)ol'f’” al. long distance truck drivers 6/0 14.8-93.5 b workday cvery 2 min ;g h T’.‘;l(\)O) - - - - - - }

t,{ indicate increase or decrease (statistically sigmificant at p < 0.05). n.s. indicates no change (p = 0.05), -. data is not provided. = wnexposed warkers; vwi, vibration-induced white finger;
PM, 5, particulate matter with a mean acradynamic diameter s 2.5 gm; RRI, RR interval; SDNN. $tandard deviation of normal-te-pomial (NN) intervals; TP, total power; SDNNI, SDNN index;

RMSSD, rool mean sq i dif

source of PM, 5, were not associated with a decrease in
HRV. Riediker er al!%?% reported an association
between in-vehicle PM, s during work and HRV at rest
on the next morning in non-smoking male highway patrol
troopers. The PM, s was significantly positively associ-
ated with mean RRI, SDNN, and the HF component, and
negatively associated with the LF/HF ratio®®”. Among
sources of in-vehicle PM,s, the “speed-change” factor
was dominated by copper, sulfur, and aldehydes were sig-
nificantly associated with mean RRI and SDNN'9),

Carbon disulfide

In male workers at chemical fiber plants who worked
under conditions of continuous exposure to carbon disul-
fide (CS;), mean RRI, total power (TP) of HRV power
spectral density, the normalized HF component (HF as a
percentage of TP), the normalized LF component (LF as
a percentage of TP), and the normalized very low fre-
quency (VLF, 0.0033-0.04 Hz) component (VLF as a per-
centage of TP) during rest were significantly lower than
those in age-matched, unexposed, healthy male con-
trols*?. In retired male workers with CS, poisoning, the
LF component and TP during rest were significantly lower
than those of age-matched control subjects who had no
history of organic-solvent exposure and CVD?2,

Lead

The LF/HF ratio during rest was significantly lower in
female glass workers exposed (o lead (mean blood lead
concentration: 556 ug/l) than in female textile workers
unexposed to lead (mean blood lead concentration:
63 ug/l)*. In contrast, Gajak et al.2* did not find a sig-
nificant difference in the LF/HF ratio, assessed in 15-min
RRIs during rest in the daytime and at night, between

of successive NN intervals; HF. high frequency (> 0.15 Hz): LF, low frequency (0.04-0.15, 0.01-0.15, 0.02-0.15. or 0.05-0.15 Hz).

male copper foundry workers (mean blood lead concen-
tration: 410 pg/l) and age-matched healthy male controls
(mean blood lead concentration: 36 ug/l). Among the
subjects exposed to lead, a negative correlation was found
between the lead concentration and the ratio of nighttime
HF to daytime HF?>#. In a longitudinal study that exam-
ined the effect of 4 yr of lead exposure on HRV?3, mean
blood lead levels of lead-exposed workers increased from
390 g/t to 430 ug/l over 4 yr. Mean RRI and HF com-
ponent during rest, the psychometric strain test (number
memory test), and recovery conditions in the moming
were significantly lower than the initial values in the fol-
low-up investigation 4 yr later.

Manganese

Mean RRI, RMSSD, and HF and LF components in
manganese alloy workers were significantly smaller than
in healthy controls while the LF/HF ratio was significantly
larger in the workers than in the controls, although
whether RRIs were collected on workdays or rest days
was not specified®,

Smoking

The LF/HF ratio significantly increased immediately
after smoking at night in taxi drivers®”, Smoking caused
acute effects on HRV under their ordinary work condi-
tions*".

Electromagnetic field

A statistically significant negative correlation was
found between the maximum exposure level of electro-
magnetic field (EMF) intensity and the HF component
during rest in workers occupationally exposed to medium
frequency (0.7-1.5 MHz) EMF, although some frequen-
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cy-domain parameters of HRV (HF and LF components,
TP, and LF/HF ratio) did not differ between exposed
(radiofrequency exposure: 113.3 Vh/m/d) and unexposed
workers (radiofrequency exposure: 0 Vh/m/d)?®. In con-
trast, TP and the VLF component among operators of
radiofrequency (RF) plastic sealers (mean electric field
strength: 88 V/m) during the nighttime were significant-
ly increased when compared with a control group®®. One
study found that the relative risk of decreased SDNN
(SDNN < 27 ms) during rest was significantly higher in
workers of switchyard substations who were occupationally
exposed to 50 Hz EMF (EMF exposure: 0.2-15.2 kVh/m/d)
when compared with unexposed workers (EMF exposure:
0 kVh/m/d)*®, The VLF component was significantly
higher in the exposed group and was accompanied by a
significant increase in arterial blood pressure which was
correlated with the exposure level?®.

Vibration

Laskar er al. reported that workers with hand-arm

vibration syndrome showed significantly decreased HF
and LF components during rest®!’ and significantly
decreased SDNN and RMSSD during rest after a psy-
chological test when compared with the healthy con-
trols3?), Among operators with vibration-induced white
finger, the LF/HF ratio increased significantly during
immersion of the hand in cold water at 10°C, but did not

increase in healthy controls®.

Cold environment

Any selected HRV parameters (SDNN and HF, LF, and
VLF components) during rest in the morning did not dif-
fer between workers who were chronically exposed to dif-
ferent microclimate conditions (-26 to 20°C)*.

Psychosocial workload
Job strain

Work stress is usually defined as job strain according
to the model of Karasek et al3®. The relationship
between job strain and 5-min HRV over 48 h, a work day
and a rest day, was examined in subjects covering a wide
range of occupations in a range of industry sectors®®.
Subjects in high-strain jobs held positions such as letter
carrier, laborer, printer, quality technician, and tele/data
communications, while subjects in low-strain jobs held
positions such as teacher, business agent, retirement spe-
cialist, and buyer. Job strain and low decision latitude
were associated with decreases in the HF component. Job
strain was also associated with increases in the LE/HF
ratio during working hours*®. Among daytime and shift
workers, van Amelsvoort er al.*” found a significantly
elevated normalized LF component during work in the
low demands and low control group, high demands and

F TOGO et al.

high control group, and high demands and low control
group when compared with a group reporting low job
demands and high work control after controlling for age,
gender, smoking status, leisure time physical activity, and
mean values during sleep. Three studies have been per-
formed on a homogeneous group of healthy workers: one
reported no effect of job strain by itself or in interaction
with social support on 30-s HRV (RMSSD) over 24 h on
a workday and a rest day in female nurses3®); the second

"did not find significant differences in parameters of 5-min

HRV (SDNN, HF, LF, and VLF components, TP, and
LF/HF ratio) during rest between high- and low-strain
groups in male workers employed in the shipbuilding
industry?®?; and the third found that subjects who com-
plained of poor sleep quality, which is associated with job
stress, exhibited a reduced HF component during stand-
ing rest, although job stressors were not correlated with
HRYV in male workers employed by a private company*®.

‘When chronic work stress was defined according to
Siegrist’s model of effort-reward imbalance*! as (a) high
imbalance, a combination of high effort and low reward
at work, or (b) high overcommitment. an exhaustive work-
related coping style indexing the inability to unwind, high
imbalance was associated with a lower RMSSD during
work, leisure time, and sleep on workdays and a rest day
in middle-aged white-collar workers working at the same
computer company*?).

Employment

Among healthy clerical civil servants working in the
London offices of 20 departments, low employment grade
was associated with low HRV (SDNN, and HF and LF
components) during rest after controlling for age*?.

Organizational injustice

‘Organizational justice for women working in long-term
care homes was measured using the scale of Moorman*¥,
The low perceived justice group showed an 80% excess
risk of reduction in the HF component during rest when
compared with the high perceived justice group*®.

White-collar office work for hypertensive

The LF/HF ratio during work of white-collar workers
with hypertension was significantly higher than that of
normotensives*®. As a result, LF/HF during 24 h includ-
ing a workday of hypertensives was significantly higher
than that of normotensives*®.

Fatigue

One study examined the effects of cumulative fatigue
on HRV. The HRV of six garbage collectors was mea-
sured twice a week during three consecutive weeks of
work, and during the following week of rest*”. During
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the weeks of work, there was a significant progressive
decrease in mean RRI, RMSSD, and the HF and LF com-
ponents, while there was an increase, although not sig-
nificant, in the LF/HF ratio during nocturnal sleeping. In
the resting period, there were significant recoveries in
mean RRI, RMSSD, and the HF and LF components of
HRV during nocturnal sleeping*?.

Another study examined the effects of overtime and
frequent business trips on 5-min HRV during rest in the
morning in healthy male workers and found that the HF
component was lower in the high vital exhaustion
group*®.  Sasaki er al. reported increases in the LF/HF
ratio during rest and the fatigue (drowsiness, dullness, and
feeling of local physical abnormality) complaint rate with
increase in working hours, but there were no differences
among short (working hours: 53.1 h/wk), medium (work-
ing hours: 60.0 h/wk), and long (working hours: 67.1 h/wk)
working hour groups*?, and they did not find significant
relationships between working hours and mean RRI or the
LF/HF ratio during rest in engineers®,

The HF component during rest was lower in workers
with symptoms such as dullness, fatigue, backache, diar-
rhea, sleep disorders, and irritation than in those without
these symptoms and was negatively associated with the
presence of any these symptoms once a week or more fre-
quently’’. Mean HF and LF components during a 24-h
shift and on the next two work-free days significantly dif-
fered between ambulance personnel with many health
complaints and few health complaints®®. The subjects
with many health complaints showed lower HF and high-
er LF components with less circadian variation during
both the work and the work-free days,

Train driving

In train drivers, RMSSD decreased during driving when
compared with that during sleep, while it increased a lit-
tle during standing®3.

Worléing time
Night-shift work

The within-individual effects of night-shift work on
HRYV have been examined. Two studies>* > compared
24-h HRV between day (working from 0800 to 1700 or
from 0600 to 1400) and night (working from 2140 to 0840
or from 2200 to 0600) shifts. All selected HRV para-
meters in frequency-domain (TP, HF and LF components,
and LF/HF ratio) during the awake, work, and sleep peri-
ods were not statistically different between shifts. The
LF/HF ratio was lower in the sleeping period and higher
in the waking and working periods of workers on both
shifts™* 39, and the HF component was higher during the
sleeping period and lower in the waking and working peri-
ods of workers on both shifts’* 33, Among emergency

595

physicians, post-night shift (0700-1500) values for mean
RRI, SDNN, and the HF component were significantly
higher than both pre- (1500-2300) and mid-night shift
(2300-0700) values®®. The LF/HF ratio during post-night
shift was significantly lower than the pre- and mid-night
shift values3®,

The LF/HF ratio and the HF component during rest in
the evening following day work were significantly larger
and smaller, respectively, in nurses working shifts com-
pared to nurses who were not>”. Shift workers displayed
significantly decreased RRI during work and SDNN dur-
ing sleep at night on the morning shift day, compared
with those of the daytime workers3”. One study report-
ed that among male shift workers, who were employed at
a copper-smelting plant, mean RRI, HF component, and
LEF/HF ratio during rest in the morning on the day shift
or work-free days were not different from those of day
workers™®),

The HF and LF components during rest showed
decreasing trends in accordance with increase in shift
work duration®. In a longitudinal study, one year
changes in HRV were measured in shift workers who
started a new job®”, The HF and LF components on the
morning or day shift decreased after 1 yr, but those
changes were not different from changes in day work-
erséY,

24-h shift work

One study found differences in HRV between 24-h shift
workdays and work-free days. The circadian rhythms of
the LF/HF ratio and normalized HF component of 5-min
RRIs were disturbed on a 24-h shift workday, while the
rhythm was well preserved on the next work-free day8D),
Although the mean value of the LF/HF ratio and nor-
malized HF component differed significantly between the
waking and sleeping times on the work-free day, they did
not differ on the workday®?. In firefighters, the LF/HF
ratio of 5-min RRIs during night duty was significantly
higher in workers who had to wake up from 0500 to 0700
than in workers who had to wake up from 0315 to 051552,
In long-distance truck drivers, during a workday includ-
ing long distance driving, the LF/HF ratio during
0000-1200 was significantly lower than during
1600-24006%,

Discussion

Physical and chemical work environment
Particulate matter

Particulate air pollution with PM, 5 is associated with
several adverse health outcomes, particularly death and
hospital admissions from cardiopulmonary disease®*69),
Although the mechanisms responsible for the cardiac mor-
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bidity and mortality associated with particulate air pollu-
tion have not been fully elucidated, adverse effects on
HRYV in response to occupational exposure to PM, 5 have
been demonstrated!® 18, Welding fume, which has a rich
content of ultrafine particles (diameter = 0.1 um) and tran-
sition metals, as an occupational source of PM, s emerged
as having an unfavorable influence on HRV!®. However,
some studies found the positive influences on

HRV!7:19-20) indjcating that the mechanisms of the

effects of PM, s on the autonomic system might depend
on the characteristics of the content of PM, s, such as sub-
stance and diameter.

Carbon disulfide

CS, is reported to have a toxic effect on the cardio-
vascular and autonomic nervous systems®”-68).  Studies
on the effects of occupational exposure to CS; on
HRV?2!-2? found adverse changes in HRV. The changes
last after the termination of the exposure??. These
adverse effects on the autonomic nervous system can part-
ly explain the fact that chronic exposure to CS, increas-
es the mortality rate from myocardial infarction above that
of the general population%® 70,

Lead

Lead exerts toxic effects. Long-term exposure may
cause complex neurobehavioral and neuroendocrine
abnormalities. Lead inhibits neuronal conduction in the
nervous systems, which use dopamine, noradrenaline,
serotonin, or acetylcholine as neurotransmitters, In the
peripheral nervous system, lead inhibits neurotransmission
at the level of autonomic system synapses and neuro-mus-
cle junction’D. Studies of HRV?* 2 show that the HF
component or the LF/HF ratio was reduced by occupa-
tional exposure to lead, indicating that lead damages the
vagal nerve more than other cardiac nerves, supporting
the hypothesis that lead-induced neuronal alterations are
mainly present in long neurons, which have more bind-
ing sites, than short ones’!).

Manganese
Manganese is an essential element for humans.
However, overexposure to manganese causes irreversible
neuromotor damage as in Parkinson’s disease. Reduced
nerve conduction velocities in manganese-exposed work-
* ers were reported in the motor fibers of the median and
peroneal nerves’®. HRV in manganese alloy workers was
significantly different from healthy controls?®, indicating
that the autonomic nerve function might also be altered
by manganese exposure. Occupational exposure to marn-
ganese may influence autonomic nerves and have neuro-
toxic effects.

F TOGO et al.

Smoking

Smoking acutely increases sympathetic activities and
increases plasma catecholamine levels’>7¥.  This has
been recognized as a major mechanism of CVD in smok-
ers. An increase in the LF/HF ratio immediately after
smoking in taxi drivers?®? indicates that sympathomime-
toric and parasympatho-withdrawal responses to smoking
may play additional roles in increasing cardiac risk and
partly explain the high incidence and hospitalization rate
of CVD among taxi drivers’> 75, '

Electromagnetic field

The possible influence of electromagnetic fields on the
circulatory and nervous systems has been a subject of
research for many years, as in theory the autonomic sys-
tem may be affected by the electric impulses generated
by an external EMF. Since the circulatory and nervous
systems are composed of electrically excitable tissues, it
is plausible that they can be stimulated by EMF.
However, studies of HRV have not found clear effects of
occupational exposure to EMF on the HF and LF com-
ponents®#3®, This might be due to the level of exposure
in the occupational settings, which did not exceed admis-
sible values. Wilen er al.?” indicated that an increase in
TP and the VLF component of exposed workers might be
associated with increased parasympathetic activity due to
an adaptation of the thermoregulatory system and cardiac
modulation to long-term low-level thermal exposure in RF
operators%,

Vibration

Prolonged vibration exposure can cause vibration-
induced white finger, which is one of the most common
types of hand-arm vibration syndrome found among oper-
ators of hand-held vibratory tools. The blanching attacks
are induced by pathological vasospasm of the finger, usu-
ally following exposure of the whole body to cold con-
ditions in winter’”. Such enhanced vasospastic response
to cold is considered to result from an exaggerated cen-
tral sympathetic vasoconstrictor reflex and local changes
in the digital vessels’®, This explanation is supported by

" the increase seen in the LF/HF ratio during immersion of

the hand of workers with white finger in cold water3%.
Workers with hand-arm vibration syndrome showed
decreased HF and LF components during rest when com-
pared with healthy workers®'). In addition, SDNN and
RMSSD decreased in workers with hand-arm vibration
syndrome without vibration-induced white finger?.
Hand-transmitted vibration may also cause persistent
damage to nerves and blood vessels in the upper limbs or
the higher centers of the autonomic nervous system.
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Cold environment

One of the health hazards of cold exposure is hyper-
tension’®, Blood pressure is higher in winter than in sum-
mer because of the increase in peripheral resistance at
lower environmental temperatures®®, and this may be one
of the mechanisms underlying the higher mortality from
CVD in winter. Long-term occupational exposure to cold
environment increases blood pressure in male workers
working in cold areas more than once per day’®.
Bortkiewicz et al.?# also found higher blood pressure in
workers with exposure to ambient temperatures varying
from 0 to 10°C for 8 h/d than in workers with exposure
to ambient temperatures between 10°C and 14°C for 8 h/d.
However, the chronic effect of occupational exposure to
a cold microclimate on HRV was not significant, indi-
cating that HRV might not be a sensitive marker for cap-
turing the adverse effects of exposure to a cold environ-
ment on the cardiovascular system.

Heat and organic solvents

There is a possibility that occupational exposure to heat
and some organic solvents, such as n-hexane, xylene, and
toluene, effect the cardiovascular system. It has been
reported that the additional stimulus of a heated environ-
ment during exercise increased sympathetic activity dur-
ing exercise®). Murata er al. found a decreased coeffi-
cient of variation for the high-frequency component
(0.15-0.3 Hz) of HRV in workers exposed to n-hexane,
xylene, and toluene®®. These studies were not included
in this review because either the participants were not
workers or the dependent variables were not the indices
of HRV recommended by the Task Force®. Parameters
of HRV recommended by the Task Force™ might be able
to detect adverse changes in the cardiovascular systems
of workers with occupational exposure to heat and the
organic solvents.

Psychosocial workload
Job strain

Work stress relates to the elevation of blood pressure
and self-perceived psychological stress and is an inde-
pendent risk factor of CVD. When subjects consisted of
workers from different positions or working conditions,
adverse effects on HRV associated with work strain were
observed®® 37, while in a homogeneous group of healthy
workers, HRV was not associated with work strain38—=0,

Employment

Low employment grade was associated with adverse
changes in HRV*®, Part of this association is explained
by behavioral factors such as smoking, and part by psy-
chosocial factors. In the context of a working popula-
tion, low job control predicts coronary incidence and may
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mediate the relationship between low employment grade
and adverse changes in HRV.

Organizational injustice ‘

The influence of justice at work on employee health
has been gaining attention recently. It has been reported
that there is an association between justice at work and
employee health®®. However, the pathways and mecha-
nisms underlying this association are not clear. An
increased risk of reduction in' the HF component was
reported for workers self-reporting low perceived jus-
tice™, indicating that organizational injustice is a risk fac-
tor of adverse effects on the cardiovascular system.

White-collar office work for hypertensive

Hypertension is one of the risk factors of CVD. The
LF/HF ratio during work of hypertensives was signifi-
cantly higher than that of normotensive subjects*®, sug-
gesting that hypertension enhances the response of HRV
to workload and that workload contributes to the pro-
gression of CVD in hypertensives.

Fatigue

Excess fatigue has attracted a great deal of attention as
one of the major occupational health problems, especial-
ly in Japan. Two studies clearly showed an association
between cumulative or excess fatigue and adverse changes
in HRV#7-63 When the fatigue complaint rate did not
differ, the LF/HF ratio during rest also did not differ
between workers with short, medium, and long working
hours and relationships between working hours and mean
RRI or the LF/HF ratio during rest were not statistically
significant®”, Symptoms were associated with adverse
changes in HRV51-92), 1t has been assumed that exhaus-
tion is related to autonomic nervous dysfunction in patient
populations. Workers with excess fatigue or intense sub-
Jective symptoms might also show objective signs of sym-
pathovagal imbalance.’

Train driving

Train driving contains physical and mental workload
components®®. Decreased RMSSD during train driving®
indicates that physical or mental workload during train
driving may cause adverse effects on HRV.

Working time
Night shift work ,
Several studies have shown altered circadian rhythms
of HRV in night shift workers3-36). The circadian pat-
tern of HRV and cardiac autonomic activity seem to be
predominantly related to the level of physical activity or
sleep (supine) and wakefulness (standing), and remains
independent of the night-day cycle® 3%, The altered cir-
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cadian thythm of HRV during night shift work may last
and cause adverse changes in HRV even on a day with-
‘out a night shift®”- 5", Furthermore, the longer the night
shift work duration is, the smaller the HF and LF com-
ponents are’® %", These results may explain positive
associations between night shift work and CVD®-#%), and
between the duration of night shift work and the risk of
CVD?",

24-h shift work

Twenty-four-hour shift work can also disturb the cir-
cadian rhythm of HRV®1-63) as the autonomic system
associates with wake-sleep and activity-rest rhythms®®.
As shown for night shift workers, a disturbed circadian
rhythm of HRV could increase CVD risk. Sato et al.%®
found that the LF/HF ratio was lower in the morning than
at midnight in 24-h shift truck drivers, suggesting that
parasympathetic nervous system activities are more dom-
inant than sympathetic nervous system activities in the
morning after midnight work, and that this situation might
cause drowsiness during driving in the morning.

Future directions

As CVD can be caused by a number of occupational
factors, HRV has been examined in workers from a wide
range of occupations. HRYV is a useful tool for revealing
adverse effects on the cardiovascular system in the occu-
pational setting. Nevertheless, to get a clear and deeper
understanding of the effects of work-related factors on
HRV, it might be better to consider the following points
in the future studies. :

For short-term recordings, only four studies controlled
or measured the breathing rhythm during the recording of
RRI of resting workers. Since respiration potentially
influences the HF component™, breathing rhythm should
be measured or controlled when HRV is measured in a
controlled circumstance. This would permit identification
and exclusion of participants with breathing rhythms out-
side the HF range.

For long-term recordings, frequency analysis has been
performed in 5-min segments, and mean HF and LF com-
ponents were evaluated in most studies where continuous
recording over several hours was performed on workdays
or rest days. In frequency analysis of the total record of
continuous recordings over several hours, the lower fre-
quency components, ie. VLF (0.0033-0.04 Hz) and
.ultralow frequency (ULF, < 0.0033 Hz) components can
also be evaluated. These components have not been
examined in previous studies concerning occupational
health and they might become promising markers accord-
ing to Bigger et al.'® who demonstrated decreases in the
VLF and ULF components as better predictors of all-
cause mortality in post-infarction patients. However, it is

F TOGO et al.

noted that HRV at frequencies lower than 10733
(=3.16 x 10~ Hz (a period > 1 h) are strongly influenced
by behavioral factors such as physical activity, sleep-wake
cycle, and circadian and ultradian rhythms. Therefore,
the ULF component should be examined controlling for
behavioral factors. Another approach to adjust for the
effects of behavioral factors is to change the frequency
divisions of the Task Force® and evaluate a “new” VLF
(10-35-0.04 Hz) component suggested by Aoyagi et al.¥.
Figure 1 depicts the representative power spectral densi-
ties of a healthy young man and an elderly man during
waking with normal daily activities. Power for the young
man at frequencies higher than 1073 Hz is higher than
that for the elderly man, which might be related to the
deterioration of the cardiovascular system due to aging.
This implies that the “new” VLF component might be
sensitive to undesirable changes in the cardiovascular sys-
tem. Also, the division of VLF and ULF components at
0.0033 Hz, as suggested by the Task Force®, is arbitrary.

Finally, the literature on the effects of work-related fac-
tors on HRV is predominantly based on cross-sectional
studies. To deduce chronic effects on the autonomic sys-
tem and the causal relationships between the hypothesized
exposures and HRV, longitudinal research is highly rec-
ommended.
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Fig. 1. Examples of power spectral density (PSD) of long-term heart
rate variability calculated using a fast Fourier transform during
waking with normal daily activity for a healthy young man and a
healthy elderly man. Vertical dotted lines indicate boundary fre-
quencies of the very low (VLF) and ultralow frequency (ULF) bands
defined in the Task Force report® or suggested by Aoyagi et al.?.

Industrial Health 2009, 47, 589-602



HRV IN OCCUPATIONAL HEALTH

References

1)

2)

3)

4)

5)

6)

7

8)

9)

10)

11)

13)

American Heart Association (2005) Heart Disease and
Stroke Statistics —2005 Update. American Heart
Association, Dallas, Texas.

Saul JP (1990) Beat-to-beat variations of heart rate
reflect modulation of cardiac autonomic outflow. News
Physiol Sci 5, 32-7.

Malliani A, Pagani M, Lombardi F, Cerutti S (1991)
Cardiovascular neural regulation explored in the fre-
quency domain. Circulation 84, 482-92,

Hirsch JA, Bishop B (1981) Respiratory sinus arrhyth-
mia in humans: how breathing pattern modulates heart
rate. Am J Physiol 241, H620-9.

Task Force of the European Society of Cardiology and
the North American Society of Pacing and
Electrophysiology (1996) Heart rate variability: stan-
dards of measurement, physiological interpretation and
clinical use. Circulation 93, 1043-65.

Tsuji H, Larson MG, Venditti FJ Jr., Manders ES, Evans
JC, Feldman CL, Levy D (1996) Impact of reduced
heart rate variability on risk for cardiac events. The
Framingham Heart Study. Circulation 94, 2850-5.
Tsuji H, Venditti FJ Jr., Manders ES, Evans JC, Larson
MG, Feldman CL, Levy D (1994) Reduced heart rate
variability and mortality risk in an elderly cohort. The
Framingham Heart Study. Circulation 90, 878-83.
Dekker JM, Schouten EG, Klootwijk P, Pool J, Swenne
CA, Kromhout D (1997) Heart rate variability from
short electrocardiographic recordings predicts mortality
from all causes in middle-aged and elderly men. The
Zutphen Study. Am J Epidemiol 145, 899-908.

Singh JP, Larson MG, Tsuji H, Evans JC, O'Donnell
CJ, Levy D (1998) Reduced heart rate varability and
new-onset hypertension: insights into pathogenesis of
hypertension:  the  Framingham  Heart  Study.
Hypertension 32, 293-7.

Bigger JT Jr., Fleiss JL, Steinman RC, Rolnitzky LM,
Kleiger RE, Rottman JN (1992) Frequency domain mea-
sures of heart period variability and mortality after
myocardial infarction. Circulation 85, 164-71.

La Rovere MT, Bigger JT Jr., Marcus FI, Mortara A,
Schwartz PJ (1998) Baroreflex sensitivity and heart-rate
variability in prediction of total cardiac mortality after
myocardial infarction. ATRAMI (Autonomic Tone and
Reflexes After Myocardial Infarction) Investigators.
Lancet 351, 478-84.

Doulalas AD, Flather MD, Pipilis A, Campbell S,
Studart F, Rizos IK, Gialafos IH, Toutouzas PX, Sleight
P (2001) Evolutionary pattern and prognostic impor-
tance of heart rate variability during the early phase of
acute myocardial infarction. Int J Cardiol 77, 169-79.
van Boven AJ, Jukema JW, Haaksma J, Zwinderman
AH, Crijns HJ, Lie K1 (1998) Depressed heart rate vari-
ability is associated with events in patients with stable
coronary artery disease and preserved left ventricular
function. REGRESS Study Group. Am Heart ] 135,

14)

15)

16)

17

18)

19)

20)

21)

22)

23)

24)

25)

599

571-6. .
Nolan J, Batin PD, Andrews R, Lindsay SJ, Brooksby
P, Mullen M, Baig W, Flapan AD, Cowley A, Prescott
RJ, Neilson JM, Fox KA (1998) Prospective study of
heart rate variability and mortality in chronic heart fail-
ure: results of the United Kingdom heart failure evalu-
ation and assessment of risk trial (UK-heart). Circulation
98, 1510-6. '

Galinier M, Pathak A, Fourcade J, Androdias C, Curnier
D, Varnous S; Boveda S, Massabuau P, Fauvel M,
Senard JM, Bounhoure JP (2000) Depressed low fre-
quency power of heart rate variability as an indepen-
dent predictor of sudden death in chronic heart failure.
Eur Heart J 21, 475-82.

Magari SR, Hauser R, Schwartz J, Williams PL, Smith
TJ, Christiani DC (2001) Association of heart rate vari-
ability with occupational and environmental exposure to
particulate air pollution. Circulation 104, 986-91.
Magari SR, Schwartz J, Williams PL, Hauser R, Smith
TI, Christiani DC (2002) The association of particulate
air metal concentrations with heart rate variability.
Environ Health Perspect 110, 875-80.

Chen JC, Stone PH, Verrier RL, Nearing BD,
MacCallum G, Kim JY, Herrick RF, You J, Zhou H,
Christiani DC (2006) Personal coronary risk profiles
modify autonomic nervous system responses to air pol-
lution. J Occup Environ Med 48, 1133-42.

Riediker M, Devlin RB, Griggs TR, Herbst MC,
Bromberg PA, Williams RW, Cascio WE (2004)
Cardiovascular effects in patrol officers are associated
with fine particulate matter from brake wear and engine
emissions. Part Fibre Toxicol 1, 2.

Riediker M, Cascio WE, Griggs TR, Herbst MC,
Bromberg PA, Neas L, Williams RW, Devlin RB (2004)
Particulate matter exposure in cars is associated with
cardiovascular effects in healthy young men. Am J
Respir Crit Care Med 169, 934-40.

Bortkiewicz A, Gadzicka E, Szymczak W (1997) Heart
rate variability in workers exposed to carbon disulfide.
J Auton Nerv Syst 66, 62-8.

Jhun HJ, Yim SH, Kim R, Paek D (2003) Heart-rate
variability of carbon disulfide-poisoned subjects in
Korea. Int Arch Occup Environ Health 76, 156-60.
Murata K, Araki S, Yokoyama K, Nomiyama K,
Nomiyama H, Tao YX, Liu SJ (1995) Autonomic and
central nervous system effects of lead in female glass
workers in China. Am J Ind Med 28, 233-44,

Gajek J, Zysko D, Chlebda E (2004) Heart rate vari-
ability in workers chronically exposed to lead. Kardiol
Pol 61, 21-30.

Bockelmann 1, Pfister EA, McGauran N, Robra BP
(2002) Assessing the suitability of cross-sectional and
longitudinal cardiac rhythm tests with regard to identi-
fying effects of occupational chronic lead exposure. J
Occup Environ Med 44, 59-65.

Barrington WW, Angle CR, Willcockson NK, Padula
MA, Korn T (1998) Autonomic function in manganese



