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INTERNAL DESYNCHRONIZATION OF CIRCADIAN RHYTHMS
AND TOLERANCE TO SHIFT WORK

Alain Reinberg' and Israel Ashkenazi®

YUnité de Chronobiologie, Fondation A. de Rothschild, Paris, France
2Sackler Faculty of Medicine, Department of Human Molecular Genetics and Biochemistry,
Tel Aviv University, Tel Aviv, Israel

Intolerance to shift work may result from individual susceptibility to an internal
desynchronization. Some shift workers (SW) who show desynchronization of their cir-
cadian rhythms (e.g., sleep-wake, body temperature, and grip strength of both
hands) exhibit symptoms of SW intolerance, such as sleep alteration, persistent
fatigue, sleep medication dependence, and mood disturbances, including depression.
Existing time series data previously collected from 48 male Caucasian French SW
were reanalyzed specifically to test the hypothesis that internal synchronization of cir-
cadian rhythms is associated with SW intolerance and symptoms. The entry of the
subjects into the study was randomized. Three groups were formed thereafter: SW
with good tolerance (n = 14); SW with poor tolerance, as evident by medical com-
plaints for at least one year (n = 19); and former SW (n = 15) with very poor toler-
ance and who had been discharged from night work for at 1.5 yr span but who were
symptom-free at the time of the study. Individual and longitudinal time series of
selected variables (self-recorded sleep-wake data using a sleep log, self-measured
grip strength of both hands using a Colin Gentile dynamometer, and oral tempera-
ture using a clinical thermometer) were gathered for at least 15 days, including
during one or two night shifts. Measurements were performed 4-5 times/24 h.
Power spectra that quantify the prominent period () and t-test, chi square, and
correlation coefficient were used as statistical tools. The mean (+SEM) age of SW
with good tolerance was greater than that of SW with poor tolerance
(44.9 £ 2.1 yrs vs. 40.1 + 2.6 yrs, p <.001) and of former SW discharged from
night work (very poor tolerance; 33.4 + 1.7, p <.001). The shift-work duration
(yrs) was longer in SW with good than poor tolerance (19.9 + 2.2 yrs vs.
15.7 £ 2.2; p<0.002) and former SW (10.7 + 1.2; p <.0001). The correlation
between subject age and shift-work duration was stronger in tolerant SW (r = 0.97,
p <.0001) than in non-tolerant SW (r = 0.80, p < 0.001) and greater than that of
former SW (r=0.72, p < .01). The mean sleep-wake rhythm 7 was 24 h for all 48
subjects. The number of desynchronized circadian rhythms (7 differing from 24 h)
was greater in non-tolerant than in tolerant SW (chi square = 38.9, p < .0001). In
Former SW (i.e., 15 individuals assessed in follow-up studies done 1.5 to 20 yrs
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after return to day work), both symptoms of intolerance and internal desynchroniza-
tion were reduced or absent. The results suggest that non-tolerant SW are particu-
larly sensitive to the internal desynchronization of their circadian time
organization. (Author correspondence: areinberg@wanadoo.fr)

Keywords Circadian period, Rhythm desynchronization, Hand grip strength, Oral
temperature, Tolerance to shift work

INTRODUCTION

Many shift workers (SW) find it difficult to adjust to night work.
Nevertheless, some continue to work such shifts, while in others the intol-
erance and level of suffering are so intense that they cease being shift
workers. These inter-individual differences raise questions about the
basis of tolerance to shift work. The term tolerance is used here as it is
applied in many life sciences, such as ergonomy (tolerance to effort),
physiology (tolerance to anoxia), and pharmacology (tolerance to medi-
cations). Namely, it takes into account inter-individual differences
(Andlauer et al., 1979; Axelson et al., 2006; Reinberg et al., 1979a,
1979b, 1984a, 2007; Taylor et al., 1997). We have been particularly inter-
ested in individual differences in the time organization of circadian and
other rhythms among human beings, and in this regard we previously
documented the presence of allochronism (i.e., the desynchronization
of various circadian rhythms in samples of healthy individuals without
apparent medical consequence [Reinberg et al., 2007]). For many
years, we and many occupational health physicians have been interested
in finding indicators predictive of a worker’s life-time tolerance to rotat-
ing SW schedules. However, the type of studies required to explore such
indicators is extremely difficult to conduct. People would have to be
studied intensively to gather longitudinal time series of meaningful vari-
ables both prior to their entrance into shift work as well as at discrete
times during their shift-work career, with the data analyzed in relation
to the worker’s acute or chronic tolerance to SW based on medical and
self-reported criteria. Unfortunately, the conduct of such studies is
impractical. Thus, at present, the assessment of SW tolerance level is
decided upon only after of a period of time during which workers have
been subjected to SW schedules.

Two, hopefully complementary, approaches have been used to explore
this question. The conventional one makes use of a set of both clinical and
chronobiologic criteria to decide, on an individual basis, whether or not a
given SW is tolerant to night work. The other approach makes use of ques-
tionnaires to assess environmental, social, and psychological criteria (e.g.,
effects of supervisors, colleague support, team identity, job satisfaction,
subjective well-being, and turnover intention), with the resulting database
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used to build a group-phenomenon model to enable the SW a greater
degree of control of the work environment and schedule to improve
worker well-being and health (Fisher et al., 2006; Pisarski et al., 2006).
The present study relies on a conventional biological approach (i.e., moni-
toring and analysis of individual time series gathered from workers over
time with environmental factors and personal habits and behavior being
carefully recorded).

In an earlier study of ours on SW (Reinberg et al., 1988a), we
explored the relationship between the amplitude (A) and period (tau,
7) of circadian rhythms and SW tolerance. We reported poor SW toler-
ance is frequently associated with small circadian As and prominent 7s dif-
fering from 24.0 h, leading to an internal desynchronization of the
circadian time organization. The study was carefully designed and
involved non-selected SW, precise knowledge of the individual health
status of the SW, longitudinal sampling of SW subjects, and application
of power spectra analyses to time series data to accurately quantify the cir-
cadian As and 7s. The design of this study also makes it possible now for
us to test, by a chronobiologic approach using these and other non-pre-
viously published time series data, the hypothesis that intolerance (in the
form of dyschronism) to SW may result from the individual susceptibility
of SW to internal desynchronization of circadian rhythms (Reinberg
et al., 1984a, 1984b).

If the hypothesis is correct, one should expect that in a given popu-
lation of non-selected SW that:

1. The mean age and mean SW duration will be longer in SW with good
than poor tolerance and very poor tolerance (former SW discharged
from night work). This also implies that the correlation between sub-
ject’s age and the SW duration is stronger in tolerant than non-tolerant
SW.

2. The number of desynchronized circadian rhythms will be greater in
non-tolerant (those susceptible to desynchronization) than in tolerant
SW when both are exposed to SW schedules.

Clinical experience shows that non-tolerant SW recover from their
medical complaints and symptoms when they no longer engage in night
work. Thus, in former SW who exhibited very poor tolerance to SW, the
symptoms of SW intolerance and level of internal desynchronization
should be expected to be reduced or absent after returning to day work
exclusively. This observation adds another aspect to the hypothesis
structure.

As there may be a certain level of internal desynchronization present in
day workers and tolerant SW, we postulate that the increased level of
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internal desynchronization that we hypothesize to occur in non-tolerant
and poorly tolerant SW is induced and thus detected only upon exposure
to SW schedules. This implies:

3. The identification of non-tolerance to SW can be pursued only while
persons are exposed, rather than prior to exposure, to SW
conditions.

4. Difference between SW tolerance and non-tolerance does not reside in
rhythm-controlling mechanisms but rather in the entities that perceive
exogenous time cue signals. Thus, the removal of the exogenous SW
pressure, such as when intolerant SW move from SW to exclusively
day-work schedules, should be expected to alleviate the inducing
phenomenon and the resultant circadian rhythm internal
desynchronization.

METHODS
Subjects

According to the French laws of Labor, all workers must undergo
medical examination at least once per year by a qualified occupational
health physician. Thus, we had access to up-to-date longitudinal
medical/health records of workers. However, we selected SW for study
not by criteria regarding health state, age, SW duration, industry, or SW
rotation schedule, but by the sequence that the SW appeared for their
mandatory medical examination. A total of 48 male Caucasian French
SW volunteered for our field study; of these, two were left handed. All pro-
vided written consent according to the Helsinki ethical rules for human
research and the standards of the journal (Touitou et al., 2006). They
were not paid, but the cumulated times spent doing measurements at
home, workplace, and elsewhere (~10 h/subject) were compensated by
off-days from work. On average, the transportation time between work
and home before and after work was <30 min. The home environment
of all workers had quiet and comfortable conditions so as not to disturb
sleep even when taken during the daytime hours (Rutenfranz et al.,
1985). Subjects followed their spontaneous diet without restriction of
quality and quantity. Meal timing was not taken into account in our ana-
lyses, as its synchronizing effect upon the examined variables has been
found to be nil, even among SW (Reinberg et al., 1979a, 1979b).

Determination of SW Tolerance/Intolerance

Intolerance to shift work was judged from both the personal
experience and clinical examination of the subjects done twice per
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year at the occasion of consultations with the occupational health
physicians. The specific, traditional criteria of SW intolerance are
complaints of:

o Persisting fatigue (asthenia). Fatigue that persists for weeks or months is
abnormal (Reinberg et al., 2007). Persistence means that non-work
spans (i.e., weekends, off-days, and vacations) are ineffective for reversal
or recovery from the fatigue. Although recent publications cite fatigue is
a symptom of SW intolerance (Axelson, 2006; Fisher et al., 2006;
Lammers-van der Holst et al., 2006; Pisarski et al., 2006; Van
Dongen, 2006), to our surprise, reference to its persistence is lacking.
Thus, we emphasize that the persistence of fatigue in SW is a major cri-
terion of SW intolerance (Andlauer et al., 1979; Reinberg et al., 1979b,
1988a).

o Persisting sleep alterations. Sleep alterations in SW are trivial phenomena,
but their persistence, again, is yet another major criterion of SW intoler-
ance. Our studies involved the use of sleep logs to document alterations
of difficulty in falling asleep, poor subjective sleep quality, frequent awa-
kenings, and changed sleep duration.

® Regular use of sleep-inducing medications. Despite their ineffectiveness, the
reliance upon sleep-inducing aids by self-medication and by prescribed
medications of any type is almost a pathognomonic sign of SW intoler-
ance (Reinberg et al., 2007).

o Changes in behavior. Unusual irritability, tantrum, verbal aggressivity,
and sensitivity to noise are other signs of SW intolerance (Andlauer
et al.,1979: Reinberg et al., 1979b, 1988a).

® Digestive problems. Symptoms such as indigestion, gastric ulcer, and
altered bowel function are conventional signs of SW intolerance,
although none of the studied subjects exhibited these.

After data gathering, three groups were considered for further analyses:

1. Workers showing good SW tolerance. Fourteen subjects who expressed
neither complaints nor medical problems.

2. Workers showing poor SW tolerance. Nineteen subjects who expressed
medical complaints for at least 1 yr. This group included 11 subjects
with very poor SW tolerance. Their symptoms were so severe that
the decision was made by medical personnel to transfer them from
SW to day work as soon as such a position became available in the
same industry. In some analyses, according to their specific aim, sub-
jects with poor and very poor tolerance are pooled.

3. Former SW with very poor tolerance. Fifteen subjects previously dis-
charged from night and switched to day work for at least 1.5 yr.
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No subjects of this group expressed any complaints or medical pro-
blems at the time of their study.

Apart from SW with poor and very poor tolerance who took sleep
medications, all subjects were medication-free at the time of study. Sleep
medications that were available at the time of the study exerted little or
no chronobiotic effect (Reinberg et al., 1988b). Alcohol and tobacco con-
sumption was in rather low amounts, if any, and strictly forbidden at the
workplace as stipulated by safety rules.

The shift workers came from three types of industries of different
geographical locations: oil refinery (Rouen region of northwest
France), and steel manufacturing and chemical engineering (both in
the Lyon region in the central and east regions of France). Two types
of SW rotations were concerned, the so-called “rapid rotation” (shift
rotations every 2—4 days) and “weekly rotation” (shift rotations every
7 days). Four 8 h shifts were scheduled: a morning shift starting at
06:00 h, a day shift starting at 14:00 h, an evening shift starting at
22:00 h, and a night shift from 22:00 to 06:00 h. Off-days were sched-
uled after the night shift rotation. The distribution of tolerant, non-tol-
erant, and former SW was similar in all industries (y* = 1.98, p > 0.05)
as well as the distribution of shift rotation type (x* = 2.56, p > 0.05).
Moreover, the entry of subjects into the study by SW tolerance category
was random as verified by sequential analysis methods (Armitage, 1960;
Diem, 1963), which tested the distribution of subjects among the
three groups. Details of subject entry into the studies can be found in
Reinberg et al., 1988a.

Data Gathering

Longitudinal data gathering took place for at least 15 consecutive days,
including during one or two night shifts. A total of 30 subject studies was
performed between February and September and 18 others between
March and June. All subjects were trained in the use of the forms and
instruments and properly standardized conditions. It took 5 to 10 min
for a subject to perform the study measurements and tasks when at
work, home, and/or elsewhere.

Study Variables/Measurements

e Sleep-wake cycle was assessed by sleep log that gathered data on clock
times of light-on and light-out plus subjective sleep quality, number of
awakenings, etc.
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e Oral temperature circadian rhythm measured by a standard large-scale
(0.05°C precision) clinical thermometer; self-measurements were done
daily, 4 to 5 times/24 h.

e Grip strength circadian rhythm of each hand was assessed by a Colin
Gentile Dynamometer (Paris, France). Original files were retrieved
and used. Data of the dominant hand were labeled “right hand” to facili-
tate reading. A hand-side-related difference in the grip strength circa-
dian rhythm was previously reported by us (Reinberg et al., 1984b).
Self-measurements were performed daily, 4 to 5 times/24 h.

Statistical Analyses

Power spectra (De Prins & Malbecq, 1983), cosinor, t-test, )(2 test,
correlation coefficient (r), and the Armitage method (Armitage, 1960;
Diem, 1963) were applied to the data.

RESULTS

As expected, the mean (+SEM) age of subjects showing good tolerance
to SW was greater than that of those showing poor SW tolerance (44.9 + 2.1
vs. 40.1 + 2.6 yrs, p < 0.001), and the age of the latter was greater than that
of former SW (33.4 + 1.7 yrs, p < 0.001) when they were discharged from
night work due to very poor SW tolerance (see Figure 1A). Likewise, as
expected, the duration of SW was longer in subjects having good tolerance
than that of those having poor tolerance (19.9 + 2.2 vs. 15.7 + 2.2 yr,
p < 0.002) and of former SW (10.7 + 1.4 yrs, p = 0.0001; see Figure 1B).

A SHIFT WORKERS' AGE B DURATION OF SHIFT WORK

45‘ 20
il 3 1
| %

[ Years

=3

—_
o en =
= R o o

Good Tol PoorTol  Former SW GoodTol  Poor Tol  Former SW

FIGURE 1 (A) Shift workers’ age. Ordinate: mean age + SEM (yr); abscissa: Good Tol = SW with
good tolerance (44.9 + 2.1 yr), Poor Tol =SW with poor tolerance (40.1 + 2.6 yr), Former SW
(33.4 £+ 1.7 yr). (B) Duration (yrs) of shift work (mean + SEM); good SW tolerance (19.9 + 2.2 yr);
poor SW tolerance (15.7 + 2.2 yr); former SW (10.7 £ 1.4 yr).
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Correlation of Age and Duration of SW Career

To obtain a more complete understanding of SW intolerance and
determine if there exists a threshold phenomenon in the SW duration of
non-tolerant subjects, we assessed the relationship between age and dur-
ation of the SW career of non-tolerant subjects. Subject age and SW dur-
ation showed a very strong correlation (r = 0.97, p < 0.0001) in tolerant
SW. A weaker, yet statistically significant, correlation was also detected
between the two variables in non-tolerant SW (r = 0.80, p < 0.001) and
also in former SW (r = 0.72, p < 0.01). It is of interest (see Figure 2)
that none of the non-tolerant subjects worked longer than 10 yr in SW.
Indeed, the duration of shift work was <10 yr in 6/19 non-tolerant SW
(middle graph) and 6/15 former SW (bottom graph), but it was >10 yr
in all tolerant SW (15/15, top graph). A certain threshold effect of SW dur-
ation is apparent in the poor tolerant group; nonetheless, it seems that
there are inter-individual differences in the SW duration in the subjects
of both the non-tolerant and poorly tolerant SW groups.

40
35 .
Duration 30 oo _
of Shift 25 . * Shift Workers
Work 20 i With Good
(Years) 15 - Tolerance
s
10 o*
81
0 v y . .
0 10 20 30 40 50 60
35 -
30
25 e Shift Workers
20 . With Poor
15 . * . ¢ Tolerance
10+
5 - : -
0 v ss *
0 10 20 30 40 50 80
25 — s
20
18 L . Former
19 .. i Shift Workers
5 Ll
o ‘.

10 20 30

40

50

Age of Shift Workers (Years)

FIGURE 2 Correlation between subject age and SW duration. Top graph: tolerant SW (r = 0.97,
p <.0001); middle graph: poor SW tolerance (r=0.80, p <.001); bottom graph: former SW
(r=10.72,p <.01).
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Sleep-Wake Cycle Tau

The mean period (7) of the sleep-wake cycle of all 48 subjects, indepen-
dent of SW tolerance status, was 24 h.

Circadian 7 of Oral Temperature Rhythm

More former and tolerant SW than non-tolerant SW evidenced oral
temperature circadian rhythms with 7= 24.0 h (see Figure 3), the differ-
ence for the latter and former groups being statistically significant

(X* = 26.5, p = 0.0001).

Right-Hand Grip Strength

No difference (y* = 3.2, p = 0.20) was detected between former, non-
tolerant, and tolerant SW in the number of subjects exhibiting rhythms
with 7= 24.0 h (see Figure 4).

Left-Hand Grip Strength

In contrast to the findings for the right hand, time series analyses of the
left-hand grip strength data show (see Figure 5) more former and tolerant
SW than non-tolerant SW show rhythms with 7= 24.0 h, the difference
being statistically significant (y* = 19.2, p < 0.0001).

Total Number of Circadian (7 = 24.0 h) Rhythms

A period (7) of the oral temperature and/or hand grip strength circa-
dian rhythm that differs from 24.0 h, given that the sleep-wake 7= 24 h, is

Oral
Temperature
Number of
cases

Poor Tolerance
Good Tolerance

Former Shift Workers

Rhythm period
= 24h out of 24h

FIGURE 3 Prominent period of oral temperature circadian rhythm. Left-side histograms: rhythm
7= 24.0 h; right-side histograms: rhythm 7 differing from 24.0 h. The difference in the distribution
of 7as a function of SW tolerance category is statistically significant (x* = 26.5, p <0.0001).
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RIGHT HAND
Grip Strength
Number of
cases
12
10
8 Poor Tolerance
6
4 Good Tolerance
2 Former Shift Workers
0

Rhythm period
=24h out of 24h

FIGURE 4 Prominent period of right-hand grip strength circadian rhythm. Left-side histograms:
rhythm 7= 24.0 h; right-side histograms: rhythm 7 differing from 24.0 h. No statistically significant
difference in the distribution of 7 is validated, according to SW tolerance category.

indicative of internal desynchronization. As shown in Figure 6, desynchro-
nization of the circadian time organization appears to be common in
non-tolerant SW, the difference between this and the other two groups
in the total number of rhythms with 7= 24 h being statistically significant
(X’ = 36.9,p < 0.0001). Follow-up investigations of 15 former (very poorly
tolerant) SW who were restudied 1.5-20 (median = 12) yr after transfer
from shift to day work exclusively showed they were free of symptoms of
SW intolerance. Figures 3 to 6 also show that the level of the internal
desynchronization of the circadian rhythms in these subjects was
reduced. This impression is validated by the fact that the number of
rhythms for which 7= 24 does not differ between former and tolerant
SW (x* = 0.33, p > 0.05), while it does between former and non-tolerant
SW (x> = 5.8, p < 0.05).

LEFT HAND
Grip Strength
Number of
cases

20
15

Poor Tolerance
Good Tolerance

Former Shift Workers

Rhythm period
=24h  outof 24h

FIGURE 5 Prominent period of left-hand grip strength circadian rhythm. Left-side histograms:
rhythm 7= 24.0 h; right-side histograms: rhythm 7 differing from 24.0 h. The difference in the distri-
bution of 7by SW tolerance category is statistically significant (x> = 19.2, p < 0.0001).
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Total Number
of Rhythms

30

|

30 .Poor Tolerance
0 Good Tolerance

12 Former Shift Workers

Rhythm period
= 24h out of 24h

FIGURE 6 Total number of 24 h rhythms detected in oral temperature and right- and left-hand grip
strength. Left-side histograms: rhythm 7= 24.0 h; right-side histograms: rhythm (differing from
7= 24.0 h. The difference in the number of 7= 24.0 h rhythms as a function of SW category is statisti-
cally significant (y* = 86.9, p < 0.0001).

DISCUSSION

Shift-work schedules are used in many industries. After several years of
shift work, the employee is fully aware of the type of persisting fatigue, sleep
alteration, and other symptoms that he is likely to experience. As stated
above, some considered themselves capable of continuing a career in shift
work. Those are referred to as SW with good tolerance. Those who do
not tolerate shift-work are categorized as having poor tolerance and are
frequently forced to give up their night-shift position and request or
agree to be discharged (Andllauer et al., 1967, 1977; Landier & Vieux,
1976; Reinberg et al., 1979b; Vieux et al., 1963). In the industries for
whom the subjects were working, the salary of the SW was not reduced
when returning to day work in the same plant; thus, the decision was
made without consideration of the financial impact upon the employee.

From a clinical point of view, it is known that the population of long-
term tolerant SW is rather stable and homogeneous over time, as it
results in a kind of self-selection. On the other hand, the population of
non-tolerant shift workers is rather unstable due to the fact of'its sustained
elevated level of “evaporation” (Andlauer et al., 1977; Reinberg et al.,
1979b). It should be emphasized that in many previous published
studies, including those conducted by us (see appendix), subjects were
not selected for their tolerance to shift work, and as stated earlier, such
an a priori selection is not yet possible. In all of the studies, all subjects vol-
unteered for the longitudinal data gathering. Time series were analyzed
individually, and rhythm parameters were quantified. Only at this stage
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did the investigators survey each subject’s medical record to classify them
as day workers, shift workers with good or poor tolerance, and former shift
workers.

This important point is emphasized here because it relates to the ques-
tion of the randomness of our sample. Meta analysis was performed on the
results of eight different studies (see appendix) in which the period of the
sleep/wake, oral temperature, and grip strength circadian rhythms were
assessed longitudinally in tolerant, non-tolerant, and former SW, as well
as day workers exposed to various environmental changes (see appendix).
Our goal was to determine if the ratio of various categories of the subjects
in each subgroup of the present study was similar to that of other studies as
explored by the meta analysis. The meta analysis found tolerant SW made
up 59.2% (74/125) of workers of the combined eight studies considered
compared to 57.5% (14/33) workers in the present study. Taking the
temperature rhythm as an example, the meta analysis showed the percen-
tage (+SEM) of subjects with 7= 24 h was 67.7 + 5.7% in day workers,
86.6 + 4.5% in tolerant SW (vs. 100% in our study), 39.5 + 8.1% in non-
tolerant SW (vs. 21% in our study), and 83-89% in former SW (vs. 86%
in our study). Therefore, the distribution of the chosen subjects of the
present study closely resembles that of the other investigations, thereby
suggesting our sample is not a biased one.

In one of our previous investigations (Reinberg et al., 1988a), subjects
were not selected, their respective entry in the study being randomized.
Thus, the self-selection of non-tolerant SW is not likely to be an inherent
bias. The design of that study also provided a means to test, by a chronobio-
logic approach, the hypothesis that intolerance to shift work (dyschronism)
may result from one’s susceptibility to internal desynchronization of circa-
dian rhythms (Reinberg et al., 1984a, 1984b). Yet, at that time, the data
were not analyzed to address this issue. Years later, while writing a review
paper (Reinberg et al., 2007), we thought that it would be worthwhile to
analyze these time series with a new aim in mind (i.e., to examine the validity
of the hypothesis forwarded above). Some of the previously unpublished
data were included.

If the hypothesis is correct, we may expect that, in a given random
(non-selected) population of SW:

1. The mean age and mean shift-work duration will be longer in employees
with a good tolerance than in ones with a poor tolerance and very poor
tolerance to shift work (former SW discharged from night work). The
above also implies the correlation between the worker’s age and the dur-
ation of shift-work will be stronger in tolerant than non-tolerant SW.

2. The amount of desynchronized circadian rhythms will be greater in
non-tolerant (those prone to desynchronize) than in tolerant
workers when both are exposed to SW schedules.
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Clinical experience shows that non-tolerant SW recover when they no
longer engage in night work. Thus, in former SW with a very poor toler-
ance, both the symptoms of intolerance and the level of internal desyn-
chronization will be reduced or completely resolved after returning to
day work exclusively. This observation adds another aspect to the hypoth-
esis structure:

3. As there can be a certain level of internal desynchronization in day
workers and tolerant SW, we postulated that the increased level of
internal desynchronization, which occurs in non-tolerant (and poorly
tolerant) SW, can be induced and detected only upon exposure to
shift work. This in turn implies that:

e Identifying non-tolerance to SW schedules can be pursued only in
SW conditions and not prior to entering such.

e The difference between tolerance and non-tolerance to shift-work
schedules does not reside in rhythm-controlling mechanisms, but
in the entities that percept exogenous signals. Thus, removal of
the exogenous pressure will cease the inducing phenomena.

With regard to the latter aspect, it should be cautioned that if the
person remains on SW, persisting fatigue and sleep alterations may not
be overcome (Andlauer et al., 1977; Ashkenazi et al., 1997; Reinberg
et al., 1984; Vieux et al., 1963).

To the best of our knowledge, there has been no recent study that used a
chronobiologic approach to better understand one’s individual tolerance
and intolerance to shift work. Tolerance is often not clearly characterized;
in publications, references are made to fatigue and sleep alterations rather
than to persisting fatigue and persisting sleep alterations (Axelson et al.,
2006; Fischer et al., 2006; Lammers-van der Holst et al., 2006; Pisarski
et al., 2006; Van Dongen, 2006). Thus, it is therefore difficult to compare
results reported here with those reported by others, as we choose to use
more restrictive criteria to define shift-work tolerance and intolerance.
Moreover, in our study, a control group (Former SW) was included,
enabling us also to examine the after-effects of exposure to shift-work
schedules.

In their paper on ambulance personnel, Motohashi and Takano (1993)
reported that the duration of shift work of workers with a good tolerance
(n = 30) was 20.3 + 1.1 yr (SEM), while for subjects with a poor tolerance
(n=12), it was only 7.7 + 3.4 yr. Their results and ours are in good
agreement.

With regard to studies considering that tolerance to shift work has
exclusively an exogenous origin, our major concern relates to the fact
that these authors (Fischer at al., 2006; Pisarski et al., 2006) did not take
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into consideration the existence of inter-individual differences. As
previously reported (Reinberg et al.,1988a), the symptoms of intolerance
appear rather rapidly (within six months) and are related to neither age
nor duration of shift work. The rather abrupt development of the symp-
toms of shift-work intolerability leads the worker, more or less rapidly,
to consider that his night work has to be discontinued, whatever his age
and seniority as a shift worker. In contrast, tolerant SW have no clinical
reasons to leave the night shift. This is one of the major clinical differences
between tolerant and non-tolerant SW.

From this data re-analysis, it thus seems that internal desynchronization
of the documented rhythms was associated with the SW intolerance.
The fact that SW-related desynchronizations of circadian rhythms disappear
when SW resume an exclusive day-work schedule has been reported pre-
viously by Reinberg et al. (1984a, 1984b, 1988a) as well as Chandrawanshi
and Pati (2000) and Pati and Parganiha (2007). We may therefore consider
that there is a relationship between the level of internal desynchronization
actually evidenced by chronobiogical means and the symptoms of SW
intolerance, as both occur and persist during shift work and disappear or
dissipate to the level seen when the employee is transferred to day work.

Presumably, several biological clock systems are involved in the reported
desynchronization. The system controlling the sleep-wake rhythm seems to
differ from the one controlling the body temperature rhythm, as earlier
suggested by Aschoff and Wever (1981). Systems controlling right- and left-
hand grip strength rhythms deserve to be taken into account. Their respective
prominent period may differ from each other as well as from that of the temp-
erature rhythm and obviously from that of the sleep-wake rhythm. In a pre-
vious study, we observed that there was a deviation of the prominent period
of the body temperature rhythm from 7= 24.0 h. The same deviation was
observed also in the period of the right-hand grip strength. We, therefore, con-
ducted paired correlation tests between the prominent period of the rhythms
of the investigated variables. The only detected correlation was between oral
temperature and right-hand grip strength (r = 0.31,p < 0.05). No correlation
was found among the prominent 7, of the circadian rhythms of oral tempera-
ture, left-hand grip strength, peak expiratory flow (a measure of airway
patency), or heart rate. The reanalysis of such data brings also to light the
fact that the grip strength circadian rhythm of the right (dominant) hand is
less prone to desynchronize than the left one (see Figures 4 and 5). Such a
hand side-related difference was thereafter validated in rhythms of reaction
times (Reinberg et al., 1997; Shub et al., 1997). These findings suggest the cir-
cadian clock system differs between the right and the left brain, with the possi-
bility of coupling between the body temperature and right-hand grip rhythm.

An appendix regarding the meta analysis of internal desynchronization
in SW is included, not only to address the problem of the randomness and
representativeness of our worker sample, but also to provide estimates of
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the number of workers showing allochronism and dyschronism of their
circadian system (Reinberg et al., 2007), on the one hand, as well as toler-
ance to shift work, on the other. In Figure 7 and its legend, the results of
the present study are included together with those of the meta analysis.
This allows us to show that desynchronization of circadian rhythms can
be rather common even in day workers without complaint (allochonism).
It shows also that the incidence of circadian desynchronization is rather
uncommom in former SW, a fact that suggests that dyschronism and
related desynchronization are reversible in non-tolerant SWs.

In summary, this paper helps illustrate the relationship between, on
the one hand, the clinical symptoms of SW intolerance recorded
through the long-term follow-up (years and even decennia) and, on the
other, internal desynchronization of the body’s time organization, as deter-
mined by time series analyses of four different circadian rhythms docu-
mented longitudinally. The findings point to the fact that while the
occurrence of internal desynchronization is greater among non-tolerant
SW, this can only be documented when the susceptible worker is
exposed to SW. Thus, at present, it is difficult a priori to determine a
worker’s susceptibility (i.e., non-tolerance) to shift work. The results of
this study also raise the possibility that the biological entity that determines
one’s SW tolerance may reside in the individual inherited perception of the
exogenous signals.
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FIGURE 7 Percent of the rhythms with prominent 7= 24.0 h. Figure includes data of the present
study, which were added to those of the meta analysis cited in the Appendix. Day workers: n = 83;
Good T SW: shift workers with good tolerance (n = 79); Poor T SW: shift workers with poor tolerance
(n = 93); Former SW: Former shift workers (n = 38). Sleep-wake rhythms: percent of 7= 24.0 h; no
statistically significant difference between groups; Temperature rhythm: desynchronization of the
24.0 h period found in 32.3 + 5.1% (SEM) of day workers (allochronism), 13.4 + 4.5% of tolerant
SWs (i.e., allochronism), 60.5 + 8.1% of non-tolerant SW (i.e., dyschronism), and 14.4 + 1.5% of for-
mer SW (i.e., allochronism). Grip strength rhythm, right hand: desynchronization of the 24.0 h period
found in 51.2 + 8.0% (SEM) of day workers (i.e., allochronism), 46.6 + 2.0% of tolerant SW (i.e., allo-
chronism), 45.3 + 8.8% of non-tolerant SW (i.e., dyschronism), and 25.6 + 8.5% of former SW (i.e.,
allochronism).



640 A. Reinberg and 1. Ashkenaz

APPENDIX

The percentage of rhythms with a prominent circadian period
(t=24.0 h) of four variables (i.e., sleep wake, body temperature, grip
strength of right and left hand), was documented longitudinally (for 7 to
14 days or more) in a set of investigations that included day workers and
non-selected SW, studied in their habitual setting, with the SW sorted
after the study into three subgroups of tolerant, non-tolerant, and
former SW (see Figure 7). Data gathering and analyses (e.g., power
spectra) as well as criteria used for categorizing SW tolerance were
similar in all cases.

References for the Meta-analyzed Results

This entails eight different investigations (i.e., Ashkenazi et al., 1993;
Chandrawanchi & Pati, 2000; Motohashi, 1990; Motohashi & Tanako,
1993; Motohashi et al., 1987, 1995; Reinberg, 2007, unpublished data;
Reinberg et al., 1984a, 1984b, 1985, 1988a, 1989, 1994). With regard to
desynchronization, the temperature circadian rhythm was taken as an
example, as it was documented in all the quoted studies.

Usual Day Worker

Workers were exposed to their natural setting and usual life habits
(Motohashi et al.,, 1987; Reinberg, 2007, unpublished data; Reinberg
etal., 1985), including also environmental changes, such as intensive phys-
ical activities (Reinberg et al., 1984, 1989), placebo intake (Reinberg et al.,
1994), and students with irregular retiring time (Motohashi, 1990). In
total, there were seven studies (Motohashi, 1990; Motohashi et al., 1987;
Reinberg, 2007, unpublished data; Reinberg et al., 1984, 1985, 1989,
1994) involving 83 workers (42 M & 41 F), median age 28 yrs, without
medical complaint of any kind.

TABLE 1 Mean + SEM % Across the Studies of Workers Showing the Specified Rhythms
with = 24.0 h

Grip strength (%)

Sleep-wake (%) Temperature (%) Right hand Left hand

98.5+ 1.3 67.7 £ 5.2 57.8 + 8.9 54.5 +£ 8.9

With reference to the temperature circadian rhythm, 32.3% of the workers
were desynchronized (i.e., allochronism; t-test with p < 0.007).
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Tolerant Male SW

Different industries and different types of shift rotation: five studies
(Ashkenazi et al., 1993; Chandrawanchi & Pati, 2000; Motohashi &
Tanako, 1993; Reinberg et al., 1984a, 1985) involving a total of 74 SW
tolerant out of 125 workers.

TABLE 2 Mean + SEM % Across the Studies of Workers Showing the Specified Rhythms
with =24.0 h

Grip strength (%)

Sleep-wake (%) Temperature (%) Right hand Left hand

96.9 + 1.7 83.3 +4.5 53.4 + 2.0 —

With reference to the temperature circadian rhythm, 16.7% of the workers
were desynchronized (i.e., allochronism; t-test with p < 0.01).

Non-tolerant Male SW

Different industries and different types of shift rotations; four studies
(Ashkenazi et al., 1993; Chandrawanchi & Pati, 2000; Motohashi &
Tanako, 1993; Reinberg et al., 1984a, 1985) involving 51 non-tolerant
out of 125 workers.

TABLE 3 Mean + SEM % Across the Studies of Workers Showing the Specified Rhythms
with =24.0 h

Grip strength (%)

Sleep-wake (%) Temperature (%) Right hand Left hand

96.9 + 1.0 44.2 + 9.1 54.7 + 9.0 36 + 10.4

With reference to the temperature circadian rhythm, 55.8% of the workers
were desynchronized with symptoms of intolerance (i.e., dyschronism;
t-test with p < 0.0001).

Former SW

Workers (n = 24) who were discharged from night work due to poor
tolerance, exclusively performing day work in the same industry for at
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least 1.5 yr. Many of them were studied twice (see Chandrawanchi & Pati,
2000; Reinberg et al., 1984a; 1988a).

TABLE 4 Mean + SEM % Across the Studies of Workers Showing the Specified Rhythms
with =24.0 h

Grip strength (%)

Sleep-wake Temperature
(%) (%) Right hand Left hand
100 £ 0 83 and 89 — —

With reference to the temperature circadian rhythm, 11-17% of the
workers were symptom-free and desynchronized.
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