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ABSTRACT
Objective To compare the circadian variation of hourly
heart rate variability (HRV) on work and non-workdays
among boilermaker construction workers.
Method A panel study of 18 males monitored by 24-h
ambulatory ECG over 44 observation-days on paired work
and non-workdays was conducted. ECGs were analysed
and the SD of normal-to-normal beats index (SDNNi) was
calculated from 5-min data and summarised hourly.
SDNNis over work and non-workdays were compared
using linear mixed-effects models to account for
repeated measures and harmonic regression to account
for circadian variation.
Results Both work and non-work hourly HRV exhibited
circadian variation with an increase in the evening and
a decrease in the afternoon. SDNNi was lower on
workdays as compared with non-workdays with the
largest, statistically significant differences observed
between 10:00 and 16:00, during active working. Lower
SDNNi, albeit smaller yet statistically significant
differences, was also observed in the evening hours
following work (17:00e21:00) and early morning (4:00).
In regression models using all time periods, an average
workday SDNNi was 8.1 ms (95% CI �9.8 to �6.3)
lower than non-workday SDNNi. The circadian pattern of
HRV exhibited two peaks which differed on work and
non-workdays.
Conclusion While workday and non-workday HRV
followed a circadian pattern, decreased HRV and
variation of the circadian pattern were observed on
workdays. Declines and changes in the circadian pattern
of HRV is a concern among this exposed population.

BACKGROUND
Like many cardiovascular parameters including
blood pressure and inflammatory markers, heart
rate variability (HRV), a marker of cardiovascular
autonomic control, exhibits cyclical fluctuations
over 24-h periods, known as circadian variation.
The 24-h patterns in HRV result from endogenous
influences including homeostatic control mecha-
nisms as well as exogenous influences such as
physical and mental activity or smoking.1 While
impaired or absent circadian fluctuation of HRV is
observed following cardiovascular events including
stroke,2 research also suggests that disturbance in
the circadian rhythm of cardiovascular parameters
may be a risk factor for cardiovascular outcomes.3 4

Investigations of air pollution exposures have
demonstrated particle-induced cardiovascular
effects including altered cardiac autonomic func-
tion demonstrated by consistent declines in HRV
following particle exposures.5 Statistically signifi-
cant (p<0.05) declines in HRV have also been

observed in our previous investigation of welders;
we observed an early (2e3 h) and late (9e13 h)
HRV response following metal-rich particle expo-
sures.6 However, it remains unclear whether in
addition to causing post-exposure HRV declines,
workday particle exposures also cause a disruption
in the circadian variation of HRV. In a panel study
of welders, we compared the circadian variation of
HRV over two 24-h periods on work and
non-workdays.

METHODS
The Institutional Review Board at the Harvard
School of Public Health approved the study
protocol, and written informed consent was
obtained from each adult prior to participation.
From 1999 to 2006, we recruited apprentice boiler-
maker construction workers or ‘boilermakers’ from
a union to participate in a paired work and non-
workday panel study. Participants were monitored
by ambulatory ECG at a training school over the
duration of a work shift and while at home for up
to 24 h. For the current study, 18 participants who
were monitored for a minimum of 22 h starting
between 8:00 and 11:00 were eligible for inclusion
in the analysis.
Over a work shift, boilermakers received

instruction and practised shielded metal arc (stick)
and gas metal arc welding, most commonly using
base metals of mild steel and stainless steel.
Personal, integrated, gravimetric particulate matter
with an aerodynamic diameter of <2.5 mm (PM2.5)
samples were collected over the duration of the
work shift as previously described in detail.7 Like
workday monitoring, non-workday monitoring
occurred at the union hall when participants were
not welding and while at home over a 24-h period.
Non-workday monitoring occurred within
5 months of workday monitoring, although 86%
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occurred within the same week. While the majority (64%) of
workers were monitored once, four workers were monitored
twice during different years.

A self-administered questionnaire was used to collect infor-
mation on medical history, medication use, and smoking history.
Participants were fitted with a standard 5-lead ECG Holter
monitor each workday or non-workday morning. Each cardiac
tape was sent to Raytel Cardiac Services (Haddonfield, NJ, USA)
for processing and analysis using a DelMar Avionic (Irvine, CA,
USA) Model Strata Scan 563. Trained technicians, blinded to the
work and non-work periods, used standard criteria to accept or
reject all normal or abnormal findings. The duration between
consecutive R waves of the ECG (RR interval) was identified and
only beats with an RR interval between 0.6 and 1.5 s and ratio of
0.8e1.2 were included in the analysis. Tapes were analysed in
the time domain, and the SD of all normal-to-normal intervals
(SDNN) was calculated for all 5-min segments. The SDNN
index (SDNNi), calculated from the mean of the 5-min SDNN,
was summarised hourly.

Since declines in HRV are observed up to 14 h following
welding,6 the entire 24-h period from the start of the work shift
was considered to be the work period. To account for correlated
outcomes among workers who participated over multiple years,
linear mixed-effects regression models with random intercepts
for individuals, an indicator variable for work/non-work period
and unstructured covariance, were used to examine the differ-
ence between work and non-work SDNNi within hourly indi-
vidual models. Using a repeated, balanced study design, each
participant served as their own control, which eliminates
confounding by individual factors that effect HRV, such as age or
smoking status.

Each hourly measurement was pooled into one model to
assess disruption in the circadian pattern and to identify the
mean difference in SDNNi between work and non-work over the
entire measurement period. A linear mixed-effects model with
random intercepts for each individual, an indicator variable for
work period, and the first and second harmonic regression
coefficients for time [sin (2p(t)/24); cos(2p(t)/24); sin (2p(t)/
12); and cos(2p(t)/12), where t is the time of day] were used
with an interaction term between the four harmonic regression
variables and work to investigate whether the circadian pattern
of HRV varied over time. Model fit for harmonic and interaction
terms was assessed using the likelihood ratio test and c2

distributions. Statistical significance was assessed at the a¼0.05
level. Analyses were performed using SAS version 9.1.

RESULTS
The 18 male participants had a mean (SD) age of 44 (12) years.
Seventeen males were Caucasian and one was Hispanic. Seven
(39%) were active smokers and four (22%) were hypertensive.
Hourly SDNNi on work and non-workdays exhibited a circadian
pattern, increasing in the sleeping hours, peaking at 6:00 on
a non-workday and 7:00 on a workday (figure 1). Hourly SDNNi

was consistently lower on workdays as compared with
non-workdays.

On average, participants started work at 9:15 (range
8:00e10:50) and ended at 14:17 (range 11:30e15:30) and the
mean (SD) work shift PM2.5 exposure was 1.10 (1.11) mg/m3.
While working, hourly SDNNi gradually declined until 13:00
when SDNNi increased (figure 1). Beginning at 14:00, when an
average workday ended, hourly SDNNi increased over the
remainder of the 24-h period, yet remained lower than
non-workday SDNNi. The largest differences in workday and

non-workday hourly SDNNi were observed while working.
Smaller, yet statistically significant (p<0.05), differences in
SDNNi were also observed in the evening (18:00e21:00) and
early morning (4:00).
These findings were consistent in the pooled analysis with

HRV from all time periods and a harmonic regression coefficient
for time (figure 1). On average, workday SDNNi was 8.1 ms
(95% CI �9.8 to �6.3) lower than non-workday SDNNi. The
circadian pattern of SDNNi exhibited two peaks over time as
both the first and second harmonic regression terms improved
model fit (test statistic of 279, p<0.0001). The pattern of
circadian variation differed by work and non-work periods, as
indicated by an improved model fit after the inclusion of an
interaction term for the work period (test statistic of 18.8,
p<0.001).

DISCUSSION
In a panel study of welders, work and non-workday SDNNi

exhibited circadian variation with lower SDNNi on workdays as
compared with non-workdays. The largest difference in SDNNi

was observed during active work although statistically signifi-
cant lower SDNNi was also observed from 18:00 to 21:00 and
4:00, which is consistent with the early (2e3 h) and late
(9e13 h) response previously observed in this cohort.6 The
pattern of circadian rhythm was altered on workdays as evident
by the significant interaction terms between the harmonic terms
and work in the analysis of all time points. The non-workday
peak in SDNNi in the early morning hours occurred at 6:00 on
non-workdays and was delayed until 7:00 on workdays.
While declines in HRV are clearly associated with impaired

cardiovascular health,8 the clinical significance of disruption of
the circadian variation of HRV remains a topic of current
investigation. Toxicological investigations suggest that circadian
dysregulation of cardiovascular parameters may be an aetio-
logical cause of cardiovascular disease.4 Discordance between
internal and external rhythms and links between cardiovascular
organ damage have been demonstrated in hamsters9 andmice.10 11

While large-scale disruption of circadian rhythms, as is observed in

Figure 1 The observed and modelled circadian variation of hourly SD
of normal-to-normal beats index (SDNNi) by work and non-work periods
among 18 male boilermakers monitored over 22 paired occasions.
*Statistically significant (p<0.05) difference between work and non-
work period.
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shift workers, is associated with cardiovascular morbidity and
mortality,12 it is unclear whether the small shift in HRVobserved
within this cohort is clinically significant.

While PM2.5 exposures were monitored during active working,
exposure monitoring was not performed following work or on
non-workdays. Therefore, the study cannot discern what
workday factor, such as metal-rich particles, increased activity,
or whether noise may be responsible for the declines in SDNNi.
Activity levels differed between work and non-work periods
with statistically significant differences in heart rate from 9:00
to 21:00 (data not shown). However, when we adjusted the
SDNNi analysis for heart rate (HR), a surrogate of physical
activity, the decline in SDNNi over the workday persisted. Our
previous investigation within this cohort found statistically
significant exposureeresponse relationships between hourly
changes in SDNNi and PM2.5.

6 It is plausible that disruption of
the circadian rhythm of HRV, which is a reflection in the vari-
ation in autonomic nervous system activity as well as the
sympathetic-parasympathetic autonomic balance,1 is a response
to particle elicited autonomic responses.5 Growing research in
the areas of circadian rhythms and cardiovascular function
including the role of circadian clock genes and diurnal variation
of gene expression13 may provide further insight into the role of
environmental exposures and cardiovascular disease.

In summary, while SDNNi exhibited circadian variation on
work and non-workdays, hourly SDNNi was lower on workdays
as compared to non-workdays and the difference was greatest
during active working. The pattern of circadian variation varied
by work and non-workdays. The circadian variation of cardio-
vascular parameters and the influence of environmental expo-
sures on circadian disruption should be considered in
epidemiological investigations.
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