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This study tested the hypothesis that acute exposure to light
during nighttime sleep adversely affects next-morning glucose
homeostasis and whether this effect occurs via reduced sleep qual-
ity, melatonin suppression, or sympathetic nervous system (SNS)
activation during sleep. A total of 20 young adults participated in
this parallel-group study design. The room light condition (n = 10)
included one night of sleep in dim light (<3 lx) followed by one
night of sleep with overhead room lighting (100 lx). The dim light
condition (n = 10) included two consecutive nights of sleep in dim
light. Measures of insulin resistance (morning homeostatic model
assessment of insulin resistance, 30-min insulin area under the
curve [AUC] from a 2-h oral glucose tolerance test) were higher in
the room light versus dim light condition. Melatonin levels were
similar in both conditions. In the room light condition, participants
spent proportionately more time in stage N2 and less in slow
wave and rapid eye movement sleep. Heart rate was higher and
heart rate variability lower (higher sympathovagal balance) during
sleep in the room light versus the dim light condition. Importantly,
the higher sympathovagal balance during sleep was associated
with higher 30-min insulin AUC, consistent with increased insulin
resistance the following morning. These results demonstrate that
a single night of exposure to room light during sleep can impair
glucose homeostasis, potentially via increased SNS activation.
Attention to avoiding exposure to light at night during sleep may
be beneficial for cardiometabolic health.
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Exposure to artificial light during the night is widespread
globally, particularly in industrialized countries (1–3).

Given that light and dark exposure patterns play a key role in
the timing of many behaviors and physiological functions (4),
exposure to light in the evening and night has been posited to
be deleterious for human health and well-being (1, 5–10).
Impacts of light exposure during sleep are not as well studied
as other kinds of nighttime light exposure. However, a recent
cross-sectional observation study noted that, compared to no
light exposure during sleep, any self-reported artificial light
exposure in the bedroom during sleep (small nightlight in
room, light from outside room, or television/light in room) was
associated with obesity in women (11). Furthermore, the inci-
dence of obesity was highest in those who reported sleeping
with a television or light on in the bedroom (11). These findings
suggest that light in the bedroom during nighttime sleep may
negatively influence metabolic regulation.

Emerging evidence indicates that light exposure plays a role
in human metabolic regulation, with evening light exposure
having unfavorable effects on metabolic functions including
decreased glucose tolerance and decreased insulin sensitivity
(12, 13). In line with these data, we have previously shown that
blue-enriched light exposure in the morning and evening alters
glucose metabolism, with an increase in insulin resistance com-
pared to dim light exposure (14). In addition, evidence indi-
cates that nighttime indoor light exposure during the habitual

sleep period while awake (15), and during sleep itself (16),
likely has deleterious metabolic effects. A recent study prospec-
tively measured light exposure in the bedroom during nighttime
sleep and showed that higher levels of bedroom light exposure
were associated with a higher incidence of type 2 diabetes in
an elderly population (16). However, the exact mechanisms
by which light exposure, particularly during nighttime sleep,
impacts metabolic regulation are not well understood.

A proposed pathway to explain the relationship between night-
time light exposure and altered metabolic function is via changes
in sleep. Robust evidence from epidemiological and experimental
studies indicates that nighttime light exposure, either from out-
door or indoor sources, has negative impacts on subjective and
objective sleep quality as indicated by actigraphy or polysomnog-
raphy (PSG) measures of reduced total sleep time (TST), sleep
efficiency (SE), increased wake after sleep onset (WASO),
reduced amount of slow wave sleep (SWS), or increased arousal
index (AI) (17–20). Given the well-established contribution of
sleep disruptions to metabolic dysfunction (21), it is plausible
that nighttime light exposure alters glucose metabolism due to
disturbances to sleep. However, nighttime light exposure also
appears to have a direct effect on glucose regulation that is inde-
pendent of sleep loss, as shown by a study that subjected healthy
male individuals to sleep deprivation in the dark or to sleep dep-
rivation with nighttime light exposure (22). This study showed
that a full night of sleep deprivation with nighttime light exposure
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increased postprandial levels of insulin and glucagon-like pep-
tide-1, increased insulin resistance, and reduced nighttime mela-
tonin; these changes were not observed under conditions of sleep
deprivation in darkness.

A second proposed mechanism to explain the impairment of
glucose metabolism from nighttime light exposure is via light-
induced changes to the endogenous circadian system, including
suppression and phase shifting of the melatonin rhythm (23). It
is well established that light exposure suppresses melatonin
secretion (24, 25), and several studies have implicated suppres-
sion of nighttime melatonin with incidence of diabetes (26) and
insulin resistance (27). The association between altered melato-
nin levels and changes in glucose regulation may be explained
by evidence that melatonin plays a role in the secretion and
action of insulin (28–30). In particular, lower melatonin levels
resulting from light exposure during the nighttime sleep period,
in a fasting condition, have been suggested to alter melatonin’s
facilitation of pancreatic β-cell recovery (31). Moreover, evi-
dence shows that light exposure, even of moderate intensity,
during the nighttime sleep period can produce a phase shift of
the internal circadian system (32, 33). Given the established
role of the circadian system in the control of glucose metabo-
lism, light exposure during the nighttime sleep period could
facilitate the misalignment between the central clock and
peripheral clocks in metabolic tissues, with consequent negative
impact on glucose homeostasis (34).

A third potential mechanism is the effect of light exposure
on autonomic nervous system (ANS) activity. Light exposure
has an arousing effect on the sympathetic autonomic system as
revealed by the increase in cortisol or heart rate (HR) associ-
ated with light exposure mainly during the morning and/or
nighttime hours as compared to evening hours (35–37). Beyond
the direct excitatory effect exerted by light exposure on sympa-
thetic activity (35), alterations of the ANS characterized by a
shift toward an increased sympathetic drive have also been sug-
gested to mediate the negative effects of sleep disruption on
many physiological systems such as glucose metabolism (38).
Thus, it is plausible that light-induced autonomic activation,
either directly and/or mediated by sleep disruption, significantly
contributes to the observed relationship between nighttime
light exposure and altered glucose metabolism. Notably, sympa-
thetic overactivity has been shown to precede the development
of insulin resistance and prediabetes and contribute to the
development of obesity and metabolic syndrome (39–41).

Prior studies have reported that light exposure during sleep
increases HR and decreases HR variability (HRV), consistent
with increased sympathetic activation (42–44). These studies
either examined bright light (1,000 lx) over the entire sleep
period (42) or lower light levels (50 lx or dawn simulation) early
or late in the sleep period (43, 44). However, the effect of a sin-
gle night of moderate room light exposure across the entire
nighttime sleep period on autonomic activation and its impact
on metabolic function has never been fully investigated.

In the present study, we tested the hypothesis that room light
exposure (100 lx) during habitual nighttime sleep is associated
with increased insulin resistance as measured by the homeo-
static model of insulin resistance (HOMA-IR), the Matsuda
insulin sensitivity index, and impaired response to an oral glu-
cose tolerance test (OGTT) the next morning. In addition, we
hypothesized potential mechanisms of light-induced metabolic
changes, such as reduced sleep quality, suppression of melato-
nin level, and elevated sympathetic activation (HR and HRV)
during the sleep period.

Results
Participants. A total of 20 healthy adults were randomized into
the room light condition (n = 10, one night in dim light < 3 lx

followed by one night with room light at 100 lx) and the dim light
condition (n = 10, two consecutive nights in dim light < 3 lx),
Fig. 1. The two groups were not significantly different for age,
body mass index (BMI), sex, and race (Table 1). Actigraphy in
the week preceding the laboratory stay (Table 1) indicated that
participants randomized to the room light and dim light condi-
tions had similar bedtime, sleep duration, and SE. Furthermore,
a measure of daytime sleepiness (Epworth Sleepiness Scale
[ESS]) was similar in both groups and was within normal range
at screening (room light condition: 7 ± 2, dim light condition:
6 ± 3, P = 0.49).

HOMA-IR. The change in HOMA-IR from Day 1 to Day 2 was
significantly different (P = 0.018) between the room light and
dim light conditions (Fig. 2) and was characterized by a ∼15%
increase in the room light condition compared to a ∼4%
decrease in the dim light condition.

OGTT. Glucose and insulin profiles from the 2-h OGTT are
shown in Fig. 3. Glucose values were not different between
room light and dim light conditions (condition × day P = 0.18,
condition × day × time P = 0.99; Fig. 3 A and B). The differ-
ence in insulin from Day 1 to Day 2 was significantly larger for
the room light compared to the dim light condition (condition
× day P = 0.034) and was observed across the 2-h OGTT (con-
dition × day × time P = 0.95). However, post hoc analysis indi-
cated that higher insulin levels in the room light condition on
Day 2 were most pronounced at 20 and 30 min post ingestion
of the glucose bolus (P = 0.01 and P = 0.03, respectively; Fig. 3
C and D).

The change in 2-h AUC of glucose and insulin from Day 1 to
Day 2 did not differ between conditions (glucose: room light
condition: 505 ± 1,398 mg / dL × min, dim light condition:
�294 ± 192 mg/dL × min, P = 0.30; insulin: room light condi-
tion: 1,999 ± 1,740 μU/mL × min, dim light condition: �726 ±
1,226 μU/mL × min, P = 0.12). However, the change in 30-min
AUC of insulin (a measure of early phase of insulin secretion)
from Day 1 to Day 2 was significantly larger (P = 0.030) for the
room light condition compared to the dim light condition (Fig.
4).

Matsuda Insulin Sensitivity Index. The change in Matsuda index
from Day 1 to Day 2 was significantly different (P = 0.048)
between the room light and dim light conditions (Fig. 5) and
was characterized by a ∼16% decrease in the room light condi-
tion compared to a ∼3% increase in the dim light condition.

Sleep.
Macrostructure. The change in PSG parameters from Night 1
to Night 2 showed a greater percentage of TST spent in stage
N2 (P = 0.004) and a lower percentage of TST spent in SWS

Fig. 1. Schematic of laboratory protocol. OGTT: oral glucose tolerance test.
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(P = 0.017) and rapid eye movement sleep (REM, P = 0.033)
in the room light condition compared to the dim light condition
(Table 2). There was no difference between the two conditions
in the change from Night 1 to Night 2 for PSG-derived meas-
ures of sleep fragmentation, number, and averaged duration of
the wake episodes during the sleep period, and sleep–wake
stage stability (SI Appendix, Table S1).

Relationship between the change in sleep macrostructure and
metabolic measures. There was no association between the
change in sleep macrostructure (percentage of N2, SWS, or
REM sleep) from Night 1 to Night 2 and the change from Day
1 to Day 2 in 30-min AUC of insulin, HOMA-IR, or Matsuda
index (all P > 0.05 when analyzing participants from both
groups together or by condition).

Microstructure. There were no differences in the change from
Night 1 to Night 2 between the room light and the dim light
conditions for slow wave activity (SWA: 0.5 to 4 Hz) or slow
oscillatory (SO) activity (0.5 to 1 Hz) across sleep cycles (SWA:
condition × night P = 0.68, condition × night × cycle P = 0.86;
SO activity: condition × night P = 0.96, condition × night ×
cycle P = 0.86; SI Appendix, Fig. S1).

Subjective sleepiness. There were no differences in Karolinska
Sleepiness Scale (KSS) from Day 1 to Day 2 between the room
light and dim light conditions across the wake period (condition
× day P = 0.61, condition × day × time P = 0.99).

Plasma Melatonin. There was no difference in the change of 24-h
melatonin levels from Day 1 to Day 2 between the room light
and dim light conditions (condition × day P = 0.96, condition ×
day × time P = 0.99, SI Appendix, Fig. S2A). In addition, there
was no difference in the change of timing of melatonin onset
from Night 1 to Night 2 between the room light and dim light
conditions (room light condition: 0 ± 1.1 h and dim light condi-
tion: 0 ± 0.9 h, P = 0.79). The change in the timing of melatonin
offset from Night 1 to Night 2 showed a trend toward an advance
in the room light versus the dim light conditions (room light
condition: �0.4 ± 1.1 h and dim light condition: 0.9 ± 1.3 h,
P = 0.07).

There was no difference in the AUC of melatonin levels dur-
ing the sleep opportunity from Night 1 to Night 2 between the
room light and dim light conditions (Δ in the room light condi-
tion: �155 ± 177 pg/mL × min and Δ in the dim light condi-
tion: �156 ± 167 pg/mL × min, P = 0.49, SI Appendix, Fig.
S2B).

HR, HRV, and Blood Pressure (BP).
HR and HRV during the sleep period. There was a significant
increase in HR during the sleep period from Night 1 to Night 2
(condition × night P < 0.0001) in the room light compared to
the dim light condition, which was maintained across the entire
night (condition × night × time P = 0.98) (Fig. 6 A and B).

HRV analysis showed that the change in HF relative power
from Night 1 to Night 2 was not different between the room
light and dim light conditions (condition × night P = 0.86, con-
dition × night × time P = 0.48, SI Appendix, Fig. S3 A and B),
while the change in LF relative power from Night 1 to Night 2
was significantly higher in the room light compared to the dim
light condition across the 8-h sleep period (condition × night
P < 0.0001, condition × night × time P = 0.49, SI Appendix, Fig.
S3 C and D). In addition, the change from Night 1 to Night 2
of low-frequency to high-frequency ratio (LF/HF) was signifi-
cantly higher in the room light compared to the dim light con-
dition across the 8-h sleep period (condition × night P = 0.019,
condition × night × time P = 0.11, Fig. 6 C and D).
Relationship between the change in HR and HRV during the sleep
period and metabolic measures. When considering participants
from both conditions together, the increase in the average HR
and LF/HF during the sleep period from Night 1 to Night 2
were positively correlated with the increase in the initial 30-min
AUC of insulin from the OGTT (HR: R = 0.47, P = 0.037; LF/
HF: R = 0.65, P = 0.0019). When analyzing the two conditions
separately, the positive association between the change in HR
during the sleep period and the change in the early phase of
insulin response on the following morning was not significant in
both conditions, although it appeared to be stronger in partici-
pants randomized to the room light condition (R = 0.45,
P = 0.19) compared to those randomized to the dim light con-
dition (R = 0.16, P = 0.64). However, when analyzing the two

Table 1. Participant demographics and sleep variables from 1 wk of actigraphy in the week prior to the laboratory visit

Demographics Room light condition Dim light condition p

Number 10 10
Age (years) 26.61 ± 4.34 26.78 ± 5.15 0.89a

BMI (kg/m2) 23.25 ± 3.94 24.25 ± 3.71 0.39a

Sex (females, n) 8 6 0.16c

Race 6 White, 3 Asian, 1 African-American 4 White, 5 Asian, 1 African-American 0.24c

Actigraphy measures
Bedtime (hh:mm) 23:05 ± 0:36 23:02 ± 0:37 0.96a

Sleep duration (hh:mm) 7:13 ± 0:40 7:00 ± 0:27 0.46a

SE (%) 88.07 ± 3.10 84.08 ± 6.21 0.09c

SE = sleep efficiency. (a) two-sided Student’s t test; (b) nonparametric two-sided Wilcoxon rank-sum test; (c) χ2 test.

Fig. 2. HOMA-IR for room light (n = 10) and dim light (n = 10) conditions
on Day 1 and Day 2. HOMA-IR was significantly higher on Day 2 compared
to Day 1 in the room light condition versus the dim light condition.
P values refer to the change from Day 1 to Day 2 between conditions
(unpaired Student’s t test). The error bars represent SD.
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conditions separately, the positive association between the
change in LF/HF during the sleep period and the change in the
early phase of insulin response was significant in the room light
condition (R = 0.74, P = 0.013) but not in the dim light condi-
tion (R = 0.56, P = 0.10), Fig. 7.

There was no significant association between the change in
HR and LF/HF during the sleep period from Night 1 to Night
2 with the change in HOMA-IR or Matsuda index from Day 1

to Day 2 (P > 0.05 when analyzing participants from both
groups together or by condition).
Daytime BP and HR. There were no differences in HR and sys-
tolic or diastolic BP across the wake period from Day 1 to Day
2 between the room light and dim light conditions (HR: condi-
tion × day P = 0.91, condition × day × time P = 0.86; systolic
BP: condition × day P = 0.26, condition × day × time P = 0.56;
diastolic BP: condition × day P = 0.90, condition × day × time
P = 0.71).

Visual Analog Scale (VAS). There were no differences in the
change from Day 1 to Day 2 of subjective hunger (VAS-H) or
vigor and affect (VAS-GVA) across the wake period between
the room light and dim light conditions (VAS-H: condition ×
day P = 0.82, condition × day × time P = 0.32; VAS-GVA:
condition × day P = 0.19, condition × day × time P = 0.77).

Discussion
This study provides insight into the physiological mechanisms
underlying the relationship between nighttime light exposure,
specifically during sleep, with cardiometabolic function. The
primary finding of this study is that exposure to a single night
of room light (100 lx) during sleep increased measures of insu-
lin resistance the next morning. Interestingly, the effect of
nighttime light exposure on metabolic function was correlated
with an increase in sympathovagal balance during sleep.

As hypothesized, participants randomized to the room light
condition showed increased insulin resistance in the morning
(i.e., higher fasting HOMA-IR and lower Matsuda index from
the OGTT) when compared to participants in the dim light
condition. As expected for these healthy, normal weight partici-
pants, similar glucose levels were maintained in both conditions
during the OGTT. However, in the room light condition, there
were higher insulin levels during the OGTT in the morning

Fig. 4. Early phase insulin response (30-min AUC) during the OGTT for
room light (n = 10) and dim light (n = 10) conditions on Day 1 and Day 2.
Insulin 30-min AUC and HOMA-IR were significantly higher on Day 2 com-
pared to Day 1 in the room light condition versus the dim light condition.
P values refer to the change from Day 1 to Day 2 between conditions
(unpaired Student’s t test). The error bars represent SD.

Fig. 3. Glucose and insulin measures from 2-h OGTT for room light (n = 10) and dim light conditions (n = 10) on Day 1 and Day 2. Within group changes
in glucose levels (A and B) on Days 1 and 2 were similar between room light and dim light conditions while within group changes in insulin levels (C and
D) were significantly higher on Day 2 after sleeping in room lighting in the room light condition compared to the dim light condition (General Linear
Model: condition × day P = 0.034). Higher insulin levels on Day 2 in the room light condition were most pronounced at 20 and 30 min post ingestion of
the glucose bolus. *P < 0.05. The error bars represent SD.
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after sleeping with overnight room light exposure when com-
pared to the dim light condition, which is indicative of a
compensatory insulin response to maintain euglycemia under a
condition of increased insulin resistance (45). Interestingly,
while there were no differences in the overall AUC of insulin
during the OGTT, there were higher insulin levels in the early
phase of insulin secretion (i.e., AUC of insulin response within
the first 30 min of the OGTT) following the night of room light
exposure for participants in the room light condition when
compared to those in the dim light condition. This early phase
of insulin secretion, or acute insulin response, is a measure of
pancreatic β-cell function and plays a physiological role in the
maintenance of postprandial glucose homeostasis (46). Higher
acute insulin response has been shown to be a predictor of the
onset of type 2 diabetes in individuals with both normal fasting
and 2-h OGTT plasma glucose concentrations (47). Increased
insulin resistance and altered β-cell function play a key role in
the pathogenesis of diabetes (48). As such, our findings might
have implications for individuals who are frequently exposed to

nighttime light during sleep and who are at increased risk for
type 2 diabetes. The long-term (10 wk) negative effect of cons-
tant light exposure on glucose homeostasis has been shown in a
rodent model (48); long-term effects in humans of evening and
nighttime light exposure on obesity and metabolic disorders
remain unknown.

Our initial hypothesis was that room light exposure would
impact sleep and that the changes in sleep could be a primary
mechanism to explain altered glucose regulation. In our study,
nighttime light exposure was accompanied by changes in sleep
macrostructure but not in sleep microstructure (i.e., SWA and
SO activity across sleep cycles) nor subjective sleep quality. In
line with existing literature (20), there was a greater percentage
of stage N2 and a lower percentage of SWS and REM sleep
during the night with room light exposure compared to during
the dim light condition. Sleep did not appear to be more frag-
mented in response to the room light exposure as there were
no significant changes in PSG-derived measures of cortical
arousal, sleep fragmentation, or wake–sleep stage stability
between the room light and dim light conditions. It has been
postulated that the association between sleep disruption with
metabolic function is via ANS activation, which has been
reported in association with measures of sleep fragmentation
(49). The lack of increased sleep fragmentation or arousals
with room light exposure during sleep might explain why we
did not observe an association between changes in sleep macro-
structure with changes in glucose metabolism.

The lack of difference in melatonin between the room light
and dim light conditions is in accordance with previous studies
reporting mixed findings on the effect of light exposure during
nighttime sleep on the level and timing of melatonin (19, 43,
50,). We chose 100 lx for the room light condition as this level
is within the range of illuminance that has been employed in
previous experimental studies as typical indoor illumination
(23, 51–53). Although there are some data showing that expo-
sure to light levels >65 lx can suppress melatonin secretion and
delay biological rhythms (23, 54), only 5 to 9% of light is esti-
mated to be transmitted through the closed eyelids to the eyes
and subsequently to the retinohypothalamic pathway that medi-
ates melatonin suppression (55, 56). In addition, the known
interindividual variability in melatonin suppression to light
exposure might account for the negative findings in this study
(57). However, due to our relatively small sample size and since
melatonin samples during wake were not collected under dim
light conditions, we are unable to rule out the possible effect of
light-induced changes of melatonin level or phase on metabolic
parameters.

Table 2. Polysomnographic features of sleep macrostructure

Room light condition Dim light condition

n = 10 n = 10 p

Night 1 Night 2 � (Night 2) � (Night 1) Night 1 Night 2 � (Night 2) � (Night 1)

TST (min) 428.05 ± 47.79 440.25 ± 37.91 12.20 ± 59.33 427.20 ± 23.15 451.15 ± 13.85 23.95 ± 22.38 0.344b

Stage N1 (%) 6.81 ± 4.38 5.07 ± 2.45 �1.73 ± 4.53 7.16 ± 3.62 3.88 ± 1.54 �3.28 ± 3.08 0.141b

Stage N2 (%) 51.51 ± 7.18 51.44 ± 8.66 �0.08 ± 4.69 53.66 ± 5.73 46.28 ± 4.57 �7.39 ± 5.30 0.004a

SWS (%) 20.64 ± 7.33 23.58 ± 7.84 2.94 ± 2.16 19.98 ± 5.62 26.31 ± 4.62 6.33 ± 3.46 0.017a

REM sleep (%) 21.04 ± 5.13 19.91 ± 5.09 �1.13 ± 5.61 19.20 ± 2.65 23.53 ± 3.25 4.34 ± 4.95 0.033a

SOL (min) 11.20 ± 16.80 6.15 ± 4.09 �5.05 ± 17.60 9.30 ± 6.46 7.75 ± 5.11 �1.55 ± 7.17 0.969b

SE (%) 89.42 ± 10.07 91.90 ± 7.95 2.47 ± 12.44 89.04 ± 5.10 93.99 ± 2.83 4.94 ± 4.80 0.345b

WASO (min) 39.50 ± 32.18 32.70 ± 36.12 �6.80 ± 47.56 43.35 ± 25.45 21.20 ± 12.13 �22.25 ± 21.44 0.361a

AI 16.49 ± 5.35 13.82 ± 4.03 �2.67 ± 6.10 17.46 ± 6.37 12.13 ± 4.12 �5.32 ± 5.44 0.212b

SWS = slow wave sleep; REM = rapid eye movement; SOL = sleep onset latency; SE = sleep efficiency; WASO = wake after sleep onset. P values refer to
differences in � (Night 2) � (Night 1) between room light and dim light conditions. (a) two-sided Student’s t test; (b) nonparametric two-sided Wilcoxon
rank-sum test.

Fig. 5. Matsuda insulin sensitivity index for room light (n = 10) and dim
light (n = 10) conditions on Day 1 and Day 2. Matsuda index (y-axis) was
calculated as 10,000/square root of [fasting glucose × fasting insulin] ×
[mean glucose × mean insulin during OGTT]. Matsuda index was significantly
lower on Day 2 compared to Day 1 in the room light condition versus the
dim light condition. P values refer to the change from Day 1 to Day 2
between conditions (unpaired Student’s t test). The error bars represent SD.
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A finding from this study is the sustained increase in HR
during the sleep period in the room light condition. In addition,
and consistent with the observed increase in HR, increase in
LF/HF derived from HRV during the sleep period was seen in

the room light condition, indicative of an increased sympatho-
vagal balance. The increase in LF/HF in response to light expo-
sure during the nighttime sleep period has been reported by a
previous study that exposed participants to much brighter light

Fig. 7. Pairwise correlations between the change in LF/HF obtained from HRV and averaged across the sleep period (Night 1 to Night 2) and the change
in the AUC of insulin at 30 min from OGTT (Day 1 to Day 2). A significant positive correlation between LF/HF change and the change in the AUC of insulin
at 30 min was observed in participants randomized to the room light condition (A, n = 10), and not in those randomized to the dim light condition (B, n
= 10). The dotted lines represent 95% CIs.

Fig. 6. (Top, A and B): HR during the sleep period for room light (n = 10) and dim light (n = 10) conditions on Night 1 and Night 2. (Lower, C and D): LF/
HF derived from HRV analysis during the sleep period for room light (n = 10) and dim light (n = 10) conditions on Night 1 and Night 2. Beat-to-beat HR
during the sleep period was averaged every 10 min across the sleep period, starting from the time at lights off. Change in HR from Night 1 to Night 2
was significantly larger in participants randomized to the room light condition (A) compared to those randomized to the dim light condition (B) (General
Linear Model: condition × night P < 0.001). LF/HF was calculated on time windows with a stable signal of at least 5 min for the entire duration of the
sleep period, starting from lights off. Change in LF/HF from Night 1 to Night 2 was significantly larger in participants randomized to the room light condi-
tion (C) compared to those randomized to the dim light condition (D) (General Linear Model: condition × night P < 0.019). The error bars represent SD.
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levels (1,000 lx) (42) than used in the present study. Other stud-
ies utilizing 50 lx or dawn simulation early or late in the sleep
period have also reported increases in HR and decreases in
HRV, consistent with increased sympathetic activation (43, 44).
It is unknown whether light exposure levels similar to those
used in the current study would have any or similar impact in
awake individuals during the biological night.

Moreover, the significant positive association between the
change (Night 1 to Night 2) in LF/HF during the sleep period
and the change (Day 1 to Day 2) in the early phase of insulin
secretion, which was observed in participants in the room light
condition but not in those in the dim light condition, provides a
potential mechanism underlying the metabolic changes seen
following nighttime light exposure during sleep. While we are
unable to definitively conclude that nighttime light exposure
caused sympathetic activation, these results provide further
support for this possibility.

There are multiple pathways through which light can impact
the ANS. Increases in HR and LF/HF in response to room
light exposure during sleep are consistent with existing data
that indicate that light exposure can stimulate cardiac activity
by eliciting a sympathoexcitatory response (36, 58). An impor-
tant pathway proposed to mediate the effect of light on HR is
via the retinohypothalamic tract to the suprachiasmatic nucleus
(SCN) and then to the paraventricular nucleus, brainstem, and
spinal cord to the heart (36, 59, 60). Other than via the SCN,
evidence from animal models indicates that light can also
directly affect brain regions with sympathoexcitatory effects
(e.g., orexinergic system) (61), which might, in part, explain the
differences we observed between the changes in melatonin and
HR in response to light. Finally, given the state-dependent reg-
ulation of the ANS, it is possible that the observed changes in
sleep macrostructure associated with nighttime light exposure
may have also contributed to the increase in sympathetic activ-
ity. While there may be multiple pathways by which light may
increase sympathetic activity, the relationship between sympa-
thetic activation and glucose homeostasis are well established.
Specifically, in response to increased sympathetic outflow to
skeletal muscle, postprandial glucose uptake from skeletal
muscles is reduced, resulting in an increase of plasma glucose
levels which, in turn, stimulate additional insulin production by
the pancreas and promote insulin resistance (40).

The effects of light exposure at night, particularly during sleep,
on cardiometabolic function could have implications for those
living in modern societies where indoor and outdoor nighttime light
exposure is increasingly widespread and where concerns regarding
cardiometabolic health are also on the rise. Thus, it is plausible
that decreasing exposure to indoor nighttime light during sleep
could have beneficial effects on cardiometabolic health. Future
studies using a larger sample size and a randomized cross-over
design to study the effects of varying light wavelengths, duration,
and intensities are needed to confirm our findings and potential
ecological translatability. Follow-up studies are warranted in sectors
of our society who are more likely to be affected by nighttime light
exposure during the sleep period, including those living in long-
term care facilities. Larger studies powered to assess the role of sex
are also warranted given the known effect of sex on ANS activity.
Moreover, research is needed to determine how nighttime light
exposure during sleep may interact with daytime light exposure his-
tory during wake and to establish whether chronic nighttime light
exposure has long-term effects on cardiometabolic function.

Methods
The Northwestern University Institutional Review Board approved this study
protocol, and all participants providedwritten informed consent.

Participants. Healthy adults were recruited from the Chicago area. Initial eligi-
bility was determined via a survey taken online (REDCap) or administered over

the telephone. Participants who passed initial screening had an in-person
screening visit where details of the study were reviewed, informed consent
was obtained, and questionnaires were completed. Participants then com-
pleted 1 wk of at-home monitoring using actigraphy (Actiwatch Spectrum,
Philips Respironics) and sleep diary for eligibility screening purposes.

Requirements for study participation included age of 18 to 40 y, habitual
sleep duration of 6.5 to 8.5 h, and habitual sleep onset of 9:00 PM to 1:00 AM.
Participants were excluded from the study if they had the following: 1) any
sleep disorder as assessed by history and screening questionnaires for obstruc-
tive sleep apnea (Berlin) and excessive daytime sleepiness (ESS >12) and by
PSG to exclude sleep apnea (apnea hypopnea index ≥ 15), periodic leg move-
ments (movement AI≥ 15), or REM sleep behavior disorder; 2) history of a cog-
nitive or neurological disorder; 3) history of a major psychiatric disorder,
including but not limited to mood/anxiety, eating, and alcohol/substance
abuse disorders; 4) depressed mood (Beck Depression Inventory II score ≥ 20);
5) diabetes or other endocrine disorders; 6) any gastrointestinal disease requir-
ing dietary adjustment; 7) blindness or significant vision loss; 8) any unstable
or serious medical conditions; 9) current or recent (within the past month) use
of psychoactive, hypnotic, stimulant, or analgesic medications; 10) shift work
or other types of self-imposed irregular sleep schedules; 11) obesity (BMI > 30
kg/m2); 12) history of habitual smoking (six or more cigarettes per wk) or
drinking (seven or more alcoholic beverages per week) or caffeine consump-
tion greater than 300 mg per day; 13) current use of light therapy; 14) use of
any other legal or illicit substance that may affect sleep and/or appetite; and
15) allergy to heparin. Due to the metabolic stress associated with pregnancy
and breastfeeding, patients who were pregnant or breastfeeding were also
excluded. Female participants were asked about the timing of their menstrual
periods in the past 3 mo, and laboratory stays were scheduled to coincide with
the follicular phase so as not to overlap with menstruation and ovulation
phases, which have known associations with sleep andmetabolism.

Study Design. Eligible participants were scheduled for a 3-d and two-night
laboratory stay, which was preceded by 1 wk of actigraphy and sleep diary to
determine habitual bedtime for the laboratory stay. Participants were ran-
domized to take part in one of two conditions that were run in parallel: the
room light condition or the dim light condition.

During the laboratory stay, participants had an 8-h sleep opportunity each
night starting at habitual bedtime. Participants in the room light condition
slept in dim light (<3 lx) on Night 1 and slept in overhead room lighting (100
lx; four 60-W incandescent overhead ceiling light bulbs [AERO-TECH Light
Bulb Co., item No. 60A19/CL]) on Night 2. Participants in the dim light condi-
tion slept in dim light (<3 lx) on both Nights 1 and 2. Dim light < 3 lx was cho-
sen as it is unlikely to suppress and phase shift melatonin levels (23); room
lighting of 100 lx was chosen as this is within the range of light level reported
in previous experimental work as typical ambient indoor room illumination
(23, 51–53), and this light level has been shown able to elicit melatonin sup-
pression and phase shifts (23, 54). Wake time room lighting was controlled at
240 lx. Meals were given 2.5, 5, and 11 h after wake, and participants had 30
min to consume each meal. Snacking and caffeine were not permitted during
the study. On admission day (Day 0), a sterile, heparin-lock catheter was
inserted into the nondominant forearm with the intravenous line kept patent
by a slow drip of heparinized saline, for serial blood sampling. On the morn-
ings of Day 1 and 2, a 2-h OGTT was performed.

Participants consumed standard hospital breakfast, lunch, and dinner
meals (∼1,900 Kcal/day providing 100 grams protein, 235 grams carbohy-
drates, and 65 grams fat). Physical activity was controlled during the
in-laboratory protocol. Participants stayed in their individual rooms for the
entire duration of the protocol and were instructed to sit in the chair during
testing and to remain seated or could stand when not involved in study-
specific procedures. Participants were not allowed to engage in physical
exercise during the in-laboratory protocol. Compliance was ensured via
monitoring by study staff, nursing staff, and closed-circuit television.

In-Laboratory Measures.
Glucose and insulin. On Day 1 and 2, fasting blood samples were taken
20 min after wake. Then 10 min later, a 75-g glucose bolus (Trutol) was
ingested at the start of the OGTT. Blood samples were taken 10, 20, 30, 60, 90,
and 120 min after ingestion of the glucose bolus. Glucose was measured using
the glucose oxidase method on a Beckman CX3D Analyzer. Insulin was mea-
sured by chemiluminescent immunoassay on a Siemens Immulite 2000 with
sensitivity limited to 14.4 pmol/L.
PSG. Overnight PSG was recorded on both nights (Neurofax, EEG-1100 Digital
EEG Acquisition System, Nihon-Kohden 8.0) with a sample frequency of 500
Hz. Electroencephalographic (EEG) recordings were obtained from frontal (F3,
F4), central (C3, C4), and occipital (O1, O2) channels referenced to the
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contralateral mastoid. In addition, right and left electro-oculograms, two sub-
mental electromyograms, and two electrocardiogram (ECG) leads placed one
above the collarbone on the right side and the other below the ribs on the
left side, were obtained. On Night 1, nasal/oral airflow, abdominal and chest
belts, and bilateral tibialis anterioris leads were also placed to determine the
presence of sleep disordered breathing and/or periodic limb movements dur-
ing sleep.
Subjective sleepiness. Subjective sleepiness was measured via the KSS every
2 h during the wake period (62).
Plasma melatonin. Blood samples were collected hourly during wake and
sleep. Melatonin wasmeasured by radioimmunoassay (IBL RE29301). The stan-
dard range of sensitivity for this assay is from 3 to 300 pg/mL
Daytime BP and HR. BP was measured hourly during wake by trained clinical
staff, following at least 5 min with participants in a seated position. HR was
collected by a nurse every 4 h as part of vitals.
VAS. VAS was given every 2 h during wake to assess subjective hunger
(VAS-H) and subjective global vigor and affect (VAS-GVA) (63, 64).

Data Analysis
Actigraphy. Actiwatches were set with 30-s epoch length and medium sensitiv-
ity. Actigraphy data were scored in conjunction with sleep diaries using Acti-
ware (version 5, Philips Respironics). The following sleep parameters were then
calculated using default settings: average sleep start and end time, sleep dura-
tion (the amount of time between sleep start and sleep end scored as “sleep”),
and SE (the proportion of time from rest start to rest end scored as “sleep”) (65).
Glucose and insulin. HOMA-IR was calculated as [(glucose (mg/dL)) × (insulin
(μU/mL)) / 405] using fasting glucose and insulin samples taken 20 min after
wake. Area under the curve (AUC) analyses of glucose and insulin were con-
ducted using the trapezoidal method (66) (PRISM 4.0 software, GraphPad) for
the duration of the OGTT and additionally for the first 30 min post ingestion
of the glucose bolus for insulin to examine the early phase of insulin secretion
(67). Additionally, Matsuda insulin sensitivity index was calculated as 10,000/
square root of [fasting glucose × fasting insulin] × [mean glucose × mean
insulin during OGTT]) (68).
Sleep macrostructure. PSG recordings were visually scored according to the
American Academy of Sleep Medicine scoring criteria (69) by an experienced
scorer (D.G.) blinded to the participants’ condition (room light versus dim
light). PSG measures were calculated for: TST (duration in minutes of time
spent asleep), SE (% of time spent asleep over the entire recording period),
time (duration in minutes and% of the time spent asleep) spent in each stage
of sleep N1, N2, N3 (also known as SWS), and REM sleep, sleep onset latency
(time from lights off to the first 30-s epoch scored as N1 or N2), WASO (time in
minutes spent awake after sleep onset and before lights on), and AI (number
of arousals lasting at least 3 s in duration per hour of sleep) (70). PSG record-
ings were also used to derive measures of sleep fragmentation and
sleep–wake stage stability (as detailed in the SI Appendix).
Sleep microstructure. EEG spectral analysis was performed on the C3 deriva-
tion using a spectral analysis software package (PRANA, PhiTools). A Fast
Fourier Transform (4-s window, 50% overlap) was applied, and mean power
spectral estimates were extracted in 30-s epochs by sleep stage. Spectral
power in the SWA (0.5 to 4 Hz) and SO activity (0.5 to 1 Hz) were extracted
and calculated for the entire duration of NREM sleep. Cycle analysis was per-
formed to examine the time-course of SWA and SO activity changes across the
night. Sleep cycles were defined using modified Feinberg and Floyd criteria
(71). The first four sleep cycles were included in the analysis.
Melatonin. Analysis of 24-h melatonin levels was conducted on two 24-h peri-
ods for each participant. The first 24-h period was from 10 h post wake on Day
0 to 10 h post wake on Day 1 (including Night 1). The second 24-h period was
from 10 h post wake on Day 1 to 10 h post wake on Day 2 (including Night 2)
(Fig. 1). For each 24-h melatonin profile, a threshold was calculated as the
mean of three low consecutive daytime values plus twice the SD of these
points. Melatonin onset was defined as the time of the first value to rise and
remain above the threshold. Melatonin offset was defined as the time of the
first value to fall and remain below the threshold (72).

The AUC relative to the 8-h sleep period was calculated for each night of
the study using the trapezoidal method (66) (PRISM 4.0 software, GraphPad).
HR and HRV during the sleep period. HR measurements obtained from PSG
were analyzed using a dedicated software (PRANA, PhiTools). ECG artifacts
were first automatically detected and then visually inspected before being
removed from the analysis. Finally, HR was averaged every 10 min across the
night (73). For the analysis of HRV, interbeat intervals time series were
obtained using PRANA software in accordance with standard guidelines (74),
and verification was done to ensure that only “normal-to-normal” R waves
times were included (75). Power spectra were calculated using fast Fourier
transform on time windows with a stable signal of at least 5 min for the entire
duration of the sleep period. Spectral power was calculated in the high-
frequency band (HF: 0.15 to 0.40 Hz) reflecting mostly parasympathetic
activity, and in the low-frequency band (LF: 0.04 to 0.14 Hz) reflecting a com-
bination of vagal and sympathetic activities. HF and LF of HRV were analyzed
as relative power (percentage of total HRV power). The LF/HF ratio was
calculated as an indicator of sympathovagal balance (74).
Statistics. Comparison between room light and dim light conditions for dem-
ographics and baseline actigraphy characteristics were performed using Stu-
dent’s t tests or nonparametric and Wilcoxon rank sum tests as necessary due
to significant nonnormality of the observations. Normality assumptions for
pairwise differences were checked using the Shapiro–Wilk test. Differences in
glucose and insulin (HOMA-IR, AUC at 120 and 30 min, Matsuda index), PSG
measures, and melatonin (AUC of the 8-h sleep period, melatonin onset and
offset) from Day/Night 2 to Day/Night 1 between room light and dim light
conditions were analyzed using Student’s t tests.

Generalized linear models (GLM) for repeated measures were used to
assess differences between room light and dim light conditions from Day/
Night 2 to Day/Night 1 in time series measurements of glucose and insulin
from OGTT, SWA, and SO activity changes across sleep cycles, daytime BP and
HR, HR, and HRV during sleep, KSS, VAS, and 24-h melatonin. The GLM
included time (time of day or night or sleep cycle) and day (Day 1 and Day 2,
or Night 1 andNight 2) as within-subject factors and condition (room light ver-
sus dim light) as between-subject factors. In GLM analysis of HRV, HR was
introduced in the model as a covariate. P values were adjusted using the
Bonferroni–Dunn method to account for the multiplicity of tests across time.
Pairwise correlation coefficients were computed (76) to analyze the relation-
ship between changes in sleep macrostructure, HR, and HRV with metabolic
parameters from the OGTT.

For plasma melatonin, two participants in the room light condition and
three participants in the dim light condition were excluded from the analysis
as more than 25% of the time points weremissing due to poor sample quality.
For EEG spectral data, two participants, one in each condition, were excluded
from the analysis as more than 20% of the EEG recording in one of the two
nights had artifacts.

All statistical calculations were performed using JMP 14.0 software (SAS
Institute Inc.). Statistical significance was set at P < 0.05. Data are presented as
mean ± SDs unless otherwise specified.

Data Availability. Deidentified data to support these findings are available
in Arch, the open access Northwestern University Institutional Repository
(https://doi.org/10.21985/n2-9zrx-ev05) (77).
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