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Abstract

Working in Dangerous Times:
The Effect of Shift Work on Worker Health in the American Manufacturing Cohort

by
Jacqueline Marie Ferguson
Doctor of Philosophy in Environmental Health Sciences
University of California, Berkeley

Professor Ellen A. Eisen, Chair

This dissertation focuses on assessing the effect of shift work on worker health,
specifically identifying and evaluating selected working time characteristics as risk factors for
incident hypertension and Type Il diabetes mellitus. Shift work is a common occupational
exposure across many sectors of the economy with a prevalence of near 20% of the US
workforce. Shift work has also been consistently associated with many adverse health outcomes,
including cancer. While most research has focused on the associations of night shift work and
female breast cancer, recent evidence suggests that shift work may also cause an increased risk
of reproductive disorders, gastrointestinal ulcers and cancers, prostate cancer, hypertension and
Type Il diabetes. In order to protect worker’s health while maintaining the efficiency of 24-hour
work, it is important to identify the potentially harmful characteristics of shift work.

In chapter 1 we discuss definitions for shift work and present current hypotheses for how
shift work impacts human health. We also discuss the challenges facing environmental health
scientists and epidemiologists as they define and characterize a complex exposure, such as shift
work. An effective assessment of the impact of shift work on human health is dependent on
development of metrics of shift work that are designed to capture the biological impact of shift
work, rather than workplace schedule variation.

In chapter 2 we develop and characterize the prevalence of selected working hour
characteristics that may impact circadian rhythms in the American Manufacturing Cohort. In this
first description of shift work in a US manufacturing workforce, we demonstrate that working
hour characteristics such as shift type, duration, intensity, rotational direction, and social aspects
of work need to be considered concurrently. Furthermore, these working hour characteristics
vary by annual shift schedule. We identify, as expected, that permanent day workers have the
lowest percentage of quick returns and rotations (as a permanent schedule would imply).
However, working the day shift does not provide absolute protection from potentially disruptive
characteristics of working hours since long work hours, as well as quick returns and rotations
occurred when workers switched from morning to afternoon shifts (both considered day work).
Notably, we also demonstrate that older workers are more likely to work permanent day
schedules, while racial minorities such as African American workers are more likely to perform
work with rotations.

In chapter 3 we present an analysis examining the impact of recent night and rotation
work exposure and risk of hypertension. We apply the same definitions of night and rotational
work described in chapter 2, and present evidence that combinations of recent night and
rotational work increase the risk of hypertension. In particular, we identify higher risk of
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hypertension among all levels of recent night work compared with non-night workers. The
highest risk of hypertension were among those with 95-100% night work, workers who would
normally be considered ‘permanent night workers’. This suggests that permanent night workers
are experiencing circadian rhythm disruption even though their work schedules are not rotating.
Furthermore, we observe elevated hazard ratios for all combinations of night and rotational work
compared to non-night workers. In particular, the hazard ratio was almost 4-fold for workers
with mostly night work and frequent rotations compared with non-night workers. Even those
workers with mostly non-night work and infrequent rotations had a 2-fold risk of hypertension,
indicating the potential importance of recent shift work and hypertension risk.

In chapter 4 we analyzed the association between cumulative months of night work and
average percentage of night shifts over follow-up using Cox proportional hazard models. The
results from the Cox proportional hazard models provide some modest evidence that night work
exposure may be associated with an increased risk of diabetes. This association was seen when
night work exposure is classified as either the cumulative number of months of night work or the
average percentage of night shifts over follow-up.

Chapter 5 concludes the dissertation with a summary of the results from each chapter, the
strengths and limitations of the current work, and a discussion of the next steps in shift work
research.



I have a feeling that in the end, probably, training is the answer to a great many things.
You can do a lot if you’re properly trained.

— Queen Elizabeth 11, 1992

This dissertation is dedicated to the friends, colleagues, family, and loved ones
who have helped, encouraged, and supported me along the way.
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Chapter 1
Introduction

1.1 Overview

This dissertation focuses on assessing the association of shift work on human health and
comprises five chapters. In this overview (chapter 1), we define shift work and present
hypotheses for how shift work impacts human health. We also present a brief introduction to the
study population, a subset of the American Manufacturing Cohort, and the data curation process.
In chapter 2, we present the first description in a manufacturing cohort of the prevalence and co-
occurrence of working time characteristics that may lead to circadian rhythm disruption: shift
type, intensity, duration, rotational pattern, and weekend work. We also highlight differences in
the distribution of these working hour characteristics by race, age, gender, and by annual shift
schedule (e.g. permanent day vs. rotating day/night). In chapter 3, we explore the associations
between recent night work, rotational work, combinations of the two, and the risk of incident
hypertension. Sensitivity analyses included alternative definitions for night work as well as
analyses with multiple imputation to account for missing data on important confounders such as
body mass index (BMI) and smoking status. In chapter 4, we examine the relationship between
long-term exposure to night work and incident diabetes risk. Chapter 5 concludes the dissertation
with a summary of the results from each chapter, the strengths and limitations of the current
work, and a discussion of the next steps in shift work research.

1.2 What is Shift Work?

Shift work is essential to our modern 24-hour society and has been utilized for over a
century. Scheduling work in shift systems was originally implemented for factory and assembly
workplaces to operate longer than the hours feasible for individual workers; allowing for the
highest return to investment.(1,2) Today, shift work has expanded beyond manufacturing to
service industries such as healthcare and food service.(1)

In order to meet the needs and demands of a 24-hour society, between 6 and 30% of
laborers in European countries and 20% in the US work alternate shifts.(1,3) While nearly a fifth
of the working population is thought to be exposed to shift work, there is no clear or uniform
definition for what comprises ‘shift work’.(4) The term *shift work’ is commonly used to refer to
any arrangement of daily work that occurs outside of standard work hours of (7/8am to
5/6pm).(1,4) Generally, shift work in the manufacturing sector is organized in 2-3 shifts,
corresponding to either two 12-hour shifts (day vs. night) or three eight-hour shifts (morning vs.
afternoon/swing vs. night shifts). However, to suit each workplace’s staffing needs, each industry
designs personalized shift work schedules. These individualized and often complex schedules
complicate shift work exposure assessment across industries.



1.3 Hypotheses on Shift work and Health

Shift work is hypothesized to adversely affect human health through circadian rhythm
disruption, where the body’s natural clock is advanced or delayed. Circadian rhythm disruption
is characterized by a desynchronization of the suprachiasmatic nuclei (SCN), the master
circadian clock located in the hypothalamus of the brain, with the 24-hour solar clock.(5-7)

The SCN is calibrated to the external environment via light from the retinohypothalamaic
tract and adjusts peripheral oscillators found in most human cells to the right phase through
glucocorticoids, cytokines, neuropeptides and other clock proteins such as melatonin.(5,8-12)
Cell proliferation and apoptosis, immune cell trafficking, and cycles of inflammation are
controlled by the circadian rhythm. Under normal conditions, the SCN can adjust the peripheral
oscillators to the right phase within several days following circadian rhythm phase shift.(10)

Repeated circadian rhythm disruptions alter normal cellular processes which
subsequently influences other physiological conditions through numerous direct and indirect
pathways such as neuroendocrine stress and increased cortisol secretion.(4,11-14) Circadian
rhythm disruption also may cause extended sleep deprivation as the body tries to adjust to the
new schedule which may compound the effects of the circadian phase shift. Night and early
morning shift workers self-report an average reduction in sleep length of 1-2 hours which
increases the risk of sleep deprivation.(15,16) Sleep deprivation is additionally associated with
adverse health outcomes such as subsequent obesity, type Il diabetes mellitus, hypertension,
metabolic syndrome, and cardiac mortality.(15,17,26,18-25)

Due to the lack of circadian rhythm biomarkers, the direct relationships between
circadian disruption and sleep deprivation and health cannot be measured. In lab studies,
melatonin, cortisol, and body-temperature are used as proxies for circadian rhythm disruption,
often in murine models.(27) Unfortunately, they must be measured 24/7 and have high-levels of
individual variability which makes them poor candidates for cohort studies.(27) Instead, for
epidemiological studies, the aspects of shift work that may cause circadian rhythm disruption
must be classified by their potential circadian impacts.(19) However, to date, the exposure
classification for shift work in epidemiological studies is limited due to simplistic exposure
metrics and retrospective self-reported data to classify shift work. As a result, it is unclear which
components of working time are associated with excess risk.

Despite limited exposure metrics, shift work has been consistently linked to adverse
health outcomes, in particular female breast cancer. In 2007, the International Agency for
Research on Cancer (IARC) classified ‘shift work that involves circadian disruption’ as a Group
2A probable human carcinogen. In 2019, IARC reconvened and confirmed the Group 2A
classification while redefining the exposure of shift work to “night shift work” following a large
influx of epidemiological studies examining night work and breast cancer.(28) While most
research has focused on the associations of night shift work and breast cancer, recent evidence
suggests that night shift work may also cause an increase in the risk of cardiovascular disease,
reproductive disorders, gastrointestinal ulcers and cancers, prostate cancer, hypertension and
Type Il diabetes.(10,29-37)



1.4 Shift Work, Hypertension and Diabetes

This dissertation primarily focuses on the health outcomes of hypertension and Type II
diabetes mellitus due to their rising global burden, largely modifiable risk factors, and frequency
as a reported chronic health issues in shift workers.(38,39) Hypertension and diabetes are also
two separate diagnostic components of metabolic syndrome, a cluster of atherosclerotic risk
factors including abdominal obesity, high blood pressure, high triglycerides, low high-density
lipoprotein cholesterol (HDL-C), and elevated fasting glucose.(40) Individuals with metabolic
syndrome are in a constant pro-thrombotic state and pro-inflammatory state and may have a
higher risk of cancer, cardiovascular morbidity and mortality.(40-43)

Hypertension, commonly referred to as high blood pressure, is classified by the Centers
for Disease Control (CDC) as a systolic blood pressure of 240mmHg or higher or a diastolic
blood pressure of 90mmHg or higher.(44) A more conservative definition by the American Heart
Association defines high blood pressure as a systolic blood pressure of 130mmHg or higher or a
diastolic blood pressure of 80mmHG or higher.(45) In a recent meta-analysis of nine cohort
studies examining hypertension, shift workers had a pooled odds ratio of hypertension of 1.31
(95% ClI, 1.07-1.60) compared to day workers.(39) The association among 18 cross-sectional
studies in the meta-analysis was slightly weaker (Odds Ratio (OR) =1.10 (95% CI, 1.00-
1.20)).(39) Three additional cross-sectional studies detected a similar elevated risk of
hypertension among shift or night workers.(46—-48)

Type Il diabetes mellitus is characterized by chronically high blood glucose levels
resulting from defects in insulin secretion, insulin action, or both.(49,50) In the context of
metabolic syndrome, the primary driver for diabetes is developed insulin resistance. Another
recent meta-analysis identified an adjusted OR for the association between ever-exposed to shift
work and diabetes mellitus of 1.09 (95% CI 1.05- 1.12) as well as a higher risk among rotating
workers compared to day workers (1.42, 95% CI 1.19-1.69) and men compared with women
(1.37, 95% CI 1.20-1.56).(51)

A major limitation of the existing literature is the lack of detail regarding shift work
exposure. Most studies classify shift work into dichotomous metrics of night work vs. day work
or rotational work vs. non-rotational work due to self-reported and low definition data sources
such as questionnaires. These general classifications limit our understanding of which
components of shift work are responsible for increased risk of hypertension and diabetes. In
order to understand the etiological effect of shift work on human health, future studies need to
examine the impact of specific quantitative components of shift work such as night and rotational
work and their associations on hypertension and diabetes.

1.5 The American Manufacturing Cohort

To understand the distribution of working time characteristics of shift work and to
examine the association between shift work, hypertension and diabetes, this research employed
daily working-hour data from a cohort of light metal manufacturing workers, the American
Manufacturing Cohort (AMC).(52) The entire AMC cohort includes over 250,000 hourly and
salaried workers with follow-up from 1992 to 2014 at more than 100 plants, representing
geographically diverse regions of the country.(52)

A total of 28,331 active hourly workers in 54 plants were included in the shift work sub-
cohort of AMC as they had their daily working time recorded in daily time-registries used to
calculate payroll.(52) Shift workers were employed between 2003 and 2014 and performed blue-
collar work (i.e. jobs requiring manual labor) in smelters, refineries and fabrication and included
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tasks such as anode assembly operator, sheet finishing, pack/ship operator, casting, autoclaving,
and electrical or mechanical maintenance.(53)

All the plants operated with either two 12-hour shifts or three 8-hour shifts. The majority
of the plants operated 24-hours 7 days a week; however, three plants had a day shift of either 8 or
12 hours but no night shift. As seen in the location specific clock plots of Figure 1.1 where each
sector of the clock represents the number of worker hours present by hour, the 24-hour plants
staffed fewer workers at night compared to day. However, the presence of night workers varied
by location from a skeleton staff to a modest 10% reduction in workforce at night. Of note, two
locations actually had a higher number of worker hours during night hours than day (Location 22
and 43).

1.6 Data Available in the American Manufacturing Cohort

The AMC cohort benefits from a wealth of data which includes administrative data
documenting work experience and exposure, health claims, daily time-registries, and extensive
socio-demographic data. Detailed information on work environment and demographics was
ascertained from employment records and company personnel files. This included information
regarding hire date, length of employment, insurance enrollment date, plant location, and job
grade. Baseline covariates such as sex, age, marital status, and education as well as time-varying
covariates including BMI, and smoking status were obtained from periodic clinic visits and
Occupational Health and Safety Administration (OSHA) mandated examinations such as
respirator fit tests. These clinic records were maintained only for active workers resulting in
missing data for BMI and smoking among the workers who were not active (already terminated
or yet to be hired) on the date that the records were pulled.

Incident diagnoses of hypertension and Type Il diabetes mellitus were defined using
medical insurance claims for inpatient and outpatient procedure codes as well as prescription
claims over the 12-year follow-up period as defined previously.(54-56) Insurance records also
provide an annual risk-score that is designed to predict future health expenditures. We use it as a
proxy metric for health status.(54-56) Risk score is an annual time-varying continuous variable
derived from insurance company’s algorithms and standardized such that a score of 1 indicates
the individual’s predicted health expenditures are expected to fall at the mean. Each one unit
increase in annual risk score predicts a one-fold increase in expenditures above the mean.(57)

Although annual estimates of fine particulate matter (PM25) exposure derived from a job-
exposure matrix (JEM) were available for a subset of shift workers, we did not adjust for
PM25.(53,58) The JEM contains variation in PM2s measurement by job type and does not vary
by shifts (e.g. day vs. night).(53) While particulate matter may be an important confounder of
shift work and health, the time-of-day time-invariant nature of the existing PM2sJEM did not
allow for effective confounding control. Therefore, our analyses of the association of shift work
and health may be impacted by residual confounding from PM2s.

1.7 Shift Work Data Curation

Exposure assessment of shift work was based on two real-time human resource databases
that include shift time and attendance tracking modules from 2003 to 2014. The SmartTime
dataset contained data from 2003 to 2009 and the WorkBrain dataset contained data from 2009
to 2014. Although there were plants in both datasets, some plants existed only in one or the
other, which curtailed the available follow-up time for workers at those plants. The data included
details on start/end times of every billable hour (including time at work and time off-work such
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as time off-work due to injuries covered by worker’s compensation insurance, sick leave, and
vacation) and their associated pay codes (surcharges due to night work, overtime, call-in, etc.).

A rigorous process of data cleaning, auditing, and post-processing was implemented as
detailed in Tables 1.1 and 1.2. Data were assessed for missing values, exact duplicates,
inconsistent duplicates, and implausible values.(59) For example, in the raw data, a worker could
have 5-25 data rows representing one shift due to meal breaks, hourly billing surcharges (e.g.
surcharge for night work or overtime), and cross-departmental positions, as every change in
billing (pay or department to bill) produced another row with its own start and end time. Data for
each shift were compressed into one row, keeping the earliest starting time and/or the latest
ending time, similar to the procedure detailed by Harma et al.(59,60) Data cleaning involved
removing duplicate records due to overtime pay and surcharges. Data cleaning also involved
identifying non-work hours (e.g. sick leave, vacation pay). Any shifts over 18 hours (<1%) were
removed from the dataset, as they likely represented on-call shifts where employees were
allowed to sleep, which could result in a potential circadian disruption outside the purview of this
research. Shifts with less than 1 hour between them were considered one continuous shift
because short gaps between billable hours were overwhelmingly associated with meal breaks.
Shifts with total time less than 3 hours were excluded from the analysis (<1%). These shifts were
identified as being mostly administrative billing artifacts that did not represent actual time at
work. A small percentage of the shifts less than 3 hours were union or training meetings which
did require time at work. Future analyses can consider the potential impact of excluding these
short shifts from analysis.

1.8 Summary

In this chapter, we described what type of work constitutes shift work, as well as
presented hypotheses for the biological mechanisms by which shift work impacts human health.
We also presented a brief introduction to the subset of the AMC with shift work data, and the
shift work data curation process. In chapter 2, we further define shift work by defining selected
‘working hour characteristics’ to classify specific components of work, such as night work or
long hours, which may be relevant for worker health.



Table 1.1: Steps to Curate the Shift Work Data from the Smart Time Time-Registry 2003- 2009

Summarized Analytical Steps

1.
2.

3

Import and append raw SAS files (1 file per year)

Drop locations with unreliable/corrupt shift work data (abnormal ratio of active work
time to non-active work time or missing times for active work)

Identify active work versus non-active work time- save as two files

In Active Work Time Dataset

4.
S.
6.
.

8.

9.

10.
11.
12.
13.
14.
15.
16.

Drop all perfect duplicates

Code a numerical start and end datetime variable from string times

Calculate length of shifts from start and end datetimes

Drop shifts less than 2 minutes

Generate day of the week

Drop identical observations in terms of start and end time by person

Merge consecutive working hours (zero time since previous working hour ended)
Merge overlapping working hours (negative time since previous working hour ended)
Merge observations with short breaks (<1 hour)

Drop shifts that are less than 3 hours (<1% of shifts)

Drop shifts that are larger than 18 hours (<.1% of shifts)

Reduce size of dataset by dropping extraneous variables

Generate mean shift hours by month by person

In Non-Active Work Time Dataset

17.
18.
19.

20

22.

22.
23.

Import mean shift hours by month by person from active work

Drop paid time off >18 hours (<1% of observations)

Identify time-off corresponding to vacation time, sick time, Short term Disability
(STD)/ Family Medical Leave (FML)/ Long-term Disability (LTD), other paid time-off
(PTO), worker’s compensation/ suspension/disciplinary/other unpaid time-off

Drop time off-work less than 15 minutes

Identify partial time off-work and full time off-work based on individual’s mean
scheduled shift hours

Merge active work time and non-active work time on date of work

Save to append to Work Brain files (2009-2014)




Table 1.2: Steps to Curate the Shift Work Data from the Work Brain Time-Registry 2009-2014

Summarized Analytical Steps

N

NSO~ W

Import and append raw SAS files (1 file per year)

Drop locations with unreliable/corrupt shift work data (abnormal ratio of active work
time to non-active work time or missing times for active work)

Drop observations with no start or end time

identify premium times (overtime, premium surcharge, call-in)

Create a numerical start and end datetime variable from time and date components
Drop active shifts with less working hours than 2 minutes

Generate day of week

Save two files- active work versus non-active work time

In Active Work Time Dataset

9.

10.
11.
12.
13.
14.
15.
16.

Drop identical observations in terms of start and end time by person

Merge consecutive working hours (zero time since previous working hour ended)
Merge overlapping working hours (negative time since previous working hour ended)
Merge observations with short breaks (<1 hour)

Drop shifts that are less than 3 hours (<1% of shifts)

Drop shifts that are larger than 18 hours (<.1% of shifts)

Reduce size of dataset by dropping extraneous variables

Generate mean shift hours in by month by person

In Non-Active Work Time Dataset

17.
18.

19.
20.

21.
22.

23.
24.
25.

26.

Import mean shift hours by month by person from active work

Identify time-off corresponding to vacation time, sick time, Short term Disability
(STD)/ Family Medical Leave (FML)/ Long-term Disability (LTD), other paid time-
off (PTO), worker’s compensation/ suspension/disciplinary/other unpaid time-off
Drop paid time off >18 hours (<1% of observations)

Identify partial time off-work and full time off-work based on individual’s mean
scheduled shift hours

Merge active work time and non-active work time on date of work

Save to append to Smart Time Files (2003-2009)

Append Smart Time and Work Brain datasets together (Smart Brain)
Drop redundant variables
Reconcile dates with disability leave data
Assume end dates in disability leave > end dates in SmartTime years
Assume end dates in Smart Time years> missing end dates in disability
Assume Work Brain > disability leave with missing end dates
No disability leaves with reported end dates past 2009
Save as Smart Brain All Years Dataset




Figure 1.1: Proportion of Worker-hours by Hour in a 24-hour Clock: Stratified by Location in the
American Manufacturing Cohort (AMC) 54 Plant Cohort 2003-2014, USA (N=28, 331 persons).
Radius of clock plot represents 10% of all shifts in plot for all locations except Location 5, 6, and
16 where the radius represents 15% of all shifts in the plot.
Shading reflects proximity to solar noon (yellow) and midnight (black).
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Chapter 2

Distribution of Working Hour
Characteristics by Race, Age, Gender,
and Shift Schedule in the American
Manufacturing Cohort

2.1 Abstract

Shift work is a common occupational exposure across many sectors of the economy with
a prevalence of near 20% of the US workforce. However, there is little information on the
prevalence of specific working hour characteristics beyond the generic classification of “shift
work’. Using daily time-registry data we present the first description in a manufacturing cohort
of the prevalence and co-occurrence of working time characteristics that may lead to circadian
rhythm disruption: shift type, intensity, duration, rotational pattern, and weekend work. We also
describe the distribution of these working hour characteristics by race, age, gender, and by
annual shift schedule (e.g. permanent day vs. rotating day/night).

In a subset of the American Manufacturing cohort of 23,044 workers at 51 plants, we
estimated the prevalence of selected working hour characteristics defined as shift type (e.g.
morning, day, night), duration (e.g. shift >13 hours), intensity (e.g. quick return (<11 hours
between shifts) and consecutive work), rotational direction (e.g. forward, backward, flipped), and
social aspects of work (e.g. weekend work). Distributions of working hour characteristics were
cross-classified in a matrix to estimate the probabilities of co-occurrence. We then classified the
annual shift schedule for each subject by combinations of permanent and rotating day, evening,
and night. Finally, the distribution of annual shift schedules were examined by race, age, and
gender.

Shifts were classified into morning (5.5%), day (50.2%), evening (16.2%), and night
(28.1%). Approximately 60% of shifts were potentially disruptive to circadian rhythms,
including non-day shifts or day shifts with a quick return, shifts with a rotation, or shifts 13 hours
or longer. Approximately 48% of person-years were spent in a non-rotating schedule: day (32%),
night (11%), evening (4%), day/evening (11%), day/night (25%), evening/night (4%) and
day/evening/night (13%). Men were more likely to work rotational schedules (54.9% vs. 41.4%)
while women were more likely to work permanent nights (15% vs 11%). White workers worked
a permanent day schedule most often, and racial minorities worked more day/night rotating
schedules. Older workers worked more permanent day and fewer day/evening/night schedules.
Permanent day schedules had the fewest number of adverse working hour characteristics, such as
quick returns, long shifts, and rotations, while rotational schedules such as day/evening/night and
day/night had the highest.

In this first description of working hour characteristics in a US manufacturing workforce,
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we found that younger workers, male workers, and racial minorities were working more rotating
shifts. We also identified disparities in working hour characteristics by annual shift schedule that
may be important if combinations of working hour characteristics have more than an additive
impact on circadian rhythm disruption.

2.2 Introduction

Shift work continues to be an important occupational exposure with a prevalence of near
20% of the US workforce(1,3,61) Shift work has been associated with increased risk of
cardiovascular disease, hypertension, breast cancer, and psychological and mental health
disorders.(39,62—-64) However, the term ‘shift work’ is often vaguely defined and generically
used to describe any non-standard work schedule that have one or more of characteristics such as
occurring at night, changing start times (rotational work), or long hours.(1) Long working hours
and night work appear to be risk factors for cardiovascular disease, accidents at work,(65,66)
cancer,(63) diabetes,(38,51,67-69) and metabolic syndrome.(70-72) Yet, definitions of these
characteristics of shift work are not standardized or well described across working populations.
Moreover, few studies have examined aspects of shift work beyond night work and long hours,
such as rotational pattern or weekend work, which may also contribute to increased risks of
adverse health outcomes.

To clarify adverse aspects of shift work and improve exposure classification, more
specific definitions of shift work have recently been proposed - referred to as “working hour
characteristics’.(4) These ‘working hour characteristics’ classify specific components of work,
such as night work or long hours, which may be relevant for worker health. Working hour
characteristics were categorized into large ‘domains’ of interest defined by the International
Agency for Research on Cancer Working Group in 2009 following their 2007 classification of
‘shift work that involves circadian rhythm disruption as a probable human carcinogen’.(1,4)
While many domains were identified in the IARC report, five key domains of interest are 1)
Shift type, 2) Duration, 3) Intensity, 4) Rotational Pattern, and 5) Social aspects of working time;
with each containing several working hour characteristics.(1,4) These five domains are described
as follows:

The shift type domain contains working hour characteristics of morning, day, evening,
and night shifts. These working hour characteristics are defined by starting time and duration, to
estimate displacement from solar day and the resulting circadian phase shift. While the impact of
night shifts on human health have been studied extensively,(39,63) shifts with start times in early
morning or evening may be equally disruptive to circadian rhythms, while day shifts are
presumed to have a no impact.(60)

The duration domain characterizes the length of shift, workday, or work weeks in order to
capture the displacement of normal sleeping times. Longer shifts may reduce recovery time
between working periods which impacts the speed at which a worker entrains their circadian
rhythm to solar day.(4)

The intensity domain contains working hour characteristics such as quick returns, which
are designed to capture reduced recovery time between working periods, while the rotational
direction domain contains working hour characteristics like the frequency and direction of
rotation. By capturing rotation frequency, we hope to estimate the effect of repeat circadian
rhythm phase shifts.(1,4)

The rotational direction domain distinguishes clockwise/forward rotating (morning to
afternoon to night shift) from counter clockwise/backward rotating (night to afternoon to
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morning shift). The last domain, social aspects of working time, includes working hour
characteristics such as weekend work which are critical for maintaining regularity of household
and family tasks.(1)

Previous studies suggest working hours which combine multiple characteristics, such as
night work and rotating shifts, may confer multiplicative or more than additive increases in risk
of adverse health outcomes.(1,73) However, evidence is limited as the co-occurrence of the
different characteristics among a worker population have not been examined; as cohort studies to
date are not well suited to classify more than one domain due to lower resolution data sources
such as surveys.(60) The goal of this study was to operationalize these domains for the first time
in a US occupational cohort using daily administrative time clock data. In this report we identify
the co-occurrence of different working hour characteristics classified by domains of shift type,
duration, intensity, rotation pattern, and social aspects of working time in a large cohort of light
metal manufacturing workers. We also identify potential social disparities in exposures
potentially related to circadian rhythm disruption by describing the distribution of working hour
characteristics by demographics and annual shift schedules.

2.3 Methods

2.3.1 Study Population

The subset of the American Manufacturing Cohort (AMC) population eligible for this
analysis includes 28,331 active hourly workers with time-registry data.(52) Workers were
employed between 2003 and 2014 and performed blue-collar work (i.e. jobs requiring manual
labor) in smelters, refineries and fabrication and included tasks such as anode assembly operator,
sheet finishing, pack/ship operator, casting, autoclaving, and electrical or mechanical
maintenance.(53) Information on employee demographics and employment histories were
obtained from company personnel files, employment records, and insurance claims. Workers
were employed in 54 plants; 51 of which operated 24 hours a day, 7 days a week. To evaluate the
distribution of work time patterns among full time employees, the study population was limited
to employees working more than 150 work days a year (N=23,095) and excluded 5,236 part-time
workers. Plants with fewer than 50 employees were excluded (N=3 plants, 51 workers). The final
study population was 23,044 workers with over 22.4 million shifts at 51 plants.

2.3.2 Sources of Working Time & Data Quality

Daily working hour data retrieved from two time-registry systems (SmartTime 2003-
2009 and WorkBrain 2009-2014) were used to calculate hours worked from January 1% 2003
through the end of 2014. The data include details on start and end times of every billable hour
and their associated pay codes (surcharges due to night shifts, overtime hours, call-in work, etc.)
and whether each shift was worked or not due to sick time/paid time off, vacation, or unexcused
absence.

Data were assessed for missing values, exact duplicates, inconsistent duplicates, and
implausible values following previously described time-oriented data cleaning taxonomies.(59)
Consecutive working hours with less than one hour between them were considered one
continuous shift as short gaps between billable hours were overwhelmingly associated with meal
breaks. Data were compressed into one row keeping the earliest starting time and/or the latest
ending time, similar to the procedure detailed by Harma et al.(59,60) Shifts over 18 hours (<1%)

20



and shifts less than 3 hours were excluded (<1%). A work shift was defined as a shift with active
work (i.e. at least 3 hours of work with no paid or unpaid time off).

2.3.3 Definitions of Working Time Characteristics

The definitions for each working hour characteristic are presented in Table 2.1. Shifts
were classified using binary definitions for working time data developed by Harma et al. and
Garde at al. for shift type, quick returns, and long shifts (Table 2.1).(74,75) Supplemental
definitions were added by modifying the cut-points used to define the binary variables. These
modifications included a secondary definition for a long shift (>13 hours) in addition to >12
hours and two alternative definitions for long work weeks (>48 and >60 hours) to accommodate
the norm in this sector of the American work force of longer shifts and more hours worked
during the week than the population in which the original definitions were first implemented.(75)
The definition for morning and day shift was also adapted to fit this population, such that
morning shifts started no later than 05:30 and day shifts started at 05:30 or later. Novel
definitions for the direction of rotations were developed from previously applied definitions for
classifying rotations in this cohort (Table 2.1).(73)

2.3.4 Definitions of Annual Shift Schedule

Person-years were classified into annual shift schedules by combinations of permanent
and rotating day, evening, and night.(76) Shift schedules were defined using definitions
developed by Garde et al., where schedules are intended to capture the predominant pattern of
work.(76) For example, a “permanent day schedule” was a person-year with > 6.7% day shifts
and < 6.7% (10 or fewer shifts a year) evening and < 6.7% night shifts. In comparison, a
“day/night schedule” had > 6.7% day and > 6.7% night shifts but < 6.7% evening shifts.(76)
Morning shifts were considered day shifts when defining yearly shift schedules in this cohort due
to their rarity and similarity in start times and duration.

2.3.5 Statistical Analysis

We calculated the frequency of working hour characteristics of shift type, quick returns,
long shifts, rotation direction, and weekend work over 12 years. We then examined three joint
distributions. First, each working hour characteristic was cross-classified in a matrix to examine
its co-occurrence with all other working hour characteristics (i.e. how many night shifts were
also long shifts). Second, the prevalence of working hour characteristics by annual shift
schedules was examined. Finally, the distribution of annual shift schedule by age, race and
gender was examined. Non-parametric tests of trend across ranks of ordered groups (extension of
Wilcoxon rank sum test)(77) and chi-squared tests were used to identify trends and the
statistically significance of differences between categories of annual shift schedules, race, age
categories, and gender. All data cleaning and statistical analyses were performed in Stata version
15, 2017 (StataCorp LLC, College Station TX). Clock plot graphics were produced using R
software (version 3.5.2) with code adapted from Zoonekynd et al.(78). The Institutional Review
Board at the University of California, Berkeley, approved this study (Protocol ID: 2010-07-
1823).
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Table 2.1: Definitions of Working Hour Characteristics in the American Manufacturing Cohort

(AMC) 51 Plant Shift Work Cohort

Domain  Working Hour Definition
Characteristic
Working Work shift A shift >3 hours and <18 hours of active work
Time Work week A week, beginning on Monday and ending on Sunday that
includes at least one work shift
Time off-work A scheduled shift with non-active work time assigned, which
included shifts not worked due to sick leave, vacation,
occupational injury and other unpaid or paid time off.
Shift Type  Morning A shift that starts after 03:00 and not later than 05:30,
and is not a night or evening shift
Day A shift that starts after 05:30 and ends no later than 21:00, and
is not a night or evening shift
Evening A shift with three hours between 18:00 and <02:00,
and is not a night shift
Night A shift with three hours between 23:00 and 06:00
Non-day A shift that is classified as morning, evening, or night
Non-night A shift classified as morning, evening, or day
Intensity Quick return A shift with <11 hours between subsequent shifts
Very quick return A shift with <8 hours between subsequent shifts
Consecutive A shift that starts within 24 hours of the previous shift ending
Duration Long shift A shift >12 hours in duration
A shift >13 hours in duration
Long work week A work week with >40 hours; based on start time
A work week with >48 hours; based on start time
A work week with >60 hours; based on start time
Rotation Rotation A shift with >6hour difference in start times between the
Pattern previous shift and current shift and >6 hours since the end
time of the previous shift
Rotation ~ Forward A rotational shift with a difference in start times between 6
Direction and 10 hours
Backward A rotational shift with a difference in start times between -6
and -10 hours
Flipped A rotational shift with a shift time difference is between 10
and 12 or -10 and 12 hours
Social Weekend shift Shift that began on a Saturday or Sunday
Aspects
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2.4 Results

This study population from the AMC includes 23,044 eligible workers (Table 2.2) with
over 22.4 million shifts worked and over 2.5 million records of shifts not worked (time off).
While the cohort comprised mostly white men between ages 30-60 years old, 25% of the cohort
was non-white and the most common minority was Black/African American (14% of persons).
Of the 51 plants in the cohort, only seven were followed for the full 12 years. The mean length of
follow-up across locations was four years. Due to the change in time-registry systems in 2009
and the acquisition of new plants, the distribution of plants and employees changed over the
course of the study period. On average, for each year between 2003-2008, roughly 7,000 workers
were employed in 30 plants. In 2009, the year of transition between the two time-registry
systems, only 4,183 were employed in 17 plants, but between 2010 and 2014, on average 10,500
workers were employed across 31 plants, representing new plant acquisitions.

Table 2.2: Demographic Characteristics in the American Manufacturing Cohort (AMC) 51 Plant
Shift Work Cohort 2003-2014 USA

At Cohort Entry Person-

N % years
All persons 23,044 100 98,771
Sex
Male 18,888 81.6 82,830
Female 4.244 18.4 15,941
Race
White (Not Hispanic or Latino) 17,383 75.4 77,203
Hispanic or Latino 1,759 7.6 6,085
Black or African American (Not Hispanic or Latino) 3,212 13.9 13,091
American Indian or Alaska Native 162 0.7 625
Asian/Native Hawaiian/Other Pacific Islander 418 1.81 1,417
Multi-racial (Not Hispanic or Latino)/ Unknown 110 0.48 350
Age
18-20 145 0.63 166
20-<30 3,339 14.5 8,298
30-<40 4,887 21.2 18,001
40-<50 6,669 28.9 27,865
50-<60 6,831 29.6 36,549
60-<70 1,147 5.0 7,691
70+ 26 0.11 201
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2.4.1 Descriptive Statistics of Working Hour Characteristics in a Year

All plants operated with either two 12-hour shifts or three 8-hour shifts. The majority of
the plants operated 24-hours, 7 days a week; however, three plants had a day shift of either 8 or
12 hours but no night shift. As seen in Figure 2.1, the 24-hour plants staffed fewer workers at
night compared to day. However, the presence of night workers varied by location from a
skeleton staff to a modest 10% reduction in workforce at night.

On average, each subject worked 227 shifts in each year; however, about 10% of the
population worked between 280 and 455 shifts per year corresponding to split shifts (multiple
shifts of shorter duration <6 hours per day with a break of more than an hour in between) (Table
2.3). In this population, it was normal to work 1-2 weeks without a day off and to work 40% of
the Saturdays and Sundays in a year (45 of the total 105 weekend days per year). The average
work week was 42 hours long. While a worker on average rotated 19 times in a year, there was
large variation, with some workers never rotating (e.g. permanent schedules) while others rotated
almost every other shift.

Figure 2.1: Proportion of Worker-hours by Hour in a 24-hour Clock: Stratified by Shift Type in
the American Manufacturing Cohort (AMC) 51 plant cohort 2003-2014, USA (N= 98,771
person-years)
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Table 2.3: Descriptive Statistics of Yearly Counts of Working Hour Characteristics Across all
Person-Years >150 shifts/year in the American Manufacturing Cohort (AMC) 51 Plant Shift
Work Cohort 2003-2014, USA (N= 98,771 person-years)

Domain Working hour Counts per Person-Year
characteristics Mean P25 Median P75 P90  Max*
Working Work shift 227 192 230 256 280 455
Time Work week 51 51 52 52 53 53
Shift Type Morning 12 0 0 2 28 327
Day 114 24 97 195 235 442
Evening 37 0 3 36 156 345
Night 64 0 26 95 194 362
Non-day 113 21 97 191 243 393
Non-night 163 95 182 234 260 443
Shift Quick return 12 0 2 13 38 368
Intensity Very quick return 4 0 0 2 10 214
Maximum number of 13 5 9 16 26 360
consecutive shifts in a row
Shift Long shift
Duration >12 hours 68 4 38 145 174 285
>13 hours 13 0 1 14 43 239
Long work week
>40 hour 31 24 32 40 44 52
>48 hours 19 8 18 28 36 52
>60 hours 6 0 2 9 18 51
Rotational Any Rotation 19 0 6 39 53 201
Pattern
Direction Forward 6 0 1 6 21 118
Backward 5 0 1 5 16 126
Flipped 8 0 0 2 43 82
Social Weekend shift 41 21 45 56 70 125
Aspects

Abbreviations: P25 25th Percentile, P75 75th Percentile, P90 90th Percentile. Refer to Table 2.1
for specific definitions for each working hour characteristic. *Max exceeds 365 days/year and
105 weekends per year due to split shifts (multiple shifts a day).

25



2.4.2 Co-occurrence of Working Hour Characteristics

Shifts were classified into morning (5.5%), day (50.2%), evening (16.2%), and night
(28.1%) (Table 2.4). Approximately 60% of shifts fall into categories that are hypothesized to
cause circadian rhythm disruption, as they were non-day shifts or day shifts with quick returns,
long shifts (>13 hours) or shifts that include a rotation.

Overall, the probability of co-occurrence between pairs of working hour characteristics
varied substantially (Table 2.4). Among day shifts, 23.9% of shifts were 12 hours or longer,
6.2% included a rotation, and 3.6% were quick returns. Compared with day shifts, night shifts
were more likely to be 12 hours or longer (48.2%), however, evening shifts were most often 13
hours or longer (13.6%). Night and evening shifts had the highest joint probability with any type
of rotation, but nights were twice as likely to include a flipped rotation when compared with day
(6.1% vs. 3.2%). Forward and flipped rotations rarely occurred with a quick return (<1%), while
62.1% of backward rotations coincided with a quick return (<11 hours between shifts), and
25.1% with a very quick return (<8 hours between shifts).

Nearly all instances of quick returns co-occurred with the following conditions: a
backwards rotation (11.6%), a shift longer than 12 hours (0.76%), the previous shift was longer
than 12 hours (31.8%), or a combination of all three (50.2%). The remaining 6% of quick returns
were attributable to a worker coming in earlier or staying later than normal but not with a large
enough difference to cause a rotation or qualify as a long shift (i.e. a shift <12 hours long and
starting <6 hours earlier).

Working shifts longer than 12 hours was fairly common in this cohort (30%) and working
shifts longer than 13 hours was relatively rare (5.6%). Compared with shifts shorter than 12
hours, shifts longer than 13 hours were 10 times more likely to also be shifts that rotate
backwards (16.3% vs. 1.7%) and have a very quick return (12.2% vs. 1.4%). Weekend and
weekday shifts had roughly the same joint probability with all working hour characteristics with
the exception of shift length; weekend shifts were more often 12 hours or longer (40.5% vs.
27.7%). However, there was a negligible difference in the frequency of shifts 13 hours or longer
(5.8% vs. 5.5%) among weekend and weekday shifts.

2.4.3 Distribution of Working Hour Characteristics by Annual Shift Schedule

Distributions of quick returns, shift length, rotations, and amount of time off-work varied
by annual shift schedule as well (Table 2.5). Permanent day workers had the lowest percentage
of quick returns, rotations and weekend work, as well as long shifts (>13 hours) and long work
(>40 hours/week). Notably, day/evening and day/evening/night schedules had higher percentages
of quick and very quick returns to work, as well as shifts 13 hours or longer. Additionally,
day/evening/night shifts had the highest percentages of rotations (19%) followed by day/night
schedules (16.9%). Shift duration, measured by length of hours per shift or week, fluctuated only
slightly across annual shift schedules, with the exception of day/night schedules that had more 12
hour shifts than any other schedule.
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2.4.4 Distribution of Demographics by Annual Shift Schedule

Approximately half of the workers in the AMC worked a rotational schedule, while the
other half worked a permanent schedule each year (Table 2.6). The most common annual
schedules were permanent day and rotating day/night. Differences in the distribution of annual
schedules were identified by gender, race and age. Men were more likely to work rotational
schedules than women (54.7% vs. 42.7% of person-years, chi squared p<0.1). Yet, more women
worked permanent night schedules than men (15% vs. 11%). White workers worked permanent
day shifts most often, while minorities including Black, Hispanic, or American Indian workers
were more likely to work day/night schedules. A strong age trend was detected, as older workers
were more likely to work permanent day shifts and less likely to work day/evening/night and
day/night schedules compared with younger workers (Figure 2.2, Test for trend: p<0.1). The
largest proportion of permanent night workers were 60 years of age or older.

Figure 2.2: Distribution of Annual Shift Schedule by Age in the American Manufacturing
Cohort; 51 Plant Sub-Cohort 2003-2014, USA (N= 98,771 person-years)
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2.5 Discussion

Our results provide evidence that working hour characteristics hypothesized to cause
circadian rhythm disruption have a varying distribution across shift schedules and demographic
characteristics. The day shift had the lowest co-occurrence with quick returns, long work hours
or weeks, and rotations. However, working the day shift did not provide absolute protection from
potentially disruptive characteristics of working hours since long work hours, as well as quick
returns and rotations occurred when workers switched from morning to afternoon shifts (both
considered day work).

While the literature has primarily focused on the health impacts of night work, rotations,
or long work, little attention has been paid to the co-occurrence of working time characteristics.
In this cohort, night and evening shifts were more commonly associated with longer work hours,
rotations, and quick returns. Thus, a cautious interpretation of the association between night
work exposure and human health may be warranted, as the etiological circadian rhythm
disruption, fatigue, or sleep deprivation may be caused in part by long work hours, rotations, or
quick returns which may accompany night work.

Additionally, we identified differences in the occurrence of specific patterns of rotation
direction (forward, backward, or flipped) and shift type. Flipped rotations more often co-
occurred with the 12-hour schedule of night/days whereas backward rotations were seen
primarily with night shifts on an 8-hour schedule. Forward rotations occurred equally among
day, night, and evening shifts. The direction of a rotation is important to consider because
forward rotations may be less disruptive to the circadian system than backwards or flipped
rotations.(4,14,79) Anecdotal evidence indicates that workers prefer forward rotation schedules
over backwards rotation schedules, likely because forward rotation schedules allow a worker to
‘sleep-in’ rather than wake earlier.(4,14,79) Yet, little is known about the impact of forward
versus backward rotations on health outcomes. The majority of quick returns and very quick
returns are due to long shifts and rotations. However, a small fraction of quick returns is due to
working a double shift. While working a double shift or long shift may be due to an
unanticipated workforce shortage, some quick returns may be built into the shift system and
represent a possible area of intervention.

An unexpected finding was that the percentage of shift type, quick returns, and rotations
varied minimally between weekday or weekend shifts in this population. This suggests that
assessing the impact of weekend shifts may not be influenced by shift type, quick returns, or
rotations in this population. As expected, working hour characteristics varied by annual shift
schedule as well. Most notably, day/night and day/evening/night schedules had more rotations on
average than the day/evening or evening/night schedules which might indicate a slower pattern
of rotation among the later.

While we assessed the average yearly percentage of rotations (i.e. number of rotations per
year) and therefore did not directly assess speed of rotation (i.e. number of shifts between
rotations), fast shift rotations which occur every 1- 3 days would correspond to an annual
average of >33% rotations in a year, intermediate shift rotations would occur every week (~20%
annual average), and slow would occur every 15-30 days or longer (~5-10% annual average).(4)
Our results show that, on average, workers rotate about every 2 weeks, and workers on the
day/night or day/evening/night schedules are rotating about every week. Slower patterns of
rotations are hypothesized to have a smaller impact on the circadian system since slower speed
corresponds with fewer rotations, allowing a worker to acclimatize their circadian system to the
new schedule before the next rotation. However, recent literature suggests there might be some
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benefit to a faster rotating system in which the worker switches start times too frequently for the
circadian system to entrain itself to the new schedule.(14) Currently, it is still unclear if a
constant state of circadian misalignment associated with fast rotations is better than disrupting it
periodically with a slower rotation schedule.(80) Future work should more directly examine the
frequency of rotations (e.g. times of high frequency of rotations followed by low frequency) and
their co-occurrence with the characteristics of working hours.

When assessing the differences in yearly shift schedules by race, age, and gender, our
results indicated a strong age trend. Older workers are more likely to work a permanent day
schedule, possibly due to seniority. Workers with seniority may be able to express shift schedule
preferences. However, we have no information on the proportion of preferred shifts granted in
this population. We also identified differences in the proportion of workers in permanent or
rotational schedules by race and gender. Black/African American workers were the most likely
to perform work with rotations, similar to the survey done by the Bureau of Labor Statistics in
2004.(3) The difference by race likely reflects differences in racial composition by job type, due
to underlying social factors such as institutionalized racism and higher rates of poverty among
racial minorities in America. Similar to other studies, we found that more women worked
permanent shifts, including permanent day shifts compared to men.(1,3,81) This pattern might be
because women tend to select the day shift more often due to child rearing and meal preparation
duties during the evening and night.(65,81) Alternatively, a permanent schedule, even permanent
nights, affords a predictability that makes arranging child-care easier.(65,81)

Our study has a few limitations. First, while this study benefits from data captured in an
administrative time-registry used to document worker’s hours for payroll calculation, the systems
do not collect information on individual confounders outside of human-resource demographics.
For example, we have no information regarding an individual’s chronotype or preference for
working days or nights. Individual chronotype is just one of the many unmeasured confounders
or effect measure modifiers that may affect both working hours and worker health.(1,82) Second,
the results from this study may have limited generalizability as they describe employees at a
single American firm in a single industry.(52) However there remains considerable diversity in
this population despite being from one firm. Of the 51 plants in this subset of the AMC only 6
were unionized under the same union contract, 27 were unionized under local union contracts,
and 18 were not unionized and were therefore governed under location-specific shift schedules.

Despite these limitations, this study is the first to assess the joint probabilities of
combinations of working hour characteristics. Furthermore, it the only description of working
hour characteristics derived from objective time-registry data in the US and thus represents
actual work time in an American manufacturing cohort.(52) This study also updates our
understanding of disparities in annual shift schedules by race, gender, and age among American
workers, that was last assessed by the Bureau of Labor Statistics in 2004 and briefly in a study of
registered nurses in a correctional setting.(3,81)

2.6 Conclusion

This research identified disparities in the joint distributions of working hour
characteristics that may impact circadian rhythms by shift schedules, race, gender, and age.
Younger, male, Hispanic or Black workers were disproportionately working rotational schedules,
suggesting potential health disparities in the American Manufacturing Cohort. These patterns
highlight the need to account for multiple working hour characteristics when assessing health
outcomes in relation to working hour exposures.
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Chapter 3

Night and Rotational Work Exposure
within the last 12 months and Risk of
Incident Hypertension

3.1 Preface

In this chapter, we present an analysis examining the impact of recent night and rotational
work exposure and risk of incident hypertension. This work was published in the Scandinavian
Journal of Work Environment and Health and is reproduced below.(73) Additional co-authors
for this chapter beyond the dissertation committee include Andreas Neophytou and Mark Cullen.

3.2 Abstract

Shift work, such as alternating day and nights, causes chronobiologic disruptions which
may cause an increase in hypertension risk. However, the relative contributions of the
components of shift work, such as shift type (e.g. night work) and the rotations (i.e. switching of
shift times; day to night), on this association are not clear. To address this question, we
constructed novel definitions of night work and rotational work and assessed their associations
with risk of incident hypertension.

A cohort of 2,151 workers at eight aluminum manufacturing plants previously studied for
cardiovascular disease was followed from 2003 through 2013 for incident hypertension, as
defined by ICD-9 insurance claims codes. Detailed time-registry data was used to classify each
worker’s history of rotational and night work. The associations between recent rotational work
and night work in the last 12 months and incident hypertension were estimated using adjusted
Cox proportional hazards models.

Elevated hazard ratios were observed for all levels of recent night work (>0-5%, 5-50%,
50-95%, 95-100%) compared with non-night workers, and among all levels of rotational work
(>1%, 1-10%, 10-20%, 20-30%, and >30%) compared with those working <1% rotational work.
In models for considering the combination of night and rotational work, workers with mostly
night work and frequent rotations (=50% night and >10% rotation) had the highest risk of
hypertension compared to non-night workers (HR=4.00, 95%CI: 1.69-9.52).

Our results suggest recent night and rotational work may both be associated with higher
rates of incident hypertension.

3.3 Introduction

Shift work is often attractive to workers due to flexible schedules and increased wages;
however, these benefits may come at a cost to workers’ health. Shift work has been associated
with hypertension, a risk factor for cardiovascular disease.(39,46-48) Yet, prior research has
been unable to disentangle the relative importance of particular shift patterns as the drivers for
increased risk.
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Workplaces have utilized shift work for decades to arrange successive work shifts such
that they may operate longer hours.(1,2) As a result, there are many different and highly
customized work schedules that are considered shift work. Definitions in the literature include
rotating shifts, weekend work, and various shift schedules that may or may not include night
work.(4,39) Although there are no uniform definitions for all of the specific variants of shift
work, estimates of the prevalence of shift work range up to nearly 20% in the US workforce.(1,3)

Prior research indicates that two primary components of shift work may be relevant to the
risk of hypertension, type of shift defined by the time of work (e.g. day vs. night work) and the
rotation of shifts (i.e. switching scheduled shift times), both of which have the potential to
disrupt circadian rhythms.(4,39) Imbalance in circadian rhythms may compromise the ability of
organ systems, including the cardiovascular system, to adapt to external stimuli.(4,11-14)
However, few studies have been able to assess the effects of shift type and rotations on
hypertension risk separately and simultaneously in the same cohort.(39)

Furthermore, there is ambiguity regarding the biologically relevant time period in which
hypertension develops following exposure to shift work.(48) While human-based laboratory
studies have identified that circadian misalignment causes alteration in the diurnal variation of
blood pressure within 24 hours of shift work,(83) epidemiological studies examining recent
exposure to shift work are conflicting and examine exposure periods that vary in length from 1-
20 years.(47,84)

We hypothesize that shift work in the previous year may be an important time window of
exposure for the development of hypertension given the acute impacts shift work can have on
blood pressure. To explore the impact of recent night and rotational work on hypertension, we
examined novel exposure metrics of rotations and night work in a study of incident hypertension
using objective time-registry data in a cohort study of US aluminum manufacturing workers.
Additionally, we examined the associations between hypertension and the combinations of night
work and rotational work.

3.4 Methods

3.4.1 Study Population

The study population is part of the American Manufacturing Cohort (AMC) comprising
hourly employees at light-metal smelter, refinery, and fabricating plants operating 24 hours a day
in the United States. Workers performed blue-collar work (i.e. jobs requiring manual labor; not
including secretarial or office work) and included tasks such as anode assembly operator, sheet
finishing, pack/ship operator, casting, autoclaving, and electrical or mechanical maintenance.(53)
Detailed information on employee demographics, work environments, and health were obtained
from employment records, company personnel files, industrial hygiene records, and insurance
claims.

In total, 3,790 hourly workers in eight plants employed in shift work were potentially
eligible for study inclusion. These workers had shift work exposure data recorded within 10 days
of hire and were hired after 2003 when shift work data became available. Workers were excluded
if they were employed for less than one year (1,251 workers), or non-concurrently enrolled in the
insurance plan (125 workers). In addition, 263 workers with prevalent hypertension, as
determined from claims in the first year of employment, were excluded. Our final analytic
dataset comprised 2,151 hourly workers without diagnosed prevalent hypertension. Follow-up
times were censored on the date workers switched insurance plans, left employment with the
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company, or were otherwise lost to follow-up. Follow-up times were also censored at the first
instance of missing shift work data if it was missing for more than two weeks.

3.4.2 Night Work and Rotational Work Exposure

Exposure assessment for night work and rotational work was based on daily working
hour data retrieved from two time-registry systems used to calculate payroll from December 27",
2002 through the end of 2013. Each exposure metric was calculated from an individual’s first
active working date until either the date of hypertension diagnosis, administrative censoring, or
the end of the follow-up period, December 31%, 2013, whichever came first. Non-work hours
(e.g. sick leave, vacation) and shifts shorter than 3 hours (<0.5%) were defined as non-exposed
person-time. Additionally, any shifts over 18 hours (<0.1% of all shifts) were excluded as
potential exposures as they likely represented paid time during which employees were allowed to
sleep. Shifts with 30 minutes or less unpaid time (e.g. meal breaks) between them were
considered one continuous shift.

Night shifts were classified using starting time and duration according to the most
commonly employed definition of night work in time register studies work by Harma et al. and
Garde et al.: a night shift is a shift with at least three hours between 23:00 and 6:00.(60,76) Shifts
not defined as night shifts were considered non-night shifts. Recent night work exposure was
defined as the mean monthly percentage of shifts that were night shifts over the previous 12
months (i.e. the number of night shifts per month/total number of shifts per month; in a moving
window average of 12 months).

Among this population of shift workers, there was exceptional variety in the shift systems
used with multiple rotation schedules and shift lengths (e.g. 12-hour night shifts for 4 days, 2/3/4
weeks alternating 8-hour shifts at different start times, permanent 8-hour shifts, etc.). Therefore,
rotational shifts were defined to objectively identify a switch to a different shift based on start
time rather than by classification of the shift plans. The plants generally operated with either
three 8-hour shifts per day or two 12-hour shifts per day, or a combination of both operating
independently to ensure 24-hour operation. A minimum six-hour absolute value displacement in
start time was chosen to identify a shift with schedule rotation as most plants had at least eight
hours between each shift start. Six-hours was chosen to avoid capturing when a worker arrives
early or late for their scheduled shift and to capture a true shift change (i.e. morning to night
rotation). For example, a shift at 11:00 followed by a shift the next day at 7:00 would not be
categorized as a shift rotation because the absolute value of the shift start time displacement was
4 hours (i.e. 11-7=4). In comparison, a shift at 16:00 followed by a shift the next day at 23:00
would be categorized as a rotation because the absolute value of the shift start time displacement
was 7 hours. Shifts on the same day were not classified as rotations to avoid identifying a
rotation for a shift with breaks longer than 30 minutes (i.e. long lunch break). Shifts that both
began on the same calendar day were rare (<1%). Recent rotational work exposure was defined
similarly to night work; the mean monthly percent of shifts that had rotations over the past 12
months.

Night and rotational work occurring more than 12 months prior to the index date were
considered “historical exposures” and defined in the same manner; the mean monthly percentage
of night and rotational shifts, respectively, from the beginning of follow-up until the beginning of
the previous year.
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3.4.3 Hypertension Outcome

Incident hypertension was defined as a face-to-face (outpatient or hospitalization)
diagnosis (ICD9: 401.x-405.x) identified from medical insurance claims, similar to previous
analyses.(56,85-88) Anti-hypertension medications were not part of the case definition since
they are prescribed for multiple indications beyond treatment of hypertension.(89) If a face-to-
face claim for hypertension occurred within the first year of follow up, the worker was
considered to have prevalent hypertension and was excluded from analysis (i.e. a one-year
washout period for prevalent hypertension).

3.4.4 Covariates

Baseline sex, age, and race, as well as time-varying job grade, and plant location were
obtained through human resource records. Race was categorized as White/Asian, Hispanic,
Black, and Other (Multi-racial and Native American/Alaska Native). Job grade, a classification
matrix for jobs based on experience, skill level, seniority and prestige, ranged from 2 to 49.(55)
Job grade was dichotomized into low and high job grade based on the plant-specific median job
grade. Job grade was considered an a priori confounder because jobs with higher seniority may
result in more realized preference in schedule selection and job grade is correlated with wages
which are strong predictors of health.(55) Time-varying body mass index (BMI) and smoking
status were obtained through Occupation Health and Safety Administration (OSHA) mandated
examinations such as respirator fit tests. These clinic records were maintained only for active
workers resulting in missing data for BMI and smoking. BMI was classified into underweight,
normal weight, overweight, and obese according to the Centers for Disease Control (CDC)
standard definitions; Underweight <18.5 kg/m?, Normal 18.5-<25 kg/m?, Overweight 25.0-<30
kg/m?, and Obese >30.0 kg/m?.(90) Smoking status was categorized into never, current, and ever
(ex-smoker). Insurance records also provide a “risk score”, an insurance predictive health
expenditures metric, used in this analysis as a surrogate for time-varying health status.(56,57,91)
These annual scores were originally developed to predict an individual’s health expenditures in
the coming year and are standardized such that a score of 1 indicates the individual’s health
expenditures are likely to fall at the mean. Each one unit increase predicts a one-fold increase in
expenditures above the mean.(57)

3.4.5 Statistical Analysis

We fit three separate Cox proportional hazard models with age as the time scale to
estimate hazard ratios for developing hypertension as a function of: 1) a night work, 2) rotational
work, and 3) combinations of both night and rotational work. Baseline hazards for all models
contained a strata statement for sex and location to meet the proportional hazards assumptions
(92). We verified that the proportional hazard assumption was met using Schoenfeld residuals for
each model. Models were additionally adjusted for race, plant location, job grade, risk score, and
calendar year. History of night work was adjusted for when examining associations with recent
night work and history of rotational work was adjusted for when examining recent rotational
work.

Categories of recent and historical night work exposure were defined a priori to identify
those workers with no night work exposure (i.e. non-night workers only), those with very little
night work exposure, and workers with near permanent night work. The midrange exposures
were divided equally. The categories of recent night work exposure were 0% (i.e. non-night
work only), >0-5% (i.e. those with very little night work exposure), 5-<50%, 50-95%, and 95-
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100% night shifts (i.e. near permanent night workers). Historical night work exposure was
modeled as a continuous variable, using restricted cubic splines.(93)

Rotational work exposure categories were designated a priori to identify unexposed
workers. However, due to the small number of workers who were unexposed to rotations over an
entire year, the reference category was modified to include those with less than 1% rotational
shifts. The remaining exposures were then classified by decile (e.g. 0-<1%, 1-10%, >10-20%,
>30%). Historical rotational work exposure was modeled using restricted cubic splines.(93)
Tests for trend were performed for exposure based on the mean percentage of each
night/rotational work category.

To examine the association between combinations of night work and rotational work on
the risk of hypertension, the exposure categories were combined using the quadrant method a-
priori into: non-night workers with infrequent rotations (0% night work and <10% rotations),
non-night workers with frequent-rotations (0% night work and >10% rotations), mostly non-
night workers with infrequent rotations (<50% night work and <10% rotations), mostly non-
night workers with frequent rotations (<50% and >10% rotations) mostly night workers with
infrequent rotations (>50% night work and <10% rotations), and mostly night workers with
frequent rotations (>50% night work and >10% rotations). However, due to small numbers of
non-night workers, the two categories of non-night workers were combined to non-night workers
(0% night work) regardless of rotations.

We did not control for BMI or smoking in the primary analyses since these variables may
be on the causal pathway from night work to hypertension.(94-97) In a sensitivity analysis, we
assumed a different causal structure and treated smoking and BMI as confounders. Missing
values for smoking status (60% missing) and BMI (30% missing) were imputed using
multivariable imputation by chained equations (MICE) in 60 simulated datasets, equal to the
percentage of missing smoking data.(92,98-100)

Several sensitivity analyses were performed to assess the robustness of the main results.
First, we implemented two alternate classifications of night work: 1) Any night shifts versus
none, and 2) Number of months working any night shifts. Second, we explored an alternate
definition of night shifts using the International Agency for Research on Cancer (IARC) 2007
report: a night shift is a shift with at least three hours between 0:00 — 5:00.(1) Third, we
restricted analysis to workers with at least 150 shifts per year.

All statistical analyses were performed in Stata version 15, 2017 (StataCorp LLC,
College Station TX). This study was approved by the Institutional Review Board at the
University of California, Berkeley (Protocol ID: 2010-07-1823).

3.5 Results

Among the 2,151 shift workers, 215 incident cases of hypertension were observed over
5,231 person-years. Follow-up time ranged from 1 month to almost 10 years, with a mean of 2.5
years. Table 2.1 presents baseline characteristics of the cohort and the average percent of recent
night and rotational work for each covariate category. The cohort was mostly white male with an
average age of 37 at baseline. The average risk score of 0.49 indicated that, on average, workers
were predicted to have health expenditures below the mean of a nationally representative
population in the coming year.(57) The percentage of recent night work at baseline was higher
among hypertensive cases, women, multi-racial workers and those with a lower job grade.
Percentage of recent rotational work at baseline was higher among non-cases, men, and lower
job grades.

37



Table 3.1: Baseline characteristics of the American Manufacturing Cohort Eight plant sub-cohort
2003-2013, USA at Cohort Entry (N=2,151)

Average % of Average % of
N % Recent Night Recent Rotational
Work? Work?
Hypertension Status
Case 215 10 58.2 8.6
Non-Case 1,936 90 32.9 15.0
Sex
Male 1,963 91 32.3 15.3
Female 193 9 39.8 12.1
Race
White (Not Hispanic or Latino) 1601 745 34.5 15.7
Hispanic or Latino 266 123 27.6 12.2
I__%Iack-or Afrlcgn American (Not 233 108 8.9 13.3
Hispanic or Latino)
American Indian or Alaska Native 23 1.1 30.4 16.2
Asian/Native Hawaiian/Pacific 17 0.8 9.4 113
Islander
Multi-racial (Not Hispanic or Latino) 11 0.5 45.7 19.0
Smoking Status
Never 327 15 36.4 15.4
Current 144 7 36.9 175
Ever 364 17 28.8 17.6
Missing 1,316 61 32.7 13.9
Body Mass Index (BMI) Category
Underweight (BMI <18.5 kg/m2) 6 0.3 43.9 23.9
Normal (18.5- 24.9 kg/m2) 296 135 36.1 17.6
Overweight (25.0-29.9 kg/m?2) 577  26.8 33.0 16.2
Obese (>30.0 kg/m?2) 626  29.6 33.3 15.7
Missing 642  29.9 31.0 11.9
Job Grade by Plant
Lower Job Grade 959 446 34.6 16.2
Upper Job Grade 1,192 554 28.9 12.2
Age, years
<25 years 358 16.6 30.4 14.9
>25- 30 years 501 233 33.2 16.9
>30- 40 years 728 338 34.4 15.8
>40- 50 years 398 185 32.9 13.3
>50 years 166 7.7 31.2 10.2
Risk Score (Health Status Measure) Quartiles
<0.31 510 510 344 15.6
>0.31-0.49 571 571 33.2 16.6
>0.49 -0.78 537 537 32.6 14.7
>0.78 533 533 31.6 13.0

aExposure in prior 1 year to follow-up
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As seen in Figure 3.1, the eight plants operated on either a two-shift, three-shift, or a
combination of two- and three-shift system. Plants 1, 2, and 3 all had a two-shift system,
consisting of a morning shift starting around 6:00 and a night shift starting around 18:00. Plants
4,5, and 6 operated on a three-shift system; a morning, afternoon, and night shift. While Plants 7
and 8 operated on a combination of two- and three-shift systems that consisted of a morning,
early afternoon, evening, and night shift. There was also some variability in the shift start times
which correspond to a worker arriving early or late for a regularly scheduled shift.

Figure 3.1: Distribution of Shift Start Times by Plant Location American Manufacturing Cohort
(AMC) 8 plant sub-cohort 2003-2013, USA
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There was high variability in night work and rotation exposure. Figure 3.2 presents the
distribution of recent night work among those person-months with at least one night shift. Only
13% of person-months included no recent night work (i.e. non-night work reference group) and
the average percentage of recent night work was 35%. Over their entire recorded work history,
86% of workers worked at least one night shift.
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Figure 3.2: Distribution of person-months with night work in the previous year; restricted to
months with at least one night shift in the previous year, American Manufacturing Cohort, 8
plant sub-cohort 2003-2013, USA
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Figure 3.3: Distribution of person-months with rotational work in the previous year; restricted to
months with at least one rotation in the previous year, American Manufacturing Cohort (AMC) 8
plant sub-cohort 2003-2013, USA
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Figure 3.3 presents the distribution of recent rotational work. 94.5% of person-months
included at least one rotation in the previous year. The majority of workers (98.7%) experienced
at least one rotation in their recorded work history and the average percentage of recent
rotational work was 16%. As seen in Figure 3.4, night work and rotational work were not
correlated (R=0.06). While there were a number of person-months that had both rotation and
night work, there were also person-months that were uncorrelated such as the permanent night
workers who had no rotations, and the workers who switched frequently from early morning to
afternoon day shifts, but never to night shifts.

Figure 3.4: Scatter plot of average monthly percentage of night and rotational work in the first
year of follow-up (N=2,151), American Manufacturing Cohort (AMC) 8 plant sub-cohort 2003-
2013, USA
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Table 3.2 presents results for hazard ratios for hypertension and each of the two
exposures in three different models: a base model, a more fully adjusted model, and a model that
also adjusts for imputed BMI and smoking as a sensitivity analysis. In the base model, the hazard
ratios were elevated for recent night work, though the exposure-response was non-monotonic,
(test for linear trend p=0.32). In comparison, the exposure-response relationship for recent
rotational work was monotonic (linear trend test p=0.05). In the adjusted models, workers with
relatively little exposure to night work (those with >0-5% night work) experienced a doubling in
the risk for hypertension (HR=2.30 (1.06- 4.99)) and the risk continued to rise with increasing
night work. Those with more than 95% night shifts had the highest risk of incident hypertension
(HR=3.50 (1.21-10.1)). Recent rotational work was also associated with a linear trend of
increasing incident hypertension risk in the adjusted models (p=0.01); those with more than 30%
rotational shifts per month had 3.44 times the risk (95% CI: 1.54-7.69). Confidence intervals
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became wider but hazard ratios were similar when imputed BMI and smoking status were
adjusted for.

Table 3.3 presents hazard ratios for of recent night and rotational shifts and hypertension.
Compared to non-night workers, hazards were increased among workers with any recent night
work. Among workers who were mostly non-night work with infrequent rotations, the hazard
ratio for hypertension was 2.18 (0.97-4.87) compared with non-night workers. Workers with
mostly night work and frequent rotational exposure were at the highest risk (HR: 4.00 (1.69-
9.52)). When BMI and smoking status were treated as confounders, hazard ratios were slightly
elevated with wider confidence intervals after adjusting for imputed BMI and smoking.

In the second sensitivity analysis, we implemented two alternate classifications of recent
night work: 1) any night shifts versus none and 2) number of months working any night shifts.
An increased risk of hypertension was seen when night work was defined in either of these
alternate classifications (Table 3.4).

In our third sensitivity analysis, workers with less than 150 shifts per year were excluded;
2,813 person-months were dropped leaving 2,216 subjects and 201 hypertension cases. The
results were approximately the same but the confidence intervals were larger (results not shown).
Finally in the fourth sensitivity analysis, results based on the IARC definition of night work (a
night shift is a shift with at least three hours between 0:00 — 5:00)(1) and the Scandinavian
definition (three hours between 23:00-6:00)(60,76) were 98% concordant and almost identical
(results not shown).
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3.6 Discussion

Our findings support the hypothesis that recent night work and rotational work are
associated with an elevated risk of hypertension. The highest rates of hypertension were
identified for those with 95-100% night work, workers who would normally be considered
‘permanent night workers’. This suggests that permanent night workers are experiencing
circadian rhythm disruption even though their work schedules are not rotating. This may be due
to the social ‘jet-lag’ that night workers experience, as they may ‘rotate’ back to a day schedule
on their days off.

Furthermore, we observed elevated hazard ratios for all combinations of night and
rotational work compared to non-night workers. In particular, the hazard ratio was almost 4-fold
for workers with mostly night work and frequent rotations compared with non-night workers.
Even those workers with mostly non-night work and infrequent rotations had a 2-fold risk of
hypertension.

These estimated risks of hypertension are higher than in previous research. However, we
focused on a shorter and more proximate window of exposure (previous 12 months). Most other
studies examined shift work in windows 2-5, 5-10, 10-20, and more than 20 years prior.(48,101—
104) Other studies do not specify the exposure period at all.(46,105,106) If the most biologically
relevant window of exposure for development of hypertension is a year, then we would expect
our study to report higher risks than others. Additionally, these studies may have estimated lower
risk due to binary definitions of shift work such as ever/current versus never night
work.(104,107-111)

Our study has several limitations. First, our reference category in the models examining
the combinations of night and rotational work, combined permanent non-night workers with
workers who may rotate between non-night shifts (i.e. morning and afternoon shifts). If there is
increased risk of hypertension associated with rotating between non-night shifts, we would have
underestimated the impact of rotation on hypertension in the combination model due to the
heterogenous reference group. Second, the rotational work metric identifies a switch to a
different shift schedule but is indifferent to the severity of a rotation. For example, our metric
captures switches from a shift that starts at 15:00 to one that starts at 9:00; however, both shifts
are generally considered day work and switching between them may have little effect on a
worker’s circadian rhythms. Furthermore, our metric does not distinguish between forward
rotations and backward rotations or the speed/frequency of rotations which may have differential
adverse effects on the circadian system.(4,112,113)

Third, hypertension was identified using ICD-9 codes from insurance claims records
which reduces, but does not eliminate, outcome misclassification. Although we surely missed
some cases, Tessier-Sherman et al. examined the validity of claims data in identifying
hypertension cases among the insured employees from which this study population was
derived.(88) They found the medical service claims to be highly specific (86%) while the
sensitivity was 43% indicating this study population may have under-ascertainment of cases.(88)
Poor sensitivity of an outcome will result in statistical power issues, but will not bias the point
estimate.(114)

Finally, this study may have residual confounding, as we lacked information on personal
lifestyle factors such as exercise habits, eating patterns, and chronobiologic preference (i.e.
diurnal preference).(64) Additionally, we were unable to adjust for occupational exposures such
as fine particulate matter or noise, which may bias the reported hazard ratios.(85,115,116) There
may also be residual confounding by underlying health status, whereby healthier workers may
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select into or acquire more shift work exposure than more susceptible workers who may avoid
night or rotational shifts.(117) In a different cohort of workers, between 20% and 30% of shift
workers switch to day work schedules within 2-3 years and cite health reasons for switching
which suggests that the healthy worker survivor effect may cause downward bias in estimated
associations with night work.(118,119) While we restricted to workers hired after the start of
follow-up which avoids a form of selection bias, the mean age at baseline was 37 years old and
we have no information regarding night work at prior employment. Moreover, this population of
light-metal manufacturers may not be generalizable to other populations as they were part of a
highly unionized workforce with excellent access to healthcare.

Despite these limitations, this study is the first longitudinal study using time-registry data
to assess the impact of both night and rotational work on incident hypertension risk. This study
benefits from longitudinal follow-up and the objective assessment of working hours which does
not rely on subject recall and represents actual work time, as opposed to assigned work time.
Additionally, this population of aluminum workers are often employed in standardized
manufacturing work teams that operate 24 hours a day. Therefore, the reference group of non-
night workers are generally performing the same tasks as the night workers and our reference
groups are more directly comparable than other shift worker populations. The elevated hazard
ratios were robust to multiple sensitivity analyses.

This research supports the hypothesis that recent night and rotational work is associated
with an elevated risk of hypertension. Furthermore, this research suggests hypertension risk rises
and remains elevated with increasing exposure to night work compared to non-night work.

3.7 Postface

In this chapter, we explored the relationship between recent night and rotational work and
hypertension and found that combinations of recent night and rotational work increase the risk of
hypertension. In chapter 3, we examine the cumulative impacts of night work on risk of incident
diabetes.
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Chapter 4

Duration or Intensity: Cumulative
Number and Average Percentage of
Night Work Exposure Over Time and
Risk of Diabetes

4.1 Preface

In this chapter, we present an analysis examining the association of cumulative number
and average percentage of night work exposure and risk of incident type Il diabetes mellitus. At
the time this chapter was being written, access to the AMC data was temporarily suspended.
While most of the analysis for this chapter was completed, some final numbers and analyses
were not able to be reported for publication in this dissertation.

This affected the description of the cohort as | was not able to describe the number of
people who met each inclusion and exclusion criteria in the final analytical population for this
chapter’s analysis. These missing numbers have been filled in with N1, N2, N3... and so forth.
Additionally, sensitivity analyses for the Cox proportional hazard models were completed, but
not complied into reportable tables. Therefore, while the results section contains a brief summary
of the sensitivity analyses, data were not presented. Additionally, the pathway analysis and
subsequent marginal structural models for this study was in progress at the time data access was
suspended, and the incomplete results were not included in this chapter.

Future inquiries regarding these missing numbers and sensitivity analyses can be sent to
the dissertation author, Jacqueline Ferguson, or Mark Cullen at Stanford University. It is my
hope that these numbers may also be directly referenced in a forthcoming peer-reviewed journal
article version of this chapter.
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4.2 Abstract

Night shift work has been associated with increased rates of type Il diabetes mellitus.
While previous observational studies suggest that shift workers who have ever engaged in night
work are at higher risk for type Il diabetes, few studies examined the exposure-response
relationship between accumulated night work exposure and incident diabetes. In the present
study, we took advantage of quantitative metrics of night work exposure to examine the
exposure-response relationship of night work and incident type Il diabetes in a cohort of 3,947
American manufacturing shift workers using Cox proportional hazards models.

Our results provide some evidence that night work exposure may be associated with an
increased risk of diabetes. This association was seen when night work exposure was classified as
either the cumulative number of months of night work or the average percentage of night shifts
over follow-up. Hazard ratios were particularly elevated for those who accumulated 13-23
months of night work exposure [HR 1.77 (95% CI: 0.95,3.31)] compared with workers who
never worked a month of night work. We also observed a positive association between the
average percentage of night shifts over follow-up and risk of incident diabetes.

In conclusion, our results support the hypothesis that night work duration and intensity
are associated with an increased risk of type Il diabetes; however, extended follow-up would
help increase the precision of our estimates.

4.3 Introduction

The rising prevalence of type 11 diabetes mellitus worldwide is considered to be a major
public health challenge as an estimated 300 million individuals will be affected by type Il
diabetes by 2025.(120) Type Il diabetes is characterized by high blood glucose levels resulting
from defects in insulin secretion, insulin action, or both.(49,50) Type Il diabetes has been
increasing worldwide largely driven by insulin resistance due to changes in human behavior and
increases in sedentary lifestyles which have increased rates of obesity.(49,50) Yet, over 50% of
the individual variability in insulin resistance remains unexplained after accounting for key risk
factors such as gender, race, age, and adiposity, suggesting a role for genetics and environmental
risk factors.(121)

Environmental risk factors are important predictors of type Il diabetes risk, especially
considering the link between diabetes and healthy lifestyles.(121,122) However, there is little
knowledge regarding the risk factors from an occupational environment beyond air pollution and
chemical exposure. Night work is one potential occupational factor that may influence insulin
resistance and subsequent type 1l diabetes.(51)

Night work is a common occupational exposure across many sectors of the economy and
results in working and eating at hours when the body is anticipating sleep. This conflict between
the body’s internal rhythms of sleep/wake and fasting/feeding cycles is known as circadian
rhythm disruption and may accelerate the development of diabetes through the impairment of the
body’s glucose metabolism processes.(51,123,124) Night work may also indirectly increase
insulin resistance through sleep deprivation, stress, poor sleep quality, and additional behaviors
associated with night work such as physical inactivity, smoking, and unhealthy
eating.(23,121,125) While previous observational studies suggest that shift workers who have
ever engaged in night work are at higher risk for diabetes, few studies examined the exposure-
response relationship between night work and incident diabetes.(51,67) Among those few, the
majority have focused on cohorts of female nurses or Scandinavian populations.(67,126-129)

In the present study, we took advantage of quantitative metrics of night work exposure to
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examine the exposure-response relationship of night work and incident type Il diabetes in a
cohort of American manufacturing workers. Our study’s primary objective was to examine the
association of cumulative number of night shifts and average intensity of night shifts on risk of
incident diabetes.

4.4 Methods
4.4.1 Study Population

The study population is a subset of the larger American Manufacturing Cohort (AMC), a
cohort study designed to allow characterization of the determinates of disease, with an emphasis
on the social, economic, and physical exposures related to work in light-metal smelters,
refineries, and fabricating workplaces in the United States.(52) This unique cohort benefits from
detailed administrative data including employee demographics, employment histories, medical
claims, and working hours obtained from company personnel files, employment records,
insurance claims, and payroll time-registry systems.(52,73) For this analysis, the AMC
population was restricted to twelve plants operating 24 hours a day that reported daily working
hours in the payroll time-registry systems. To partially account for left truncation bias, where
more susceptible workers do not remain observable for a later start of follow-up,(56,117) only
workers hired after 2003 (when daily working hours began to be recorded for a subset of plants)
were considered. In total, N1 hourly workers in twelve plants employed in shift work between
2003 and 2014 were potentially eligible for study inclusion.

Workers were excluded if they were employed for less than 1 year (N2 workers) or were
non-concurrently enrolled in the insurance plan (N3 workers) after the start of follow-up. In
addition, N4 workers with prevalent diabetes, as determined from claims in the first year of
employment, were excluded. To control for the confounding effects of race on night work
exposure and diabetes in the presence of two cases among Asian and Multiracial workers, this
population was further restricted to workers of white, black, or Hispanic race or ethnicity
(N=115). The final study population for this analysis comprised 3,947 workers without prevalent
diabetes.

Follow-up for each worker began on their date of hire, or the date they first appeared in
the time-registry system and were enrolled in the insurance plan, which ever came later, and
continued to the administrative end of follow-up on December 31%, 2014. Follow-up times were
administratively censored at the first instance of any of the following four conditions: 1) the
worker was not enrolled in the insurance plan for two continuous months (i.e. worker switched
insurance plans), 2) the worker left employment with the company (e.g. retirement, firing,
layoff), 3) the worker was missing shift work data for more than two months (e.g. switched to a
salaried job) 4) the worker worked less than 150 work shifts in the last 365 days (i.e. switched to
part-time employment or took an extended leave of absence).

4.4.2 Cumulative Night Work Exposures

Exposure assessment for night work was based on daily working hour data retrieved from
two time-registry systems used to calculate payroll from December 27 2002 through December
31%t 2014. Each exposure metric was calculated from the start of follow-up until either the date of
diabetes diagnosis, administrative censoring, or the end of the follow-up period, whichever came
first. Shifts longer than 18 hours and shorter than 3 hours were excluded from exposure
classification as previously described.(73) Shifts with an hour or less unpaid time (e.g. meal
breaks) were considered to be one continuous shift. Night shifts were classified using the starting
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time and duration: a night shift is a shift with >3 hours between 23:00 and 06:00 which is
consistent with previous definitions.(60,73,75) Otherwise, shifts were considered non-night
shifts.

Two measures of long-term exposure to night work were developed: 1) Cumulative
number of months with night work and 2) Average percentage of night shifts over follow-up. A
month with night work was defined as a calendar month in which more than 3 night shifts were
worked, regardless of the number of non-night shifts worked. The average percentage of night
shifts was calculated as the cumulative number of night shifts/cumulative number of shifts over
follow-up. Both measures of long-term exposure to night work were lagged by one year as shifts
immediately preceding a diabetes diagnosis are unlikely to be those of etiological interest and to
avoid reverse causation.

4.4.3 Diabetes Outcome

Type Il diabetes mellitus was defined as one face-to-face (outpatient or hospitalization)
diagnosis (ICD9: 250.x) or hyperglycemia medication from insurance claims, similar to previous
analyses.(56,73,85-88) If a face-to-face diagnosis or insurance claim for hyperglycemia
medication occurred within the first year of follow-up, the worker was considered to have
prevalent diabetes and was excluded from analysis (i.e., a one-year washout period for prevalent
diabetes).

4.4.4 Covariates

Gender, age, and race, time-varying job grade and plant location were obtained from
human resource records. Race was categorized into white, Hispanic, and black. Job grade, a
classification matrix for jobs based on experience, skill level, and seniority and prestige, ranged
in value from 2-49,(55) and was treated as a continuous variable. For some workers, there was a
gap between hire date and start of follow-up due to a delay in enrollment in both the insurance
plan and the time-registry system. For some, shift work data was not available until sometime
after hire due to delays in the adoption of the time-registry systems at each location.
Alternatively, some employees were enrolled in the time-registry system but delayed enrollment
in the insurance plan of interest (i.e. they were enrolled in another insurance plan first). To
control for potential differences between those with a gap between hire date and start of follow-
up and those with no gap, we calculated the number of days between hire date and start of
follow-up which was categorized as follows: 1) 30 days or less, 2) more than 30 days but less
than 1 year, or 3) more than 1 year between hire and start of follow-up.

Insurance records provide a “risk score”, an insurance metric predictive of health
expenditures, which we used in this analysis as a surrogate for time-varying health status similar
to previous studies of the AMC.(56,57,91) These annual scores are standardized such that a score
of 1 indicates the individual’s health expenditures are likely to fall at the mean.(57)

The number of full shifts off-work was controlled for as another surrogate measure for
health status because workers struggling with a health issue may elect to take time off-work to
recover. The number of full shifts off-work offered the ability to control for monthly variations
in health status, unlike risk score, the other metric for health status, which was calculated
annually. Full shifts off-work were defined using the non-worked hours in the time-registry data
which included reason codes for the recorded absence. Full shifts off-work were defined to
exclude non-worked hours explicitly coded as unrelated to health (e.g. military, bereavement,
suspension, union duties, or weather-related absences) and included sick leave, unpaid or paid
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time off, vacation, unexcused absence, short-term/long-term disability, family medical leave, or
other health related absences.

Non-worked hours were on average between 4 and 12 hours; corresponding to missing
half of an 8-hour shift or all of a 12-hour shift. However, non-worked hours ranged from 15
minutes (i.e. leaving a shift early) to over 100 hours off-work in one day (i.e. ‘cashing in’ paid
time off hours). Therefore, to classify when a worker missed a full shift off-work and to exclude
the “cashing in’ of time off, a full shift off-work was defined as recorded non-working hours that
were 50% or longer than the worker’s average working hours (i.e. >6 hours for a worker with a
mean shift of 12 hours or >4 hours for a worker with a mean shift of 8 hours). For the pathway
analysis, the percentage of full shifts off-work was defined as the number of full shifts off-work/
(number of full shifts off-work+ number of active shifts).

4.4.5 Statistical Analysis

We estimated hazard ratios for incident diabetes and long-term night work exposure
using Cox proportional hazards models with attained age as the time scale. We treated
cumulative months of night work exposure as a categorical variable and exposure category cut-
offs were categorized into years and corresponded nearly to the quantiles of the exposure
distribution of the cases. Categories of average percentage of night shifts were defined a priori to
define 0% night shifts as the reference group. The categories for any night shift exposure were
defined by quantiles of the cases’ exposure distribution and rounded slightly for ease of
interpretation. A sensitivity analyses where the categories of average percentage of night work
are completely defined by the equal distribution of cases in each quantile was performed.

All analyses were stratified by sex within the Cox models (baseline hazard stratified by
sex). All Cox models were adjusted for location, job grade, race, annual health status (risk score),
calendar year, time between hire and start of follow-up, and cumulative number of full shifts off-
work. Tests for trend in each Cox model were performed for each exposure based on the median
of each exposure category.(130)

All statistical analyses were performed in Stata version 15, 2017 (StataCorp LLC,
College Station, TX, USA). The Institutional Review Boards at the University of California,
Berkeley, approved this study (Protocol ID: 2010-07-1823).
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4.6 Results

Among the 3,947 workers, 116 incident cases of diabetes were observed over 9,767
person-years. Follow-up time ranged from 1 month to 12 years, and the mean was 4 years.
Baseline characteristics among the cohort and cases of diabetes are presented in Table 4.1. The
majority of the cohort comprised white and male workers. Cases of diabetes were more likely to
be female, of black race or Hispanic ethnicity, and older.

Table 4.1: Demographic Characteristics in a subset of the American Manufacturing Cohort
(AMC) Shift Work Cohort 2003-2014 USA, N=3,947

Cases of Incident

All Subjects Diabetes

N % N %
All persons 3,947 97.1 116 2.9
Sex
Male 3,173 828 88 75.9
Female 658 17.2 28 24.1
Race
White 2,935 76.6 70 60.3
Hispanic or Latino 368 9.6 21 18.1
Black or African American 528 138 25 21.6
Age at start of follow-up
18-20 5 013 0 0
20-<30 1,034 272 9 7.76
30-<40 1,192 311 28 24.1
40-<50 923 241 48 41.4
50-<60 571 149 28 24.1
60-<70 94 2.5 3 2.6
70+ 3 008 0 0
Time between hire date and
start of follow-up
<1 month 2,237 584 59 50.9
1 month- < 1 year 862 22.5 18 155
> 1 year 732 191 39 33.6
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Table 4.2 presents the distribution of the night work exposure metrics by demographic
characteristics. The median accumulated months of night work in this cohort was just over a
year, and the median annual average percentage of night shifts was 35%. Overall men
accumulated more months of night work than women. Women had a lower median annual
average percentage of night work than men, but with a larger interquartile range. Cases of
diabetes accumulated approximately the same amount of night work during follow-up, but had a
higher median annual average intensity than that of the entire cohort. Black workers accumulated
the most months of night work and worked the most night shifts, compared with white or
Hispanic workers. Older workers accumulated fewer months of night work and worked fewer
night shifts in each year over follow-up.

Table 4.2: Distribution of Night Work Exposure Metrics and Demographic Characteristics in a
subset of the American Manufacturing Cohort (AMC) Shift Work Cohort 2003-2014 USA,
N=3,947

Cumulative Annual Average
Person- Months of Night  Percentage of Night
Months Work during Shifts during
follow-up? follow-up®
N Median (p25, p75)  Median (p25, p75)

All persons 117,204 14 (1, 29) 35(2.454.4)
Cases of Incident Diabetes 2,692 14 (3,24) 38 (3.1, 76.1)
Sex
Male 100,208 16 (3, 31) 35.8 (3.3, 53.0)
Female 16,996 9(0,21) 26.1 (0, 84.2)
Race
White 92,881 14 (2, 29) 33.9 (2.0, 53.3)
Hispanic or Latino 10,310 12 (1, 24) 37.4 (1.3, 80.0)
Black or African American 14.013 17 (5, 32) 42.1 (10.5, 55.8)
Age
18-20 26 0.5 (0, 6) 42.7 (1.9, 88.2)
20-<30 20,981 14 (3, 26) 415 (6.7, 52.2)
30-<40 39,449 19 (7, 36) 41.8 (10.3,54.1)
40-<50 32,097 14 (2, 29) 31.4 (2.0,59.3)
50-<60 20,610 8 (0, 23) 10.3 (0, 59.7)
60-<70 3,970 3(0,19) 0.8 (0,49.1)
70+ 71 0(0,12) 0 (0, 86.1)
Time between hire date and
start of follow-up
1 month or less 67,397 18 (7, 34) 15 (5, 30)
>1 month- < 1 year 23,761 8 (0, 23) 6 (0, 19)
> | year 26,046 10 (0, 24) 6 (0, 20)

2 Units are months. A month of night work is a month with more than three night shifts.
b Units are percentages. A night shift is a shift with at least three hours between 23:00 and 6:00.
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Table 4.3 presents the adjusted hazard ratios for diabetes in relation to each of the two
exposure metrics: cumulative months of night work and average percentage of night shifts. Both
hazard ratios were elevated and the exposure-response relationships were both non-monotonic
(test for linear trend (p=0.3)).

Hazard ratios were particularly elevated for those who accumulated 13-23 months of
night work exposure [HR 1.77 (95% CI: 0.95-3.31)] compared with workers who never worked a
month of night work. The risk of diabetes in the highest quartile of accumulated months of night
work (24-123 months) was lower, but was still elevated [1.46 (0.72-2.98)]. We observed a
positive association between average percentage of night shifts over follow-up and risk of
incident diabetes, although the confidence intervals were wide and the trend was non-monotonic
(p=0.3). The highest hazard ratios for diabetes were found among workers with 85-100% night
shifts over follow-up, corresponding to workers with a near permanent or permanent night shift
schedule. Sensitivity analyses, where categories were defined to equalize the distribution of cases
across quantiles, revealed no appreciable differences; while the hazard ratios were marginally
higher, the confidence intervals were nearly unchanged (results not shown).

Table 4.3: Hazard Ratios for Incident Diabetes and Accumulated Night Work Exposure in a
subset of the American Manufacturing Cohort (AMC) Shift Work Cohort 2003-2014 USA,
N=3,947

95%

. Person- Hazard : P-Value
Exposure Metric N Cases Months Ratio Confidence for Trend
Interval
Cumulative Months with more than 3 Night Shifts
0 26 29,888 1.00 --
1-12 44 41,374 1.37 [0.81-2.32] 0=0.3
13-23 23 19,698 1.77 [0.95-3.31] '
24-123 23 26,128 1.46 [0.72-2.98]
Average Percentage of Night Shifts
0 17 17,577 1.00 --
1-15% 23 22,967 1.08 [0.55-2.14]
15-45% 28 31,866 1.16 [0.57-2.36] p=0.3
45-85% 26 30,959 1.13 [0.56-2.31]
85-100% 22 13,835 1.39 [0.70-2.78]

All models have age set as the time-scale and are stratified on gender. All models adjust for
location, job grade, race, annual health status, calendar year, time between hire and start of
follow-up, and cumulative number of full shifts off-work.
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4.7 Discussion

In this cohort study of aluminum manufacturing workers, our results provide some
evidence that night work exposure may be associated with an increased risk of diabetes,
however, more evidence is needed given the imprecision of the reported estimates. This modest
association was seen when night work exposure was classified as either the cumulative number
of months of night work or the average percentage of night shifts over follow-up. The cumulative
measure captures information about the duration of night work, and the average percentage of
night shifts captures the intensity of night work. While the confidence intervals are wide for the
hazard ratios comparing average percentage of night shifts to 0% night shift, our findings suggest
that both duration and intensity of night work matter for risk of diabetes.

Our results are consistent with previous findings for the association of night work and
diabetes. A recent meta-analysis reported an adjusted OR of 1.09 (95% CI 1.05-1.12) for any
exposure to shift work and risk of diabetes mellitus.(51) Gan et al. also reported a higher risk for
rotating workers compared to day workers (1.42, 95% CI 1.19-1.69) and for men compared with
women (1.37, 95% CI 1.20-1.56).(51) Additionally, several cohort studies have found increasing
risk of diabetes with increasing exposure to night work although the definition of night work
exposure varied across studies.(51,67,126-129,131)

Recent literature also reports that men are at higher risk for diabetes than
women.(49,50,120,132,133) In our study, bivariate analyses indicated that women were more
likely to be cases than men. Due to limited sample size, however, we were not able to examine
potential effect measure modification by gender in this analysis. Future studies of night workers
should examine potential gender differences as an effect modifier of incident diabetes risk.

The exposure metrics for night shift work utilized in this study were slightly different
than those used in the Nurses’ Health Study, a large longitudinal cohort study of female nurses in
the USA that has contributed significantly to the knowledge of the health effects of night work
on risk of diabetes.(67,129,134,135) Analyses of the Nurses’ Health Study have considered night
work as rotating night work, defined as a month when the nurse worked more than three night
shifts while also working day shifts.(67,129) We disagree with the criteria requiring day shifts to
be part of the definition as this places permanent night workers in the same reference group as
permanent day workers, and therefore assumes the risk for permanent day and permanent night
workers is the same. This assumption is based on the theory that permanent night workers are
able to maintain a nocturnal schedule on their days off-work. By defining permanent night
workers as their own category (those with 85-100% night work) in our analysis we were able to
observe that the risk of diabetes is higher for permanent night workers than for non-night
workers [HR 1.39 (0.70-2.78)].

Our study has some limitations. Most notably, our study had a relatively short follow-up
time and a small number of cases. While some persons were followed for up to 12 years, the
mean follow-up time for this cohort was four years. As diabetes is a slow-developing disease,
our hazard ratios may be imprecise because our night work exposure metric is only capturing a
portion of the etiological relevant exposure. However, there is some evidence that suggests that
night work exposure may hasten the progression of diabetes among persons already at risk for
diabetes, and our hazard ratios may be capturing that association rather than the association of
cumulative long-term impact of night work on diabetes risk.(123,136)

We also did not control for the potential impact of smoking, excess adiposity, diet,
physical activity, and sleep duration; which are reported risk factors for diabetes as they are
likely potential mediators of night work exposure and diabetes.(23,129,134,137-142) For

56



example, night work may increase the likelihood of smoking.(97) Therefore, to assess the total
association of night work exposure and diabetes risk, they should not be adjusted for.

Additionally, we did not adjust for potential co-exposures of night work such as long
working hours or rotations, which have previously been associated with an increased risk of
diabetes.(69) Due to the potential for night work shifts to more commonly be long shifts, it is
possible that our measurement of night work is picking up some of the association of long
working hours on diabetic risk which is a suspected risk factor for diabetes.(69) Our study may
also have residual confounding from socioeconomic status and income. Workers with higher
socioeconomic status may be working the night shift for personal preference rather than being
required due to financial reasons as someone in a lower income group might. While we were
unable to control directly for socioeconomic status, we were able to control for job grade. In this
cohort, job grade confers different levels of experience, skill level, seniority and prestige. While
job grade may control for a portion of the confounding effect of socioeconomic status and
income, it is only a proxy for these two more putative measures. Future analysis on this cohort
will further explore the role of potential co-exposures of night work, income and socioeconomic
status, using available, but not yet synthesized data.

Although we restricted our population to those hired after 2003 and adjusted for time
between hire and start of follow-up (defined by enrollment in insurance and time-registry
system), we may have residual selection bias from left truncation bias. By restricting our
population to those hired after 2003, we removed the ‘super-survivors’; those employed for
many years and hired potentially decades before the start of follow-up. However, this does not
completely eliminate left truncation bias in this cohort as some workers hired after 2003 still had
a gap between hire date and start of follow-up due to delays in entering the time-registry system
or the insurance plan.(56) This means even those hired after 2003 had to remain employed until
they were enrolled in both the insurance and the time-registry system. To completely eliminate
left truncation bias, an inception cohort would be required where every worker was observed
since hire (no gap between hire date and start of follow-up). Given statistical power concerns, we
were not able to restrict to an inception cohort where all employees were hired after the start of
follow-up, as this would reduce our cohort by 40% (Table 4.1). A previous study indicates that
restriction by hire date, when an inception cohort cannot be achieved, reduces the magnitude, but
does not eliminate, bias due to left truncation bias.(56) Therefore, our study is likely to have
residual selection bias.

Finally, an often overlooked methodological consideration is the potential downward bias
from the healthy worker survivor effect (HSWE), a type of selection bias characterized by time-
varying confounding affected by prior exposure, where healthier workers acquire more exposure
than sick or susceptible workers who modify their exposures by selecting out of work or into less
exposed jobs.(117) Health status is likely to be a time-varying confounder affected by prior
exposure in studies of night workers as one study reports between 20% and 30% of shift workers
switch to day work from night work schedules within 2-3 years and cite health reasons for the
switch.(118,119) While the methods developed to control for bias from the HWSE may be
analytically complex, a simple pathway analysis can assess the evidence to evaluate if the HWSE
is present in a particular study.(143-148) The HWSE is conditional on three associations being
present:(146) 1) poor past health predicts less future night work exposure, 2) poor health predicts
future diabetes risk, and 3) More night work exposure predicts poorer health status. A pathway
analysis for this study was in progress at the time data access was suspended (See section 4.1),
and the incomplete results were not included in this chapter. Future work will include completing
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the pathway analysis and reanalyzing the data using the appropriate statistical analysis (e.g. g-
methods) to account for bias from the HSWE.

4.8 Conclusion

In conclusion, the results from the Cox models support the hypothesis that night work
duration and intensity are associated with an increased risk of diabetes, however, more evidence
is needed given the imprecision of the reported estimates. Future work is needed to elucidate this
relationship with longer follow-up while examining the potential impacts of co-exposures such
as long working hours and effect measure modification by gender and socioeconomic status.
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Chapter 5
Conclusions

5.1 Summary

In chapter 2, we presented the first description in a manufacturing cohort of the
prevalence and co-occurrence of working time characteristics that may lead to circadian rhythm
disruption: shift type, intensity, duration, rotational pattern, and weekend work. We highlighted
differences in the distribution of these working hour characteristics by race, age, gender, and by
annual shift schedule (e.g. permanent day vs. rotating day/night). In particular, we demonstrated
that older workers tend to work fewer rotational shifts than their younger counterparts. In chapter
3, we explored the associations between recent night work, rotational work, as well as
combinations of the two, and the risk of incident hypertension. We found elevated risk of
hypertension among all combinations of night and rotation work compared with non-night
workers. We also found the highest risk of hypertension among permanent night workers,
suggesting that they are experiencing circadian rhythm disruption even though their work
schedules are not rotating. In chapter 4, we examined the relationship between cumulative
exposure to night work and incident diabetes risk. Our results provided modest evidence that
night work exposure may be associated with an increased risk of diabetes. This association was
seen when night work exposure was classified as either the cumulative number of months of
night work or the average percentage of night shifts over follow-up.

5.2 Strengths and Significance

This work has provided a better understanding of how various shifts and shift schedules
may impact worker health. The exposure data were not limited by recall bias and represent actual
work time as opposed to assigned work time which may have been modified due to last minute
changes such as sickness absence.

Additionally, this population of light metal manufacturers is different than other existing
datasets with similar time-registry data. For example, our cohort is based in the United States, the
majority of our workers are men, and the industry is not healthcare-related. Most existing cohort
studies of shift work exposures involve a general population of Scandinavians or American
female healthcare workers. While the Scandinavians benefit from a wealth of data registries and
the American nurses from a higher propensity to participate in research, their results are not
generalizable to other non-healthcare industries. While the AMC workers are from one company,
the majority of the geographically diverse plants operate independently with local supervision
and individual union contracts. Therefore, the results from the AMC may be generalizable to all
manufacturing across America. Furthermore, this research has demonstrated similar elevated
risks of night work and rotational work on hypertension and diabetes in a very different worker
population. These data also objectively identified hypertension and diabetes based on ICD-9
codes from insurance claims records which confers the advantage of reducing recall bias and loss
to follow-up compared with outcome ascertainment surveys.

A major strength of this research is its granular classification of shift work and its ability
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to address exposure misclassification. The data provided the ability to split out different time
periods of exposure such as recent work and past work, which may provide insight into the
relevant biological exposure windows for increased hypertension and diabetes risk. The large
numbers of plants and shift schedules included in the data offer tremendous variability which
enabled the characterization of different shift work schedules. Most existing datasets rely on
healthcare industries which have uniform shift schedules with only a few variations across
hospitals and clinics. The unprecedented amount of detail regarding shift work exposure in this
dataset is truly unique and has the potential to shape future research in this area.

5.3 Limitations

However, this study had some significant limitations. Although this study reduced
exposure misclassification, it did not totally address issues of selection bias and confounding.
Given the data available, we were unable to adjust for known confounders of shift work such as
income or social economic status which affect a worker’s propensity of working higher paying
night shifts and health outcomes. This study also did not account for self-selection into the AMC
or shift work jobs within the AMC. In addition to the healthy hire effect, where healthier workers
work more strenuous jobs than their unhealthier counterparts, workers may also select into the
shift workforce due to financial necessity since shift work pays a premium. Examining the
selection mechanisms such as financial motivation for shift work is a topic | am looking forward
to examining in the future.

This research did not examine potential mediators of shift work and hypertension and
diabetes, such as chronotype, smoking, weight gain, eating habits, and exercise habits. Shift
work could cause an increase in risk of diabetes and hypertension directly through circadian
rhythm disruption or it could indirectly elevate risk through an increase in unhealthy behaviors
such as lack of physical activity. Unfortunately, given the nature of the data collected from
administrative databases, it is likely that we will never be able to assess these individual
mediators in this population. Rather, the results from this population will be focused on the total
association of shift work; the direct portion and the indirect portion which proceeds through the
hypothesized mediators of lifestyle.

Finally, this research is limited by short follow-up and limited number of incident events
which restricts analyses to evaluating the associations of more recent exposures or more acute
outcomes. While the two time-registry systems collectively cover 12 years, less than 20% of the
plants are followed for the full 12 years as most of the plants are followed in one system but not
the other. The short follow-up times primarily impacted the analysis in chapter 4 as the
confidence intervals for history of night work and diabetes lacked precision.

5.4 Next Steps in Shift Work Research

While shift work cannot realistically be eliminated from work culture, we may be able to
reduce the impact of shift work on health by identifying the worst features of working hour
schedules. If more specific modifiable components of shift work are identified as pathogenic,
such as backward rotating shift schedules, then schedules could be revised to eliminate these
components and protect workers’ health. It is my hope that this research is only the beginning of
a larger investigation into the role of specific characteristics of working time on people’s health.
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