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Asthma often worsens at night. To determine if the endogenous
circadian system contributes to the nocturnal worsening of asthma,
independent of sleep and other behavioral and environmental day/
night cycles, we studied patients with asthma (without steroid use)
over 3 wk in an ambulatory setting (with combined circadian,
environmental, and behavioral effects) and across the circadian
cycle in two complementary laboratory protocols performed in dim
light, which separated circadian from environmental and behavioral
effects: 1) a 38-h “constant routine,” with continuous wakefulness,
constant posture, 2-hourly isocaloric snacks, and 2) a 196-h “forced
desynchrony” incorporating seven identical recurring 28-h sleep/
wake cycles with all behaviors evenly scheduled across the circadian
cycle. Indices of pulmonary function varied across the day in the
ambulatory setting, and both laboratory protocols revealed signifi-
cant circadian rhythms, with lowest function during the biological
night, around 4:00 AM, uncovering a nocturnal exacerbation of
asthma usually unnoticed or hidden by the presence of sleep. We
also discovered a circadian rhythm in symptom-based rescue bron-
chodilator use (β2-adrenergic agonist inhaler) whereby inhaler use
was four times more likely during the circadian night than day.
There were additive influences on asthma from the circadian system
plus sleep and other behavioral or environmental effects. Individ-
uals with the lowest average pulmonary function tended to have
the largest daily circadian variations and the largest behavioral cycle
effects on asthma. When sleep was modeled to occur at night, the
summed circadian, behavioral/environmental cycle effects almost
perfectly matched the ambulatory data. Thus, the circadian system
contributes to the common nocturnal worsening of asthma, im-
plying that internal biological time should be considered for
optimal therapy.

circadian rhythms | asthma | sleep | circadian misalignment |
bronchodilation

Asthma is characterized by bronchial hyperreactivity leading
to airway inflammation, bronchoconstriction, and symptoms

of “chest tightness.” It has been recognized for hundreds of years
that asthma severity generally increases at night, producing what
had historically been termed “nocturnal asthma.” For instance, in
1698, the physician Sir John Floyer recognized from his own ex-
perience that “at first waking, about one or two of the Clock in the
Night, the Fit of the Asthma more evidently begins” (1). Nocturnal
worsening of asthma occurs in as many as 75% of patients with
asthma, equating to 20 million people in the United States alone
(2–6). The variation across the day and night in peak expiratory flow
(PEF) can be as much as 50% (7, 8). Also, the highest rate of
asthma exacerbations leading to respiratory failure or death occurs
across the night (3, 9, 10). Therefore, understanding the mecha-
nisms underlying the daily variability in asthma severity could have
major diagnostic and therapeutic implications.

Behavioral and environmental factors are known to affect asthma
severity, including exercise, air temperature, pollution, the sleep/
wake cycle (11), changes in posture (12), and the sleeping environ-
ment (13). However, it is also possible that the endogenous circadian
timing system contributes to nocturnal worsening of asthma (14).
The circadian system—composed of the central circadian pacemaker
in the suprachiasmatic nucleus of the hypothalamus and circadian
oscillators in most organs and tissues of the body—orchestrates ∼24-h
rhythms in physiology and behavior (15). This endogenous timing
system may influence the pulmonary and inflammatory system via
the autonomic nervous system (16), humoral factors (17), and/or
local molecular clocks (18, 19).
We tested the hypothesis that the circadian system, indepen-

dent of sleep and other behavioral and environmental factors,
contributes to the nocturnal worsening of asthma in humans.

Results
To determine the independent effect of the endogenous circa-
dian system on asthma, we studied participants with asthma
without steroid use (to prevent the influence of timed exogenous

Significance

For centuries, it has been recognized that asthma severity
shows a daily rhythm, with the worst symptoms at night.
However, it is unclear to what degree this is driven by every-
day behaviors, such as sleep, physical activity, and body pos-
ture changes, versus intrinsic rhythms generated by the
internal body clock (i.e., the circadian system). To distinguish
the contribution of the circadian system, patients with asthma
underwent two complementary gold-standard circadian pro-
tocols: a constant routine and a forced desynchrony protocol.
These highly standardized protocols revealed that the endog-
enous circadian system plays a significant role in modulating
pulmonary function and asthma severity independent of sleep
and other daily behavioral or environmental cycles. Moreover,
these circadian influences summate with daily behavioral and
environmental effects to drive asthma to be worst at night.
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steroid intake from affecting the circadian pattern of pulmonary
function) and control participants throughout two intensive and
complementary in-laboratory protocols (Fig. 1): 1) a 38-h “con-
stant routine” (CR) protocol to estimate circadian rhythmicity in
asthma severity in the absence of environmental and behavioral
changes (by maintaining continuous wakefulness during semi-
recumbent rest in dim light conditions and with fixed-interval
isocaloric intakes) (14), and 2) a 196-h “forced desynchrony”
(FD) protocol with all behaviors scheduled evenly across the cir-
cadian cycle in dim light conditions, enabling quantification of
independent circadian effects on asthma severity (while account-
ing for all behaviors) and behavioral effects on asthma severity
(while controlling for circadian phase) (20). Collecting data in two
different circadian protocols increases the rigor of the approach
and would add to the robustness of any circadian findings if similar
results are obtained. The FD also permits determination of any
interaction between environmental/behavioral effects and circa-
dian effects (20). In addition, to compare circadian rhythms
in asthma severity with daily patterns observed under typical

behavioral and environmental conditions in the home, measure-
ments of pulmonary function were recorded across each day of a
3-wk ambulatory protocol. We also assessed daily patterns of
symptom-based rescue bronchodilator use (β2-adrenergic agonist
inhaler) in ambulatory and laboratory protocols. So that rescue
inhaler use did not interfere with measurements of asthma se-
verity, all pulmonary function and airway resistance measurements
within 6 h following beta2-adrenergic agonist inhaler use were
excluded from all analyses (21).
Other physiologic aspects and detailed specific methodologies

of these studies have been previously published, including descrip-
tions of circadian rhythmicity in cardiovascular and metabolic var-
iables, circulating adipokines, nitrogen regulation, blood pressure,
cardiac and physical activity dynamics, and sleep inertia (20, 22–27).

Participants. The demographics of the participants and the de-
marcation of which protocols they completed are presented in SI
Appendix, Table S1. Seventeen participants with asthma completed
the ambulatory protocol (10 women and 7 men; mean age 26.5 y,
range 20 to 41 y; mean body mass index [BMI] 24.3 kg/m2, range
19.0 to 28.9 kg/m2), 13 of whom completed the FD protocol and 11
of whom completed the CR protocol (10 participants with asthma
completed all three protocols). Ten control participants without
asthma completed both the ambulatory and CR protocols (8 women
and 2 men; mean age 28.0 y, range 19 to 44 y; mean BMI 25.3 kg/m2,
range 23.0 to 26.7 kg/m2), and 5 of these 10 control participants
completed the FD protocol. There were no significant differences
between the asthma and control participants in age or in BMI. There
was a significantly higher ratio of males versus females in the control
group as compared with the asthma group in both the CR and FD
protocol (both P < 0.001; χ2 analysis). As expected, an indirect es-
timate of airway inflammation, fractional exhaled nitric oxide
(FeNO), was significantly higher in participants with asthma (mean
25.0 ppb, range 8.2 to 65.3 ppb) than in control participants (mean
8.5 ppb, range 4.5 to 14.7 ppb; P < 0.001).

Circadian Phases, Circadian Periods, and Habitual Timing of Sleep. As
assessed utilizing the FD protocol, there were no significant
differences between asthma and control participants in endoge-
nous circadian period (the duration of one circadian cycle; asthma
participants: 24.14 ± 0.08 h; 23.60 to 24.44 h; n = 13; control
participants: 24.29 ± 0.13 h; 23.78 to 24.51 h; n = 5), time of core
body temperature (CBT) minimum (asthma participants: 4:53
AM ± 23 min; 3:22 AM to 8:42 AM; n = 13; control participants:
4:54 AM ± 45 min; 2:10 AM to 6:24 AM; n = 5), habitual
waketime (asthma participants: 8:31 AM ± 23 min; 6:00 AM to
11:00 AM; n = 13; control participants: 7:48 AM ± 44 min; 5:00
AM to 9:00 AM; n = 5), or phase angle of entrainment (the time
between CBT minimum and habitual waketime; asthma partici-
pants: 3.62 ± 0.28 h; 1.95 to 5.47 h; n = 13; control participants:
2.90 ± 0.48 h; 1.60 to 4.54 h; n = 5). However, when including all
participants who completed the ambulatory protocol, an inciden-
tal finding was that there was a significant 1 h and 16 min average
difference in habitual waketime between asthma participants and
control (asthma participants: mean ± SEM: 8:31 AM ± 19 min;
range: 6:00 AM to 11:00 AM; n = 17; control participants: 7:15
AM ± 26 min; 5:00 AM to 9:00 AM; n = 10; P = 0.023, two-tailed
unpaired t test). For each individual, CBT was used as the circa-
dian phase marker and the time of CBT minimum was assigned as
0 circadian degrees (0°), with one full circadian cycle spanning
360°. All dependent variable data were then assigned corre-
sponding circadian phases.

Average Differences in Pulmonary Function between Participants
with Asthma and Matched Controls across All Protocols. Across 3
wk during the ambulatory protocol, the 17 participants with
asthma had an average forced expired volume in 1 s (FEV1) of
75% ± 15% (mean ± SD) of the predicted pulmonary function

Fig. 1. Ambulatory, CR, and FD protocols. Wide black bars represent sleep
episodes; narrow gray bars represent wakefulness in normal lighting con-
ditions; narrow black bars represent wake episodes in dim light (∼2 lx); and
red bars represent recordings of FEV1 (plus airway resistance when in the
laboratory) and breathing discomfort every 2 to 4 h, including immediately
after regularly scheduled awakenings from sleep when in the laboratory.
Times of any rescue medication use were also recorded. The ∼3 wk (median
22 d) ambulatory protocol (Top) assessed the daily pattern of asthma in the
home. Participants maintained a self-selected regular 8-h sleep schedule. The
CR protocol (Middle) assessed the circadian rhythm of asthma without sleep
while minimizing masking effects of the environment and behaviors. The CR
lasted 5 d with 2 baseline days and nights and 38 h of wakefulness in a
semirecumbent posture in an individual laboratory suite in dim light, with
2-hourly isocaloric snacks. The FD protocol (Bottom) assessed the separate
effects of the circadian system and the behavioral sleep/wake schedule on
asthma. The FD lasted 11 d with 2 baseline days and nights and then seven ×
28-h “days” in an individual laboratory suite in dim light.
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value expected in asymptomatic participants based on height,
age, and sex (28). FEV1 was significantly worse is asthma par-
ticipants than in the 10 control participants, in whom FEV1 was
100% ± 10% predicted (P < 0.0001; two-tailed t test; Fig. 2A).
Similarly, in both laboratory protocols, the asthma participants’
average FEV1 was always lower than in control participants (CR:
82% ± 16% versus 101% ± 10% predicted, respectively, P =
0.003; FD: 80% ± 15% versus 99% ± 9% predicted, respectively,
P = 0.018; Fig. 3 B, D, and F) and airway resistance was always
higher in participants with asthma than in control participants
(CR: 0.51 ± 0.17 versus 0.33 ± 0.10 kP/L/s, respectively, P =
0.008; FD: 0.53 ± 0.17 versus 0.35 ± 0.08 kP/L/s, respectively, P =
0.036; Fig. 3 A, C, and E).

Ambulatory Protocol: Daily Pattern of Asthma Severity. One of the
hallmarks of asthma is its variable severity across time. The
ambulatory protocol was used to assess the habitual daily pattern
of asthma severity, which presumably includes summed and/or
interacting behavioral, environmental, and circadian influences
on asthma. The within-day pattern was evident, as there was
significant variability in FEV1, respiratory discomfort, and rescue
inhaler use across the day in participants with asthma (Fig. 2).
For the ambulatory data, we report the group-average of each
individual’s mean at each of the four measurement times per day
across all days of the assessment. In addition, to capture potential
clinical relevance, the single worst measurement for a person at
each timepoint was determined, and the group averages for each
of the four measurement times are shown in Fig. 2. The same was
done for the best pulmonary function at each time of day. Fo-
cusing on the times of worst FEV1 and worst symptoms across the
days, as these are the most clinically relevant, the two scheduled
measurement times with most severe asthma were immediately
before bedtime and immediately upon awakening (FEV1: 60% ±
19% predicted and 57% ± 18% predicted, respectively [Fig. 2A];
subjective respiratory discomfort: 2.7 ± 1.8 units and 2.6 ± 1.6
units on a Modified 0 to 10 Borg scale, respectively [Fig. 2B]). We
note that in the ambulatory condition we did not attempt to assess
asthma severity across the night, as this would have required dis-
rupting sleep, although participants were always permitted to use
their symptom-based beta2-adrenergic agonist rescue inhaler if
needed across the night. Of the 17 asthma participants who par-
ticipated in the ambulatory setting, one participant did not use
rescue medication, and we later learned that one other participant
used their beta2-adrenergic agonist inhaler based on a preset
schedule rather than symptoms. The 15 remaining participants
used their rescue inhalers a total of 331 occasions, which averaged
one inhaler use per day per participant (median = 22 uses per
participant [range 1 to 54 uses]; median duration of measure-
ments = 22 d per participant [range 14 to 41 d]). Dividing the
ambulatory 24-h day into twelve 2-h bins (awakening ± 1 h, etc.),
the chance for asthma inhaler use had a significant day/night
pattern (P < 0.0001; Friedman) with the highest peak at awak-
ening (odds ratio: 3.1 [95% CI: 1.7 to 4.7]) and a second peak at
bedtime (odds ratio: 2.4 [1.4 to 3.3]) (Fig. 2C). Thus, the times of
unscheduled rescue inhaler uses (Fig. 2C) coincided with the times
of worst FEV1 (Fig. 2A) and maximal discomfort (Fig. 2B).

CR Protocol: Endogenous Circadian Rhythm in Asthma Severity. In
the CR protocol, there were highly significant endogenous cir-
cadian rhythms in indices of pulmonary function in participants
with asthma, with lowest function during the biological night
(i.e., the half of the circadian cycle centered around the circadian
CBT minimum, corresponding to ∼11:00 PM to 11:00 AM, or the
circadian phase span of 270° to 90°; Fig. 3 A and B). This finding
suggests that the circadian variation in pulmonary function would
contribute to nocturnal worsening of asthma, including the wors-
ening asthma severity before bedtime and upon awakening in the
morning that was revealed by the scheduled measurements in the

ambulatory data. From cosinor analyses, the peak-to-trough cir-
cadian differences in airway resistance were 0.10 kPa/L/s (20% of
the mean) in asthma participants and 0.07 kPa/L/s (22% of the
mean) in control participants, and the peak-to-trough circadian
differences for FEV1 were 5.6% predicted (7% of the mean) in
asthma participants and 2.6% predicted (3% of the mean) in
control participants, in whom these indices of pulmonary function
also were lowest during the biological night.

Fig. 2. Ambulatory protocol: asthma is more severe at awakening and at
bedtime compared with the middle of the day. Group data with individuals
aligned according to time of scheduled sleep (gray shading). The within-
participant ranges of asthma severity were averaged for the group (n =
17; worst [downward triangles], mean, and best [upward triangles] at each
measurement time). The most severe asthma (worst FEV1 [A] and respiratory
discomfort [B]) occurred before bedtime and upon awakening. Similar, al-
though less striking, daily patterns were seen for mean and best FEV1 and
for mean and least discomfort. These times coincided with the highest fre-
quency of (unscheduled) use of bronchodilator rescue medication (red columns,
C). Note: all data within 6 h following bronchodilator use were excluded. There
were large significant differences between control participants (open circles, n =
10) and asthma participants in FEV1 and respiratory discomfort at all times of
day. For controls, only group averages of individuals’ mean FEV1 and discomfort
are shown (because FEV1 was close to 100% predicted without respiratory dis-
comfort at all times). The bottom plot shows significant evening and morning
peaks in the average distribution of beta2-adrenergic agonist use in those par-
ticipants (n = 15) who needed to use their inhaler (horizontal line indicates
expected frequency assuming no daily variation). P values indicate significance
levels for variations relative to time since awakening.
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FD Protocol: Endogenous Circadian Rhythm in Asthma Severity. The
FD protocol, which uncovers underlying circadian rhythmicity
while averaging out all behavioral/environmental factors, also
revealed significant endogenous circadian rhythms in airway resis-
tance and FEV1 both in asthma and control participants (Fig. 3 C
and D) that were very similar to those observed in the CR (Fig. 3 A
and B). Again, the indices of pulmonary function were lowest
during the biological night. The peak-to-trough differences in air-
way resistance were 0.07 kPa/L/s (14% of the mean) in asthma
participants and 0.04 kPa/L/s (11%) in control participants, and
peak-to-trough differences in FEV1 were 4.7% predicted (6% of
the mean) in asthma participants and 1.8% predicted (2%) in
control participants. The very similar timing of the cosinor-fitted
peaks in these variables between the complementary FD and CR
protocols (e.g., for airway resistance at ∼330° in the FD and at
∼360° in the CR) suggests that these are robust circadian influences
(Fig. 3 A and B versus C and D). Furthermore, from individual
cosinor analyses, 11 of the 13 individuals with asthma who com-
pleted the FD protocol had significant circadian rhythms of FEV1,
with all 11 demonstrating worst pulmonary function during the bi-
ological night, with the range between 320° and 30° (Fig. 4 A and B).
Across individuals with asthma, there was a clear negative rela-
tionship between the average FEV1 and the amplitude of the

circadian rhythmicity in FEV1, such that those individuals with the
lowest FEV1 had the largest circadian amplitudes in FEV1
(r = −0.66, P = 0.027; Fig. 4C). To exclude the possibility that the
significant circadian rhythms in pulmonary function could have
been caused by varying amounts of sleep across the circadian cycle,
we also performed analyses wherein all data from the scheduled
sleep episodes were excluded. From these data collected during
scheduled wakefulness alone, we found in both groups (asthma and
control) that the circadian rhythms of FEV1 and airway resistance
persisted with virtually identical phases, amplitudes, and significance
levels (Fig. 3 C and D versus SI Appendix, Fig. S1 A and B).

FD Protocol: Behavioral Cycle Influences on Asthma Severity. Using
the FD protocol, we also assessed the effect of the behavioral
sleep/wake cycle on pulmonary function independent of circa-
dian effects. There were eight measurements of FEV1 and airway
resistance made across each of the identical seven recurring 28-h
behavioral cycles for each participant, such that by the end of the
protocol, these 28-h behavioral cycles had spanned all circadian
phases. Thus, the average 28-h profiles of pulmonary function
effectively averaged out (i.e., controlled for) circadian phases, as
shown in Fig. 3 E and F. Throughout all scheduled wake epi-
sodes, participants were mostly seated and at rest, and there

Fig. 3. Independent effects of circadian system and behavioral sleep/wake cycle on pulmonary function. The CR (A and B: 11 asthma, 10 control) and FD
protocols (C and D: 13 asthma, 5 control) show expected mean differences in pulmonary function (FEV1) and airway resistance between asthma and control
participants and revealed significant circadian rhythms for both groups in airway resistance and FEV1. Cosinor models, which make use of the precise circadian
phase of each measurement for each participant, are shown (red lines represent asthma; black lines represent controls; gray areas represent 95% CI). Circles
indicate raw 60° bin-averaged data and are added primarily to illustrate that the model fits the data. X-axes show the circadian phases at the bottom, with
corresponding clock times at the top. Gray horizontal bars represent group-average timing of habitual sleep episodes. Both the CR and FD revealed that
pulmonary function was worst during the biological night (highest airway resistance and lowest FEV1) around the CBT minimum (vertical dotted lines at 0° =
∼5:00 AM). Right panels (E and F) show independent effects on pulmonary function of the 28-h sleep/wake schedule (averaged across all circadian phases).
Black bars represent sleep episode (interspersed with two awakenings for pulmonary function measurements). There were significant changes across the
sleep/wake cycle in asthma and control groups, with pulmonary function always best during the wake episode and almost invariably worst at the time of the
first scheduled awakening from sleep. P values indicate significance levels for circadian (A–D) and sleep/wake cycle (E and F) variations. Note: for panels A
through D, the first and last data points and the beginning and end of the model curves are double-plotted to make it easier to visualize rhythmicity.
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were fixed schedules for the timing of awakening and of other
behaviors including meals, taking a shower, cognitive computer
tasks, and pulmonary function measures. Exercise was not per-
mitted. In addition, to specifically assess the effect of sleep (or
prior sleep) on pulmonary function, measurements were per-
formed immediately following three standardized awakenings
equally spaced throughout each sleep episode, thereby again
spanning the entire circadian cycle. For both groups (asthma and
control), there were highly significant systematic effects of the
behavioral sleep/wake cycle (independent from the circadian
effects) on both FEV1 and airway resistance (P < 0.0001 for all;
Fig. 3 E and F). From Fig. 3 E and F, it is evident that there was
some variability in pulmonary function across the waking episode
with FEV1 increasing and airway resistance decreasing across the
first few hours following wakefulness. Furthermore, the most
striking finding was that the worst pulmonary function occurred
during the scheduled sleep episodes, especially at the end of the
first third of the sleep period (i.e., upon the first standardized
awakening). We note that in the individuals with asthma, there
was a clear negative relationship between the average FEV1 and
the extent of the changes in FEV1 associated with the behavioral
cycle (r = −0.69, P < 0.01). This is a similar relationship as ob-
served for the circadian rhythm amplitude and average FEV1, as
noted. Indeed, the circadian amplitudes and behavioral ranges
across participants were highly significantly correlated (r =
+0.85; P < 0.001). Thus, those individuals with asthma with the
lowest average FEV1 have the largest circadian amplitude as well
as the largest behavioral effects on FEV1.
Although all sleep opportunities were strictly scheduled in the

protocols, the actual presence of sleep versus wakefulness during
sleep opportunities was outside the control of the experimenters.
Thus, in additional post hoc analyses, we assessed the role of (prior)
sleep on pulmonary function by pairing measurements immediately
following polysomnographically (PSG)-confirmed sleep with control
measurements during PSG-confirmed wakefulness at equivalent
circadian phases (see Materials and Methods). In participants with
asthma, prior sleep was systematically associated with a slightly
decreased FEV1 (−0.75% predicted; P = 0.026) and a trend for
increased airway resistance (0.013 kPa/L/s; P = 0.062) when com-
pared with wakefulness. This latter effect on airway resistance was
also significant in control participants (0.015 kPa/L/s; P = 0.006),
whereas there was no significant effect of sleep on FEV1 in controls.
The variations across the day and night caused by the behavioral

cycle (Fig. 3 E and F) were of similar magnitudes to the circadian
variations (Fig. 3 C and D). There were no significant interactions
between sleep/wake state and circadian phase on asthma severity
(P > 0.05). Thus, while our analyses enable us to statistically sep-
arate behavioral effects and circadian effects, the lack of statistical
interaction between these effects suggests that they could be sum-
med to predict asthma severity across the day and night in real life
when these behavioral and circadian effects continuously co-occur
(see Composite Models of Summed Circadian, Behavioral, and En-
vironmental Factors Contributing to Nocturnal Worsening of Asthma).

FD Protocol: Endogenous Circadian and Behavioral Influences on
Asthma Rescue Inhaler Use. Eight of the 13 individuals with
asthma who completed the FD protocol used their β2-adrenergic

Fig. 4. More severe asthma associated with greater circadian amplitude in
pulmonary function. During the FD protocol, 11 of 13 participants with
asthma had a significant endogenous circadian rhythm in FEV1 (shown by in-
dividual colors): absolute values (A), normalized to percent deviations around
means (B). X-axes for A and B show the circadian phase, with corresponding
clock times at the top. Note: the first and last data points and the beginning
and end of the cosine curves are double-plotted to make it easier to visualize
rhythmicity. All 11 individuals had their circadian trough in FEV1 during the
biological night (circadian phases 270° to 90°; gray horizontal bars show av-
erage habitual sleep episodes across the biological night). C shows the

relationship between overall severity of asthma (x-axis; lower values indicating
more severe asthma) and amplitude of circadian rhythm in FEV1 (y-axis). Colors
of lines and symbols are matched for individuals across all three panels. It can
be seen that those individuals with more severe asthma (lower circadian aver-
age FEV1) had greater amplitudes of circadian rhythms in FEV1 and therefore
much lower circadian nocturnal troughs in FEV1. Thus, overall, the average
FEV1 predicts the extent of the circadian nocturnal trough in FEV1. The two
individuals without statistically significant circadian rhythms in FEV1 are super-
imposed on C (open circles) and appear to fit within the group trend.
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agonist inhaler medication based on symptoms at least once
during the FD part of the protocol. In these eight participants,
the median inhaler use was 6 times throughout the FD (range 1
to 17 times), which equates to approximately once every 33 h.
The timing of inhaler use in this group of participants had a
significant circadian rhythm (Fig. 5A). Overall, bronchodilator
rescue medication use was four times more likely to occur during
the biological night (81%) than during the biological day (19%)
(P = 0.03; Friedman ANOVA). Thus, the circadian phases with
the worst pulmonary function (Fig. 3) coincided with the circadian
phases with the highest incidence of symptom-driven rescue in-
haler use (Fig. 5). Fig. 5 also shows the pattern of inhaler use
across the behavioral sleep/wake cycle, independent of the circa-
dian cycle. With this limited dataset, the variation across the be-
havioral cycle did not reach conventional statistical significance
(P = 0.09), but there was a distinct peak of inhaler use at the time
of the first scheduled awakening, which coincided with the lowest
FEV1 and highest airway resistance in the asthma group (see
statistics mentioned previously and Fig. 3 E and F).
To begin to understand the potential role of the autonomic

nervous system in affecting pulmonary function across the day
and night, we correlated all pulmonary function variables (FEV1,
PEF, and airway resistance by interrupter technique [Rint]) against
a number of autonomic parameters as estimated from heart rate
variability (root mean square of successive differences [RMSSD];
power of high frequency heart rate variability [HF]; power of low
frequency over power of high frequency heart rate variability [LF/
HF]) in each person across the FD protocol (see SI Appendix, Table
S2). We found that very few individuals had significant correlations
between autonomic and pulmonary function variables across the
FD study.

Composite Models of Summed Circadian, Behavioral, and Environmental
Factors Contributing to Nocturnal Worsening of Asthma. Fig. 6 shows a
cosinor regression model of FEV1 data from a representative
individual with asthma with data modeled as separate additive
effects of the circadian cycle (recurring ∼24-h cycles), scheduled
behavioral cycle (recurring 28-h cycles), and environmental

conditions (modeled as time since admission to the laboratory)
across the seven sequential 28-h wake/sleep cycles of the FD
protocol (196 h). The composite model in this participant fits the
data well (Fig. 6A; R2 = 0.82), and Fig. 6B shows that the average
model variation was comprised of a ∼10% circadian variation
(lowest FEV1 during the biological night), a ∼9% behavioral cycle
variation (lowest FEV1 during the scheduled sleep period), and a
∼9% linear increase across the 196-h laboratory protocol. Looking
in more detail at specific times of worst pulmonary function across
the 196 h, the participant used the symptom-based rescue inhaler
six times across the FD protocol, with five occurring when sleep
was close to its normal alignment with the circadian system (in-
haler events denoted by * in Fig. 6A). Thus, the symptom-based
rescue inhaler use coincides with the reduction in FEV1 caused by
sleep summed with the circadian reduction in FEV1 during the
biological night. Similar analysis of the group data from the FD
protocol showed that there were apparently additive influences on
asthma severity from circadian, sleep, and other behavioral or
environmental effects. The additive model derived from data in
the laboratory with the normal nocturnal timing of sleep almost
perfectly matched the ambulatory pulmonary function data col-
lected over weeks at home in the same patients (Fig. 7). Overall,
this group model had a mean ∼4% circadian variation (lowest
FEV1 during the biological night) plus a ∼4% behavioral/envi-
ronmental cycle variation (lowest FEV1 during the sleep period).
This group model predicts that FEV1 would be lowest during the
normal sleep episode (a time window when measurements were
not taken when at home) due to the summed adverse effects of
sleep and the biological night on FEV1. Thus, we speculate that
the ambulatory data greatly underestimate the actual day/night
variation in pulmonary function as the trough is missed (hidden)
because of sleep at night. We also note that the data suggest that
while the 24-h average FEV1 does not change during circadian
misalignment, the peak and trough are less pronounced because
the modulation of FEV1 by sleep and by the circadian system
partially cancel each other out.

Fig. 5. Endogenous circadian rhythm in rescue medication. (A) Average distribution of beta2-adrenergic agonist inhaler use across the circadian cycle. Data
were derived during the FD protocol from the eight asthma participants who used bronchodilator rescue medication during this protocol. There was a
significant rhythm in bronchodilator rescue medication use, which was four times more likely to occur during the biological night (circadian bins 300°, 0°, and
60°; CBT minimum shown by vertical dotted lines at 0° = ∼5:00 AM; gray horizontal bars represent average habitual sleep episodes) than during the
biological day (bins 120°, 180°, and 240°). The horizontal line indicates expected relative frequency of inhaler use assuming no circadian rhythm (100/6
circadian phase bins = 16.7%). The P value represents the significance of the circadian effect from nonparametric ANOVA. Note: the first and last bars are
double-plotted to make it easier to visualize rhythmicity. B shows effects on inhaler use of the 28-h sleep/wake schedule, averaged across all circadian phases.
The black bar represents the sleep period interspersed with three awakenings for pulmonary function measurements. The horizontal line indicates expected
relative frequency of inhaler use assuming no effect of time (100/14 2-h bins = 7.1%). There was no overall significant effect of time into the sleep/wake
schedule (P = 0.09), yet there was a sharp peak in rescue-inhaler use at the time of the first awakening from sleep, coincident with worst pulmonary function
(Fig. 3 E and F).
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Discussion
Summary of Findings. The current study represents perhaps the
most comprehensive long-term monitoring of patients with
asthma under carefully controlled laboratory conditions. More-
over, by use of two complementary circadian protocols that ei-
ther excluded or systematically scheduled all behaviors across all
phases of the circadian cycle, we were able to distinguish the
contribution to pulmonary function variations of the endogenous
circadian system from those of the environmental and behavioral
factors that normally cycle in synchrony with the circadian sys-
tem. In patients with asthma, we found an independent influence
of the circadian system on indices of pulmonary function, in-
cluding airway resistance and FEV1. The circadian system caused
the worst function during the biological night (equivalent to
11:00 PM through 11:00 AM). The similarity of timing of cir-
cadian peaks of indices of pulmonary function in the FD and CR
protocols as well between the asthma and control participants
shows that these effects are very robust. It also appeared that the
sleep phase of the behavioral cycle itself increases airway resis-
tance, independent of and without interaction with any under-
lying circadian effects. We were able to compare these systematic
circadian and behavioral factors revealed in the laboratory with
daily patterns occurring in the home environment and found they
were almost identical when sleep occurred at the normal time
across the night. Furthermore, when aligned, the summation of the
circadian and behavioral influences resulted in a large variation in
pulmonary function across the sleep–wake cycle. In contrast, during
maximum misalignment, the effects of behavioral cycle and the
circadian system partially cancel each other out, resulting in less
pronounced variation in pulmonary function across the sleep/wake
cycle. Only by using circadian protocols that scheduled wakefulness
across the night was it possible to uncover the severity of nocturnal
worsening of asthma, whereas this worsening could be masked by
sleep (and lack of measurements during sleep) in the normal daily
routine (e.g., compare paucity of inhaler use during scheduled sleep
at home; Fig. 2C versus peak in inhaler use during the biological
night in the FD protocol [Fig. 5A]). Overall, in this selective group
of participants with asthma, without steroid use and otherwise
healthy, the summation of the circadian and behavioral effects
(which occurs continuously in real life) appear to be clinically
meaningful, both in terms of rescue inhaler use (Figs. 5 and 6) and
pulmonary function (Fig. 7).

Potential Mechanisms. There are numerous external and behavioral
factors that exhibit changes across the day and night that can affect
asthma severity, including environment, body position, sleep, ex-
ercise, and physical activity. While these may be important factors,
they were all controlled in the current in-laboratory studies. The
remaining underlying endogenous mechanisms that could con-
tribute to the circadian rhythmicity in asthma severity include cir-
cadian variation in autonomic nervous system activity (29–31);
humoral factors such as epinephrine, histamine, corticosteroids
(17, 32), and melatonin (33); cell-autonomous oscillations in pul-
monary tissues and immune cells (18, 34); and/or airway inflam-
mation (35). Autonomic nervous system effects on asthma include
the bronchodilating adrenergic effects via circulating catechol-
amines and the bronchoconstricting cholinergic influences via the
vagus nerve (17, 29, 30). Furthermore, circulating catecholamines
suppress mast cell degranulation and histamine release (36). We
have previously published autonomic function data from the cur-
rent CR and FD study (20, 23) and an independent FD study (37)
and found that sympathetic markers (urinary and plasma epi-
nephrine and norepinephrine) are at their lowest and that vagal
markers (from heart rate variability measures) are at their highest
during the middle of the biological nighttime, while during the
biological daytime, sympathetic markers are at their highest and
vagal markers at their lowest. However, based on correlation

Fig. 6. Summed circadian, behavioral, and environmental effects on pul-
monary function. (A) FEV1 data (black closed circles and lines) and composite
regression model (red open circles and lines) from one individual with
asthma across seven sequential 28-h wake/sleep cycles of the FD protocol
(196 h). The x-axis represents time into FD; black bars represent scheduled
sleep. Scheduled waketime varied, ranging from the individual’s habitual
waketime (“aligned”) to 12 h out of synchrony (“fully misaligned”). The
model fit the data well (R2 = 0.816). * denotes beta2-adrenergic agonist
rescue inhaler use (followed by 6-h gaps in FEV1 data that were excluded
from analyses because of effects of inhaler on FEV1). Most inhaler uses and
lowest FEV1 occurred when aligned (at the beginning of the FD protocol)
and when realigned (at the end of the FD protocol) due to summed effects
of sleep and circadian cycle on pulmonary function (i.e., sleeping during the
circadian night). In contrast, when fully misaligned (in the middle of the FD
protocol), there were less severe drops in FEV1 and much less bronchodilator
use. (B) Circadian, behavioral, and linear FEV1 model components derived
from FD. Circadian and behavioral components each contributed recurring
∼10% variations per day with lowest FEV1 during the biological night (cir-
cadian component: ∼24-h cycle) and during sleep (behavioral component:
28-h cycle). An additional steady increase in FEV1 was evident across the
protocol (196-h linear component), which is likely attributable to living in
the clean laboratory environment. The intercept represents this participant’s
average FEV1 upon entering the FD.
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analyses between markers of pulmonary function (FEV1, PEF, and
Rint) and indirect estimates of autonomic function (RMSSD, HF,
and LF/HF), we found no support for the hypothesis that the au-
tonomic nervous system contributes to the variation in pulmonary
function across the FD protocol. Concerning the effect of sleep on
asthma severity, we detected a small average decline in pulmonary
function attributable to prior sleep, with the greatest decrease
across the first third of the night (Fig. 3 E and F) when sleep
continuity and depth are likely to be greatest during an FD protocol
(38) and as shown in the current FD protocol (22, 39). It is possible
that we underestimated the effect of sleep on pulmonary function
because arousal from sleep might rapidly improve pulmonary
function before our pulmonary function assessments occurred.
Nonetheless, our sleep results are consistent with results from a
more invasive study that used an esophageal pressure technique to
estimate airway resistance during sleep (11).

Limitations of Previous Studies Addressed by the Current Study. To
investigate day/night rhythms of pulmonary function in patients
with asthma, previous studies have used epidemiological explo-
ration of the time of occurrence of asthma episodes (2, 3), shift
work (40), waking participants from sleep (7, 30), or total sleep
deprivation (7, 41). While these studies have clearly documented a
day/night rhythm in asthma severity, virtually all of these studies
have ignored or have failed to distinguish the relative contribu-
tions of endogenous circadian effects versus the behavioral plus
environmental effects on asthma. These studies generally have

limitations regarding assessment of underlying circadian control of
asthma severity because of 1) lack of control of environment (e.g.,
temperature and light) or behaviors (e.g., sleep, posture, physical
activity, food intake) during protocols; 2) daytime steroid use; 3)
measurements occurring at only a few times during the 24-h day
(e.g., 4:00 AM and 4:00 PM or only measuring during the habitual
waking hours) with likelihood of peaks and troughs being missed;
4) absence of markers enabling assessment of the endogenous
circadian phase; and 5) an inability to determine the interaction
between the circadian effects and the behavioral plus environ-
mental effects on asthma. Our comprehensive experiments were
designed to overcome these limitations.

Limitations of Current Study. Our findings must be viewed in light
of a number of limitations that include 1) the small number of
participants, which does not permit assessment of the effect of
participant characteristics such as age, sex, and different asthma
phenotypes on the outcomes (42), thus future studies will be needed
to test generalizability of our results to patients with different char-
acteristics; 2) the multiple repeated measurements necessitated only
noninvasive techniques (e.g., excluding repeated bronchoconstrictor
challenges, sputum inductions, or bronchoalveolar lavages), and
rather than the gold-standard body plethysmography for assessment
of airway resistance, we used the simpler interrupter technique,
which lacks thorough validation in adults; 3) in the ambulatory study,
we relied on the participants to note down their rescue inhaler uses,
which could have led to some inadvertent data loss (this was less of

Fig. 7. Summed circadian and behavioral components derived from FD protocol versus ambulatory data. (Left) Modeled effects (red lines) of the behavioral
cycle (Bottom), circadian cycle (Middle), and combined effects (Top) on FEV1 compared with actual averaged ambulatory data (black lines) for the same 13
participants who completed the FD. For comparison with ambulatory data, the linear component across the FD was extrapolated back to the day of labo-
ratory admission. The circadian and behavioral components each contributed ∼4% variation, with lowest FEV1 during the biological night (circadian com-
ponent) and during sleep (behavioral component). The composite summed model fit the ambulatory data well, albeit with slightly lower FEV1 across the
daytime (compare red and black lines in top left panel). Notably, during normal nocturnal alignment of sleep (Left), the model predicts FEV1 would be lowest
during sleep (a time window when measurements were not taken when at home) due to summed reductions in FEV1 caused by sleep (behavioral component)
and the endogenous biological night (circadian component). The right panels show the same modeled data but where sleep occurs 12 h misaligned compared
with their habitual sleep time, as may occur during night work. During this circadian misalignment, the peak and trough are less pronounced than during
circadian alignment because the modulation of FEV1 by sleep and by the circadian system partially cancel each other out. Note: in each panel, the first and last
data points and the beginning and end of the curves are double-plotted to make it easier to visualize rhythmicity.
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an issue in the laboratory, as participants were continuously moni-
tored, even during sleep); 4) the effect of prior sleep on pulmonary
function that we assessed may underestimate the full effects of sleep
itself (note: awakenings from sleep were required for the pulmonary
function assessments); and 5) our protocols were primarily designed
to study circadian effects while controlling or accounting for be-
havioral and environmental factors. We acknowledge that there is a
large array of known behavioral and environmental effects on
asthma, such as exercise and ambient temperature changes, that we
did not investigate in this laboratory protocol.

Integration of Findings and Clinical Implications. The FD and CR
protocols both revealed decreased pulmonary function during
the biological night, i.e., attributable to the circadian timing
system. Furthermore, the FD revealed an additional adverse
effect upon pulmonary function of prior sleep itself. Overall,
when sleep occurred during the biological night, it appeared that
both circadian and behavioral sleep/wake cycle effects summate
to contribute to the characteristic worsening of asthma severity
at night. Moreover, those individuals with asthma with the lowest
average FEV1 had the largest circadian amplitude as well as the
largest behavioral cycle effects on FEV1. During the ambulatory
part of the study when our participants slept at their usual circadian
phase (Fig. 2), we found that the timing of worst pulmonary func-
tion, symptoms, and inhaler use occurred during the biological
night, that is, immediately before bedtime in the evening and im-
mediately upon awakening in the morning but with no measure-
ments made during sleep. There are many reports of asthma
worsening during the normal sleep episode (43, 44), presumably in
patients who awoke due to impaired pulmonary function or other
underlying problems, such as insomnia. However, in our population
under ambulatory conditions, inhaler use was not significantly ele-
vated during the scheduled sleep episode, presumably because the
degree of pulmonary function impairment did not reach the
threshold to trigger arousal from sleep. This finding suggests there
may be a degree of “silent bronchoconstriction” (i.e., unnoticed or
hidden) during sleep when at home. It is possible that long episodes
of impaired pulmonary function during the night can be deleterious,
even if they do not lead to awakening, because it is hypothesized
that bronchoconstriction itself can lead to airway remodeling and
more severe asthma over time (45). In the future, perhaps the ad-
vent of technological advances will enable us to assess airway re-
sistance during sleep to uncover the degree of any “silent
bronchoconstriction,” which is likely to be of high clinical relevance.
Our studies have enabled us to statistically separate the in-

dependent contributions of circadian versus behavioral and en-
vironmental influences on pulmonary function. These results may
be important, as they could point to separate targets for therapy.
Specifically, therapeutics directed at the circadian system can po-
tentially include timed light exposure or timed pharmaceuticals to
improve effectiveness, reduce side effects, or influence central or
peripheral circadian clocks themselves (46). First, in terms of timed
medication, short-acting drugs could be targeted to counter the
circadian time of worst pulmonary function and reduce side effects
rather than simply giving patients the maximum tolerated dose of
medications across the entire day. We found that the interindi-
vidual range of the phase angle of entrainment (i.e., the timing of
the central circadian cycle relative to the habitual sleep episode)
was ∼4 h in our study, which is consistent with published data from
healthy participants (47). This phase angle of entrainment varies
even more dramatically with shift work, jet lag, and sleep disorders
(47–49). Given this variability between people, it seems that any
chronotherapy that targets the circadian system or factors that have
endogenous circadian rhythmicity ought to consider a patient’s
endogenous circadian phase (rather than simply considering the
time of day or the time of a behavior e.g., upon awakening or
before sleep). Second, as an example of therapy directed at the
circadian system, it was recently discovered that cardiac surgery has

a worse outcome when performed in the morning, that this out-
come correlated with increased expression of the core clock gene
Rev-Erbα, and that drugs blocking this clock gene reduced injury at
the start of the active phase in a rodent model (50). Third, ther-
apeutics directed at the behavioral or environmental factors to
influence asthma severity could include avoiding or changing behav-
iors (e.g., exercise, sleep) or certain environments (e.g., specific aller-
gens) at particular circadian phases. Further studies are required to
determine if circadian rhythms in the peripheral tissues, including the
airways (18), contribute to asthma severity, and if so, whether these
clocks ever dissociate from the timing of the endogenous central cir-
cadian pacemaker in the suprachiasmatic nucleus (51) due to the
actions of, for instance, medications or specific behaviors. In summary,
our study helps to provide the critical foundation needed for the op-
timization of asthma therapy by exploiting knowledge of internal body
clock time, so-called “circadian precision medicine” (52).

Materials and Methods
This study was approved by the Institutional Review Board of Brigham and
Women’s Hospital, and written informed consent was provided by all par-
ticipants for the screening procedures and separately for the monitoring
procedures.

Study Participants. Participant demographics and characteristics are pre-
sented in SI Appendix, Table S1.

Participants with asthma but no other current medical conditions and
healthy control participants were recruited via newspaper, poster and in-
ternet advertisements, and mailings via Brigham and Women’s Hospital’s
Asthma Research Center. Consecutive participants who met all of the in-
clusion criteria and none of the exclusion criteria were studied over a 3-y
period. Eighty-seven potential participants were screened, and the principle
study–related details of the 17 participants with asthma and 10 controls who
completed the protocols are presented in the Results.

Presence of asthma was confirmed by medical history plus either daytime
laboratory assessment of reversible bronchoconstriction (>12% increase in
FEV1 or PEF after 200 μg β2-adrenergic receptor agonist inhaler [Albuterol])
or hyperreactivity to inhaled methacholine (provocative concentration of
methacholine causing a 20% fall in FEV1 [PC20] <8 mg/mL). Participants with
nonreversible airway obstruction such as chronic obstructive pulmonary
disease were excluded (i.e., FEV1, PEF, or forced vital capacity [FVC] <80% of
predicted or FEV1/FVC <95% predicted that were not normalized by ad-
ministration of inhaled β2-agonists). Only participants with asthma who
used an inhaled β2-agonist as their sole rescue medication were recruited.
Additional exclusion criteria for participants with asthma were use of in-
haled or topical steroids in the past 8 wk, use of oral steroids in the past year,
or acute asthma exacerbation in the past 6 wk.

Absence of asthma was confirmed in healthy control participants by
normal pulmonary function (FEV1, PEF, or FVC >80% predicted and FEV1/
FVC >95% predicted), daytime laboratory confirmation of absence of revers-
ible bronchoconstriction (<12% increase in FEV1 or PEF after 200 μg Albuterol),
and no evidence of hyperreactivity to inhaled methacholine (PC20 >8 mg/mL).
As an indirect estimate of underlying airway inflammation, FeNO was assessed
five times across the baseline day in the laboratory (53).

To ensure that all participants were completely healthy apart from their
asthma and had stable circadian rhythms and no habits or conditions that
affected the variables of interest, the following additional exclusion criteria
were employed for all participants: any acute or chronic psychiatric ormedical
conditions (other than asthma) as detected by history, physical, 12-lead
electrocardiogram, chest X-ray, complete blood count, blood and urine
comprehensive metabolic panel analysis, and overnight polysomnography;
periodic limb movements of sleep (periodic limb movement index of >15/h);
sleep apnea (apnea/hypopnea index of >10/h); obesity (BMI ≥ 30 kg/m2);
age <18 and >45 y; irregular menstrual cycle or current pregnancy in women;
smoking history in the past year or >10 pack-year history of smoking (absence
of current smoking confirmed during screening and on admission to the lab-
oratory by urine cotinine assay); habitual use of >20 units of alcohol per week
or >500 mg caffeine per day (no alcohol or caffeine for 3 wk prior to the
laboratory phase of the study); risk of deconditioning during the study
(i.e., habitual heavy exercise such as >20 miles per week jogging); unstable
circadian rhythms (recent shift work or >2 h time zone difference due to
transmeridian flight in prior 3 mo); or use of any current medication (other
than oral contraceptives in females and β2-adrenergic receptor agonist inhaler
in asthma participants).
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Study Design.All participants underwent an initial ambulatory protocol in the
home environment, immediately followed by either an FD and/or a CR
protocol (Fig. 1).

The Ambulatory Protocol. The Ambulatory Protocol (Fig. 1, Top) was used to
assess the daily pattern of asthma severity during regular sleep/wake cycles
in a home environment. The protocol lasted ∼3 wk (median 22 d; 14 to 41 d)
and was performed in all participants with asthma and all control partici-
pants. Following appropriate training, participants maintained a regular
self-selected sleep–wake cycle (8 h sleep opportunity and 16 h wakefulness)
and recorded their FEV1 via a handheld spirometer (Micromedical Ltd.) as
well as their respiratory symptoms at four scheduled times per day: imme-
diately after awakening, at 4 h and at 12 h after awakening, and immedi-
ately before bedtime. In addition, the unscheduled times of use of their
Albuterol (100 to 200 μg) rescue inhaler were recorded in participants with
asthma. Finally, for at least 1 wk prior to admission, participants wore a
wrist-worn activity monitor (Actiwatch, Mini Mitter) to verify adherence to
the regular sleep/wake schedule.

The Laboratory Protocols. The CR and FD protocols were performed while the
participants stayed in individual laboratory suites in an environment free
from external time cues such as clocks, radios, televisions, personal com-
puters, visitors, and sunlight (i.e., no windows) but maintained contact with
staff members. The room temperature was maintained at 23 ± 1 °C. Suites
were equipped with a hospital bed, a desk with computer console, a bath-
room including toilet and shower, and a closet. Suites also contained
handheld terminals for online recording of events, a porthole for 24-h blood
sample collection without disruption of sleep, a voice-activated audio sys-
tem, and two video cameras for monitoring participants from outside of the
suite. Experimenters were present 24 h per day to carry out the protocol,
make measurements, collect biological specimens, and administer meals.
Balanced meals were designed to keep the participant in energy balance
and were composed of 25% fat, 25% protein, and 50% carbohydrates. Fluid
intake was 3.5 L/day. The precise and predetermined times of showers,
meals, other behavioral events, specimen collections, and protocol markers
were carried out via a centralized event-recording system and recorded via
handheld terminals (Termiflex) connected to a computer network.

The CR Protocol. The CR protocol (Fig. 1, Middle) was used to assess the
endogenous circadian rhythm of asthma severity during constant environ-
mental and behavioral conditions, including continued relaxed wakefulness
(54). The overall CR protocol lasted 5 d, during which participants completed
2 acclimation days and nights in normal room-lighting conditions (∼90 lx
during wake periods and <1 lx during sleep episodes), followed by the CR
portion of the study consisting of 37 h 40 min of wakefulness in a semi-
recumbent posture (upper body at 35° and legs horizontal) in dim light
(∼1.8 lx) to minimize any modulating effects of light on the circadian
timing system, with 2-hourly isocaloric snacks (to minimize the effects of
larger sporadic meals on measured variables). Airway resistance, pulmo-
nary function, and asthma symptom assessments (as described in Materials
and Methods) were made every 3 to 4 h during acclimation days and
nights (including after scheduled awakenings across the sleep episodes)
and taken every 2 h during the CR portion of the protocol. Participants
with asthma were instructed to take their Albuterol inhaler (200 μg) based
on symptoms alone, and these unscheduled times of rescue medication use
were recorded. The protocol ended after a night of recovery sleep.

The FD Protocol. The complementary FD protocol (Fig. 1, Lower) was used to
assess any separate and interacting effects of the endogenous circadian
system and the behavioral sleep/wake schedule on asthma severity. The
protocol lasted 11 d, during which participants completed 2 acclimation days
and nights in normal room-lighting conditions (∼90 lx during wake periods
and <1 lx during sleep periods), followed by the FD portion of the study
consisting of 7 recurring 28-h “days” in dim light (∼1.8 lx) to minimize any
modulating effects of light on the circadian timing system. In each 28-h
sleep/wake cycle, a total of 9 h 20 min was allotted for sleep, and 18 h
40 min was allotted for wakefulness, which included two evenly spaced
30-min awakenings from sleep for pulmonary function testing. A 28-h
sleep–wake cycle under such dim light conditions is outside the range of
entrainment of the human circadian pacemaker, allowing the independent
investigation of the influence of the circadian pacemaker and the behavioral
sleep/wake cycle (55). Airway resistance, pulmonary function, and asthma
symptom assessments (as described in Materials and Methods) were made
every 3 to 4 h, including during the baseline days and immediately following
the scheduled awakenings from sleep. In addition, the unscheduled times of

rescue medication use (200 μg Albuterol) were recorded in participants with
asthma. Participants were instructed to take their Albuterol inhaler based on
symptoms alone. The protocol ended after a recovery night of sleep. Of the
27 participants, 15 (10 asthma and 5 control participants) completed both an
FD protocol and a CR protocol—in these cases, the CR immediately followed
the FD without additional acclimation days between protocols.

Independent Variables. During the ambulatory protocol, the independent
variable was time since wake. During the FD protocol in the laboratory, the
independent variables were circadian phase (fitted CBT minimum assigned as
phase 0°), time since wake, and time into the protocol (in hours). During the in-
patient parts of the study, CBT was recorded every minute via a rectal thermistor
and used for circadian phase assessment (see Statistical Analysis). The biological
night was defined as the 180° surrounding body temperature minimum.

Dependent Variables (Indices of Asthma Severity). All laboratory measure-
ments were made with the participant in the semirecumbent posture on a
bed with the back raised to a 35° angle. The following primary outcome
variables were measured in sequence every 2 to 4 h throughout both lab-
oratory protocols:

1) Participants rated the severity of symptoms of respiratory discomfort using
the modified Borg scale (56) by assigning a number between 0 (no respi-
ratory discomfort) and 10 (most severe respiratory discomfort imaginable).

2) FEV1 was assessed by forced spirometry on a handheld spirometer using
standardized procedures (57) utilizing a turbine flowmeter (ambulatory
study: MicroDL Spirometer [MS08]; laboratory study: SuperSpiro [SU6000];
both Micromedical Ltd.).

3) Airway resistance was measured during tidal exhalation using an inter-
rupter technique (MicroRint, Micromedical Ltd.). The instrument con-
sisted of a handheld pressure/flow meter connected to a portable
computer. The participant breathed through the instrument while wear-
ing a noseclip and while squeezing their cheeks against the teeth to
minimize influences on this measurement from the oral cavity. The par-
ticipant then breathed normally through the mouthpiece for 30 s to
2 min, while at a preset expiratory flow rate the airflow was automati-
cally interrupted and pressure at the mouth was measured. Resistance
was calculated from the interpolated flow estimate at this pressure (58,
59). The average of seven airway resistance determinations was recorded
for each session.

4) The use of bronchodilator medication in the participants with asthma
was based on symptoms alone. The timing and symptom scores at the
time of bronchodilator rescue medication use (Albuterol) were recorded.
Because of limited data, the timing of inhaler use was grouped according
to 60° circadian phase bins, irrespective of whether this occurred during
scheduled wake or sleep episodes.

Statistical Analysis. The main comparisons for these studies were within
asthma participants. However, to provide further perspective, we included a
healthy control group. For the Ambulatory Protocol, the main comparisons
were across time of day. For the CR protocol, the main comparisons were
across circadian phase. For the FD protocol, themain comparisons were across
circadian phase during scheduled wakefulness, controlling for behaviors that
were evenly spaced across the circadian cycle. Furthermore, we performed
comparisons across the behavioral sleep/wake cycle controlling for circadian
phase and between measurements following awakening from PSG-confirmed
sleep and following PSG-confirmed wake, matched for circadian phase bins
(see Materials and Methods).

For both the CR protocol and the FD protocol, the endogenous circadian
phase was estimated from CBT data using a nonorthogonal spectral analysis
technique. For the CR protocol, the first 5 h of data after awakening were
excluded to allow for stabilization. For the FD protocol, the CBT data during
the seven 28-h cycles were fitted simultaneously with periodic components
corresponding to both the forced period of the imposed sleep–wake cycle
and the sought-for period of the endogenous circadian rhythm, together
with their harmonics. The composite minimum of the fit was assigned the
circadian phase of 0° (CBT minimum).

No measurements of asthma severity could be made during sleep. For
purposes of estimating the influence of prior sleep as compared to prior wake
on the outcome variables for the FD protocol, only measurements during the
scheduled sleep episodes in the 28-h “day” were used (immediately before
sleep and every 3 to 4 h into the scheduled sleep episode, totaling 28 per
participant) and in post hoc analyses were defined as either following PSG-
confirmed wake or following PSG-confirmed sleep (the mode of the last ten
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30-s epochs identified as sleep, regardless of sleep stage, as there were in-
sufficient data available to be able to assess the separate effects of different
sleep stages). Participants were awakened three times during each sleep
episode in a standard fashion (alarm clock for 2 min), and all measurements
were completed within 15 min of each awakening. In case participants were
already awake at the time of the scheduled awakenings, those data were
used as control-awake data. Data were segregated into prior-sleep or prior-
wakefulness and matched within each participant according to the 60° circa-
dian phase bin during which the measurements took place, whereby the effect
of sleep independent of the effect of circadian phase could be determined.
Using mixed model analysis, in which circadian bin (six 60°-bins) and PSG-
confirmed sleep/wake state immediately prior to the pulmonary function
measurements were included as fixed factors, the effect of prior sleep was thus
only compared with prior wake between similar circadian phases.

For inhaler rescue medication use in the FD protocol, individual frequency
distributions of medication use according to circadian phase were computed
prior to group analysis to ensure that each participant contributed equally to
the group distribution. For this normalization, the proportion of inhaler use
in each 60° circadian bin was calculated relative to that during the full cir-
cadian cycle (set as 100%) for each individual. To compensate for the reoc-
currence of a similar alignment between the 28-h sleep–wake cycle and the
circadian rhythm during the first and seventh 28-h “day,” we assigned any
medication use on the first and seventh 28-h cycle as half the weight of that
occurring on any other 28-h day (see also Fig. 1). This process ensured that
each combination of the circadian cycle and the 28-h sleep–wake cycle was
represented equally (with average tau = 24.18 h, drift was only ∼1 h across
seven 24-h days).

As noted, to avoid rescue inhaler use affecting measurements of asthma
severity, all pulmonary function and airway resistance measurements within
6 h following inhaler use were excluded from all analyses (21). For purposes
of analysis of a circadian rhythm in the outcome measures, for the CR

protocol and the FD protocol, we applied cosinor analyses including both the
fundamental (∼24-h) and second harmonic (∼12-h) of circadian rhythmicity
and two-factor or three-factor mixed model ANOVA (circadian phase in
degrees, time since wake in hours [only for FD], and time into the circadian
protocol in hours to account for any linear changes) with restricted maxi-
mum likelihood estimates of the variance components (JMP; SAS Institute)
(23). The frequency distribution of inhaler and asthma symptoms use was
tested by Friedman ANOVA (Statistica, StatSoft, Inc.).

Data Availability.All data needed to evaluate the conclusions in the paper are
present in the paper and/or the SI Appendix. As per the NIH Policy on Data
Sharing, we will make the datasets available to other investigators following
the publication of the final study results. Such datasets will not contain
identifying information per the regulations outlined in HIPPA. Per standard
Partners HealthCare System policies, we will require from any investigator or
entity requesting the data a data-sharing agreement that provides for 1) a
commitment to using the data only for research purposes and not to identify
any individual participant, 2) a commitment to securing the data using ap-
propriate computer technology, and 3) a commitment to destroying or
returning the data after analyses are completed.
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