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Sleep Disturbances Are Related to Decreased Transmission of Blue Light to the

Retina Caused by Lens Yellowing
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Study Objectives: Sleep pattern and circadian rhythms are regulated via the retinohypothalamic tract in response to stimulation of a subset of
retinal ganglion cells, predominantly by blue light (450-490 nm). With age, the transmission of blue light to the retina is reduced because of the aging
process of the human lens, and this may impair the photoentrainment of circadian rhythm leading to sleep disorders. The aim of the study was to
examine the association between lens aging and sleep disorders.

Design: Cross-sectional population based study.

Setting: The study was performed at the Research Center for Prevention and Health, Glostrup Hospital, Denmark and at the Department of Oph-
thalmology, Herlev Hospital, Denmark.

Participants: An age- and sex-stratified sample of 970 persons aged 30 to 60 years of age drawn from a sample randomly selected from the
background population.

Interventions: Not applicable.

Measurements and Results: Sleep disturbances were evaluated by a combination of questionnaire and the use of prescription sleeping medica-
tion. Lens aging (transmission and yellowing) was measured objectively by lens autofluorometry. The risk of sleep disturbances was significantly
increased when the transmission of blue light to the retina was low, even after correction for the effect of age and other confounding factors such
as smoking habits, diabetes mellitus, gender, and the risk of ischemic heart disease (P < 0.0001).

Conclusions: Filtration of blue light by the aging lens was significantly associated with an increased risk of sleep disturbances. We propose that
this is a result of disturbance of photoentrainment of circadian rhythms.
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INTRODUCTION

A good night’s sleep is essential for optimum daytime func-
tion and well-being. There is an association between sleep dis-
turbances and serious illness such as cancer, and it increases
the risk of hypertension and cardiovascular disease.' Disturbed
sleep patterns are more often encountered in the elderly popu-
lation,? and it may contribute to increased morbidity and mor-
tality in the old age, because of the association between sleep
disturbances and general disease, and also because of the se-
rious side-effects associated with the medication used to treat
sleep disturbances, e.g., increased daytime drowsiness that may
lead to fall accidents and hip fractures.’ Disturbed sleep pat-
terns are more prevalent in patients with ischemic heart dis-
ease,"* diabetes mellitus,’ and smokers.®

Sleeping pattern and circadian rhythms are regulated via the
retinohypothalamic tract. The photoentrainment of circadian
rhythms is initiated by stimulation with blue light (450-490 nm)
of a subset of intrinsically photosensitive retinal ganglion cells
(ipRCG) containing melanopsin.” The light stimulus is neurally
transmitted via the suprachiasmatic nucleus (SCN) to the pineal
gland.® The pineal gland secretes the chronobiological hormone
melatonin in a cyclic pattern with high levels at night and low
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level during daytime.” The ipRGCs are responsible for convey-
ing retinal stimuli to the SCN and hence setting the photoen-
trainment of circadian rhythm,'® but the signal from the ipRGCs
may be modulated by signals from the rod and cone photore-
ceptors.''? In other words, melanopsin plays an essential but
not exclusive role for photoentrainment.

With time, the natural lens of the eye acquires a yellow-
brownish discoloration because of accumulation of chromo-
phores that absorb preferentially in the short wavelength region
of visible spectrum.'® Hypothetically, lens yellowing may be
a causative factor in the disturbances in sleeping patterns ob-
served in the elderly population because the yellow lens act as a
color filter that effectively filters out blue light."* Consequently,
a decreased stimulation of melanopsin is expected with age,
and theoretically the aging process of the lens of the eye may
be an important causative factor in sleep disorders.

The aim of the present study was to examine the relationship
between increased lens aging and sleep disturbances in a cross-
sectional population-based study.

METHODS

Study Population

Subjects were recruited from the Inter99 Eye Study that is a
subset of the Inter99 Study. Methods of recruitment and base-
line characteristics of the Inter99 Study and the Inter99 Eye
Study population have been described in detail previously.'*" In
short, the Inter99 Study is a population-based epidemiological
study comprising an age- and sex- stratified sample of subjects
residing in 11 municipalities in the western part of Copenhagen.
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Table 1—Clinical characteristics of the study population

Number of participants

Males/females 470/500
Smokers/nonsmokers 395/552
Normoglycemia/diabetes mellitus 715/205
Sleeping medication (yes/no) 89/881
Insomnia (yes/no) 193/760
Sleep disturbances (yes/no) 233/720

Sleep disturbances were defined as the subject saying “yes” to having
troubles sleeping and/or the subject having bought sleeping medication
within 1 year of the examination date. The table shows the clinical
characteristics of the study population. Values are given in numbers.

Every person permanently residing in Denmark is registered
by the Civil Registration System by a unique personal identi-
fication code. The study population included 14 birth cohorts
drawn as a random sample from the Civil Registration System;
years of birth 1939/1940 (age group 60 years old), 1944/1945
(age group 55 years old), 1949/1950 (age group 50 years old),
1954/1955 (age group 45 years old), 1959/60 (age group 40
years old), 1964/1965 (age group 35 years old), or 1969/1970
(age group 30 years old). A total of 6784 subjects aged 30 to 60
years underwent the screening program at the Research Cen-
ter for Prevention and Health at the Glostrup Hospital, and a
subgroup of 1437 subjects was invited to participate in Inter99
Eye Study at the Department of Ophthalmology at Herlev Hos-
pital. The Inter99 Eye Study was designed to investigate cor-
relations between ophthalmic parameters and systemic health
and disease; the sampling procedure for the eye study resulted
in an intentional overrepresentation of subjects with diabetes
mellitus, impaired glucose tolerance, and high IHD risk sub-
jects compared to the background population. In short, subjects
for the eye study were invited as a control group (n = 502), a
group with high risk of ischemic heart disease (n = 142), sub-
jects with newly diagnosed type 2 diabetes mellitus (n = 107),
subjects with known diabetes mellitus (n = 11), subjects with
impaired glucose tolerance (n = 147), and finally a minor group
of subjects who were invited due to a clerical error (n = 61). A
total of 970 subjects (67.5% of those invited) underwent the
eye examination. Examinations took place in 1999 and 2000.
Eye examinations and examinations of general physical health,
including oral glucose tolerance testing, took place on separate
days. Descriptive characteristics of the study population are
shown in Table 1.

The study was approved by the medical ethics committee of
Copenhagen County. All participants gave their informed con-
sent, and the study was performed according to the Helsinki
Declaration. The Inter99 Study was registered in 2005 at Clini-
calTrials.gov (study ID number NCT00289237).

Procedures

As part of the study procedure, all subjects in the Inter99 Eye
Study population underwent an eye examination including de-
termination of best corrected visual acuity, lens autofluorometry,
dilated photographic fundus examination, as well as a detailed
interview on past and present eye disease, visual disturbances,
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or ocular medication. Examination and interview was performed
by a trained nurse. Subjects who were found to have a best cor-
rected visual acuity worse than 0.8, symptoms of eye disease, or
a history of eye disease were also seen by a physician.

Lens examination included photographic examination using
retroilluminated lens photographs focused on the anterior lens
surface. Photographs were taken after dilation of the pupil us-
ing one drop of 0.5% tropicamide and one drop of 10% phenyI-
ephrine hydrochloride on 35 mm Kodak Ektachrome 64 color
slides (Kodak Inc, Rochester, NY, USA) using a Canon 60U Vi
camera (Canon Inc, Japan). The degree of cortical lens opaci-
ties was graded by one of the authors (LK) according to the
LOCS III scale.'® Nuclear lens aging was assessed by lens auto-
fluorometry using the Fluorotron (excitation wavelengths 430-
490 nm, detection from 530-630 nm, Ocumetrics, San Jose,
CA, USA). Lens fluorescence measurements have previously
been shown to correlate well to the LOCS III nuclear grading.'”
Eyes exceeding 2.5 on the LOCS III scale and pseudophakic
eyes were excluded from the study. The autofluorescence mea-
surements yielded two measurements: (1) the concentration of
fluorophores (expressed in ng fluorescein equivalents/10 mL)
in the lens that can be taken as a physiological measurement
of lens aging and represents the degree of lens yellowing, and
(2) the transmission of blue light. These two measurements are
inversely related (transmission is lower for a more yellow lens).
The transmission measurements obtained by the Fluorotron
have previously been shown to correlate well with the absorp-
tion peak of melanopsin at 480 nm.'®

All subjects in the Inter99 Study filled in a detailed question-
naire on education and occupation, lifestyle, and past and pres-
ent medical history, and a thorough physical examination was
performed at the Research Center for Prevention and Health at
Glostrup Hospital. The risk of developing ischemic heart dis-
ease (IHD) was assessed using the Copenhagen Risk Score."”
The score is based on age, sex, diabetes history, history of car-
diac disease, family history of cardiovascular disease, height,
smoking status, weight, blood pressure, and total cholesterol.
For all subjects, the risk of having an IHD event was projected
to occur between the age of 60 years and 70 years to reach a
substantial level of risk.

Smoking habits were assessed by questionnaire and subjects
were defined as smokers if they smoked daily or occasionally.
Never-smokers and ex-smokers were classified as nonsmokers.

Diagnosis of diabetes mellitus was based on an oral glucose tol-
erance test (OGTT) administered using 75 g glucose after fasting
from midnight. The following criteria were used: fasting p-glu-
cose > 7.0 mmol/L or 2 hour OGTT p-glucose > 11.1 mmol/L.*°
Subjects who had a known diagnosis of diabetes mellitus (type 1
or 2) prior to the study were identified by questionnaire.

A subject was defined as having troubles with sleep (termed
“sleep disturbances™) if he/she answered “yes” to the ques-
tion “do you often suffer from insomnia” and/or the subject
had been registered to have bought prescription medication for
sleeping disorders (benzodiazepines and benzodiazepine re-
ceptor agonists [zolpidem, zopiclone, zaleplon] and melatonin
[Anatomic Therapeutic Chemical Classification groups NO5B
and NOSC]) within 1 year of the examination date. The ques-
tionnaire did not allow for grading sleep disorders according to
frequency nor did the purchase of prescription medication for
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Table 2—Prevalence of sleep disturbances

Sleep disturbances (yes/no) x? P-value
0,

Males 85/378 (18.4%) <0.0001
Females 148/342 (30.2%)
Age groups

30 + 35 years 14175 (15.7%) 0.0002

40 + 45 + 50 years 122/444 (21.6%) '

55 + 60 years 97/201 (32.5%)
Smokers 113/282 (28.6%) 0.007
Nonsmokers 116/436 (21.0%) '
Normoglycemia 161/554 (22.5%) 0.016
Diabetes mellitus 63/142 (30.7%) '

Subjects were recruited in birth cohorts born with 5 year intervals.
Subjects were 30 (n = 38), 35 (n = 52), 40 (n = 160), 45 (n = 196), 50
(n=223), 55 (n=207), or 60 (n = 94) years old at the date of examination.
Smokers were grouped into daily and regular smokers versus never- and
ex-smokers. Glucose metabolic status was grouped into subjects with
normoglycemia versus subjects with subjects with known or screening
detected diabetes mellitus as defined by the WHO 1999 criteria.?

sleep disorders since all but 4 subjects had > 2 prescriptions. In-
formation on the use of sleeping medication was obtained from
Statistics Denmark?' that is the official statistical census bureau
of Denmark, where each purchase of prescription medication is
registered by the unique personal identification code.

Statistical analysis was performed using the SAS programme
(version 8.2, SAS Institute Inc, Cary, NC, USA). The level of
statistical significance was set at P < 0.05.

RESULTS

The overall prevalence of sleep disturbances was 24.4%.
Of those who were found to have a sleep disturbance, 82.6%
both answered yes to “suffer from insomnia often” and used
sleeping medication. The prevalence of sleep disturbances was
higher in older age group (32.5% from 55-60 years compared
to 15.7% from 30-35 years, P = 0.0002). In the oldest age group
(aged 55-60 years), 14.3% used benzodiazepines or benzodiaz-
epine receptor agonists versus 2.2% in the youngest age group
(30-35 years of age). Sleep disturbances were significantly
more prevalent in females than in males (30.2% versus 18.4%,
P < 0.0001), in subjects with diabetes mellitus (30.7% in sub-
jects with diabetes mellitus versus 22.5% in normoglycemic
subjects, P =0.016), and in smokers (28.6%) than in nonsmok-
ers (21.0%, P=0.007), see also Table 2.

There was an inverse relationship between blue light lens
transmission and the risk of having sleep disturbances; the
lower the blue light lens transmission, the higher the risk of
sleep disturbances (OR 0.95 [95% CI 0.93-0.97] for 1 percent-
age point change in lens transmission, e.g., from 95% to 96%,
P < 0.0001). Results for the largest age group (50-year-old sub-
jects) are shown in Figure 1. Similar results were obtained for
the other age groups. The association remained significant even
after correction age, sex, diabetes mellitus, smoking, and risk of
ischemic heart disease (OR 0.97 [95% CI 0.95-0.99], P=0.016,
see also Table 3). To translate the ORs into a clinical example, a
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Figure 1—Relationship between blue light lens transmission (graphed
with the number of observations in bars on the left y-axis) and the risk
of having sleep disturbances (graphed on the right y-axis) modeled for
a normoglycemic, nonsmoking subject with a low risk of IHD based
on the model presented in Table 2. The computed risk for females is
shown using the thick line, and for males using the thin line. To account
for the effect of age on both blue light lens transmission and the risk of
sleep disturbances, the effect of age was avoided in the graph by only
presenting the results for the 50-year-old study participants (n = 223).
Similar results were found for the other age groups (data not shown).

50-year-old non-smoking, non-diabetic female with a low risk of
IHD who was in the 97.5% upper normal range of blue light lens
transmission (corresponding to a blue light lens transmission of
94.8%) had a risk of sleep disturbances of 16.4%, whereas a sim-
ilar (non-smoking, non-diabetic with low risk of IHD) 50-year-
old female who was in the 2.5% lower normal range of blue light
lens transmission (corresponding to a blue light lens transmission
of 70.9%) had a risk of having sleep disturbances of 37.9%.

The risk of having sleep disturbances increased signifi-
cantly with the degree of lens autofluorescence (OR 1.02 [95%
CI 1.01-1.02], for a 1 unit change in lens autofluorescence,
P < 0.0001; see Figure 2 and Table 3) and this association re-
mained significant even after correction for age, sex, diabetes
mellitus, smoking habits, and ischemic heart disease (OR 1.01
[95% CI 1.00-1.02], P=0.04). Using the same clinical example
as above, i.e. a non-smoking, non-diabetic, and low risk of [HD
50-year-old female in the upper 97.5% normal range of lens
autofluorescence (corresponding to a lens autofluorescence of
963.1 ng fluorescein eq/mL) had a risk of having sleep dis-
turbances of 37.2%, whereas a similar 50-year-old female in
the lower 2.5% normal range for lens autofluorescence (corre-
sponding to a lens autofluorescence of 306.2 ng fluorescein eq/
mL) had a 16.8% risk of having sleep disturbances.

DISCUSSION

We found that the risk of having sleep disturbances was as-
sociated to decreasing transmission of blue light to the retina,
possibly because of reduced stimulation of the melanopsin
containing retinal ganglion cells and hence impaired photoen-
trainment of circadian rhythm. Melanopsin is stimulated by
predominantly blue light (450-490 nm) with a maximum ab-
sorption around 480 nm in humans,* the very part of the vis-
ible spectrum that is mostly affected by the aging process of
the human lens." Our results are supported by reports of a re-
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duced ability of short wavelength light to suppress melatonin
secretion® and to change subjective alertness, sleepiness, and
mood** with age, supposedly because of increased filtering ef-
fects of the lens. The strong link between lens yellowing and
age could help explain why sleep disorders become more fre-
quent with increasing age. Importantly, sleep quality has been
shown to improve after cataract surgery.” The present study is
unique in that it was population based, and that we assessed
blue light lens transmission individually using an autofluores-
cence based technique that has been shown to be a valid mea-
surement of the transmission of the wavelengths relevant for
melanopsin stimulation.'®

The results of the present study indicate that the spectral
characteristics of the light reaching the retina, and specifical-
ly the total amount of blue light that penetrates the refractive
media of the eye may have a profound impact on sleep qual-
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Figure 2—The association between degree of lens yellowing (measured by
lens fluorescence), (left y-axis), age, and sleep disturbances (right y-axis).
Lens fluorescence values are presented as box and whiskers diagram
showing the 10, 25, 50, 75, and 90th percentiles for each age group. The
prevalence of sleep disturbances is shown by the horizontal lines.

ity, most likely mediated via reduced ocular photic regulation
of melatonin secretion.?® Our results support that choosing the
right indoor lightning conditions may have a beneficial effect
on sleep?” and that blue light therapy may be used to modulate
circadian sleep disorders.?

We used lens autofluorometry to objectively quantify lens
aging. The rate of lens aging is accelerated in patients with dia-
betes mellitus,” in subjects with a high risk of ischemic heart
disease,*” and in smokers.?' These factors are also related to the
prevalence of sleep disturbances,'*”3? and consequently, they
are experimental confounders; correcting for their effects in the
statistical analyses reflects a robust, independent association
between lens aging and sleep disturbances.

Our study has limitations. We used the question “do you of-
ten suffer from insomnia” in combination with registered pur-
chases of sleeping medication to assess if a subject had sleep
disturbances. There is a risk that we misclassified subjects since
sleeping medication may be used for other conditions, e.g.,
benzodiazepines may be used to treat anxiety. Overall there
was a good agreement between the two measures, with 82.6%
of subjects both giving a positive answer to the question and
using sleeping medication. The way sleep disturbances was
assessed did not allow us to grade the severity of sleep distur-
bance, and hence we do not know if there is a dose-response
relation between the degree of lens yellowing and severity of
sleep disturbances. Furthermore, it should be noted that, al-
though population-based, the study population was intention-
ally sampled to give an overrepresentation of subjects with
diabetes mellitus and high risk of ischemic heart disease. The
effects of diabetes and the risk of ischemic heart disease were
corrected for in the statistical analyses, and the overrepresenta-
tion of these subjects should not influence the overall results
and conclusions of the study: that the reduced transmission of
blue light to the retina because of lens yellowing may have an
impact on sleep.

Sleep disturbances are very common in the elderly* and a

major cause of decreased quality

Table 3—Odds ratios for sleep disturbances with relation to the optical qualities of the lens

of life, and possibly an age-inde-
pendent risk factor for increased

Lens fluorescence morbidity and mortality.! Sleep

Effect Lens transmission
OR(95%Cl)  x?P-value

Lens optical quality 0.97 (0.95- 0.99) 0.016
Age groups*®

30 + 35 years 0.54 (0.25-1.15) 0.108

40 + 45 + 50 years 0.66 (0.45-0.97) 0.036
Females versus males 2.41(1.64-3.52) < 0.0001
Non-smokers versus smokers 0.64 (0.46-0.90) 0.009
Diabetes versus normoglycemia 1.13(0.71-1.81) 0.606
Risk of IHD® 1.02 (0.99-1.04) 0.239

and 70 years.

Odds ratio estimates for sleep disturbances using a combined analysis comprising lens optical quality: blue
light transmission (middle column) and lens fluorescence (measurement of lens yellowing, right column), age,
sex, smoking status, glucose metabolism, and the risk of ischemic heart disease. For both blue light lens
transmission and lens fluorescence, the odds ratio is given for one unit change (i.e., 1 percentage point change
in transmission or 1 ng f-eq/mL change in lens fluorescence). *Subjects were recruited in birth cohorts with an
interval of 5 years between each cohort. Age groups are tested against the age groups of 55 and 60 years old.
$The risk (in percentage) of an ischemic heart disease (IHD) event projected to occur between the age of 60

disorders are most commonly

OR(95%Cl) X’ P-value treated using benzodiazepines and
1.01(1.00-1.02) 0.044 benzodiazepine receptor agonists.
Although these substances are

0.54 (0.25-1.16) 0.114 very effective in inducing sleep,
0.64 (0.43-0.94) 0.024 they are also associated with se-
2.38(1.63-348)  <0.001 vere side effects such as daytime
0.64(0.46-0.89)  0.009 drowsiness, thus increasing the
1.13 (0.70-1.80) 0.620 risk of fall accidents and hip frac-
1.02 (0.99-1.04) 0.256 tures and associated morbidity and

mortality.*** It has been estimated
that in the United States alone the
costs related to sleep disturbances
exceed $15.4 billion.** Reducing
the prevalence of sleep disturbanc-
es would not only improve health
but also have economic benefits.
During cataract surgery, the
natural lens is replaced with an
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artificial lens that is available with different spectral character-
istics, i.e. different colors. Retrospective studies have shown
that cataract surgery improves sleep quality,” but prospective
data, especially prospective studies evaluating the effect of the
different implant lenses, are still lacking. Nevertheless, it seems
prudent at this stage to recommend physicians to reconsider the
prescription of sleeping tablets in patients who have undergone
cataract surgery.

In conclusion, the results of the present study show that while
the age-related lens yellowing is of relatively little importance for
visual function, it may be responsible for insomnia in the elderly
because of disturbed photoentrainment of circadian rhythms.
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