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CChhaapptteerr  11  
GGeenneerraall  iinnttrroodduuccttiioonn  
 
This thesis is about depression, sleep and glycemic control in individuals with type 2 
diabetes (T2D): seemingly unrelated medical topics, though surprisingly intertwined. This 
idea can only be understood when realizing that our environment, body and mind are 
inherently connected through energy flows and synchronization. We therefore start this 
introduction from a broad perspective, to gradually narrow the focus to the research 
questions addressed in this thesis.  
  
PPrroolloogguuee    
TThhee  ssuunn    
Life on earth depends on energy derived from the sun. Photosynthesis is the only 
biological process that harvests this energy, and is practiced exclusively by green plants, 
algae and some bacteria.  During this process light energy is captured and used to convert 
water, carbon dioxide, and minerals into oxygen and energy-rich organic compounds. 
From there, the energy-rich compounds move upwards through the food chain, where 
they bring life to higher-order organisms that are incapable of photosynthesis, such as 
homo sapiens. No wonder that humans started to worship the sun in the form of gods in 
ancient Egypt, Mesopotamia and India.  
 
MMeettaabboolliissmm  
Food provides us human beings with energy-rich compounds. Food is digested in the 
gastrointestinal tract, in order to produce small food molecules that can be transported 
from the gut into the blood. The bloodstream circulates these food molecules, such as 
carb, fat and protein, through the body, ready to deliver them to tissues that have a need 
for energy. During times of excess, food molecules can be stored in the liver (carb), 
subcutaneous or intra-abdominal fat deposits, or muscle (protein) for use in times of 
shortage.  
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When the food molecules have reached their ultimate destination, energy is released from 
these molecules through chemical processes. These processes are largely dependent on 
oxygen, which is extracted from the air around us by the lungs through the continuous 
process of respiration. The processes that change food into energy are called metabolic 
processes. Aberrations in these processes can lead to metabolic disorders.  
 
EEnneerrggyy  
Energy is diverted to all kinds of processes in the body. Foremost to organs that keep the 
energy production going: the lungs, for the process of respiration; the gut, that extracts 
energy-rich molecules from food; and the heart, that helps to bring the food molecules 
and oxygen to their destinations. Not to mention our musculature and nervous system, 
which help us to move around and act in our surroundings, in order to get to the food 
we need.  
 
If basic physiological needs are met, energy can be used for processes that are not just 
for the here and now, but help to sustain life. Think of fighting off of intruders such as 
bacterial infections, finding shelter and safety in our surroundings, sexual reproduction, 
and maintenance of the body through sleep.  
 
Humans are quite successful in providing themselves with basic needs and sustainability: 
over a time frame of only 150.000 years the homo sapiens species came to dominate the 
globe. This may be due to the large brain, the biggest of all organisms. The human brain 
has a disproportionately large cerebral cortex, accounting for 80% of the total brain mass. 
Compared to other species, the human brain is also much more demanding for energy: 
it accounts for 20% of the body’s energy use, while making up 2% of the total body 
weight. It provides tremendous cognitive power, which can be used in order to optimize 
situations. With that the human brain also excels in traits of discovery, consciousness, 
fairness, altruism, and empathy. 
 
Would it be, that if basic physiological needs are met, and the need for sustainment of 
life is met, energy can be deferred to psychological needs? Needs such as love, belonging, 
esteem, and self-realization?  
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And if so, would disruptions in metabolic processes hamper the fulfillment of these needs, 
and give rise to mental disorders with changes in behavior, cognition and emotion? 
 
DDeepprreessssiioonn    
Depression is a mental disorder characterized by depressed mood and diminished 
interest or pleasure (1), and one of the leading causes of disability worldwide (2). The 
symptoms of depression are heterogeneous, and include emotional and cognitive 
distortions, as well as symptoms related to energy homeostasis, such as problems sleeping 
and alterations in appetite (Box 1) (1). The etiology of depression is complex, as there are 
both genetic, biological, and psychosocial causes (3).  
 
Various treatment options are available, and include lifestyle-interventions, psychotherapy 
and antidepressant medication (3). In some cases specific interventions such as light 
therapy, electroconvulsive therapy, and deep brain or vagus nerve stimulation are applied 
(3). Yet, there is room for improvement: treatments are on average moderately effective 
and the majority of individuals will experience relapse (3).  
 
In the quest for improvement of treatment efficacy in depression, efforts are now focusing 
on precision medicine (4). Precision medicine is a medical model that separates people 
into different groups, so that medical decisions and interventions can be tailored to the 
individual patient based on their predicted response or risk of disease. A precision 
medicine approach suits depression:  it is heterogeneous disorder, with severity, 
characteristics, and treatment 
responses varying widely between 
individuals (4).  
 
  
DDeepprreessssiioonn  iinn  iinnddiivviidduuaallss  wwiitthh  ttyyppee  22  ddiiaabbeetteess    
Individuals with depression that are also affected by type 2 diabetes (T2D), a metabolic 
disorder characterized by increased blood glucose levels due to insulin resistance (Box 2), 
may be an interesting focus for a precision medicine approach.  

Current thesis can be seen as an effort to 
improve the treatment of depression 
through precision medicine. 
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BOX 1: DEPRESSION 
  
DDiiaaggnnoossiiss:: syndrome with five or more of the following symptoms for two weeks, of 
which at least one of *  
- *Depressed mood 
- *Diminished interest or pleasure  
- Significant weight loss or weight gain 
- Insomnia or hypersomnia 
- Slowing down of movement or restlessness 
- Fatigue or loss of energy 
- Feelings of worthlessness or excessive guilt 
- Diminished ability to think or concentrate, or indecisiveness 
- Recurring thoughts of death or suicidal ideation 
 
CCaauussee:: a combination of biological (genetic: 40%), psychological and social factors 
 
PPaatthhoopphhyyssiioollooggyy:: not yet fully understood, theories center around an imbalance in 
monoaminergic (neurotransmitter) systems, aberrations in the circadian rhythm, 
immunological dysfunction, and dysfunction of the stress response (hypothalamic-
pituitary-adrenal axis) 
 
PPrreevvaalleennccee:: point: around 4%, lifetime: around 14%, men:women=1:2, increases with 
age 
 
TTrreeaattmmeenntt:: psychoeducation, watchful waiting, lifestyle interventions (activity and 
sleep training), psychotherapy, antidepressant medication, light therapy, transcranial 
magnetic stimulation, electroconvulsive therapy 
 
PPrrooggnnoossiiss::  single episode (20%) , recurrent (65%), chronic (15%) 
 
CCoommpplliiccaattiioonnss:: suicide 
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BOX 2:  TYPE 2 DIABETES 
 
DDiiaaggnnoossiiss:: tests indicative of elevated blood glucose concentrations:  
- fasting plasma glucose ≥7 mmol/L,  
- non-fasting plasma glucose ≥ 11.1 mmol/L, or  
- HbA1c ≥48 mmol/mol (HbA1c is a form of hemoglobin that is chemically linked to 
sugar, and indicates the prolonged presence of excessive sugar in the blood (three 
month average))  
Signs:: often unnoticed, thirst, frequent urination, unexplained weight loss 
 
CCaauussee:: biological (genetic 25-44%), lifestyle (obesity, sedentary behavior) 
 
PPaatthhoopphhyyssiioollooggyy:: high blood glucose (poor glycemic control), due to:  
- insulin resistance, in which tissue cells fail to respond to the effects of insulin (insulin 
is a hormone that allows glucose in the blood to enter cells for the process of energy 
production) 
- a relative lack of insulin (insulin is synthesized and secreted by beta cells of the 
pancreas) 
 
PPrreevvaalleennccee:: point: around 7%, lifetime: around 40%, men:women=1:1, increases with 
age, is increasing with the increasing number of obesity and the longevity of life 
 
TTrreeaattmmeenntt:: education, lifestyle interventions (diet, exercise), glucose lowering 
medications 
 
PPrrooggnnoossiiss:: chronic 
 
CCoommpplliiccaattiioonnss:: when inadequately treated T2D will lead to: 
-  macrovascular complications (heart disease, strokes, peripheral artery disease) and 
- microvascular complications (retinopathy (resulting in blindness), neuropathy 
(resulting in amputation in combination with peripheral arterial disease), nephropathy 
(resulting in kidney failure with the need for dialysis) 

13
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Epidemiological evidence suggests a link between depression and T2D (Figure 1), which 
has clinical implications. The prevalence of depression in individuals with T2D (20%) 
doubles that of the general population (5) (Figure 2 A), and individuals with both 
depression and T2D display more persistence and recurrence of depressive symptoms (6-
8), lower quality life (9, 10) and increased diabetes distress (11). In addition, these 
individuals exhibit poorer adherence to diabetes treatment (12, 13) and poorer glycemic 
control (14, 15). Hence their prognosis is poorer, with increased microvascular and 
macrovascular complications and mortality (16-18).  
 
 
  
  
  
FFiigguurree  11..  SScchheemmaattiicc  rreepprreesseennttaattiioonn  ooff  tthhee  rreellaattiioonnsshhiipp  bbeettwweeeenn  ddeepprreessssiioonn  aanndd  ttyyppee  22  ddiiaabbeetteess..    

 
Previous research demonstrated that antidepressant medications and psychotherapy 
have positive effects on depression in individuals with T2D, albeit with moderate effect 
sizes (19, 20). Such treatments also tend to improve glycemic control, but effects are small 
(20). Important to note is that several specific antidepressant drugs have been associated 
with negative metabolic effects, such as weight gain (21) and glucose dysregulation (22), 
and are contraindicated for use in individuals with T2D . There is a need for more 
efficacious treatment strategies of depression in individuals with T2D, which improve both 
psychiatric symptoms and metabolic outcomes. Possibly the modest effects of standard 
therapies for depression on diabetes-related outcomes could represent the non-
modification of the factor that lies at the heart of the depression-T2D comorbidity. This 
idea is appealing since it provides 
room for treatments that could 
improve mood and metabolism 
concurrently.  
 
 
Several hypotheses exist on why depression and T2D cluster together. Depression may 
increase the risk to develop T2D, for example through poor life-style and diabetes self-  

DDeepprreessssiioonn  TTyyppee  22  DDiiaabbeetteess  

This thesis focuses on depressed individuals 
with type 2 diabetes: a clinically relevant 
comorbidity, of which existing etiological 
theories provide leads for precision medicine. 
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FFiigguurree  22..  SScchheemmaattiicc  rreepprreesseennttaattiioonn  ooff  tthhee  eexxiissttiinngg  hhyyppootthheesseess  oonn  tthhee  rreellaattiioonnsshhiipp  bbeettwweeeenn  ddeepprreessssiioonn  
aanndd  ttyyppee  22  ddiiaabbeetteess    
A. Depression leads to type 2 diabetes. B. Type 2 diabetes leads to depression. C. Depression and type 2 diabetes 
share a common etiological factor.   

 
care behaviors (Figure 2 A) (23). Vice versa, depression may develop in response to the 
burden of having a debilitating chronic disease or as a result of microvascular 
complications in the brain (Figure 2 B) (23). Also common etiological factors (Figure 2 C) 
may play a role in the development of the depression-T2D comorbidity, such as 
abnormalities of the stress response or gut-brain axis, low-grade inflammation, insulin 
resistance, or disturbances of sleep and circadian rhythms (23). 
 
SSlleeeepp  
Sleep is a naturally recurring state of mind and body, characterized by altered 
consciousness, with inhibited sensory activity, reduced muscle activity and reduced 
interactions with surroundings. Sleep is thought to have preserving and restorative 
functions, both physically and psychologically.  
 
The initiation of sleep is biologically regulated by homeostatic and circadian processes. 
The homeostatic process is the drive to sleep that increases with the duration of 
wakefulness. The circadian process promotes sleep daily at night. The brain biological 
clock (the suprachiasmatic nucleus) sets the pace for the circadian rhythmicity of sleep, 
based on information from photoreceptive cells in the eyes on the surrounding 

TTyyppee  22  
DDiiaabbeetteess  

 

DDeepprreessssiioonn  

TTyyppee  22  
DDiiaabbeetteess  

DDeepprreessssiioonn  

TTyyppee  22  
DDiiaabbeetteess  

DDeepprreessssiioonn  

??  

A.                                   B.        C.  
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luminescence (24). Sleep-wake patterns are also subject to (voluntary) behavior, such as 
stress, physical activity, meal timing, work and social activities.  
 
Sleeping is supposed to come naturally and be refreshing, but can also be problematic. 
Sleep can be disordered in many ways, which may involve difficulty getting to sleep or of 
excessive sleepiness (dyssomnias); or abnormal movements, behavior or perceptions 
(parasomnias, such as sleepwalking); or shifts in the timing of sleep (circadian rhythm 
sleep disorders).  
 
It has been hypothesized that problems with sleeping and circadian rhythmicity play a 
role as common etiological factor in the depression-T2D comorbidity (23). Sleep 
problems often accompany depression: insomnia and hypersomnia are symptoms of 
depression (1), and are present in 50-90% of the individuals with depression (25, 26).  
Moreover, sleep problems have been associated with poor glycemic control in individuals 
with T2D (27). Experimental evidence provided evidence for casual relationship, showing 
that sleep deprivation has an immediate negative effect on glucose homeostasis, due to 
increased insulin resistance (28). Sleep and circadian rhythmicity are modifiable factors: 
they are affected by voluntary behaviors, and various treatment options are available to 
counteract sleep problems, including cognitive behavioral therapy, chronotherapeutic 
interventions that affect the circadian rhythmicity (e.g. light therapy), and hypnotic drugs. 
Hence, sleep presents an 
interesting focus for improving 
depressive symptoms and 
glycemic control in depressed 
individuals with T2D.  
 
Yet, to what extent do depressed individuals with 
T2D experience sleep problems?  What kind of 
problems sleeping are related to poor glycemic 
control? To what extend are depression and sleep 
problems intertwined? Do sleep problems mediate the relationship between depression 
and poor glycemic control? (Figure 3 A) Is it possible to improve mood and glycemic 

This thesis focuses on sleep and circadian 
rhythmicity, modifiable factors, as targets for 
precision medicine in individuals with depression 
and type 2 diabetes. 

These research questions are 
addressed in this thesis. 
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In individuals with type 2 diabetes: 
A.  

B.  

 
FFiigguurree  33..  SScchheemmaattiicc  rreepprreesseennttaattiioonn  ooff  tthhee  hhyyppootthheesseess  tteesstteedd  iinn  tthhiiss  tthheessiiss    

  
 
control through the improvement of sleep? Could light therapy, an effective 
antidepressant and sleep promotor acting on the biological clock, improve sleep, as well 
as glycemic control and psychological well-being? (Figure 3 B) 

DDeepprreessssiivvee  
ssyymmppttoommss ↑ 

GGllyycceemmiicc  
ccoonnttrrooll ↓ 

  

SSlleeeepp  pprroobblleemmss  
↑  

DDeepprreessssiivvee  
ssyymmppttoommss  ↓  

GGllyycceemmiicc  
ccoonnttrrooll  ↓  

  

SSlleeeepp  pprroobblleemmss    
↓ 

LLiigghhtt  
tthheerraappyy  
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AAiimmss  aanndd  oouuttlliinnee  ooff  tthhee  tthheessiiss  
AAiimm  
The general aim of this thesis is to disentangle the complex interplay between depression, 
sleep and glycemic control in individuals with T2D.  
 
MMeetthhooddss  
We studied (parts of) this complex interplay from various viewpoints, using a variety of 
study designs. These range from correlational and longitudinal studies, to an animal 
experimental study, a randomized placebo-controlled intervention trial in humans with 
depression and T2D, and a review of the existing literature.  
 
Two studies were specifically set up in the light of the general aim of this thesis: an 
observational study (Slaap Stemming Suiker, SSS), investigating depressive symptoms, 
sleep, and glycemic control in 205 individuals with T2D, and a light therapy intervention 
study (Light therapy for better mood and insulin sensitivity in patients with major 
Depression and type 2 Diabetes, LiDDia) in 83 individuals with a major depressive episode 
and T2D. These studies form the backbone of this thesis. We also performed analyses in 
two existing datasets: a large 20-year prospective cohort study in community-dwelling 
older people The Longitudinal Aging Study Amsterdam (LASA), and an experimental 
study in dogs. Lastly, we also systematically reviewed the existing scientific literature.  
 
OOuuttlliinnee  
The five parts of this thesis describe different aspects of the interplay between depression, 
sleep and glycemic control in individuals with T2D. 
 
PPaarrtt  II    ––  DDeepprreessssiioonn  &&  SSlleeeepp  
In Part I we aimed to get a better understanding of the relationship between depression 
and sleep problems. 
 
Depression is accompanied by sleep problems in the general population (25, 26). Yet, it 
is unknown whether sleep problems, that impact metabolic health, accompany depression 
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in individuals with type 2 diabetes (T2D).  Therefore, in CChhaapptteerr  22, we studied this research 
question in a dataset combining data from the SSS-study and LiDDia-study.  
 
Insomnia symptoms often precede a depressive episode, and insomnia symptoms 
frequently remain after resolution of a depression (29-39). Hence, one may wonder 
whether insomnia gives rise to depression, and vice versa. In CChhaapptteerr  33 we report the 
results from a study in the LASA dataset that explored this research question. We tested 
whether depressive symptoms and insomnia symptoms constitute an additional risk for 
one another over three year intervals using an specific statistical approach focusing on 
within-individual changes (i.e. how deviations from an individual’s typical course of 
depressive symptoms influence later insomnia symptoms).  
 
Depression is associated with high rates of sleep complaints (25, 26). Yet, findings from 
studies that investigated sleep aberrations in depression using accelerometry and 
polysomnography are ambiguous (40, 41). Perhaps, depression affects the congruence 
between participant-reported and wrist-worn accelerometry or polysomnography 
derived sleep measures. In CChhaapptteerr  44 we therefore describe the results of a 
methodological study, in which we aimed to evaluate whether depression explains the 
incongruency between participant reported and wrist-worn accelerometry derived sleep 
measures. We studied this research question in a dataset combining data from both the 
SSS-study and LiDDia-study.  
 
PPaarrtt  IIII  ––  SSlleeeepp  &&  TTyyppee  22  DDiiaabbeetteess    
In Part II we shift our focus from the relationship between depression and sleep, to the 
relationship between sleep and glycemic control.  
 
Poor sleep has been identified as a risk factor for poor glycemic control in individuals with 
T2D (27). Yet, sleep can be characterized in many ways and can be measured using a 
variety of methods, such as questionnaires, a sleep diary, and wrist-worn accelerometry. 
In CChhaapptteerr  55 we present the results of a study in general sample of individuals with T2D 
(SSS-study) that evaluated which sleep characteristics are most strongly associated with 
HbA1c, as this may guide interventions aimed at the improvement of glycemic control. 

19
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Experimental studies support the idea of a causal relationship between sleep and glycemic 
control:  there is robust evidence for acute effects on insulin sensitivity and beta-cell 
function in human volunteers that are sleep deprived (42, 43). It is unknown, however, 
how the effect of sleep deprivation compares to other factors impacting insulin resistance, 
such as obesity. Hence, CChhaapptteerr  66 reports the results of a study in which we compared 
the effects of sleep deprivation and a chronic high-fat diet – a model for moderate obesity 
and insulin resistance – in a sample of dogs. 
 
PPaarrtt  IIIIII  ––  TThhee  TTrriiaadd::  DDeepprreessssiioonn,,  SSlleeeepp  &&  TTyyppee  22  DDiiaabbeetteess  
In Part III we bring part I and part II together.  
Apart from sleep, also depression has been identified as a risk factor for poor glycemic 
control in individuals with T2D (44-47). Considering the relationship between depression 
and sleep problems, we hypothesized that the sleep aberrations that accompany 
depression affect glycemic control in individuals with T2D. In CChhaapptteerr  77 we tested whether 
sleep problems mediate the association between psychological distress (depression, 
anxiety and diabetes distress) and glycemic control in individuals with T2D. Findings from 
this study may guide whether clinical interventions aimed to improve glycemic control 
should focus on depression, sleep, or both.  
 
PPaarrtt  IIVV  ––  LLiigghhtt  tthheerraappyy  ffoorr  bbeetttteerr  mmoooodd  aanndd  ggllyycceemmiicc  ccoonnttrrooll  iinn  iinnddiivviidduuaallss  wwiitthh  
ddeepprreessssiioonn  aanndd  ttyyppee  22  ddiiaabbeetteess  
In Part IV we shift our focus from insight into mechanisms to intervention, as new 
therapeutics are warranted for the treatment of depressed individuals with T2D. We 
hypothesized that light therapy may improve mood as well as glycemic control.  
 
The ocular safety of light therapy has been subject of debate, and individuals with diabetes 
are prone to ocular disorders, in particular diabetic retinopathy. Hence, CChhaapptteerr  88 entails 
a systematic review of the existing literature on the ocular safety of light therapy.  
 
In CChhaapptteerr  99  aanndd  1100 we report the study design and results of the LiDDia-study, the clinical 
trial testing whether light therapy, 30 minutes daily for 4 weeks, improved mood as well 
as insulin sensitivity in individuals with depression and T2D. Insulin sensitivity was 
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measured using a hyperinsulinemic clamp procedure, the gold standard for measuring 
insulin sensitivity.  
 
PPaarrtt  VV  ––  DDeepprreessssiioonn  &&  TTyyppee  22  DDiiaabbeetteess  
Part V focuses on the relationship between depression and insulin resistance.  
In CChhaapptteerr  1111, we performed a secondary analysis of the LiDDia-study data, in which we 
focused on insulin resistance and symptom profiles. Previous research suggests that 
various subtypes of depression may exist, such as the immuno-metabolic subtype, which 
is related to immuno-metabolic disturbances and is characterized by specific symptoms 
(48). At the same time metabolic factors, such as body mass index (BMI) and insulin 
resistance, appear to moderate antidepressant treatment effects (49-57). Possibly, 
depression in individuals which are highly insulin resistant may be considered a distinct 
subtype of depression, with a differential characteristics and response to treatment. We 
therefore evaluated whether the degree of insulin resistance of an individual at baseline 
was associated with a specific depressive symptom profile at baseline and response to 
light therapy (at symptom level).  
 
In line with the idea that insulin resistance is related to depression, we wondered whether 
exogenous insulin could have antidepressant properties. Insulin plays an important role 
in brain functioning, while insulin resistance is also present in the brain (58, 59). Intranasal 
insulin, which recently emerged as a safe way to introduce insulin directly to the brain, 
may therefore be an interesting therapeutic to explore in the treatment of depression. In 
CChhaapptteerr  1122 we brought together the existing literature on the effects of intranasal insulin 
on mood. 
 
The final chapter, CChhaapptteerr  1133,  provides a summary of the findings and places them in 
context, discusses the strength and limitations of this thesis. It also highlights the clinical 
implications of this work and provides directions for further research.  
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AAbbssttrraacctt  
  
OObbjjeeccttiivvee  
To assess differences in sleep characteristics of individuals with type 2 diabetes (T2D) with 
and without depression.   
 
RReesseeaarrcchh  ddeessiiggnn  aanndd  mmeetthhooddss  
Cross-sectional analyses were performed in a sample of 240 individuals with T2D of whom 
65 had comorbid depression. Participants completed seven-day wrist-accelerometry and 
sleep questionnaires. ANOVA was used to test differences in sleep measures between 
groups based on depression status.  
 
RReessuullttss    
Depressed individuals with T2D self-reported longer time in bed (F 29.324, p<0.001), 
poorer sleep quality (50.141, p<0.001) and more insomnia symptoms (F 50.413, p<0.001) 
compared to those without depression. Sleep duration (F 18.896, p<0.001), wakefulness 
after sleep onset (F 5.513, p<0.001) and early morning awakening (F 4.594, p=0.011), were 
increased in those with depression, while sleep efficiency (F 3.912, p=0.021) was decreased.  
 
CCoonncclluussiioonn  
Depressed individuals with T2D sleep longer and display poorer sleep continuity and sleep 
quality than those without depression. These findings could have implications for the 
management of (sleep problems in) depressed individuals with T2D. 
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IInnttrroodduuccttiioonn  
Depression, a psychiatric syndrome characterized by the core symptoms of decreased 
mood and inability to feel pleasure, is an heterogeneous disorder with varying clinical 
presentation (1). Due to disappointing treatment results, there is a quest for the 
identification of meaningful depression subtypes, which may help to effectively tailor 
treatments to the individual (2). One of the proposed subtypes is the immuno-metabolic 
subtype, which has been linked to metabolic dysregulation (increased body mass index 
(BMI), fat mass, triglycerides, insulin resistance) and low-grade inflammation (3-5).  
 
The immuno-metabolic subtype of depression appears to be accompanied by a number 
of specific symptoms. Where depression is generally associated with short sleep duration 
(insomnia) (6, 7), the immuno-metabolic subtype has been associated with longer sleep 
duration (hypersomnia) (3-5). These findings have largely been derived from studies in 
samples of individuals with depression from the general population (3, 5).  
 
It is however unknown to what extent persons with metabolic dysregulation, such as type 
2 diabetes (T2D), present with hypersomnia or other specific sleep characteristics when 
depressed. In this study we therefore focus on a sample of individuals with T2D, and 
evaluated the sleep characteristics of  depressed individuals with T2D. 
 
RReesseeaarrcchh  ddeessiiggnn  aanndd  mmeetthhooddss  
DDeessiiggnn  
Analyses were performed in data-sets from two studies, which were set-up in similar ways 
and designed to measure depressive symptoms and sleep. Dataset 1 comprised a cross-
sectional study in a sample of 205 individuals with T2D (8). Dataset 2 comprised the 
baseline measurements of a randomized controlled trial on the effects of light therapy in 
83 individuals with T2D and a diagnosis of major depression according to DSM IV criteria 
(9). Accelerometry datasets were available from 175 and 65 individuals, respectively. 
Analysis of interaction effects indicated that associations between depressive symptoms 
scores and sleep measures did not differ significantly between the datasets, which 
indicated that the datasets could be combined for analyses. The studies were executed in 
accordance with the Helsinki Declaration 2013 and with approval from the Medical Ethics 
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Review committee Amsterdam UMC, location VU University Medical Center (VUmc), 
Amsterdam, the Netherlands. All participants gave written informed consent before 
participation. Further details of the studies can be found in previous publications (8, 9). 
 
PPaarrttiicciippaannttss    
Participants were eligible when ≥ 18 years old and diagnosed with T2D. General exclusion 
criteria were performing shift-work or being unable to comply with the study protocol 
due to language deficiency or practical problems. 58% of the participants were men. On 
average,  participants were 65.0 (standard deviation (SD) 9.1), obese (body mass index 
(BMI) 30.8 (SD 5.9)), and had T2D for over 10 years. T2D was well regulated, with relatively 
low HbA1c levels (56 (SD 14) mmol/mol / 7.3% (SD 1.3)). Most participants (87.1%) used 
glucose lowering medication, of which 54% insulin. One in five participants used sleep 
medication in the past month. As a result of different inclusion criteria for the two studies, 
corresponding differences in psychopathology can be retrieved when comparing the 
sample characteristics of the datasets. Of the participants in dataset 1, 4% had a DSM-IV 
diagnosis of depression, compared to 100% of the participants in dataset 2. Of the 
participants in dataset 2, 6.3% used antidepressant medication, compared to 46.7% of 
the participants in dataset 2. 
 
MMeeaassuurreess    
A clinical diagnosis of depression according to DSM-IV criteria was established using the 
Composite International Diagnostic Interview (CIDI) WHO version 2.1 (10). Depressive 
symptoms were assessed using the Inventory of Depressive Symptomatology (IDS) (11). A 
cut-off of >14 on the IDS indicates clinically relevant depressive symptoms. A depression 
group variable was created based on dataset and IDS score (3 groups: no depressive 
symptoms: IDS scores ranging from 0 to 13 in dataset 1; depressive symptoms: IDS scores 
≥14 in dataset 1; clinical depression: a DSM-IV diagnosis of depression in dataset 2). 
 
We obtained objective measures of sleep using a wrist-worn microelectromechanical 
(accelerometer) system (GENEActiv, Activeinsights Ltd, Kimbolton, United Kingdom) in 
combination with a sleep diary, which was worn for one week continuously (12). Sleep 
measures included time in bed (time in bed with the intention to sleep), sleep duration, 
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sleep efficiency (sleep duration / time in bed; ≥80% is considered normal), sleep onset 
latency, wakefulness after sleep onset, and early morning awakening. The participant-
reported measures of sleep quality and insomnia symptoms were obtained using the self-
report Pittsburgh Sleep Questionnaire index (PSQI) (13) – scores ≥ 6 indicate poor sleep 
– and self-report Insomnia Severity Index (ISI) (14) – scores ≥10 indicate clinically relevant 
insomnia –, respectively. 
 
SSttaattiissttiiccaall  aannaallyysseess  
Data were checked for normality and transformed when appropriate. Significance was set 
at a p-value of 0.05, unless indicated otherwise. Statistics were performed using SPSS IBM 
Statistics 22.  
 
Differences in means between the subgroups were tested using a one-way Analysis of 
Variance (ANOVA) procedure with Games Howell post hoc tests, due to inequality of 
variances. Bar graphs with means and standard error of the mean (SEM) were created for 
graphical presentation of the results. As we assumed the association between depression 
and sleep duration to be U-shaped (depression associated with shorter as well as longer 
sleep duration), we also included a proportional graph.   
 
Analysis of covariance (ANCOVA) was performed to test the effect of diabetes-related 
covariates (HbA1c (mmol/mol), duration of diabetes (years), and glucose lowering 
medication (insulin use versus none or oral glucose lowering medication) on the 
association between sleep characteristics and depression status.  
 
RReessuullttss  
Individuals with depression self-reported longer time in bed with the intention to sleep (F 
29.324, p<0.001), poorer sleep quality (50.141, p<0.001) and more insomnia symptoms (F 
50.413, p<0.001) than those without depression. Accelerometry-derived measures of 
sleep duration (F 18.896, p<0.001), wakefulness after sleep onset (F 5.513, p<0.001) and 
early morning awakening (F 4.594, p=0.011) were increased in those with depression, while 
sleep efficiency was decreased (F 3.912, p=0.021).  Sleep onset latency did not differ 
between groups (F 0.061, p=0.940). When we compared individuals without depressive  
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A. Subgroup means   
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B. Percentages of individuals  

 
FFiigguurree  11..  AAssssoocciiaattiioonnss  bbeettwweeeenn  ddeepprreessssiioonn  ssttaattuuss  aanndd  vvaarriioouuss  sslleeeepp  eessttiimmaatteess  
Self-reported measures: ‘Time in bed’, ‘Poor sleep quality’ and ‘Insomnia’. Accelerometry-derived measures: 
‘Sleep duration’, ‘Sleep onset latency’, ‘Early morning awakening’, ‘Wakefulness after sleep onset’, ‘Sleep 
efficiency’. Error bars indicate the standard error of the mean (SEM). No depressive symptoms indicates 
Inventory of Depressive Symptomatology (IDS) scores ranging from 0 to 13; depressive symptoms indicates IDS 
scores ≥14; clinical depression indicates a DSM-IV diagnosis of depression. Significant post-hoc comparisons 
(Analysis of Variance (ANOVA), Games Howell) are indicated with asterisks.  

 
symptoms to individuals with a DSM-IV diagnosis of depression, on average, individuals 
in the latter group spent 35 minutes longer in bed and slept 60 minutes longer. In 
addition, they were 13 minutes more awake after sleep onset, were 20 minutes earlier 
awake in the morning, had 2% lower sleep efficiency, had 5.4 points higher score on the 
PSQI, and 9.2 point higher score on the ISI (Figure 1. A.). The percentages of participants 
sleeping <7, 7 to 8, or >8 hours a night changed depending on depression status, with 
an increase in participants sleeping 7 to 8 hours and a substantial increase in participants 
sleeping >8 hours a night in those with clinical depression (dataset 2) (Figure 1. B.).   
 
Diabetes-related covariates (HbA1c (mmol/mol), duration of diabetes (years), and glucose 
lowering medication (insulin use  versus none or oral glucose lowering medication) did 
not affect the relationship between sleep characteristics and depression status (data not 
shown).  
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CCoonncclluussiioonn  
We found that in individuals with T2D, depression was associated with longer time in bed 
with the intention to sleep, longer sleep duration (hypersomnia), increased wakefulness 
after sleep onset and early morning awakening, lower sleep efficiency, poorer sleep 
quality, and more insomnia symptoms. Depression was not associated with sleep onset 
latency. 
 
These findings are in line with studies in the general population that showed that 
individuals with depression sleep worse compared to individuals without depression, 
which is characterized by problems with sleep continuity and sleep quality (6, 7). An 
interesting finding, however, is that individuals with T2D and depressive symptoms sleep 
significantly longer compared to individuals without depressive symptoms. This contrasts 
with observational studies in the general population that suggest that individuals with 
depression display both shorter and longer sleep durations, but in particular shorter sleep 
duration (6). Yet, this finding is consistent with the idea of immuno-metabolic subtype of 
depression, which is characterized by metabolic dysregulation and appears to be 
accompanied by hypersomnia (3-5).  
 
These findings affect the management of depressed individuals with T2D. Hypersomnia, 
which is easily overlooked in clinical practice, may require specific sleep interventions, such 
as sleep scheduling, chronotherapy, and stimulant drugs. Moreover, previous research 
suggests that the immuno-metabolic subtype of depression may require differential 
therapeutic strategies. For example, intervention studies have shown that depressed 
individuals with higher BMI and insulin resistance may benefit from effects of light therapy 
and exercise on mood, but generally demonstrate unfavorable outcomes for regular 
antidepressant drugs (5, 9, 15-20). 
 
A strength of the current study includes the elaborate methods used for quantifying 
depressive symptoms and sleep characteristics. The combination of two datasets with 
slightly different inclusion criteria presents a methodological limitation. Replication of our 
findings should be sought in future studies. 
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In conclusion, depressed individuals with T2D sleep longer than non-depressed 
individuals with T2D, and display poorer sleep continuity, and participant-reported sleep 
quality than those without depression. These findings have implications for the 
management of (sleep problems in) depressed individuals with T2D. 
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AAbbssttrraacctt    
 
BBaacckkggrroouunndd  
Depression and insomnia often co-occur, and precede one another. Possibly, insomnia 
gives rise to depression, and vice versa. We tested whether insomnia symptoms of an 
older individual are associated with later depressive symptoms in that older individual, 
and vice versa.  
 
MMeetthhooddss  
We performed a longitudinal analysis of data from a prospective cohort study in a large 
sample of community-dwelling older people (N=3,081), with measurements every three 
years, over a time period of 20 years. The within-individual longitudinal reciprocal 
relationship between symptoms of depression (Center for Epidemiological Studies 
Depression Scale), and symptoms of insomnia (three-item questionnaire including 
difficulty initiating sleep, nightly awakenings, and early morning awakening) was modelled 
by means of a bivariate linear growth model. We tested whether symptoms of insomnia 
were associated with symptoms of depression three years later, and vice versa.  
 
RReessuullttss  
Severity of symptoms of depression and insomnia and their within-individual average 
change over time were moderately correlated (correlation of intercepts: rho 0.41, 95% CI: 
0.36 to 0.46 p<0.001; correlation of slopes: rho 0.39, 95% CI: 0.25 to 0.52, p<0.001). 
Symptoms of depression were not found to be associated with an additional risk of higher 
symptoms of insomnia three years later, and vice versa (p=0.329 and p=0.919, 
respectively). Similar results were found when analyses were corrected for covariates. 
 
CCoonncclluussiioonnss    
In older individuals, depression and insomnia are associated and tend to increase 
concurrently over time, but constitute no additional risk for one another over repeated 
three year intervals. These findings contradict previous research that suggests that 
depression and insomnia are risk factors for one another over time. The current study 
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stands out due to the longitudinal within-individual statistical approach, but is limited by 
the three year interval between measures.  
 
KKeeyy  PPooiinnttss  
- In older individuals, both depression and insomnia are associated phenomena and tend 
to increase concurrently over time 
- Depression and insomnia constitute no additional risk for one another over time, as 
measured in three year intervals during 20 years. 
 
WWhhyy  ddooeess  tthhiiss  ppaappeerr  mmaatttteerr??  
Our findings support the idea that depression and insomnia are closely related but 
independent phenomena. After adjustment for contemporal associations, no associations 
were found between symptoms of depression and insomnia three years later and vice 
versa. For this reason, treatments should focus on reduction of both depressive symptoms 
and insomnia concurrently. 
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IInnttrroodduuccttiioonn  
Depression and insomnia are common, and affect about 1 in every 10 individuals (1, 2). 
Depression is a mental state characterized by depressed mood or loss of interest or 
pleasure, in combination with other symptoms such as problems concentrating or making 
decisions, fatigue, problems sleeping, alterations in appetite or body weight, feelings of 
worthlessness or excessive guilt, or thoughts of death or suicide, nearly every day(3). 
Insomnia refers to a report of sleep initiation or maintenance problems despite adequate 
opportunity and circumstances to sleep, with daytime consequences, at least 3 times a 
week (4). The conditions have negative effects on health, functioning, and well-being, and 
their prevalence and severity increases with age (1, 2). The syndromes of depression and 
insomnia show overlap, with insomnia being a symptom of depression, and depression 
and insomnia may co-occur (3, 5, 6). Insomnia symptoms often precede a depressive 
episode, and insomnia symptoms frequently remain after resolution of a depression (7-
17). Hence, one may wonder whether insomnia gives rise to depression, and vice versa. 
Possibly, a sequential comorbidity model applies, which implies that a primary disorder 
(e.g. insomnia) or its treatment increase the onset of a secondary disorder (e.g. 
depression) (6). If so, timely treatment of insomnia may help to prevent future depression, 
and vice versa.   
 
In the present study we tested whether insomnia symptoms of an older individual were 
associated with later depressive symptoms in that older individual, and vice versa (Figure 
1). Such analyses call for specific statistical analyses  (bidirectional longitudinal association 
study of within-individual cross-lagged effects)  that require large datasets, with multiple 
measures over time.  
 
We used data from a large naturalistic cohort study in older adults, with measurements 
every three years over a 20-year period: the Longitudinal Aging Study Amsterdam (LASA) 
(18); and modelled the bidirectional longitudinal association between symptoms of 
depression and insomnia using a bivariate linear growth model (19-23).  
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Our findings could further improve the understanding of the interaction between 
depression and insomnia, and may guide the primary and secondary prevention of 
depression and insomnia in older people.  
 

FFiigguurree  11..  GGrraapphhiiccaall  rreepprreesseennttaattiioonn  ooff  tthhee  hhyyppootthheessiizzeedd  ccrroossss--llaaggggeedd  aassssoocciiaattiioonn  ooff  ssyymmppttoommss  iinn  aann  
oollddeerr  iinnddiivviidduuaall      
For simplicity, the graph only includes the cross-lagged association between insomnia symptoms and future 
depressive symptom (indicated by the dashed arrow), and not the cross-lagged association between depressive 
symptoms and future insomnia symptoms. The solid arrows indicate a deviation in symptoms from the 
prospected course of symptoms.   

  
MMeetthhooddss  
SSttuuddyy  ppooppuullaattiioonn  
Analyses were performed on data from the Longitudinal Aging Study Amsterdam (LASA), 
an ongoing prospective cohort study of older people in the community in the 
Netherlands. The study has been described in detail elsewhere (18). The LASA cohort is a 
nationally representative sample of community dwelling older adults aged 55 to 85 years 
living in three geographically distinct areas, with respondents from both urbanized and 
rural areas. A random sample of 3,107 persons was included for the a first examination in 
1992-1993. Follow-up examinations took place at every 3 years (1995-1996 2,545; 1998-
1999 2,076; 2001-2002 1,691; 2005-2006 1,257; 2008-2009 985; 2011-2012 763). Attrition 
was mainly due to mortality (18). The Medical Ethics Committee of the Amsterdam 
University Medical Centers, location Vrije Universiteit Amsterdam approved of the study, 
and informed consent was obtained from all participants. All procedures contributing to 
this work comply with the ethical standards of the relevant national and institutional 

Insomnia  
symptoms 

Depressive 
symptoms 

Measurement 
               2                     3                     4                     5              
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committees on human experimentation and with the Helsinki Declaration of 1975, as 
revised in 2008. 
 
In this study, individuals with at least one measurement on either symptoms of depression 
or symptoms of insomnia were included. This resulted in a total sample size of 3,081 for 
the unadjusted analysis. 
  
MMeeaassuurreemmeennttss  
Symptoms of depression and insomnia were assessed every three years over a period of 
20 years. The baseline and follow-up examinations will be referred to as ‘waves’.  
Symptoms of depression were measured using the CES-D (Center for Epidemiological 
Studies Depression Scale), a self-report scale of 20 items (24). Total scores range from 0 
to 60, with higher scores indicating more depressive symptoms. A score of 16 or higher is 
indicative of clinically relevant symptoms with high sensitivity and specificity for Major 
Depressive Disorder (24). The CES-D contains one question about sleep (‘My sleep was 
restless.’). For assessing associations between symptoms of depression and insomnia, we 
used adjusted CES-D scores that did not take this sleep question into account. This was 
done to focus on the association of symptoms of depression with symptoms of insomnia 
irrespective of the contribution of insomnia to the construct of depression. 
 
Symptoms of insomnia were measured using a three item self-report questionnaire, 
including questions on the difficulty initiating sleep, nightly awakenings, and early morning 
awakening, which were rated as almost never, sometimes, frequently, or almost always. 
Total scores range from 0 to 12, with higher scores indicating more severe insomnia 
symptomatology. 
 
Covariates included age, gender, education level, medication use (antidepressants, 
anxiolytics, hypnotics), use of alcohol, reported pain, and chronic diseases. Highest level 
of completed education (education level) was classified into nine categories, ranging from 
elementary not completed to university education. Information on medication use was 
provided by the participants. Use of alcohol was self-reported as the number of 
standardized drinks (containing approximately 10 gram of alcohol) per week. Pain was 
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estimated using five items from the Nottingham Health Profile pain scale (25). Total scores 
range from 5 to 10, with higher scores indicating more pain. Number of chronic diseases 
was assessed by self-report (26), and cross-checked with the general practitioners of the 
participants.  
 
SSttaattiissttiiccaall  aannaallyysseess  
A bivariate linear growth model was used to jointly model the longitudinal course of 
symptoms of depression and insomnia within the individual. In this model, cross-lagged 
effects between symptoms of insomnia and symptoms of depression can be included to 
test how deviations from an individual’s typical course of insomnia symptoms influence 
later depressive symptoms.  
 
The bivariate linear growth model is a special case of a structural equation model (SEM) 
where the observed longitudinal courses of symptoms of depression and insomnia are 
assumed to be realizations of two underlying linear growth curves with unobserved 
(latent) intercepts and slopes, with intercepts and slopes of the two growth curves 
correlated (19-23). The bivariate growth model allows both symptoms of depression and 
insomnia to act as dependent and independent variables in a single model. In this 
situation the correlation between symptoms insomnia and symptoms of depression is 
partitioned in a cross-sectional correlation (i.e., intercept correlation), the tendency of 
linear changes in both to be correlated (i.e., slope correlation), and the tendency of the 
linear change to be correlated with correlated with the level of symptoms (i.e., intercept-
slope correlations).   
 
Cross-lagged correlations (symptoms of depression at time t correlated with symptoms 
of  insomnia at time t-1, and vice versa) were added to the bivariate linear growth model 
to test whether at the individual level higher scores on symptoms of depression were 
associated with higher scores of symptoms of insomnia and vice versa on the subsequent 
wave, beyond what could be expected based on the linear growth and, when applicable, 
values for the covariates alone. The cross-lagged effects were incorporated in the model 
by including symptoms of depression on the previous wave as a time-dependent 
covariate for symptoms of insomnia and vice-versa.  
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Goodness of fit of the models (how well the model represents the data) was assessed by 
means of the model chi-square, the root mean square error of approximation (RMSEA), 
the comparative fit index (CFI), and the sample-size adjusted Bayesian information 
criterion (BIC). Higher chi-square values indicate better fit, with values ≥90 indicating 
good fit. RMSEA is a measure of absolute fit (relative to the perfect model), and lower 
values indicate better fit. It is generally presumed that a value between 0.05 and 0.08 
suggests a reasonable fit, and that a value of < 0.05 indicates a close fit. CFI is a 
comparative measure of fit (relative to a baseline model), and larger values indicate better 
fit. BIC is a criterion for model selection, to correct for overfitting with the addition of 
parameters to the model using penalties. Models with lower BIC are preferred. Added 
value of the cross-lagged effects was evaluated by testing the statistical significance by 
means of the χ2 difference test for nested models.  
 
Regression coefficients for time-varying coefficients, residual variances for symptoms of 
depression and insomnia and between-construct residual correlations were restricted to 
be constant across waves. A graphical representation of the full model is given in 
Supplementary Figure 1.  
 
Sensitivity analyses were performed to test the robustness of the findings, and included 
analyses including covariates and subgroup analyses. 
 
To control for sources of between-participant variation, we included age at first wave, 
gender, their two-way interaction, and education level as time-invariant covariates acting 
on the intercept and slope of symptoms of insomnia and depression (Adjusted1 model). 
Education level was categorized into 9 groups, ranging from elementary not completed 
to university education, and was included as a continuous independent variable in the 
models. To additionally control for possible sources of variance at the individual level, 
time-varying covariates were added to the model for repeatedly measured candidate 
confounders including alcohol consumption, the number of comorbid chronic diseases, 
and pain scores (Adjusted2 model), as well as the use of antidepressants, anxiolytics, and 
hypnotics (Adjusted3 model). Regression coefficients for the contemporaneous effect of 
these time-varying covariates on symptoms of depression and insomnia were restricted 
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to be constant across the waves. To facilitate interpretation of the regression coefficients 
for the adjusted models, regression coefficients were calculated with men as the reference 
category for gender, and age at first wave was centered at 65 years. Education level was 
centered at the mode, which was elementary education. Pain scores were centered at 5, 
which was the minimum value. No use of medication, no alcohol use, and no comorbid 
disease were the reference value for the other time-variant covariates.  
 
To evaluate whether result were similar across subgroups of participants, the analyses 
were repeated for subgroups of participants defined by age at the first wave (below 70 
years and 70 or older), gender, and occurrence of a clinically relevant depression during 
follow-up (participants with at least one wave CES-D  ≥ 16 and participants with CES-D < 
16 on all waves). 
 
The bivariate linear growth models were fitted in M-plus version 7. Missing values on 
symptoms of depression and insomnia were considered missing at random, and were not 
imputed. Missing values on the time-varying covariates were imputed using a Last 
Observation Carried Forward (LOCF) approach. SPSS version 22.0 was used for the 
descriptive statistics. P-values <0.05 were considered significant. 
  
RReessuullttss    
SSaammppllee  cchhaarraacctteerriissttiiccss  
In total 3,081 individuals were included in the Unadjusted analyses (3,075 individuals in 
the Adjusted1 analyses, and 1,939 in the Adjusted2 analyses). The sample size decreased 
over time, mainly due to mortality.18 At the first wave, the mean age was 70.7 years and 
51.6% were women. The mode for education level was elementary education for all 
subsamples. At the first wave the median symptoms of depression score was 6 and the 
median symptoms of insomnia score 6; 14.7% of the individuals experienced clinically 
relevant depressive symptoms (CES-D ≥16). At the first wave 1.9%, 6.1%, and 8.2% of the 
participants used antidepressants, anxiolytics, or hypnotics (mainly benzodiazepines), 
respectively. The insomnia symptoms score and the use of anxiolytics and hypnotics 
remained stable over time, while the depression symptom score, the percentage of 
participants experiencing clinically relevant depressive symptoms, and the use of  
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TTaabbllee  11..  CCoohhoorrtt  cchhaarraacctteerriissttiiccss  
Baseline characteristics 

N 3,081 

Age, mean (SD) 70.7 (8.7) 

Women, % 51.6 

Education level*, % 
higher vocational or 
university,   
other  

11.3,  
88.7 

Wave-specific descriptives 

Wave, number 1  2  3  4  5  6  7  

Wave, year 1992-
1993 

1995-
1996 

1998-
1999 

2001-
2002 

2005-
2006 

2008-
2009 

2011-
2012 

N Symptoms of 
insomnia 

2,224  2,021 1,689  1,287 956  739  523  

N Symptoms of 
depression 

3,056 2,212 1,853 1,453 1,034 825 606 

Symptoms of 
insomnia, median 
(IQR) 

6 (4-7) 6 (4-7) 6 (4-7) 6 (4-7) 6 (4-7) 6 (4-7) 6 (4-7) 

Symptoms of 
depression, median 
(IQR) 

6 (2-11) 6 (2-
11.75) 

7 (3-13) 8 (4-13) 7 (4-13) 7 (3-12) 8 (4-14) 

Clinically relevant 
depressive symptoms, 
% 

14.7 15.0 17.4 17.1 16.2 15.2 19.6 

Medication use, % 
antidepressants 
anxiolytics 
hypnotics 

1.9 
6.1 
8.2 

2.7 
6.8 
9.4 

4.1 
7.4 
11.9 

5.0 
6.4 
8.9 

5.0 
5.4 
7.7 

4.6 
4.3 
9.2 

6.0 
4.0 
9. 1 

Alcohol use, number 
of drinks per weeks, 
median  (IQR) 

3 (0.5-
10) 

3 (0-7) 3 (0.5-7) 3 (0.5-12) 2 (0.5-7) 2 (0.5-7) 2 (0-7) 

Chronic diseases, 
number, median (IQR) 

1 (0-2) 2 (1-2) 2 (1-3) 2 (1-3) 2 (1-3) 2 (1-3) 3 (2-4) 

Pain, score, median 
(IQR) 

5 (5-6) 5 (5-6) 5 (5-6) 5 (5-6) 5 (5-7) 5 (5-7) 5 (5-7) 
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Abbreviations: CES-D=  Center for Epidemiological Studies Depression Scale; SD= standard deviation; IQR= 
inter quartile range. *Specific information on the nine education levels is included in Supplementary Table 1.  

  
TTaabbllee  22::  MMooddeell  ssttaattiissttiiccss  aanndd  ccoommppaarriissoonnss  bbeettwweeeenn  mmooddeellss  iinncclluuddiinngg  oorr  eexxcclluuddiinngg  ccrroossss--llaaggggeedd  
eeffffeeccttss  

Model statistics 

fit indices 

Both cross-lagged effects 
included 

(1) 

Only cross-lagged  
Dep → Ins included  

(2) 

Only cross-lagged 
Ins → Dep included  

(3) 

No cross-lagged effects 
included 

(4) 

χ2: 305.7 (df: 100) 
 
RMSEA: 0.026 
95% CI: 0.023-0.029 
CFI: 0.978 
BIC: 107438 
 
Explained variances: 
R2 Ins: (0.69, 0.76) 
R2 Dep: (0.58, 0.67) 

χ2: 305.7 (df: 101) 
 
RMSEA: 0.026 
95% CI: 0.022-0.029 
CFI: 0.978 
BIC: 107433 
 
Explained variances: 
R2 Ins: (0.69, 0.76) 
R2 Dep: (0.58, 0.67) 

χ2: 306.6 (df: 101) 
 
RMSEA: 0.026 
95% CI: 0.022-0.029 
CFI: 0.978 
BIC: 107434 
 
Explained variances: 
R2 Ins: (0.69, 0.76) 
R2 Dep: (0.58, 0.67) 

χ2: 306.6 (df: 102) 
 
RMSEA: 0.026 
95% CI: 0.022-0.029 
CFI: 0.978 
BIC: 107429 
 
Explained variances: 
R2 Ins:(0.69, 0.76) 
R2 Dep:(0.58, 0.67) 

 
Comparisons between models 

p-value for chi-square test for difference 

1 vs 4 2 vs 4 3 vs 4 

0.62 0.33 0.96 

Model statistics and comparisons between models (Unadjusted analyses, N=3,081) R2 are summarized as the 
range of R2 of the different waves in the analysis. Smallest BIC in row is printed in bold. Abbreviations: RMSEA= 
root mean square error of approximation; CI=confidence interval; CFI= comparative fit index; BIC= Bayesian 
information criterion; Ins= Symptoms of insomnia; Dep= Symptoms of depression.  

 

antidepressants appeared to increase. The use of alcohol (median of 3 drinks per week at 
the first wave) decreased over time, while the number of chronic diseases (1 at the first 
wave) increased. Pain scores (median of 5 at the first wave) remained stable. 
Characteristics of the cohort and subsamples are presented in Table 1 and Supplementary 
Table 1, respectively.  
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AAssssoocciiaattiioonn  ooff  lloonnggiittuuddiinnaall  ccoouurrsseess  ooff  iinnssoommnniiaa  ssyymmppttoommss  aanndd  ddeepprreessssiivvee  ssyymmppttoommss  aanndd  
tteessttss  ffoorr  ccrroossss--llaaggggeedd  eeffffeeccttss    
The model that included both cross-lagged effects  showed good fit (χ2: 305.667, df=100, 
p<0.0001; RMSEA: 0.026, 95% CI: 0.023 to 0.029; CFI: 0.978) (Table 2). ‘Good fit’ means 
that the model represents the data well, and that the model results in predicted values 
close to the observed data values. Yet, the goodness of fit of the model was hardly 
affected when the cross-lagged effects were removed from the model (χ2 difference test: 
delta=0.96, df=2, p=0.62) (Table 2). The crossed-lagged effects were not found to be of  
added value (symptoms of depression on symptoms of insomnia in the subsequent wave: 
p=0.33); symptoms of insomnia on symptoms of depression in the subsequent wave: 
p=0.96) (Table 2). Apparently, intercept correlations, slope correlations, and intercept-
slope correlations, drive the correlation between symptoms of depression and symptoms 
of insomnia. The contribution of cross-lagged associations is insignificant. Table 3 shows 
the model parameters (mean intercepts, slopes and correlations) for the model without 
cross-lagged effects. Mean score for symptoms of depression at the first wave was 7.31 
(95% CI: 7.05 to 7.57) and mean score for symptoms of insomnia at the first wave was 
5.85 (95% CI: 5.77 to 5.93). Symptom scores of depression and insomnia at the first wave 
were found to be positively associated (correlation of intercepts, rho: 0.42, 95% CI: 0.37 
to 0.46, p<0.001). Also changes in symptom scores of depression and insomnia over the 
waves were found to be positively associated (correlation of slopes, rho: 0.41, 95% CI: 0.28 
to 0.54 , p<0.001). Symptom scores of depression at the first wave were negatively 
associated with changes in symptoms of insomnia over the waves (rho: -0.11, 95% CI: -
0.21 to -0.01, p=0.027). Symptom scores of insomnia at the first wave were not associated 
with the change in symptoms of depression over the waves (rho: -0.062, 95% CI: -0.16 to 
0.03, p=0.020). Mean slope for change in symptoms of depression was 0.55 points per 
wave (95% CI: 0.48 to 0.63, p<0.001) and mean slope for change in symptoms of insomnia 
was 0.095 points per wave (95% CI: 0.071 to 0.12, p<0.001), both indicating worsening 
with age.  
 
Similar results were found when covariates were added to the model (Adjusted1 analyses 
included  age at first wave, gender, education level; Adjusted2 analyses included 
Adjusted1 covariates plus number of comorbid chronic diseases, alcohol consumption, 
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and reported pain; Adjusted3 analyses included Adjusted2 covariates plus use of 
antidepressants, anxiolytics and hypnotics) or when analyses were restricted to subgroups 
based on age, gender and the presence of clinically relevant depression during follow up 
(Supplementary Tables 2 and  3). 
  
TTaabbllee  33::  MMooddeell  eessttiimmaatteess  ffoorr  tthhee  mmooddeell  wwiitthhoouutt  ccrroossss--llaaggggeedd  eeffffeeccttss    

Estimates of model parameters 

Means Correlations (rho) 

Intercept 
(Ins) 

Slope 
(Ins) 

Intercept 
(Dep) 

Slope 
(Dep) 

Intercept 
(Ins) 

Intercept 
(Dep) 

Slope (Ins) 
Slope 
(Dep) 

Slope 
(Ins) 

Intercept 
(Dep) 

Slope 
(Dep) 

Intercept 
(Ins) 

5.9*** 

(SE:0.042) 

0.095*** 

(SE:0.012) 

7.3*** 

(SE: 0.13) 

0.55*** 

(SE:0.037) 

0.42*** 

(SE: 0.024) 

0.41*** 

(SE:0.066) 

-0.11* 

(SE:0.050) 

-0.062 

(SE: 0.048) 

Means and correlations (rho) are reported for the model without cross-lagged effects (Unadjusted analyses, 
N=3,081). * indicates p<0.05; ** indicates p<0.01; *** indicates p<0.001; absence of */**/*** indicates not 
significant. Abbreviations: Ins= Symptoms of insomnia; Dep= Symptoms of depression; SE = standard error.   

  
DDiissccuussssiioonn  
We tested whether insomnia symptoms of an older individual are associated with later 
depressive symptoms in that older individual, and vice versa., in to delineate whether a 
sequential comorbidity model applies to symptoms of depression and insomnia. Such a 
model would suggest that timely treatment of insomnia may help to prevent future 
depression, and vice versa. The within-individual longitudinal reciprocal relationship 
between symptoms of depression, and symptoms of insomnia, was modelled by means 
of a bivariate linear growth model. We found that depression and insomnia are associated 
and tend to increase concurrently over time, but constitute no additional risk for one 
another over repeated three year intervals. These findings contradict previous research 
that suggests that depression and insomnia are risk factors for one another over time. 
 
Though previous research has been suggestive of cross-lagged effects between insomnia 
symptoms and depressive symptoms in the general population (8) and in older people 
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(7, 9, 10), we did not find that increased symptoms of depression and insomnia constitute 
additional risk for one another over repeated three year intervals.   
 
This discrepancy may be explained by the fact that previous studies assessed the cross-
lagged effects between depression and insomnia using regression analyses, or estimates 
of relative risk (7-10). Such analyses test the longitudinal relationship between depression 
and insomnia on a group level (between-individuals), i.e. whether individuals with higher 
levels of insomnia at the baseline measure show higher levels of depression at the follow-
up measure. If significant effects are identified, they are usually interpreted as being 
sequential, while this may not be the case (27). It is possible that insomnia and depression 
are strongly correlated and stable concepts, and that identified effects merely reflect co-
occurring changes in insomnia and depression. In this study, we modelled within-
individual changes instead of between-individual changes, and corrected analyses for co-
occurring changes in symptoms of depression and insomnia (19-23, 27). 
 
Our differential findings may also be attributed to cohort-differences, differences in 
measurements, or differences in the time to follow-up. Previous studies on the cross-
lagged effects between depression and insomnia generally followed-up after shorter time 
periods, and used a variety of sleep measures, ranging from sleep questionnaires to wrist-
actigraphy measures, in various patient populations from around the globe (7-10).  
 
Although our findings do no suggest a sequential comorbidity model, we did find that 
symptoms depression and insomnia were moderately associated in terms of their severity 
as well as their changes over time. These results underscore the idea that depression and 
insomnia are closely related phenomena (6, 28). Insomnia and depression share risk 
factors (5, 29), and both disorders are linked to serotonin and noradrenalin deficiencies, 
hyperactivity of the hypothalamic-pituitary-adrenal axis, hyper-arousal, disturbed REM 
sleep, and decreased slow wave sleep (30, 31). Also, effective treatment of insomnia has 
shown concurrent positive effects on mood in individuals with depression (32, 33), and 
vice versa (34).  
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The major strength of the current study is the statistical approach used, in addition to  its 
large sample size, and the long and frequent follow-up. 
 
The primary limitation of our study is that assessment of symptoms of depression and 
insomnia was performed at three year intervals. Even though depression appears to 
become more persistent with ageing (35), individuals may have had episodes of 
depression that may have been missed in this study (36). Furthermore if the cross-lagged 
influences of symptoms of depression on insomnia, and vice versa, play a role over shorter 
time intervals, we may have missed this effect. Future research using a within-individual 
approach in  a dataset with measures around shorter intervals could aim to delineate 
whether cross-lagged associations between insomnia and depressive symptoms play a 
role at shorter time intervals.  
 
Furthermore, there are limitations related to the measurement of the primary outcome 
measures and sensitivity of the analyses due to the naturalistic nature of the cohort.  
 
Insomnia was assessed using a three item, not validated, questionnaire. Also insomnia 
severity, and the effect of insomnia symptoms on daytime functioning or well-being, are 
not measured by this questionnaire, in contrast to the validated Insomnia Severity Index 
(37). Although the questions refer to the core symptoms of insomnia, it is possible that 
symptoms are a result of other sleep disorders (e.g., sleep apnea, restless legs syndrome, 
or a circadian rhythm disorder) or external interference (e.g. noise). Finally, depression 
was assessed using the CES-D, which contains items on symptoms that could be related 
to other medical conditions than depression (e.g. appetite and energy level).   
 
This study was conducted in a naturalistic cohort, in which treatment was not controlled, 
nor monitored. In sensitivity analyses, we corrected for use of antidepressant and sleep 
medication at the time of the measurement. Yet, we had no information on medication 
use between measurements, or other treatments, such as psychotherapy, continuous 
positive airway pressure (CPAP), or over-the-counter products (e.g. melatonin and 
valeriana officinalis). Hence, results likely represent the natural course of symptoms in 
combination with treatment effects. Inherent to the study sample, mortality of participants 
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contributed considerably to attrition. Although we confined our analyses to 7 waves due 
to a decrease in sample size over time, effects of mortality on our findings, such as bias 
through selective attrition, cannot be excluded. 
 
Lastly, the findings of this study are complicated by the conceptual nature and 
heterogeneity of the syndromes of depression and insomnia. The syndromes of 
depression and insomnia show conceptual overlap, with  insomnia being a symptom of 
depression, which may affect the contemporal associations between depression and 
insomnia (3). In this study we strived to diminish the effects of conceptual overlap, by 
using adjusted depression scores that did not take sleep questions into account. 
Furthermore, depression as well as insomnia may be a heterogeneous conditions in itself, 
with some subtypes of insomnia showing higher concurrence with depression, or specific 
depressive symptoms, than others (38). 
 
The current study demonstrates that symptoms of depression and insomnia are strongly 
associated, and both increase together over time, marking the commonality of both 
symptom clusters in older adults. However, this study demonstrates deviations in 
symptoms of depression and insomnia constitute no additional risk for one another over 
repeated three year intervals within individuals. Hence, these results do not support a 
sequential comorbidity model on insomnia and depression. Instead our findings support 
the recommendation that clinicians should be aware of the connection between 
depression and sleep problems, and that it might be beneficial to screen for and treat 
symptoms of depression when faced with symptoms of insomnia, and vice versa. These 
findings also suggest that future research should test clinical interventions in which the 
evaluation and treatment for depression and insomnia are conjoined. 
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SSuupppplleemmeennttaarryy  TTaabbllee  11..  CChhaarraacctteerriissttiiccss  ooff  aannaallyyssiiss  ppooppuullaattiioonn  iinn  aaddjjuusstteedd  aannaallyysseess  
 Adjusted 1  

N  3,075 

Age, mean (SD)  70.7 (8.7) 

Female gender, % 51.6 

Education level (*), % 10.3 / 33.8 / 19.5 / 10.3 / 12.3 / 2.3 / 7.5 / 1.0 / 2.8 

Wave, number 1  2  3  4  5  6  

Wave, year 1992-
1993 

1995-
1996 

1998-
1999 

2001-
2002 

2005-
2006 

2008-
2009 

N Symptoms of insomnia 2,220 2,020 1,689  1,286 956  739  

N symptoms of depression 3,051 2,210 1,852 1,452 1,034 825 

Symptoms of insomnia, median 
(IQR) 

6 (4-7) 6 (4-7) 6 (4-7) 6 (4-7) 6 (4-7) 6 (4-7) 

Symptoms of depression, median 
(IQR)  

6 (2-11) 6 (2-11) 7 (3-13) 8 (4-13) 7 (4-13) 7 (3-12) 

Clinically relevant depressive 
symptoms, % 

14.7 14.9 17.4 17.1 16.2 15.2 

Medication use, antidepressants / 
anxiolytics /  hypnotics, %, 

1.9 / 6.1 / 
8.2 

2.7 / 6.8 
/ 9.3 

4.1 / 7.4 / 
11.9 

5.1 / 6.4 
/ 8.8 

5.0 / 5.4 
/ 7.7 

4.6 / 4.3 
/ 9.2 

Alcohol use, number of drinks per 
weeks, median  (IQR) 

3  
(0.5-10) 

3  
(0-7) 

3  
(0.5-7) 

3  
(0.5-12) 

2  
(0.5-7) 

2  
(0.5-7) 

Chronic diseases, number, median 
(IQR) 

1 (0-2) 2 (1-2) 2 (1-3) 2 (1-3) 2 (1-3) 2 (1-3) 

Pain, score (IQR) 5 (5-6) 5 (5-6) 5 (5-6) 5 (5-6) 5 (5-7) 5 (5-7) 

1 Adjusted for the time-invariant covariates age at first wave, gender, and education level. Analysis of subgroups 
Adjusted for the time-invariant and time-varying covariates gender, age at first wave, and education level, 

invariant and time-varying covariates gender, age at first wave, and education level, use of antidepressants, 
(elementary not completed /  elementary education / lower vocational education / lower intermediate education 
education / university education) Abbreviations: CES-D =  Center for Epidemiological Studies Depression Scale; 
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  Adjusted 2 and Adjusted 3 

  1,939  

   69.5 (8.4)  

  49.1  

  8.7 / 29.5 / 21. 3 / 11.4 / 13.7 / 2.6 / 8.9 / 0.9 / 2.9   

7  1   2  3  4  5  6  7  

2011- 
2012 

1992- 
1993  

1995- 
1996 

1998- 
1999 

2001- 
2002 

2005-
2006 

2008-
2009 

2011- 
2012 

523  1,923   1,452 1,240 967 735 565  408 

606 1,927  1,535 1,306 1,059 792 622 460 

6 (4-7) 6 (4-7)  
  

6 (4-7) 6 (4-7) 6 (4-7) 6 (4-7) 6 (4.5-7) 6 (4-7) 

8 (4-14) 5 (2-10) 5 (2-11) 6 (3-12) 7 (3-13) 7 (4-12) 7 (3-12) 8 (4-14) 

19.6 13.0  
  

14.0 16.2 15.9 16.2 14.6 18.5 

6.0 / 4.0 / 
9. 1 

2.1 / 5.7 / 
7.9  

2.9 / 6.3 / 
8.8 

4.0 / 6.8 / 
11.4 

5.3 / 6.3 / 
8.5 

5.0 / 5.3 / 
7.0 

3.6 / 4.3 / 
9.1 

5.6 / 4.0 / 
8.7 

2  
(0-7) 

4  
(0.5-12)  

3  
(0.5-11.75) 

3  
(0.5-12) 

3  
(0.5-12) 

3  
(0.5-12) 

3  
(0.5-7) 

2  
(0-7) 

3 (2-4) 
 

1 (0-2)  
  

1 (1-2) 2 (1-3) 2 (1-3) 2 (1-3) 2 (1-3) 3 (2-3) 

5 (5-7) 5 (5-6)  5 (5-6) 5 (5-6) 5 (5-6) 5 (5-7) 5 (5-7) 5 (5-7) 

based on age at first wave and gender were not corrected for age at first wave and gender, respectively; 2 
number of comorbid chronic diseases, alcohol consumption, and reported pain. 3 Adjusted for the time- 
anxiolytics and hypnotics, number of comorbid chronic diseases, alcohol consumption, and reported pain. *  
/ intermediate vocational education / general secondary education / higher vocational education / college  
SD = standard deviation; IQR = inter quartile range. 
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SSuupppplleemmeennttaarryy  TTaabbllee  22::  MMooddeell  ssttaattiissttiiccss  aanndd  ccoommppaarriissoonnss  bbeettwweeeenn  mmooddeellss  iinncclluuddiinngg  oorr  eexxcclluuddiinngg  
ccrroossss--llaaggggeedd  eeffffeeccttss  

Model Fit indices 

Both cross-lagged 
effects (1) 

Only cross-lagged 
Dep → Ins (2) 

Only cross-lagged 
Ins → Dep (3) 

No cross-lagged 
effects (4) 

Unadjusted 
(N = 3,081) 

χ2: 305.7 (df: 100) 
RMSEA: 0.026 
95% CI: 0.023-0.029 
CFI: 0.978 
BIC: 107438 
Explained variances: 
R2 Ins: (0.69, 0.76) 
R2 Dep: (0.58, 0.67) 

χ2: 305.7 (df: 101) 
RMSEA: 0.026 
95% CI: 0.022-0.029 
CFI: 0.978 
BIC: 107433 
Explained variances: 
R2 Ins: (0.69, 0.76) 
R2 Dep: (0.58, 0.67) 

χ2: 306.6 (df: 101) 
RMSEA: 0.026 
95% CI: 0.022-0.029 
CFI: 0.978 
BIC: 107434 
Explained variances: 
R2 Ins: (0.69, 0.76) 
R2 Dep: (0.58, 0.67) 

χ2: 306.6 (df: 102) 
RMSEA: 0.026 
95% CI: 0.022-0.029 
CFI: 0.978 
BIC: 110077442299 
Explained variances: 
R2 Ins:(0.69, 0.76) 
R2 Dep:(0.58, 0.67) 

Adjusted1 

(N = 3,075) 
χ2: 336.1 (df: 140) 
RMSEA: 0.021 
95% CI: 0.018-0.024 
CFI: 0.980 
BIC: 106987 
Explained variances: 
R2 Ins: (0.68, 0.75) 
R2 Dep: (0.58, 0.69) 

χ2: 337.7 (df: 141) 
RMSEA: 0.021 
95% CI: 0.018-0.024 
CFI: 0.979 
BIC: 106984 
Explained variances: 
R2 Ins: (0.68, 0.75) 
R2 Dep: (0.58, 0.68) 

χ2: 337.1 (df: 141) 
RMSEA: 0.021 
95% CI: 0.018-0.024 
CFI: 0.980 
BIC: 106984 
Explained variances: 
R2 Ins: (0.68, 0.75) 
R2 Dep: (0.58, 0.69) 

χ2: 339.1 (df: 142) 
RMSEA: 0.021 
95% CI: 0.018-0.024 
CFI: 0.979 
BIC: 110066998800 
Explained variances: 
R2 Ins: (0.68, 0.75) 
R2 Dep: (0.58, 0.68) 

Unadjusted 
(N = 1,939) 

χ2: 287.0 (df: 100) 
RMSEA: 0.031 
95% CI: 0.027-0.035 
CFI: 0.973 
BIC: 77329 
Explained variances: 
R2 Ins: (0.68, 0.75) 
R2 Dep: (0.56, 0.64) 

χ2: 288.3 (df: 101) 
RMSEA: 0.031 
95% CI: 0.027-0.035 
CFI: 0.973 
BIC: 77326 
Explained variances: 
R2 Ins: (0.68, 0.75) 
R2 Dep: (0.56, 0.64) 

χ2: 288.6 (df: 101) 
RMSEA: 0.031 
95% CI: 0.027-0.035 
CFI: 0.973 
BIC: 77326 
Explained variances: 
R2 Ins: (0.68, 0.76) 
R2 Dep: (0.56, 0.64) 

χ2: 289.4 (df: 102) 
RMSEA: 0.031 
95% CI: 0.027-0.035 
CFI: 0.973 
BIC: 7777332222 
Explained variances: 
R2 Ins:(0.68, 0.76) 
R2 Dep:(0.56, 0.64) 

Adjusted1 
(N = 1,939) 

χ2: 309.6 (df: 140) 
RMSEA: 0.025 
95% CI: 0.021-0.029 
CFI: 0.977 
BIC: 77087 
Explained variances: 
R2 Ins: (0.68, 0.75)  
R2 Dep: (0.57, 0.67) 

χ2: 309.6 (df: 429) 
RMSEA: 0.025 
95% CI: 0.021-0.029 
CFI: 0.977 
BIC: 77083 
Explained variances: 
R2 Ins: (0.68, 0.75)  
R2 Dep: (0.57, 0.66) 

χ2: 311.0 (df: 141) 
RMSEA: 0.025 
95% CI: 0.021-0.029 
CFI: 0.977 
BIC: 77084 
Explained variances: 
R2 Ins: (0.68, 0.75)  
R2 Dep: (0.55, 0.63) 

χ2: 311.1 (df: 142) 
RMSEA: 0.025 
95% CI: 0.021-0.029 
CFI: 0.977 
BIC: 7777008800 
Explained variances: 
R2 Ins: (0.68, 0.75)  
R2 Dep: (0.57, 0.66) 

Adjusted2 
(N = 1,939) 

χ2: 717.2 (df: 428) 
RMSEA: 0.019 
95% CI: 0.016-0.021 
CFI: 0.962 
BIC: 76834 
Explained variances: 

χ2: 717.2 (df: 429) 
RMSEA: 0.019 
95% CI: 0.016-0.021 
CFI: 0.962 
BIC: 76830 
Explained variances: 

χ2: 718.8 (df: 429) 
RMSEA: 0.019 
95% CI: 0.016-0.021 
CFI: 0.962 
BIC: 76832 
Explained variances: 

χ2: 718.9 (df: 430) 
RMSEA: 0.019 
95% CI: 0.016-0.021 
CFI: 0.962 
BIC: 7766882277 
Explained variances: 
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R2 Ins: (0.68, 0.74)  
R2 Dep: (0.55, 0.63) 

R2 Ins: (0.68, 0.74)  
R2 Dep: (0.55, 0.63) 

R2 Ins: (0.68, 0.75)  
R2 Dep: (0.55, 0.63) 

R2 Ins: (0.68, 0.75)  
R2 Dep: (0.55, 0.63) 

Adjusted3 

(N = 1,939) 
χ2: 1196.0 (df: 716) 
RMSEA: 0.019 
95% CI: 0.017-0.020 
CFI: 0.941 
BIC: 76591 
Explained variances: 
R2 Ins: (0.68, 0.74)  
R2 Dep: (0.55, 0.63) 

χ2: 1196.0 (df: 717) 
RMSEA: 0.019 
95% CI: 0.017-0.020 
CFI: 0.941 
BIC: 76587 
Explained variances: 
R2 Ins: (0.67, 0.74)  
R2 Dep: (0.55, 0.63) 

χ2: 1198.0 (df: 717) 
RMSEA: 0.019 
95% CI: 0.017-0.020 
CFI: 0.941 
BIC: 76589 
Explained variances: 
R2 Ins: (0.67, 0.74)  
R2 Dep: (0.55, 0.63) 

χ2: 1198.1 (df: 718) 
RMSEA: 0.019 
95% CI: 0.017-0.020 
CFI: 0.941 
BIC: 7766558844 
Explained variances: 
R2 Ins: (0.68, 0.74)  
R2 Dep: (0.55, 0.63) 

 
Model p-value for chi-square test  

1 vs 4 2 vs 4 3 vs 4 

Unadjusted (N = 3,081) 0.62 0.33 0.96 

Adjusted1 (N = 3,075) 0.22 0.23 0.15 

Unadjusted (N = 1,939) 0.30 0.28 0.36 

Adjusted1 (N = 1,939) 0.48 0.24 0.72 

Adjusted2 (N = 1,939) 0.42 0.19 0.31 

Adjusted3 (N = 1,939) 0.33 0.14 0.75 

 
1 Adjusted for the time-invariant covariates age at first wave, gender, and education level. Analysis of subgroups 
based on age at first wave and gender were not corrected for age at first wave and gender, respectively; 2 
Adjusted for the time-invariant and time-varying covariates gender, age at first wave, and education level, 
number of comorbid chronic diseases, alcohol consumption, and reported pain. 3 Adjusted for the time-invariant 
and time-varying covariates gender, age at first wave, and education level, use of antidepressants, anxiolytics 
and hypnotics, number of comorbid chronic diseases, alcohol consumption, and reported pain.4 Only the first 
six waves considered because of high drop-out. Smallest BIC in each row is printed in bold. R2 are summarized 
by the range of R2 of the different waves in the analysis.  Abbreviations: RMSEA= root mean square error of 
approximation; CI=confidence interval; CFI= comparative fit index; BIC= Bayesian information criterion; Ins= 
Symptoms of insomnia; Dep= Symptoms of depression; yrs= years. 
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SSuupppplleemmeennttaarryy  TTaabbllee  22::  CCoonnttiinnuueedd    
Subgroup:  Age at first wave <70 yrs 

Model Fit indices 

Both cross-lagged 
effects (1) 

Only cross-lagged 
Dep → Ins (2) 

Only cross-lagged 
Ins → Dep (3) 

No cross-lagged 
effects (4) 

Adjusted1 

(N = 1,461) 
χ2: 243.3 (df: 120)  
RMSEA: 0.027  
95% CI: 0.022-0.031  
CFI: 0.981  
BIC: 65949  
Explained variances:  
R2 Ins: (0.68, 0.74)   
R2 Dep: (0.55, 0.64)  

χ2: 244.9 (df: 121)  
RMSEA: 0.026  
95% CI: 0.022-0.031  
CFI: 0.981  
BIC: 65946  
Explained variances:  
R2 Ins: (0.68, 0.74)   
R2 Dep: (0.55, 0.64)  

χ2: 243.5 (df: 121)  
RMSEA: 0.026  
95% CI: 0.022-0.031  
CFI: 0.981  
BIC: 65945  
Explained variances:  
R2 Ins: (0.68, 0.74)   
R2 Dep: (0.55, 0.64)  

χ2: 245.3 (df: 122)  
RMSEA: 0.026  
95% CI: 0.022-0.031  
CFI: 0.981  
BIC: 6655994422  
Explained variances:  
R2 Ins: (0.68, 0.74)   
R2 Dep: (0.55, 0.64)  

Adjusted2 
(N = 1,039) 

χ2: 583.0 (df: 408) 
RMSEA: 0.020 
95% CI: 0.016-0.024 
CFI: 0.967 
BIC: 49934 
Explained variances: 
R2 Ins: (0.67, 0.72)  
R2 Dep: (0.52, 0.57) 

χ2: 583.1 (df: 409) 
RMSEA: 0.020 
95% CI: 0.016-0.024 
CFI: 0.967 
BIC: 49930 
Explained variances: 
R2 Ins: (0.67, 0.72)  
R2 Dep: (0.52, 0.57) 

χ2: 583.8 (df: 409) 
RMSEA: 0.020 
95% CI: 0.016-0.024 
CFI: 0.967 
BIC: 49931 
Explained variances: 
R2 Ins: (0.67, 0.72)  
R2 Dep: (0.52, 0.57) 

χ2: 584.0 (df: 410) 
RMSEA: 0.020 
95% CI: 0.016-0.024 
CFI: 0.967 
BIC: 4499992277  
Explained variances: 
R2 Ins: (0.67, 0.72)  
R2 Dep: (0.52, 0.57) 

Adjusted3 

(N = 1,039) 
χ2: 1064.3 (df: 699) 
RMSEA: 0.023 
95% CI: 0.020-0.025 
CFI: 0.935 
BIC: 49771 
Explained variances: 
R2 Ins: (0.67, 0.72)  
R2 Dep: (0.51, 0.57) 

χ2: 1064.4 (df: 697) 
RMSEA: 0.023 
95% CI: 0.020-0.025 
CFI: 0.935 
BIC: 49768 
Explained variances: 
R2 Ins: (0.67, 0.72)  
R2 Dep: (0.51, 0.57) 

χ2: 1065.3 (df: 697) 
RMSEA: 0.023 
95% CI: 0.020-0.025 
CFI: 0.935 
BIC: 49769 
Explained variances: 
R2 Ins: (0.66, 0.72)  
R2 Dep: (0.51, 0.57) 

χ2: 1065.6 (df: 698) 
RMSEA: 0.023 
95% CI: 0.020-0.025 
CFI: 0.935 
BIC: 4499776655  
Explained variances: 
R2 Ins: (0.66, 0.72)  
R2 Dep: (0.51, 0.57) 

 
Model p-value for chi-square test  

1 vs 4 2 vs 4 3 vs 4 

Adjusted1 (N = 1,461) 0.37  0.53  0.32  

Adjusted2 (N = 1,039) 0.61 0.34 0.65 

Adjusted3 (N = 1,039) 0.52 0.27 0.61 
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Subgroup:  Age at first wave ≥70 yrs 

Model Fit indices 

Both cross-lagged 
effects (1) 

Only cross-lagged 
Dep → Ins (2) 

Only cross-lagged 
Ins → Dep (3) 

No cross-lagged 
effects (4) 

Adjusted1 

(N = 1,614) 
χ2: 181.3 (df: 87)  
RMSEA: 0.026  
95% CI: 0.021-0.031  
CFI: 0.966  
BIC: 40355  
Explained variances:  
R2 Ins: (0.69, 0.80)   
R2 Dep: (0.59, 0.70)  

χ2: 181.3 (df: 88)  
RMSEA: 0.026  
95% CI: 0.021-0.031  
CFI: 0.967  
BIC: 40350  
Explained variances:  
R2 Ins: (0.69, 0.80)   
R2 Dep: (0.59, 0.70)  

χ2: 182.0 (df: 88)  
RMSEA: 0.026  
95% CI: 0.021-0.031  
CFI: 0.966  
BIC: 40351  
Explained variances:  
R2 Ins: (0.69, 0.80)   
R2 Dep: (0.59, 0.70)  

χ2: 182.0 (df: 89)  
RMSEA: 0.025  
95% CI: 0.020-0.031  
CFI: 0.967  
BIC: 4400334466  
Explained variances:  
R2 Ins: (0.69, 0.80)   
R2 Dep: (0.59, 0.70)  

Adjusted2 

(N = 900) 
χ2: 422.0 (df: 297) 
RMSEA: 0.022 
95% CI: 0.017-0.026 
CFI: 0.944 
BIC: 26348 
Explained variances: 
R2 Ins: (0.70, 0.81)  
R2 Dep: (0.57, 0.69) 

χ2: 422.2 (df: 298) 
RMSEA: 0.022 
95% CI: 0.017-0.026 
CFI: 0.944 
BIC: 26345 
Explained variances: 
R2 Ins: (0.70, 0.81)  
R2 Dep: (0.56, 0.69) 

χ2: 422.9 (df: 298) 
RMSEA: 0.022 
95% CI: 0.017-0.026 
CFI: 0.944 
BIC: 26346 
Explained variances: 
R2 Ins: (0.70, 0.81)  
R2 Dep: (0.57, 0.69) 

χ2: 422.9 (df: 299) 
RMSEA: 0.021 
95% CI: 0.017-0.026 
CFI: 0.945 
BIC: 2266334422  
Explained variances: 
R2 Ins: (0.70, 0.81)  
R2 Dep: (0.56, 0.69) 

Adjusted3 

(N = 900) 
χ2: 791.9 (df: 507) 
RMSEA: 0.025 
95% CI: 0.022-0.028 
CFI: 0.885 
BIC: 26272 
Explained variances: 
R2 Ins: (0.69, 0.80)  
R2 Dep: (0.56, 0.69) 

χ2: 792.1 (df: 508) 
RMSEA: 0.025 
95% CI: 0.022-0.028 
CFI: 0.886 
BIC: 26268 
Explained variances: 
R2 Ins: (0.69, 0.80)  
R2 Dep: (0.56, 0.69) 

χ2: 793.1 (df: 509) 
RMSEA: 0.025 
95% CI: 0.021-0.028 
CFI: 0.886 
BIC: 26269 
Explained variances: 
R2 Ins: (0.69, 0.80)  
R2 Dep: (0.56, 0.69) 

χ2: 793.1 (df: 509) 
RMSEA: 0.025 
95% CI: 0.021-0.028 
CFI: 0.886 
BIC: 2266226655  
Explained variances: 
R2 Ins: (0.69, 0.80)  
R2 Dep: (0.56, 0.69) 

 
Model p-value for chi-square test  

1 vs 4 2 vs 4 3 vs 4 

Adjusted1 (N = 1,614) 0.70  0.40  0.87  

Adjusted2 (N = 900) 0.64 0.40 0.76 

Adjusted3 (N = 900) 0.56 0.31 0.84 
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SSuupppplleemmeennttaarryy  TTaabbllee  22::  CCoonnttiinnuueedd    
Subgroup:  Men 

Model Fit indices 

Both cross-lagged 
effects (1) 

Only cross-lagged 
Dep → Ins (2) 

Only cross-lagged 
Ins → Dep (3) 

No cross-lagged 
effects (4) 

Adjusted1 
(N = 1,989)  

χ2: 227.5 (df: 120)  
RMSEA: 0.025  
95% CI: 0.020-0.029  
CFI: 0.973  
BIC: 47614  
Explained variances:  
R2 Ins: (0.66, 0.74)   
R2 Dep: (0.58, 0.76) 

χ2: 242.1 (df: 121)  
RMSEA: 0.026  
95% CI: 0.021-0.031  
CFI: 0.970  
BIC: 47625  
Explained variances:  
R2 Ins: (0.66, 0.74)   
R2 Dep: (0.58, 0.75) 

χ2: 227.6 (df: 121)  
RMSEA: 0.024  
95% CI: 0.019-0.029  
CFI: 0.974  
BIC: 4477661100  
Explained variances:  
R2 Ins: (0.66, 0.74)   
R2 Dep: (0.58, 0.76) 

χ2: 242.8 (df: 122)  
RMSEA: 0.026  
95% CI: 0.021-0.031  
CFI: 0.970  
BIC: 47622  
Explained variances:  
R2 Ins: (0.66, 0.74)   
R2 Dep: (0.58, 0.75) 

Adjusted2 

(N = 986) 
χ2: 570.9 (df: 408) 
RMSEA: 0.020 
95% CI: 0.016-0.024 
CFI: 0.953 
BIC: 35737 
Explained variances: 
R2 Ins: (0.66, 0.74)  
R2 Dep: (0.55, 0.74) 

χ2: 577.5 (df: 409) 
RMSEA: 0.020 
95% CI: 0.016-0.024 
CFI: 0.951 
BIC: 35740 
Explained variances: 
R2 Ins: (0.66, 0.74)  
R2 Dep: (0.55, 0.73) 

χ2: 571.8 (df: 409) 
RMSEA: 0.020 
95% CI: 0.016-0.024 
CFI: 0.953 
BIC: 3355773344  
Explained variances: 
R2 Ins: (0.66, 0.74)  
R2 Dep: (0.55, 0.75) 

χ2: 579.4 (df: 410) 
RMSEA: 0.020 
95% CI: 0.016-0.024 
CFI: 0.951 
BIC: 35738 
Explained variances: 
R2 Ins: (0.66, 0.74)  
R2 Dep: (0.55, 0.73) 

Adjusted3 

(N = 986) 
 

χ2: 1115.9 (df: 696) 
RMSEA: 0.025 
95% CI: 0.022-0.027 
CFI: 0.890 
BIC: 35624 
Explained variances: 
R2 Ins: (0.66, 0.74)  
R2 Dep: (0.55, 0.74) 

χ2: 1121.7 (df: 697) 
RMSEA: 0.025 
95% CI: 0.022-0.028 
CFI: 0.889 
BIC: 35626 
Explained variances: 
R2 Ins: (0.66, 0.74)  
R2 Dep: (0.54, 0.73) 

χ2: 1118.6 (df: 697) 
RMSEA: 0.025 
95% CI: 0.022-0.027 
CFI: 0.890 
BIC: 3355662233  
Explained variances: 
R2 Ins: (0.65, 0.74)  
R2 Dep: (0.55, 0.74) 

χ2: 1125.9 (df: 698) 
RMSEA: 0.025 
95% CI: 0.022-0.028 
CFI: 0.888 
BIC: 35627 
Explained variances: 
R2 Ins: (0.65, 0.74)  
R2 Dep: (0.54, 0.73) 

 
Model p-value for chi-square test  

1 vs 4 2 vs 4 3 vs 4 

Adjusted1 (N = 1,989)  <0.001 0.42 <0.001 

Adjusted2 (N = 986) 0.015 0.17 0.006 

Adjusted3 (N = 986) 0.007 0.04 0.007 
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Subgroup:  Women 

Model Fit indices 

Both cross-lagged 
effects (1) 

Only cross-lagged 
Dep → Ins (2) 

Only cross-lagged 
Ins → Dep (3) 

No cross-lagged 
effects (4) 

Adjusted1 

(N = 1,586) 
χ2: 257.9 (df: 120)  
RMSEA: 0.027  
95% CI: 0.022-0.031  
CFI: 0.972  
BIC: 59153  
Explained variances:  
R2 Ins: (0.68, 0.75)   
R2 Dep: (0.56, 0.63)  

χ2: 258.7 (df: 121)  
RMSEA: 0.027  
95% CI: 0.022-0.031  
CFI: 0.972  
BIC: 59150  
Explained variances:  
R2 Ins: (0.68, 0.75)   
R2 Dep: (0.56, 0.63)  

χ2: 258.6 (df: 121)  
RMSEA: 0.027  
95% CI: 0.022-0.031  
CFI: 0.972  
BIC: 59149  
Explained variances:  
R2 Ins: (0.68, 0.75)   
R2 Dep: (0.56, 0.63)  

χ2: 259.2 (df: 122)  
RMSEA: 0.027  
95% CI: 0.022-0.031  
CFI: 0.972  
BIC: 5599114466 
Explained variances:  
R2 Ins: (0.68, 0.75)   
R2 Dep: (0.56, 0.63)  

Adjusted2 

(N = 953) 

 

χ2: 586.0 (df: 408) 
RMSEA: 0.021 
95% CI: 0.017-0.025 
CFI: 0.953 
BIC: 40927 
Explained variances: 
R2 Ins: (0.68, 0.74)  
R2 Dep: (0.51, 0.55) 

χ2: 588.6 (df: 409) 
RMSEA: 0.021 
95% CI: 0.017-0.025 
CFI: 0.953 
BIC: 40926 
Explained variances: 
R2 Ins: (0.67, 0.74)  
R2 Dep: (0.52, 0.55) 

χ2: 586.7(df: 409) 
RMSEA: 0.021 
95% CI: 0.017-0.025 
CFI: 0.953 
BIC: 40924 
Explained variances: 
R2 Ins: (0.67, 0.74)  
R2 Dep: (0.51, 0.55) 

χ2: 589.0 (df: 410) 
RMSEA: 0.021 
95% CI: 0.017-0.025 
CFI: 0.953 
BIC: 4400992233  
Explained variances: 
R2 Ins: (0.67, 0.74)  
R2 Dep: (0.52, 0.55) 

Adjusted3 

(N = 953) 
 

χ2: 1059.6 (df: 696) 
RMSEA: 0.023 
95% CI: 0.021-0.026 
CFI: 0.912 
BIC: 40799 
Explained variances: 
R2 Ins: (0.66, 0.73)  
R2 Dep: (0.51, 0.55) 

χ2: 1061.6 (df: 697) 
RMSEA: 0.023 
95% CI: 0.021-0.026 
CFI: 0.912 
BIC: 40798 
Explained variances: 
R2 Ins: (0.66, 0.73)  
R2 Dep: (0.51, 0.55) 

χ2: 1060.1 (df: 697) 
RMSEA: 0.023 
95% CI: 0.021-0.026 
CFI: 0.912 
BIC: 40796 
Explained variances: 
R2 Ins: (0.66, 0.73)  
R2 Dep: (0.51, 0.55) 

χ2: 1061.8 (df: 698) 
RMSEA: 0.023 
95% CI: 0.021-0.026 
CFI: 0.912 
BIC: 4400779944  
Explained variances: 
R2 Ins: (0.66, 0.73)  
R2 Dep: (0.51, 0.55) 

 
Model p-value for chi-square test  

1 vs 4 2 vs 4 3 vs 4 

Adjusted1 (N = 1,586) 0.52  0.49  0.44  

Adjusted2 (N = 953) 0.22 0.56 0.13 

Adjusted3 (N = 953) 0.33 0.64 0.19 
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SSuupppplleemmeennttaarryy  TTaabbllee  22::  CCoonnttiinnuueedd    
Subgroup:  Clinically relevant symptoms 

Model Fit indices 

Both cross-lagged 
effects (1) 

Only cross-lagged 
Dep → Ins (2) 

Only cross-lagged 
Ins → Dep (3) 

No cross-lagged 
effects (4) 

Adjusted1 

(N = 996) 

 

χ2: 217.0 (df: 140)  
RMSEA: 0.024  
95% CI: 0.017-0.029  
CFI: 0.965  
BIC: 40931  
Explained variances:  
R2 Ins: (0.63, 0.72)   
R2 Dep: (0.34, 0.47)  

χ2: 217.1 (df: 141)  
RMSEA: 0.023  
95% CI: 0.017-0.029  
CFI: 0.966  
BIC: 40927  
Explained variances:  
R2 Ins: (0.63, 0.72)   
R2 Dep: (0.34, 0.47)  

χ2: 217.4 (df: 141)  
RMSEA: 0.023  
95% CI: 0.017-0.029  
CFI: 0.966  
BIC: 40927  
Explained variances:  
R2 Ins: (0.63, 0.73)   
R2 Dep: (0.34, 0.47)  

χ2: 217.5 (df: 142)  
RMSEA: 0.023  
95% CI: 0.017-0.029  
CFI: 0.966  
BIC: 4400992244  
Explained variances:  
R2 Ins: (0.63, 0.73)   
R2 Dep: (0.34, 0.47)  

Adjusted2 

(N = 626) 

 

χ2: 497.2 (df: 428) 
RMSEA: 0.016 
95% CI: 0.008-0.022 
CFI: 0.963 
BIC: 29181 
Explained variances: 
R2 Ins: (0.63, 0.72)  
R2 Dep: (0.34, 0.44) 

χ2: 497.4 (df: 429) 
RMSEA: 0.016 
95% CI: 0.008-0.022 
CFI: 0.963 
BIC: 29178 
Explained variances: 
R2 Ins: (0.63, 0.72)  
R2 Dep: (0.34, 0.44) 

χ2: 497.6 (df: 429) 
RMSEA: 0.016 
95% CI: 0.008-0.022 
CFI: 0.963 
BIC: 29178 
Explained variances: 
R2 Ins: (0.63, 0.72)  
R2 Dep: (0.34, 0.44) 

χ2: 497.6 (df: 430) 
RMSEA: 0.016 
95% CI: 0.008-0.022 
CFI: 0.963 
BIC: 2299117755  
Explained variances: 
R2 Ins: (0.63, 0.72)  
R2 Dep: (0.34, 0.44) 

Adjusted3 

(N = 626) 
 

χ2: 931.1 (df: 716) 
RMSEA: 0.022 
95% CI: 0.018-0.026 
CFI: 0.898 
BIC: 29085 
Explained variances: 
R2 Ins: (0.63, 0.72)  
R2 Dep: (0.35, 0.43) 

χ2: 931.1 (df: 717) 
RMSEA: 0.022 
95% CI: 0.018-0.026 
CFI: 0.898 
BIC: 29081 
Explained variances: 
R2 Ins: (0.63, 0.72)  
R2 Dep: (0.35, 0.43) 

χ2: 931.5 (df: 717) 
RMSEA: 0.022 
95% CI: 0.018-0.026 
CFI: 0.898 
BIC: 29082 
Explained variances: 
R2 Ins: (0.63, 0.72)  
R2 Dep: (0.35, 0.43) 

χ2: 931.5 (df: 718) 
RMSEA: 0.022 
95% CI: 0.018-0.026 
CFI: 0.899 
BIC: 2299007788  
Explained variances: 
R2 Ins: (0.63, 0.72)  
R2 Dep: (0.35, 0.43) 

 
Model p-value for chi-square test  

1 vs 4 2 vs 4 3 vs 4 

Adjusted1 (N = 996) 0.78  0.50  0.77  

Adjusted2 (N = 626) 0.83 0.63 0.78 

Adjusted3 (N = 626) 0.84 0.56 1.00 
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Subgroup: No clinically relevant symptoms  

Model Fit indices 

Both cross-lagged 
effects (1) 

Only cross-lagged 
Dep → Ins (2) 

Only cross-lagged 
Ins → Dep (3) 

No cross-lagged 
effects (4) 

Adjusted1 

(N = 2,046) 

 

χ2: 291.5 (df: 140)  
RMSEA: 0.023  
95% CI: 0.019-0.027  
CFI: 0.968  
BIC: 59644  
Explained variances:  
R2 Ins: (0.68, 0.73)   
R2 Dep: (0.42, 0.60)  

χ2: 302.1 (df: 141)  
RMSEA: 0.024  
95% CI: 0.020-0.027  
CFI: 0.966  
BIC: 59650  
Explained variances:  
R2 Ins: (0.68, 0.73)   
R2 Dep: (0.42, 0.59)  

χ2: 292.3 (df: 141)  
RMSEA: 0.023  
95% CI: 0.019-0.027  
CFI: 0.968  
BIC: 5599664411  
Explained variances:  
R2 Ins: (0.68, 0.73)   
R2 Dep: (0.42, 0.60)  

χ2: 304.0 (df: 142)  
RMSEA: 0.024  
95% CI: 0.020-0.027  
CFI: 0.966  
BIC: 59648  
Explained variances:  
R2 Ins: (0.68, 0.73)   
R2 Dep: (0.42, 0.59)  

Adjusted2 

(N = 1,293) 

 

χ2: 589.6 (df: 428) 
RMSEA: 0.016 
95% CI: 0.012-0.019 
CFI: 0.963 
BIC: 43174 
Explained variances: 
R2 Ins: (0.67, 0.73)  
R2 Dep: (0.39, 0.57) 

χ2: 571.3 (df: 429) 
RMSEA: 0.016 
95% CI: 0.012-0.019 
CFI: 0.963 
BIC: 43171 
Explained variances: 
R2 Ins: (0.67, 0.73)  
R2 Dep: (0.39, 0.56) 

χ2: 571.9 (df: 429) 
RMSEA: 0.016 
95% CI: 0.012-0.019 
CFI: 0.963 
BIC: 43172 
Explained variances: 
R2 Ins: (0.67, 0.73)  
R2 Dep: (0.39, 0.57) 

χ2: 574.4 (df: 430) 
RMSEA: 0.016 
95% CI: 0.012-0.019 
CFI: 0.963 
BIC: 4433117711  
Explained variances: 
R2 Ins: (0.67, 0.73)  
R2 Dep: (0.39, 0.56) 

Adjusted3 

(N = 1,293) 
 

χ2: 975.2 (df: 716) 
RMSEA: 0.017 
95% CI: 0.014-0.019 
CFI: 0.936 
BIC: 43102 
Explained variances: 
R2 Ins: (0.67, 0.72)  
R2 Dep: (0.39, 0.57) 

χ2: 976.9 (df: 717) 
RMSEA: 0.017 
95% CI: 0.014-0.019 
CFI: 0.936 
BIC: 43099 
Explained variances: 
R2 Ins: (0.67, 0.72)  
R2 Dep: (0.39, 0.56) 

χ2: 977.8 (df: 717) 
RMSEA: 0.017 
95% CI: 0.014-0.019 
CFI: 0.936 
BIC: 43100 
Explained variances: 
R2 Ins: (0.67, 0.72)  
R2 Dep: (0.39, 0.57) 

χ2: 980.1 (df: 718) 
RMSEA: 0.017 
95% CI: 0.014-0.019 
CFI: 0.936 
BIC: 4433009999  
Explained variances: 
R2 Ins: (0.67, 0.72)  
R2 Dep: (0.39, 0.56) 

 

Model p-value for chi-square test  

1 vs 4 2 vs 4 3 vs 4 

Adjusted1 (N = 2,046) 0.002  0.17  <0.001  

Adjusted2 (N = 1,293) 0.09 0.08 0.12 

Adjusted3 (N = 1,293) 0.09 0.07 0.13 
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SSuupppplleemmeennttaarryy  TTaabbllee  33::  MMooddeell  eessttiimmaatteess  ffoorr  tthhee  mmooddeell  wwiitthhoouutt  ccrroossss--llaaggggeedd  eeffffeeccttss  
Model Sample 

size 
Estimates of model parameters  

Means 

N Intercept (Ins) Slope (Ins) Intercept (Dep) Slope (Dep) 

Unadjusted 3,081 5.9*** 

(SE:0.042) 

0.095*** 

(SE:0.012) 

7.3*** 

(SE: 0.13) 

0.55*** 

(SE:0.037) 

Adjusted1 3,075 5.4*** 

(SE:0.070) 

0.089*** 

(SE: 0.019) 

5.5*** 

(SE:0.22) 

0.68*** 

(SE: 0.060) 

Unadjusted 1,939 5.8*** 

(SE:0.048) 

0.097*** 

(SE: 0.013) 

6.9*** 

(SE: 0.15) 

0.57*** 

(SE: 0.042) 

Adjusted1 1,939 5.4*** 

(SE:0.079) 

0.088*** 

(SE: 0.088) 

5.3*** 

(SE: 0.25) 

0.73*** 

(SE:0.066) 

Adjusted2 1,939 5.2*** 

(SE:0.088) 

0.041 

(SE:0.021) 

4.2*** 

(SE:0.28) 

0.46*** 

(SE:0.067) 

Adjusted3 1,939 5.1*** 

(SE:0.085) 

0.041 

(SE:0.021) 

4.1*** 

(SE: 0.27) 

0.45*** 

(SE: 0.067) 

Means and correlations (rho) are reported for the models without cross-lagged effects. 1 Adjusted for the time- 
wave and gender were not corrected for age at first wave and gender, respectively; 2 Adjusted for the time- 

chronic diseases, alcohol consumption, and reported pain. 3 Adjusted for the time-invariant and time-varying 
number of comorbid chronic diseases, alcohol consumption, and reported pain. Analysis of subgroups based 
six waves considered because of high drop-out. * indicates p<0.05; ** indicates p<0.01; *** indicates p<0.001; 

depression; yrs= years; SE = standard error. 
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Estimates of model parameters 

Correlations (rho) 

Intercept (Ins) 
Intercept (Dep) 

Slope (Ins) 
Slope (Dep) 

Slope (Ins) 
Intercept (Dep) 

Slope (Dep) 
Intercept (Ins) 

0.42*** 

(SE: 0.024) 

0.41*** 

(SE:0.066) 

-0.11* 

(SE:0.050) 

-0.062 

(SE: 0.048) 

0.37*** 

(SE: 0.025) 

0.43*** 

(SE:0.067) 

-0.12* 

(SE: 0.050) 

-0.086 

(SE: 0.050) 

0.39*** 

(SE: 0.028) 

0.39*** 

(SE:0.081) 

-0.087 

(SE:0.057) 

-0.020 

(SE: 0.059) 

0.33*** 

(SE: 0.030) 

0.40*** 

(SE:0.085) 

-0.090 

(SE: 0.058) 

-0.024 

(SE: 0.063) 

0.27*** 

(SE: 0.032) 

0.35*** 

(SE:0.093) 

-0.073 

(SE:0.060) 

-0.022 

(SE: 0.067) 

0.24*** 

(SE: 0.033) 

0.34*** 

(SE:0.092) 

-0.077 

(SE: 0.061) 

-0.020 

(SE: 0.067) 

invariant covariates age at first wave, gender, and education level. Analysis of subgroups based on age at first 
invariant and time-varying covariates gender, age at first wave, and education level, number of comorbid 
covariates gender, age at first wave, and education level, use of antidepressants, anxiolytics and hypnotics, on 
age at first wave and gender were not corrected for age at first wave and gender, respectively; 4 Only the first 
absence of */**/*** indicates not significant. Abbreviations: Ins= Symptoms of insomnia; Dep= Symptoms of  
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SSuupppplleemmeennttaarryy  TTaabbllee  33::  CCoonnttiinnuueedd 
Model Sample 

size 
Estimates of model parameters  

Means 

N Intercept (Ins) 
 

Slope (Ins) Intercept (Dep) Slope (Dep) 

 
Subgroup: Age at first wave <70 yrs 

 

Adjusted1 1,461 5.4*** 

(SE:0.085) 

0.084*** 

(SE:0.021) 

5.25*** 

(SE:0.26) 

0.59**** 

(SE: 0.068) 

Adjusted2 1,039 5.1*** 

(SE:0.11) 

0.039 

(SE: 0.023) 

4.07*** 

(SE:0.34) 

0.36*** 

(SE: 0.075) 

Adjusted3 1,039 5.1*** 

(SE: 0.10) 

0.042 

(SE: 0.023) 

3.94*** 

(SE: 0.33) 

0.35*** 

(SE: 0.075) 

 
Subgroup:  Age at first wave ≥70 yrs 

 

Adjusted1 1,614 5.6*** 

(SE:0.090) 

0.13** 

(SE:0.044) 

7.0*** 

(SE:0.26) 

1.1*** 

(SE:0.13) 

Adjusted2 900 5.2*** 

(SE: 0.12) 

0.065 

(SE: 0.051) 

4.8*** 

(SE: 0.40) 

0.94*** 

(SE: 0.16) 

Adjusted3 900 5.2*** 

(SE: 0.12) 

0.054 

(SE: 0.050) 

4.7*** 

(SE: 0.39) 

0.92*** 

(SE: 0.16) 
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Estimates of model parameters 

Correlations (rho) 

Intercept (Ins) 
Intercept (Dep) 

Slope (Ins) 
Slope (Dep) 

Slope (Ins) 
Intercept (Dep) 

Slope (Dep) 
Intercept (Ins) 

 
 

 

0.39*** 

(SE: 0.034) 

0.39*** 

(SE:0.076) 

-0.18** 

(SE:0.059) 

-0.077 

(SE: 0.058) 

0.32*** 

(SE: 0.041) 

0.37*** 

(SE: 0.10) 

-0.14*  

(SE: 0.069) 

-0.072 

(SE: 0.079) 

0.28*** 

(SE: 0.043) 

0.35** 

(SE: 0.11) 

-0.11 

(SE: 0.071) 

-0.069 

(SE: 0.080) 

 
 

 

0.37*** 

(SE: 0.039) 

0.52*** 

(SE: 0.12) 

-0.22** 

(SE: 0.080) 

-0.071 

(SE: 0.083) 

0.25*** 

(SE: 0.052) 

0.40** 

(SE: 0.15) 

-0.17 

(SE: 0.11) 

0.023 

(SE: 0.099) 

0.22*** 

(SE: 0.053) 

0.40*** 

(SE: 0.15) 

-0.21 

(SE: 0.11) 

0.009 

(SE: 0.10) 
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SSuupppplleemmeennttaarryy  TTaabbllee  33::  CCoonnttiinnuueedd 
Model Sample 

size 
Estimates of model parameters 

Means 

N Intercept (Ins) 
 

Slope (Ins) Intercept (Dep) Slope (Dep) 

 
Subgroup: Men 

 

Adjusted1 1,489 5.4*** 

(SE:0.069) 

0.087*** 

(SE: 0.019) 

5.5*** 

(SE: 0.20) 

0.68*** 

(SE: 0.059) 

Adjusted2 986 5.2*** 

(SE:0.092) 

0.033 

(SE: 0.022) 

4.2*** 

(SE: 0.28) 

0.50*** 

(SE:0.071) 

Adjusted3 986 5.1*** 

(SE:0.090) 

0.034 

(SE: 0.022) 

4.1*** 

(SE: 0.27) 

0.50*** 

(SE: 0.070) 

 
Subgroup: Women 

 

Adjusted1 1,586 6.1*** 

(SE:0.067) 

0.10*** 

(SE: 0.017) 

7.7*** 

(SE: 0.22) 

0.50*** 

(SE: 0.053) 

Adjusted2 953 5.8*** 

(SE:0.089) 

0.054** 

(SE: 0.020) 

6.2*** 

(SE: 0.30) 

0.20** 

(SE: 0.063) 

Adjusted3 953 5.8*** 

(SE:0.087) 

0.053** 

(SE: 0.020) 

5.9*** 

(SE: 0.30) 

0.17** 

(SE: 0.063) 
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Estimates of model parameters 

Correlations (rho) 

Intercept (Ins) 
Intercept (Dep) 

Slope (Ins) 
Slope (Dep) 

Slope (Ins) 
Intercept (Dep) 

Slope (Dep) 
Intercept (Ins) 

 
 

 

0.40*** 

(SE: 0.037) 

0.43*** 

(SE: 0.11) 

0.028 

(SE: 0.089) 

-0.064 

(SE: 0.079) 

0.34** 

(SE: 0.44) 

0.49** 

(SE: 0.12) 

0.004 

(SE: 0.096) 

-0.041 

(SE: 0.093) 

0.29*** 

(SE: 0.046) 

0.48*** 

(SE: 0.13) 

0.032 

(SE: 0.099) 

-0.010 

(SE: 0.096) 

 
 

 

0.35*** 

(SE: 0.035) 

0.41*** 

(SE:0.086) 

-0.18** 

(SE: 0.063) 

-0.093 

(SE: 0.065) 

0.23*** 

(SE: 0.045) 

0.23 

(SE: 0.14) 

-0.098 

(SE: 0.079) 

0.009 

(SE: 0.098) 

0.20*** 

(SE: 0.047) 

0.23 

(SE: 0.14) 

-0.12 

(SE: 0.081) 

-0.003 

(SE: 0.095) 
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SSuupppplleemmeennttaarryy  TTaabbllee  33::  CCoonnttiinnuueedd 
Model Sample 

size 
Estimates of model parameters  

Means 

N Intercept (Ins) 
 

Slope (Ins) Intercept (Dep) Slope (Dep) 

 
Subgroup: Clinically relevant symptoms 

 

Adjusted1 996 6.2*** 

(SE: 0.15) 

0.12** 

(SE: 0.043) 

11.1*** 

(SE: 11.1) 

0.80*** 

(SE: 0.15) 

Adjusted2 626 5.7*** 

(SE: 0.18) 

0.068 

(SE: 0.047) 

8.4*** 

(SE: 0.66) 

0.57** 

(SE: 0.17) 

Adjusted3 626 5.7*** 

(SE: 0.18) 

0.083 

(SE: 0.045) 

8.3*** 

(SE: 0.64) 

0.59*** 

(SE: 0.17) 

 
Subgroup: No clinically relevant symptoms  

 

Adjusted1 2,046 5.1*** 

(SE:0.075) 

0.066** 

(SE: 0.019) 

3.6*** 

(SE: 0.13) 

0.43*** 

(SE: 0.041) 

Adjusted2 1,293 5.0*** 

(SE:0.095) 

0.031 

(SE: 0.022) 

3.1*** 

(SE: 0.17) 

0.37*** 

(SE: 0.047) 

Adjusted3 1,293 5.0*** 

(SE:0.094) 

0.028 

(SE: 0.022) 

3.0*** 

(SE: 0.17) 

0.37*** 

(SE: 0.047) 

 

78



 
Estimates of model parameters 

Correlations (rho) 

Intercept (Ins) 
Intercept (Dep) 

Slope (Ins) 
Slope (Dep) 

Slope (Ins) 
Intercept (Dep) 

Slope (Dep) 
Intercept (Ins) 

 
 

 

0.34*** 

(SE: 0.049) 

0.44*** 

(SE: 0.10) 

-0.28*** 

(SE: 0.077) 

-0.23** 

(SE: 0.082) 

0.27*** 

(SE: 0.090) 

0.23*** 

(SE:0.063) 

-0.20* 

(SE: 0.098) 

-0.12 

(SE: 0.12) 

0.19** 

(SE: 0.067) 

0.25 

(SE: 0.16) 

-0.18 

(SE: 0.10) 

-0.081 

(SE: 0.12) 

 
 

 

0.23*** 

(SE: 0.039) 

0.33*** 

(SE: 0.11) 

-0.009 

(SE: 0.079) 

-0.080 

(SE: 0.068) 

0.13** 

(SE: 0.048) 

0.37* 

(SE: 0.37) 

0.003 

(SE: 0.095) 

0.003 

(SE: 0.098) 

0.12* 

(SE: 0.049) 

0.36* 

(SE: 0.15) 

-0.024 

(SE: 0.093) 

-0.017 

(SE: 0.098) 
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AAbbssttrraacctt  
 
BBaacckkggrroouunndd  
Depression is associated with high rates of sleep complaints. Yet, findings from studies 
that investigated sleep aberrations in depression using accelerometry and 
polysomnography are ambiguous. Perhaps, depression affects the congruence between 
participant-reported and accelerometry or polysomnography derived sleep measures. 
We aimed to evaluate whether depressive symptoms explain the incongruency between 
participant-reported and accelerometry-derived sleep estimates.   
 
MMeetthhooddss  
Analyses were performed in in a convenience sample of individuals with type 2 diabetes 
(T2D) (N=240) of which N=72 had a DSM-IV diagnosis of depression. Depressive 
symptoms were derived from the Inventory of Depressive Symptomatology. Participants 
completed a sleep diary and seven-day wrist-worn accelerometry. Linear regression was 
used to test whether depressive symptoms are associated with the concordance between 
sleep diary and accelerometry estimates of sleep quantity and continuity.  
 
RReessuullttss    
Individuals with depressive symptoms underestimate their sleep duration (beta 0.482, 
p<0.001) and sleep efficiency (beta 0.469, p<0.001), and overestimate their sleep onset 
latency (beta -0.299, p<0.001) and wakefulness after sleep onset (beta -0.236, p<0.001), 
when compared to individuals without depressive symptoms. Depressive symptoms were 
not associated with the discrepancy in estimates of early morning awakening. 
 
LLiimmiittaattiioonnss  
The selected convenience sample of individuals with T2D hampers the generalizability of 
our findings to individuals with depression in the general population.  
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CCoonncclluussiioonnss  
Depressive symptoms partly explain the discrepancy between participant-reported and 
accelerometry-derived sleep estimates. Individuals with depressive symptoms 
underestimate their sleep quantity and continuity.  
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IInnttrroodduuccttiioonn    
Depression is associated with high rates of sleep complaints, which are usually captured 
using a questionnaire or a sleep diary. Yet, findings from studies that investigated sleep 
aberrations in depression using accelerometry and polysomnography are ambiguous, 
with some studies reporting differences in sleep between depressed and non-depressed 
individuals, while some do not (1, 2). Polysomnography is considered the gold standard 
for measuring sleep, but is scarcely used in research and clinical practice as it is a time-
consuming and costly procedure during which many bodily functions are monitored 
concurrently, including brain activity using electroencephalography. Accelerometry – in 
which sleep is estimated based on movement using a wrist-worn accelerometer – has 
been developed as a low cost alternative for polysomnography, with good reliability (3), 
and better applicability.  
 
It seems that conclusions of studies on whether individuals with depression sleep 
differently from individuals without depression change depending on how sleep is 
assessed (questionnaire versus sleep diary versus accelerometry versus 
polysomnography). Perhaps, depression affects the congruence between participant-
reported and accelerometry or polysomnography derived sleep measures. Depression 
may influence how individuals appraise their sleep. Although several studies assessed 
participant-reported and accelerometry- or polysomnography-derived sleep measures in 
individuals with depression and report inconsistency between measures (4-9), it remains 
largely unknown how this inconsistency compares to those of controls. Few studies 
simultaneously assessed sleep using participant-reported as well as accelerometry- or 
polysomnography-derived sleep measures in individuals with and without depression (10-
15). Studies that specifically assessed effects of depression on the concordance between 
sleep measures are scarce (10, 5, 9, 13). 
 
In the present study, we therefore examined whether depressive symptoms explain the 
incongruence between participant-reported and wrist-worn accelerometry derived sleep 
estimates. Findings of this study will provide insight in how clinicians and researchers 
should value the sleep complaints expressed by individuals with depression.  
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This study is performed in a convenience sample of individuals with type 2 diabetes (T2D), 
which are at higher than normal risk for depression (16). We combined the data-sets from 
two studies in individuals with T2D, one of which only included individuals with concurrent 
depression. The studies were set-up in similar ways and were specifically designed to 
measure depressive symptoms and sleep. 
 
MMeetthhooddss  
DDeessiiggnn  
Analyses are performed in data-sets from two large-sample size studies, which were set-
up in similar ways and designed to measure depressive symptoms and sleep. Dataset 1 
comprises a cross-sectional study in a sample of 205 individuals with T2D (17). Dataset 2 
comprises the baseline measurements of a randomized controlled trial on the effects of 
light therapy in 83 individuals with T2D and a diagnosis of major depression according to 
DSM IV criteria. Further details of the studies can be derived from previous publications 
on the datasets (17, 18). For both studies participants were recruited from two diabetes 
centers affiliated to the Amsterdam UMC, Amsterdam, the Netherlands. The study was 
executed in accordance with the Helsinki Declaration 2013 and with approval from the 
Medical Ethics committee Amsterdam UMC, location VU University Medical Center 
(VUmc), Amsterdam, the Netherlands. All participants gave written informed consent 
before participation.  
 
PPaarrttiicciippaannttss    
Patients were eligible when ≥ 18 years old and diagnosed with T2D. General exclusion 
criteria were performing shift-work or being unable to comply with the study protocol 
due to language deficiency or practical problems.  
 
For dataset 1 health-care providers asked whether patients were interested in participation 
at their annual diabetes check-up at the diabetes outpatient clinic of the VUmc, 
Amsterdam, the Netherlands (2013-2014), and the primary-care clinic Ketenzorg West-
Friesland, Hoorn, the Netherlands (2016-2017). Interested patients were informed  by a 
research assistant, and enrolled after completion of the informed consent procedure. In 
total 289 patients received information about the study from research assistants. Of these, 
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205 were included, as 75 declined participation and 9 were excluded due to the inability 
to take part in the study procedures or (LADA) type 1 diabetes. 
 
For dataset 2 patients were recruited by advertisements, referrals from clinicians, and from 
databases of patients that consented to be informed. Eligibility was determined by a 
telephone screening and screening visit. Patients were included when having a major 
depressive episode according to DSM-IV criteria. Patients were excluded in case of a 
medical condition other than diabetes or recent medical event that potentially 
compromised the effects or safety of light therapy. In total 155 patients were screened, of 
which 83 were included, as 43 patients did not meet inclusion criteria, 16 patients were 
excluded, and 13 patients declined to participate. 
 
MMeeaassuurreess    
We obtained objective measures of sleep using a wrist-worn microelectromechanical 
(accelerometer) system (GENEActiv, Activeinsights Ltd, Kimbolton, United Kingdom), 
which was worn for one week continuously. Objective sleep measures were derived from 
accelerometer data using a previously validated algorithm, which combines actigraphy 
data with patient-report daily bed time and wake time information (19), and has shown 
good comparability with sleep measures derived from polysomnography, the gold 
standard for measuring sleep (3), also in individuals with depression and insomnia (8). 
Participant-reported measures of sleep were derived from the consensus sleep diary, a 
standardized sleep diary which is the result of a collaboration with insomnia experts and 
potential users (20). Sleep quantity and continuity were evaluated using measures of sleep 
duration, sleep efficiency (sleep duration / time in bed (the latter obtained from the sleep 
diary)) (21), sleep onset latency, wakefulness after sleep onset, and early morning 
awakening.  
 
Depressive symptoms were measured using the Inventory of Depressive Symptomatology 
(IDS) (22). The range of possible scores is 0 to 84. A score ≥14 indicates clinically significant 
symptoms. Scores ranging from 14 to 25 indicate mild depression; scores ranging from 
26 to 38 moderate severity; scores ranging from 39 to 48 severe depression; and scores 
≥49 indicate very severe depression.  
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Sample characteristics include age, gender, country of birth (European / Non-European), 
employment status, comorbid diseases (in number of medications), glucose lowering 
medication, body mass index (BMI), use of alcohol, sleep medication (in the past month, 
or antidepressant medication, and glycated hemoglobin A1c (HbA1c), a measure of 
average blood glucose levels in the past 3 months. A clinical diagnosis of depression 
according to DSM-IV criteria was established using the Composite International 
Diagnostic Interview (CIDI) WHO version 2.1 (23). Subjective measures of sleep, ‘sleep 
quality’ and ‘insomnia symptoms’ were obtained using the self-report Pittsburgh Sleep 
Questionnaire index (PSQI) (24) – scores ≥ 6 indicate poor sleep – and self-report 
Insomnia Severity Index (ISI) (25) – scores ≥10 indicate clinically relevant insomnia –, 
respectively.  
 
SSttaattiissttiiccaall  aannaallyysseess  
Data were checked for normality and transformed when appropriate. Significance was set 
at a p-value of 0.05, unless indicated otherwise. Missing data were not imputed. Statistics 
were performed using SPSS IBM Statistics 22.  
 
We calculated the mean differences between sleep diary derived and accelerometry 
derived sleep measures. Regression analysis was performed to test whether depressive 
symptom scores were associated with mean differences in sleep measure estimates. 
Results were reported as unstandardized regression coefficient B (standard error) plus 
standardized regression coefficient beta, and p-value. Interaction analysis was performed 
to test whether the association differed between datasets, and if the datasets could be 
combined for analyses. In interaction analyses both dataset and the interaction term 
dataset times depressive symptoms were included as predictors in the model. The 
interaction effect was considered present when p-value for the interaction term 
(dataset*depressive symptoms) was significant (p<0.1).  
 
Bar graphs with difference scores and standard error of the mean (SEM) were created for 
graphical presentation of the results. Subgroups were created based on dataset and IDS 
score (no depression indicates IDS scores ranging from 0 to 13, mild depression indicates 
IDS scores ranging from 14 to 25, and moderate to severe depression indicates IDS scores 
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≥26). Differences in mean difference scores between the subgroups were tested using a 
one-way Analysis of Variance (ANOVA) procedure with Games Howell post hoc tests, due 
to inequality of variances.  
  
RReessuullttss  
SSaammppllee  cchhaarraacctteerriissttiiccss  
In total, 205 participants with T2D took part in the study resulting in dataset 1, of which 
accelerometry datasets were available from 175 participants. Eighty-three participants with 
T2D and major depressive disorder took part in the study resulting in dataset 2, of which 
accelerometry datasets were available from 65 participants. These subsamples did not 
differ from the original samples regarding the primary sample characteristics (data not 
shown). As a result of different inclusion criteria for the two studies, corresponding 
differences in psychopathology can be retrieved when comparing the sample 
characteristics. Of the participants in dataset 1, 4% had a DSM-IV diagnosis of depression, 
compared to 100% of the participants in dataset 2. 6.3% of the participants in dataset 1 
used antidepressant medication, compared to 46.7% of the participants in dataset 2. On 
average, participants were approximately 60 years old, obese, and had T2D for over 10 
years. T2D was well regulated, with low HbA1c levels. About one in five participants used 
sleep medication in the past month. Characteristics of the samples are shown in Table 1.  
 
DDeepprreessssiivvee  ssyymmppttoommss  aanndd    tthhee  ddiissccrreeppaannccyy  bbeettwweeeenn  ppaarrttiicciippaanntt--rreeppoorrtteedd  aanndd  
aacccceelleerroommeettrryy--ddeerriivveedd  sslleeeepp  mmeeaassuurreess  
Depressive symptoms scores were significantly associated with the difference between 
sleep-diary and wrist-worn accelerometry derived estimates for sleep duration, sleep 
onset latency, wakefulness after sleep onset, and sleep efficiency, but not early morning 
awakening (Table 2). Individuals with depressive symptoms underestimated their sleep 
duration and sleep efficiency, and overestimated their sleep onset latency and 
wakefulness after sleep onset, compared to individuals without depression (Table 2 and 
Figure 1). Important to note is that incongruence between sleep estimates was also 
present for individuals without depressive symptoms (from dataset 1): they significantly 
overestimated their sleep duration and sleep efficiency, and underestimate their 
wakefulness after sleep onset and early morning awakening. When we compared 
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individuals without depressive symptoms (from dataset 1) to individuals with a DSM-IV 
diagnosis of depression and moderate to severe depression based on symptom scores 
(from dataset 2), on average, individuals in the latter group underestimate their sleep 
duration with 100 minutes and their sleep efficiency with 14%, and underestimate their 
sleep onset latency with 19 minutes, and their wakefulness after sleep onset with 23 
minutes (Figure 1).  
 
These findings are in line with findings from a study in female caregivers of children with 
disabilities, which also compared sleep diary and accelerometry derived sleep estimates, 
that found that depressed individuals underestimated their sleep duration with on 
average about 30 minutes (13). Also, data from three studies in individuals with depression 
that did not evaluate effects of depression on the congruency between subjective and 
objective sleep, but did report subgroup means, are suggestive of an underestimation of 
sleep duration, wakefulness after sleep onset, and sleep efficiency, and overestimation 
sleep onset latency and early morning awakening (11, 12, 15). A study comparing sleep 
diary and EEG data demonstrated that sleep duration was both overestimated as well as 
underestimated in similar amounts by healthy and depressed individuals, but noted that 
the degree of overestimation or underestimation was higher in individuals with depression 
(10). Similarly, both healthy and depressed individuals overestimated sleep onset latency, 
but individuals with depression to a larger extent (10). Two studies, that correlated the 
discrepancies in sleep duration between subjective (sleep diary) and objective measures 
(accelerometry and EEG) with depression severity in a sample of depressed individuals, 
provide additional evidence for an effect of depression on the congruency between 
subjective and objective sleep measures (5, 9).  
 
It is unknown why depressive symptoms affect the congruency between participant-
reported and objective sleep estimates. Possibly, individuals with depression may display 
more negative perceptions of their sleep, as explained by the general negative bias 
occurring during information processing (26, 27). Another explanation could be that 
depression is associated with differences in time perception. Individuals depression tend 
to perceive time as going by less quickly (28), possibly due to rumination. A previous study 
in individuals with insomnia complaints but objective normal sleep duration,  
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TTaabbllee  11..  SSaammppllee  cchhaarraacctteerriissttiiccss  
 Dataset 1 Missing 

N 
Dataset 2 Missing 

N 

Sample size, N 175  65  

Age, years, mean (SD)  66.4 (8.6) 0 61.4 (9.5) 0 

Gender, %,  men / women  61.3 / 38.7  0 52.3 / 47.7  0 

Country of birth, %,  European / Non-European  89.1 / 10.9 0 95.4 / 4.6 1 

Employment status, %, employed / other 22.3 / 77.7 0 13.8 / 86.2 1 

Comorbid diseases in number of medications, 
mean (SD) 

7.7 (3.8) 0 9.5 (5.1) 0 

Diabetes duration, years, mean (SD)  13.5 (8.3) 1 11.8 (7.3) 0 

Glucose lowering medication, %, insulin / oral 
only / none 

42.9 / 43.4 / 
13.7 

0 33.8 / 56.9 / 
9.2 

0 

BMI, kg/m2, mean (SD)  30.3 (6.1) 4 32.0 (5.3) 0 

HbA1c, mmol/mol / %, mean (SD)  57 (14) / 7.3 
(1.3) 

3 55 (13) / 7.2 
(1.2) 

5 

Use of alcohol, %, yes / no   73.6 / 26.4   0 63.1 / 36.9    0 

Sleep medication use in past month, %, yes / no  20.6 / 79.4   0 23.1 / 76.9   0 

Antidepressant medication, %, TCA / SSRI(like) / 
none  

2.3 / 4.0 / 
93.7 

0 10.8 / 35.9 / 
52.3 

0 

Depression 
Depressive symptoms, IDS score, mean (SD) 14 (11) 0 33 (11) 0 

Depressive symptoms, categories based on IDS 
score, %, none / mild / moderate / severe / 
very severe)  

56.0 / 29.1 / 
10.9 / 1.7 / 2.3 

0 1.5 / 26.2 / 
49.2 / 13.8 / 
9.2 

0 

DSM-IV diagnosis of depression, %, yes / no 4 / 96 0 100 / 0 0 

Sleep  
Sleep quality (PSQI score), mean (SD) 10.3 (4.2) 0 13.8 (3.9) 0 

Insomnia symptoms (ISI score), mean (SD) 7.7 (7.4) 1 13.5 (6.7) 0 

Time in bed (minutes), mean (SD) 477 (66) 1 558 (97) 1 

Sleep duration, accelerometry (minutes), mean 
(SD) 

390 (67) 0 452 (72) 1 

Sleep onset latency, accelerometry (minutes), 
mean (SD) 

15 (19) 0 15 (16) 0 

Wakefulness after sleep onset, accelerometry 
(minutes), mean (SD) 

39 (24) 0 50 (27) 0 

Early morning awakening, accelerometry 
(minutes), mean (SD) 

32 (32) 1 45 (66) 0 

Sleep efficiency, accelerometry (%), mean (SD) 82 (9) 1 82 (9) 1 
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Abbreviations: SD= standard deviation, BMI= body mass index, IDS= Inventory of Depressive Symptomatology. 
Dataset 1 comprises a general sample of individuals with type 2 diabetes (T2D). Dataset 2 comprises a sample 
of individuals with T2D and a DSM-IV diagnosis of depression. 

  
TTaabbllee  22..  RReessuullttss  ffrroomm  rreeggrreessssiioonn  aannaallyyssiiss  tteessttiinngg  tthhee  aassssoocciiaattiioonn  bbeettwweeeenn  ddeepprreessssiivvee  ssyymmppttoomm  ssccoorree  
aanndd  ddiiffffeerreenncceess  bbeettwweeeenn  sslleeeepp  ddiiaarryy  aanndd  aacccceelleerroommeettrryy  eessttiimmaatteess    

N B (SE), beta p-value 

Sleep duration (minutes), mean difference 23.633 (2.830), 0.482 <<00..000011  

Sleep onset latency (minutes), mean difference -6.578 (1.365), -0.299 <<00..000011  

Wakefulness after sleep onset (minutes), mean difference -6.968 (1.867), -0.236 <<00..000011  

Early morning awakening (minutes), mean difference -0.993 (1.460), -0.044 0.496 

Sleep efficiency (%), mean difference 3.643 (0.457), 0.469 <<00..000011  

Analysis of interaction effects indicated that associations between depressive symptoms scores and mean 
differences in sleep measure estimates did not differ significantly between the datasets (data not shown). Dataset 
1 and 2 were therefore combined. Abbreviations: SD= standard deviation, B= unstandardized regression 
coefficient, SE= standard error, beta= standardized regression coefficient. Significant p-values are displayed in 
bold. 
 

demonstrated that anxious-ruminative traits and poor resources for coping with stress 
appear to mediate the underestimation of sleep duration (29). It could also be that 
participant-report evaluations of sleep quantity tend to include qualitative aspects, while 
accelerometry-derived measures do not. Polysomnography research has confirmed 
worse sleep quality in individuals with depression (1, 2, 30). 
 
Also, a study in individuals with major depression showed that the discrepancy between 
subjective and objective measures of sleep onset latency was positively correlated with 
high frequency EEG, a qualitative sleep measure that is thought to be associated with 
hyperarousal and memory consolidation (15). Important to note is that individuals without 
depressive symptoms also show discrepancy between sleep measure estimates in our 
study, yet in the opposite direction: they significantly overestimate their sleep duration 
and sleep efficiency, and underestimate their wakefulness after sleep onset and early 
morning awakening.  
 
Strengths of the current study include the elaborate methods used for quantifying 
depressive symptoms and sleep problems. The fact that this study includes individuals 
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LLeefftt::  FFiigguurree  11..  MMeeaann  ddiiffffeerreenncceess  bbeettwweeeenn  sslleeeepp  ddiiaarryy  aanndd  aacccceelleerroommeettrryy  eessttiimmaatteess  ((sslleeeepp  ddiiaarryy  
eessttiimmaatteess  mmiinnuuss  aacccceelleerroommeettrryy  eessttiimmaatteess))  ffoorr  ssuubbggrroouuppss  bbaasseedd  oonn  ddeepprreessssiivvee  ssyymmppttoommss..  
Error bars indicate the standard error of the mean (SEM). Dataset 1 comprises a general sample (N=175) of 
individuals with type 2 diabetes (T2D). Dataset 2 comprises a sample (N=65) of individuals with T2D and a DSM-
IV diagnosis of depression. No depression indicates Inventory of Depressive Symptomatology (IDS) scores 
ranging from 0 to 13, mild depression indicates IDS scores ranging from 14 to 25, and moderate to severe 
depression indicates IDS scores ≥26. Significant post-hoc comparisons (Analysis of Variance (ANOVA), Games 
Howell) are indicated with asterisks.  

 
with T2D individuals may benefit the analyses, as individuals with T2D are at higher risk 
for depressive symptoms (16). Yet, the selected sample also presents a limitation, as it 
hampers the generalizability of our findings to individuals with depression in the general 
population. Individuals with T2D are on average older, may suffer poorer health, and may 
suffer from a specific type of depression, which is more chronic and is characterized by 
specific symptoms such as anhedonia, physical fatigue and hypersomnia (31, 32). In 
addition T2D may impact sleep, due to fatigue associated with hyperglycemia and nightly 
hypoglycemic events in those with insulin-dependent T2D.  
 
In conclusion, individuals with T2D and depressive symptoms underestimate their sleep 
quantity and continuity when compared to those without depressive symptoms. Future 
research may aim to unravel whether these findings also hold for individuals without T2D, 
and how the discrepancy can be explained.  
  
CCoonnfflliicctt  ooff  iinntteerreesstt  ssttaatteemmeenntt  
All authors have no conflicts of interests to declare related to this study 
 
CCoonnttrriibbuuttoorrss  
AB conceived of the research question addressed, performed analyses, and drafted the 
manuscript. FL and AH helped with the statistical methodology. FR and DHR helped with 
recruitment of participants and coordinated practical research assistance. FJS and ATFB 
helped conceive of the studies and participated in the study designs. MAB conceived of 
the studies, and is the principal investigator of the studies. All authors contributed to the 
interpretation of the results and helped to draft the manuscript.  
 

93

4



FFuunnddiinngg  ssoouurrccee  
This study was funded by MIND and the European Foundation for the Study of Diabetes 
(EFSD)/Lilly Mental Health award 2012.   
 

94



RReeffeerreenncceess  
1. Baglioni, C., S. Nanovska, W. Regen, K. Spiegelhalder, B. Feige, C. Nissen, C. Reynolds, D. Riemann (2016). " Sleep and 
mental disorders: A meta-analysis of polysomnographic research" Psychol Bull. 142(9):969-990. 
2. Baglioni, C., C. Nissen, A. Schweinoch, D. Riemann, K. Spiegelhalder, M. Berger, C. Weiller and A. Sterr (2016). 
"Polysomnographic Characteristics of Sleep in Stroke: A Systematic Review and Meta-Analysis." PLoS One 11(3): 
e0148496. 
3. Kushida, C. A., A. Chang, C. Gadkary, C. Guilleminault, O. Carrillo and W. C. Dement (2001). "Comparison of 
actigraphic, polysomnographic, and subjective assessment of sleep parameters in sleep-disordered patients." Sleep 
Med 2(5): 389-396. 
4. Argyropoulos, S. V., J. A. Hicks, J. R. Nash, C. J. Bell, A. S. Rich, D. J. Nutt and S. J. Wilson (2003). "Correlation of 
subjective and objective sleep measurements at different stages of the treatment of depression." Psychiatry Res 120(2): 
179-190. 
5. Tsuchiyama, K., H. Nagayama, K. Kudo, K. Kojima and K. Yamada (2003). "Discrepancy between subjective and 
objective sleep in patients with depression." Psychiatry Clin Neurosci 57(3): 259-264. 
6. Matousek, M., K. Cervena, L. Zavesicka and M. Brunovsky (2004). "Subjective and objective evaluation of alertness 
and sleep quality in depressed patients." BMC Psychiatry 4: 14. 
7. Gupta, R., S. Dahiya and M. S. Bhatia (2009). "Effect of depression on sleep: Qualitative or quantitative?" Indian J 
Psychiatry 51(2): 117-121. 
8. McCall, C. and W. V. McCall (2012). "Comparison of actigraphy with polysomnography and sleep logs in depressed 
insomniacs." J Sleep Res 21(1): 122-127. 
9. Kung, P. Y., K. R. Chou, K. C. Lin, H. W. Hsu and M. H. Chung (2015). "Sleep disturbances in patients with major 
depressive disorder: incongruence between sleep log and actigraphy." Arch Psychiatr Nurs 29(1): 39-42. 
10. Rotenberg, V. S., P. Indursky, L. Kayumov, P. Sirota and Y. Melamed (2000). "The relationship between subjective 
sleep estimation and objective sleep variables in depressed patients." Int J Psychophysiol 37(3): 291-297. 
11. Bertocci, M. A., R. E. Dahl, D. E. Williamson, A. M. Iosif, B. Birmaher, D. Axelson and N. D. Ryan (2005). "Subjective 
sleep complaints in pediatric depression: a controlled study and comparison with EEG measures of sleep and waking." 
J Am Acad Child Adolesc Psychiatry 44(11): 1158-1166. 
12. Dorheim, S. K., G. T. Bondevik, M. Eberhard-Gran and B. Bjorvatn (2009). "Subjective and objective sleep among 
depressed and non-depressed postnatal women." Acta Psychiatr Scand 119(2): 128-136. 
13. Orta, O. R., C. Barbosa, J. C. Velez, B. Gelaye, X. Chen, L. Stoner and M. A. Williams (2016). "Associations of self-
reported and objectively measured sleep disturbances with depression among primary caregivers of children with 
disabilities." Nat Sci Sleep 8: 181-188. 
14. Volkovich, E., L. Tikotzky and R. Manber (2016). "Objective and subjective sleep during pregnancy: links with 
depressive and anxiety symptoms." Arch Womens Ment Health 19(1): 173-181. 
15. Kang, S. G., S. Mariani, S. A. Marvin, K. P. Ko, S. Redline and J. W. Winkelman (2018). "Sleep EEG spectral power is 
correlated with subjective-objective discrepancy of sleep onset latency in major depressive disorder." Prog 
Neuropsychopharmacol Biol Psychiatry 85: 122-127. 
16. Roy, T. and C. E. Lloyd (2012). "Epidemiology of depression and diabetes: a systematic review." J Affect Disord 142 
Suppl: S8-21. 
17. Brouwer, A., D. H. van Raalte, F. Rutters, P. J. M. Elders, F. J. Snoek, A. T. F. Beekman and M. A. Bremmer (2020). 
"Sleep and HbA1c in Patients With Type 2 Diabetes: Which Sleep Characteristics Matter Most?" Diabetes Care 43(1): 
235-243. 

95

4



18. Brouwer, A., D. H. van Raalte, H. T. Nguyen, F. Rutters, P. M. van de Ven, P. J. M. Elders, A. C. Moll, E. J. W. Van 
Someren, F. J. Snoek, A. T. F. Beekman and M. A. Bremmer (2019). "Effects of Light Therapy on Mood and Insulin 
Sensitivity in Patients With Type 2 Diabetes and Depression: Results From a Randomized Placebo-Controlled Trial." 
Diabetes Care 42(4): 529-538. 
19. te Lindert, B. H. and E. J. Van Someren (2013). "Sleep estimates using microelectromechanical systems (MEMS)." 
Sleep 36(5): 781-789. 
20. Carney, C. E., D. J. Buysse, S. Ancoli-Israel, J. D. Edinger, A. D. Krystal, K. L. Lichstein and C. M. Morin (2012). "The 
consensus sleep diary: standardizing prospective sleep self-monitoring." Sleep 35(2): 287-302. 
21. Reed, D. L. and W. P. Sacco (2016). "Measuring Sleep Efficiency: What Should the Denominator Be?" J Clin Sleep 
Med 12(2): 263-266. 
22. Rush, A. J., C. M. Gullion, M. R. Basco, R. B. Jarrett and M. H. Trivedi (1996). "The Inventory of Depressive 
Symptomatology (IDS): psychometric properties." Psychol Med 26(3): 477-486. 
23. Robins, L. N., J. Wing, H. U. Wittchen, J. E. Helzer, T. F. Babor, J. Burke, A. Farmer, A. Jablenski, R. Pickens, D. A. 
Regier and et al. (1988). "The Composite International Diagnostic Interview. An epidemiologic Instrument suitable for 
use in conjunction with different diagnostic systems and in different cultures." Arch Gen Psychiatry 45(12): 1069-1077. 
24. Buysse, D. J., C. F. Reynolds, 3rd, T. H. Monk, S. R. Berman and D. J. Kupfer (1989). "The Pittsburgh Sleep Quality 
Index: a new instrument for psychiatric practice and research." Psychiatry Res 28(2): 193-213. 
25. Bastien, C. H., A. Vallieres and C. M. Morin (2001). "Validation of the Insomnia Severity Index as an outcome measure 
for insomnia research." Sleep Med 2(4): 297-307. 
26. Crane, M. K., H. R. Bogner, G. K. Brown and J. J. Gallo (2007). "The link between depressive symptoms, negative 
cognitive bias and memory complaints in older adults." Aging Ment Health 11(6): 708-715. 
27. Gotlib, I. H. and J. Joormann (2010). "Cognition and depression: current status and future directions." Annu Rev Clin 
Psychol 6: 285-312. 
28. Thones, S. and D. Oberfeld (2015). "Time perception in depression: a meta-analysis." J Affect Disord 175: 359-372. 
29. Fernandez-Mendoza, J., S. L. Calhoun, E. O. Bixler, M. Karataraki, D. Liao, A. Vela-Bueno, M. Jose Ramos-Platon, K. 
A. Sauder, M. Basta and A. N. Vgontzas (2011). "Sleep misperception and chronic insomnia in the general population: 
role of objective sleep duration and psychological profiles." Psychosom Med 73(1): 88-97. 
30. Saletu-Zyhlarz, G. M., M. H. Abu-Bakr, P. Anderer, G. Gruber, M. Mandl, R. Strobl, D. Gollner, W. Prause and B. 
Saletu (2002). "Insomnia in depression: differences in objective and subjective sleep and awakening quality to normal 
controls and acute effects of trazodone." Prog Neuropsychopharmacol Biol Psychiatry 26(2): 249-260. 
31. Vogelzangs N, Beekman AT, Boelhouwer IG, Bandinelli S, Milaneschi Y, Ferrucci L, Penninx BW: Metabolic depression: 
a chronic depressive subtype? Findings from the InCHIANTI study of older persons. J Clin Psychiatry 2011;72:598-604 
32. Brouwer, A., D. H. van Raalte, F. Lamers, F. Rutters, P. J. M. Elders, E. J. W. Van Someren, F. J. Snoek, A. T. F. Beekman 
and M. A. Bremmer (2021). "Insulin resistance as a marker for the immune-metabolic subtype of depression." J Affect 
Disord 295: 1371-1376. 

96



 
 
  

97

4



 
 
 
 
 
 
 

 PPaarrtt  IIII  
       Sleep & Type 2 Diabetes 





100



CChhaapptteerr  55  
SSlleeeepp  aanndd  HHbbAA11cc  iinn  ppaattiieennttss  wwiitthh  ttyyppee  22  ddiiaabbeetteess::  wwhhiicchh  sslleeeepp  
cchhaarraacctteerriissttiiccss  mmaatttteerr  mmoosstt??  
 
A. Brouwer a, Daniel H. van Raalte b, F. Rutters c, P. J. M. Elders d, F. J. Snoek e, A. T. F. 
Beekman a, M. A. Bremmer a 
 
a Amsterdam UMC, Vrije Universiteit, and GGZ inGeest, Dept. of Psychiatry, Amsterdam Public 
Health research institute, Amsterdam, the Netherlands 
b  Amsterdam UMC, Vrije Universiteit, Dept. of Internal Medicine, Diabetes Center, Amsterdam, the 
Netherlands 
c  Amsterdam UMC, Vrije Universiteit, Dept. of Epidemiology and Biostatistics, Amsterdam Public 
Health research institute, Amsterdam, the Netherlands 
d Amsterdam UMC, Vrije Universiteit, Dept. of General Practice and Elderly Care Medicine, 
Amsterdam Public Health research institute, Amsterdam, the Netherlands 
e Amsterdam UMC, Vrije Universiteit and University of Amsterdam, Dept. of Medical Psychology,   
Amsterdam Public Health research institute, Amsterdam, the Netherlands 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Diabetes Care. January 2020.   

101

5



AAbbssttrraacctt  
 
IInnttrroodduuccttiioonn  
Poor sleep has been identified as a risk factor for poor glycemic control in individuals with 
type 2 diabetes (T2D). As optimal sleep can be characterized in several ways, we evaluated 
which sleep characteristics are most strongly associated with HbA1c. 
  
MMeetthhooddss  
172 patients with T2D completed seven-day wrist-actigraphy and sleep questionnaires. 
Linear regression was used to evaluate associations between sleep measures (total sleep 
duration, variability in sleep duration, mid-sleep time, variability in mid-sleep time, sleep 
efficiency, subjective sleep quality, and subjective insomnia symptoms) and HbA1c, 
individually and in concert.  
  
RReessuullttss    
Variability in sleep duration was individually most strongly associated with HbA1c (beta 
0.239, p=0.002, R2 4.9%), followed by total sleep duration (U-shaped: beta 1.161/ beta2 
1.044, p=0.017/ 0.032, R2 4.3%), subjective sleep quality (beta 0.191, p=0.012, R2 3.6%), 
variability in mid-sleep time (beta 0.184, p=0.016, R2 3.4%) and sleep efficiency (beta -
0.150, R2 2.3%). Mid-sleep time and subjective insomnia symptoms were not associated 
with HbA1c. In combination, variability in sleep duration, total sleep duration, and 
subjective sleep quality were significantly associated with HbA1c; together explaining 
10.3% of the variance in HbA1c. Analyses adjusted for covariates provided similar results, 
although the strength of associations was generally decreased, and showing total sleep 
duration and subjective sleep quality to be most strongly associated with HbA1c; together 
explaining 6.0% of the variance in HbA1c. 
  
CCoonncclluussiioonn  
Sleep in general may be a modifiable factor of importance for patients with T2D. The 
prevention of sleep curtailment may serve as a primary focus in the sleep-centered 
management of T2D.  
  

102



IInnttrroodduuccttiioonn  
Given the growing number of patients with type 2 diabetes (T2D) worldwide, and the 
considerable burden associated with the disease, it is highly relevant to identify modifiable 
factors for the risk of poor glycemic control, in order to ultimately prevent complications 
(1). Sleep, which is regulated by neuroendocrine as well as behavioral processes, has been 
identified as a candidate factor (2, 3). Sleep problems are common in the general 
population and individuals with T2D, and on the rise as a consequence of our modern 
24/7 society (1, 4, 5).  
 
Optimal sleep can be characterized in various ways, including measures of sleep duration, 
sleep efficiency (the time asleep as percentage of the time in bed with the intention to 
sleep), sleep continuity, sleep architecture, sleep debt (the cumulative effect of not getting 
enough sleep), sleep timing, as well as more subjective variables such as perceived quality 
of sleep and daytime sleepiness or alertness (6, 7).  
 
A number of these sleep measures have been studied in their association with glycemic 
control in patients with T2D. The association between the total duration of sleep and 
HbA1c in patients with T2D indicates a U-shaped curve, with worse HbA1c in those who 
sleep shorter or longer than seven to eight hours a night (8-13). Also, worse subjective 
sleep quality (8), decreased sleep efficiency (11, 13, 14), increased subjective insomnia 
symptoms (15, 16), and decreased REM sleep latency (17), have been related to higher 
HbA1c in patients with T2D. Recently, variability in sleep duration, which may reflect partial 
sleep deprivation alternating with sleep compensation, has gained attention as a sleep 
characteristic of importance for good health, with higher HbA1c in those with higher 
variability (13, 18). It is thought that primarily shortage and disturbance of sleep underlie 
these associations, as experimental studies showed that sleep deprivation as well as sleep 
disruption in healthy individuals induce insulin resistance and beta-cell dysfunction (19; 
20). Apart from quantity and quality of sleep, timing of sleep relative to the natural day 
appears to be of importance for glycemic control. Those who prefer to sleep later – the 
evening (chrono)types – and those who show more variability in sleep timing – likely due 
to a mismatch between the preferred sleep timing and timing of (social) activities (social 
jetlag) –, exhibit higher HbA1c (21-25). It has been suggested that these individuals 
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experience a degree of ‘jetlag’ (circadian misalignment) on a daily basis (21-25), which 
may impair glucose homeostasis, independent of sleep loss (26, 27).  
 
There is uncertainty as to which sleep characteristic has the strongest impact on glycemic 
control in patients with T2D. This information is of importance, as it may provide guidance 
for the development of sleep-focused treatment strategies in the management of T2D. In 
addition, it is currently unknown how all of the different sleep measures studied relate to 
one another. Moreover, in previous research sleep measures were mostly derived from 
subjective reports, limiting the reliability of these findings. 
 
With this cross-sectional study in patients with T2D, we aimed to evaluate which objective 
and subjective sleep measures, alone and in combination, are most strongly associated 
with HbA1c.  
 
We first examined if and how individual sleep measures are associated and cluster 
together, in order to discern whether the various sleep measures represent differential 
underlying sleep characteristics. Secondly, we examined which of the sleep measures 
explain most of the variance in HbA1c, individually and in concert. Lastly, we examined 
effects of confounding and potential explanatory variables.  
  
MMeetthhooddss  
DDeessiiggnn  
We conducted a cross-sectional study in a sample of 205 patients with T2D, recruited 
from two diabetes centers affiliated to the Amsterdam UMC, Amsterdam, the 
Netherlands. The study was executed in accordance with the Helsinki Declaration 2013 
and with approval from the Medical Ethics committee Amsterdam UMC, location VU 
University Medical Center (VUmc), Amsterdam, the Netherlands. All participants gave 
written informed consent before participation. 
 
PPaarrttiicciippaannttss    
Patients were eligible when ≥ 18 years old and diagnosed with T2D. Exclusion criteria were 
performing shift-work or unable to comply with the study protocol due to language 
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deficiency or practical problems. Health-care providers asked whether patients were 
interested in participation at their annual diabetes check-up at the diabetes outpatient 
clinic of the VUmc, Amsterdam, the Netherlands (2013-2014), and the primary-care clinic 
Ketenzorg West-Friesland, Hoorn, the Netherlands (2016-2017). Interested patients were 
informed  by a research assistant, and enrolled after completion of the informed consent 
procedure.  
 
In total 291 patients received information about the study from research assistants 
(Amsterdam, N=179; Hoorn, N=112). Of these, 75 declined participation and 9 were 
excluded: 7 patients were unable to take part in study procedures (language barrier (N=5), 
deafness (N=1), cognitive problems (N=1)), and 2 patients were not diagnosed with T2D 
(LADA type 1 diabetes and type 1 diabetes). 
 
MMeeaassuurreess    
We obtained objective measures of sleep using a wrist-worn microelectromechanical 
(accelerometer) system (GENEActiv, Activeinsights Ltd, Kimbolton, United Kingdom), 
which was worn for one week continuously. Objective sleep measures were derived from 
accelerometer data using a previously validated algorithm, which combines actigraphy 
data with patient-report daily bed time and wake time information (28), and has shown 
good comparability with sleep measures derived from polysomnography, the gold 
standard for measuring sleep (29). Sleep measures calculated included total ‘sleep 
duration’ (mean), ‘variability in sleep duration’ (standard deviation (SD) total ‘sleep 
duration’), ‘sleep efficiency’ (mean; time asleep / time intention to sleep per night) (30), 
‘mid-sleep time’ (mean) – a proxy for chronotype, the propensity for an individual to sleep 
at a particular time during a 24-hour period (e.g. being a morning type) – (31, 32), and 
‘variability in mid-sleep time’ (SD mid-sleep time) – a proxy for social jetlag, a mismatch 
between the preferred sleep timing and timing of (social) activities. Subjective measures 
of sleep, ‘sleep quality’ and ‘insomnia symptoms’ were obtained using the self-report 
Pittsburgh Sleep Questionnaire index (PSQI) (33) – scores ≥ 6 indicate poor sleep – and 
self-report Insomnia Severity Index (ISI) (34) – scores ≥10 indicate clinically relevant 
insomnia –, respectively.  
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Glycated hemoglobin A1c (HbA1c), a measure of average blood glucose levels in the past 
3 months, was determined in fasting whole blood samples by automated high 
performance liquid chromatography (Amsterdam: ADAMS A1c, Menarini Diagnostics, 
Firenze, Italy; Hoorn: Diamat, Bio-Rad, Veenendaal, the Netherlands). 
 
Potential confounding and explanatory variables tested included age, gender, country of 
birth, highest educational level, employment status, number of medications,  glucose 
lowering medication, body mass index (BMI), physical activity, risk for sleep apnea, use of 
alcohol, depressive symptoms, diabetes distress, anxiety symptoms, and length of natural 
day (short versus long). Physical activity in Metabolic Equivalent of Task (MET) minutes 
was derived from the International Physical Activity Questionnaire; sleep apnea risk from  
the Berlin Questionnaire of Sleep Apnea, and use of alcohol from the Alcohol Use 
Disorders Identification Test. Depressive symptoms were measured using the Inventory of 
Depressive Symptomatology (IDS), a score ≥14 indicates clinically significant symptoms. 
Diabetes distress was measured using the 5-item Problem Areas in Diabetes 
Questionnaire (PAID-5), a score ≥8 indicates possible diabetes related emotional distress. 
Anxiety symptoms were measured using the Beck Anxiety Inventory (BAI), a score ≥22 
indicates clinically significant anxiety symptoms. 
 
SSttaattiissttiiccaall  aannaallyysseess  
Data was checked for normality and transformed when appropriate. Significance was set 
at a p-value of 0.05, unless indicated otherwise. Missing data was not imputed. Statistics 
were performed using SPSS IBM Statistics 22.  
 
First, we performed an exploratory factor analysis to evaluate the association between the 
different individual sleep measures, and potential underlying sleep characteristics (latent 
variables or constructs; explanatory sleep variables which are not directly observable). 
Factor matrixes were extracted using the Maximum Likelihood method and Varimax 
Orthogonal rotations with Kaiser Normalization. Scree plot analysis (cut-off 1) was used to 
determine the appropriate number of factors to retain. The underlying sleep 
characteristics were derived from the rotated factor matrix; a factor loading cut-off of 0.4 
was used to discern factor characteristics. Factor analysis was acceptable in this dataset as 
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indicated by the Kaiser-Meyer-Olkin measure of sampling adequacy (KMO) (0.498), and 
Bartlett’s test of sphericity (χ2 8676.712, df 66, p<0.001).  
 
Second, in order to assess which sleep measures were most strongly associated with 
HbA1c, we performed linear regression analyses including all participants with complete 
datasets regarding all sleep measures as well as HbA1c. For ‘sleep duration’, we tested 
whether a linear or quadratic (U-shaped) association best described the relationship with 
HbA1c in our sample. Results were reported in standardized beta coefficients (beta) with 
95% confidence interval (CI), p-value, and explained variance (R2 (%; (explained variance 
/ total variance) * 100), for comparability of model parameters between the individual 
sleep measures. For the unadjusted analyses, we additionally reported unstandardized B 
(the outcome measure of HbA1c was not transformed). Backward stepwise regression 
analysis was performed in order to assess which sleep measures together were most 
strongly associated with HbA1c. The backward elimination approach involves starting with 
all candidate sleep measures, deleting the sleep measure whose loss gives the least 
deterioration of the model fit, and repeating this process until no further sleep measures 
can be deleted without a significant loss of fit (i.e. defined as p<0.1 for the individual sleep 
measures). 
 
Third, we assessed effects of confounding and potential explanatory variables. First, non-
modifiable covariates were added to the models (Model 2); subsequently adding 
modifiable covariates (Model 3).  
 
Lastly, we tested whether associations were moderated by age, gender, sleep apnea risk, 
depressive symptoms, and the number of medications used, as a proxy for the number 
of comorbidities. For this purpose we used linear regression with HbA1c as dependent 
variables and the sleep variable, the moderator and their two-way interaction as 
predictors. A candidate moderator was declared an effect-moderator when the two-way 
interaction was significant.  
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RReessuullttss  
SSaammppllee  cchhaarraacctteerriissttiiccss  
In total, 205 participants took part in the study (Amsterdam, N=105; Hoorn, N=100). 
Complete datasets regarding all sleep measures as well as HbA1c were available from 172 
participants (Supplemental Table 1). This subsample did not differ from the total sample 
regarding the primary sample characteristics age, gender, average HbA1c and the 
subjective sleep measures SQ and INS (results not shown). 62% of the participants were 
men, and 78% of the participants worked less than 12 hours a week or not at all. On 
average, participants were 66.4 (range 33 to 85) years old, obese (BMI 30.8), and had T2D 
for 13 (range 1 to 44) years, with a mean HbA1c of 57 mmol/mol (range 29 to 107 
mmol/mol; 7.3%, range 4.5 to 11.9%). 42.9% of the participants used insulin therapy. At 
least mild depressive symptoms, anxiety, and diabetes distress were present in 
respectively 41%, 6%, and 22% of the participants. Participants slept on average 6 hours 
and 29 minutes, with mid-sleep time at 3:50 AM, and a median sleep efficiency of 88% 
(≥80% is considered normal). Participants reported on average poor subjective sleep 
quality (PSQI score median 10), but few subjective insomnia symptoms (ISI score median 
5). The majority of the participants were at high risk for having sleep apnea (69%), and 
15% used sleep medication weekly. Characteristics of the sample are shown in Table 1.  
 
SSlleeeepp  mmeeaassuurreess::  ddiissttiinncctt  cchhaarraacctteerriissttiiccss  ooff  sslleeeepp??  
Associations among individual sleep measures ranged from r 0.779 (p<0.001) to r 0.004 
(p=0.479) (Supplemental Table 2). Factor analysis suggested three underlying sleep 
characteristics: Factor 1 linking the subjective measures (‘insomnia symptoms’ and ‘sleep 
quality’; sleep complaints), Factor 2 linking both variability measures (‘variability in sleep 
duration’ and ‘variability in mid-sleep time’; sleep variability), and Factor 3 linking duration 
and efficiency (‘sleep efficiency’ and total ‘sleep duration’; sleep quantity) (Figure 1, 
Supplemental Table 3). ‘Mid-sleep time’ appears to bridge the three sleep characteristics 
statistically, which may suggest that ‘mid-sleep time’ is a sleep characteristic on its own, 
even though it was not identified as a separate factor in current analysis (Figure 1, 
Supplemental Table 3).  
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TTaabbllee  11..  SSaammppllee  cchhaarraacctteerriissttiiccss  
Sample size, N 172 

Age, years, mean (SD)  66.4 (8.5) 

Gender, %,  men / women  62.2 / 37.8  

Country of birth, %,  European / Non-European  88.4 / 11.6 

Time of year in protocol, %, spring / summer / autumn / winter 15.7 / 46.5 / 25.6 / 12.2 

Educational level, %, elementary not completed /  elementary / 
lower vocational / lower secondary / intermediate secondary / 
intermediate vocational / higher secondary / college / university 

2.9 / 4.1 / 19.2 / 1.7 / 9.9 / 26.2 / 2.9 / 
25.6 / 7.6 

Employment status, %, employed  ≥ 12 hours/week / other 22.1 / 77.9 

Number of medications, mean (SD) 7.5 (3.8) 

Polypharmacy (≥ 5 medications), %, yes / no 81 / 19 

Diabetes duration, years, mean (SD)  13.3 (8.1) 

Glucose lowering medication, %, insulin / oral only / none 41.9 / 43.0 / 15.1 

BMI, kg/m2, mean (SD)  30.0 (5.6) 

Physical activity, MET minutes, median (IQR) 2684 (971 to 5513) 

Sleep apnea risk, %, low / high 30.7 / 69.3 

Use of alcohol, %, less than weekly / weekly   61.2 / 38.8   

Sleep medication, %, less than weekly / weekly  85.5 / 14.5   

Depressive symptoms, IDS score, median (IQR) 11 (6 to 19) 

Diabetes distress, PAID-5 score, median (IQR)  2 (0 to 7) 

Anxiety, BAI score, median (IQR)  5 (2 to 11) 

 

Sleep measures 
Sleep duration, minutes (hours:minutes), mean (SD)  389 (6:29) (64) 

Variability in sleep duration, minutes, median (IQR)  45 (30 to 63) 

Mid-sleep time, time, mean (SD)  3:50 (0:59) 

Variability in mid-sleep time, minutes, median (IQR)  31 (20 to 47) 

Sleep efficiency, %, median (IQR)  88 (82 to 91) 

Sleep quality, PSQI score, median (IQR)  10 (7 to 12) 

Insomnia symptoms, ISI score, median (IQR)  5 (1 to 13) 

 

Glycemic control 
HbA1c, mmol/mol / %, mean (SD)  57 (14) / 7.3 (1.3) 

Abbreviations: SD= standard deviation, BMI= body mass index, MET= Metabolic Equivalent of Task, IQR= inter 
quartile range, IDS= Inventory of Depressive Symptomatology, PAID= Problem Areas in Diabetes, BAI= Beck 
Anxiety Inventory, Abbreviations: CI= confidence interval, PSQI= Pittsburgh SQ Index, ISI= Insomnia Severity 
Index. 
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LLeefftt::  FFiigguurree  11..  AA..  AAssssoocciiaattiioonn  aammoonngg  sslleeeepp  mmeeaassuurreess::  ssppaattiiaall  rreepprreesseennttaattiioonn  ooff  rreellaattiioonnsshhiippss  bbeettwweeeenn  
ddeerriivveedd  ffaaccttoorrss  aanndd  iinnddiivviidduuaall  sslleeeepp  mmeeaassuurreess..  BB..  PPeerrcceennttaaggee  ooff  eexxppllaaiinneedd  vvaarriiaannccee  iinn  HHbbAA11cc  ffoorr  
iinnddiivviidduuaall  sslleeeepp  mmeeaassuurreess,,  aass  wweellll  aass  sslleeeepp  iinn  ggeenneerraall  ((ccoonnttrriibbuuttiinngg  sslleeeepp  mmeeaassuurreess  aaccccoorrddiinngg  ttoo  
sstteeppwwiissee  rreeggrreessssiioonn  aannaallyysseess::  ttoottaall  ‘‘sslleeeepp  dduurraattiioonn’’  ++  ‘‘vvaarriiaabbiilliittyy  iinn  sslleeeepp  dduurraattiioonn’’  ++  ssuubbjjeeccttiivvee  ‘‘sslleeeepp  
qquuaalliittyy’’))..    
Horizontal bars indicate the explained variance in HbA1c derived from unadjusted analyses (model 1). Lines 
indicate the percentage of explained variance in HbA1c derived from adjusted analyses: continuous lines when 
adjusted for non-modifiable covariates (age and country of birth; model 2), dashed lines when additionally 
adjusted adjustment for modifiable covariates (employment status, diabetes distress, natural day length, and 
glucose lowering medication; model 3).  

 
WWhhiicchh  sslleeeepp  mmeeaassuurreess  aarree  mmoosstt  ssttrroonnggllyy  aassssoocciiaatteedd  wwiitthh  HHbbAA11cc??    
Total ‘sleep duration’ was significantly associated with HbA1c in a U-shaped manner, 
indicating worse glycemic control with both short and long sleep compared to sleep 
medium duration, with the nadir at 436 minutes (7 hours 16 minutes) (Table 2). Also, ‘sleep 
efficiency’, ‘variability in sleep duration’, ‘variability in mid-sleep time’, and subjective ‘sleep 
quality’ were significantly associated with HbA1c, with  higher HbA1c in individuals with 
lower efficiency, higher variability and worse quality (Table 2). ‘Insomnia symptoms’ and 
‘mid-sleep time’ were not associated with HbA1c (Table 2).  
In unadjusted analyses of individual sleep measures that were modelled separately, 
‘variability in sleep duration’ had the greatest standardized beta coefficient of all sleep 
measures tested (beta 0.222), and explained most of the variance in HbA1c (4.9%) (Table 
2, Figure 2). The average difference in HbA1c between the lowest and highest quartile in 
‘variability in sleep duration’ was 11 mmol/mol (1.0 %). ‘Variability in sleep duration’ was 
followed by total ‘sleep duration’ (4.3%), subjective ‘sleep quality’ (3.6%), ‘variability in 
mid-sleep time’ (3.4%) and ‘sleep efficiency’(2.3%) (Table 2, Figure 2).  
 
Stepwise regression, in which all sleep measures where entered in a single model, 
suggested that the combination of ‘variability in sleep duration’, total ‘sleep duration’ and 
subjective ‘sleep quality’ was most strongly associated with HbA1c (beta 0.179 (95% CI 
0.030 to 0.327), p=0.019; beta -0.931 (95% CI -1.873 to 0.012), p=0.053 / 0.810 (95% CI -
0.133 to 1.753), p=0.092; 0.136 (95% CI -0.0  14 to 0.286), p=0.076; respectively) (Table 3). 
Together, these sleep measures explained 10.3% of the variance in HbA1c (Table 3).  
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WWhhaatt  aarree  tthhee  eeffffeeccttss  ooff  ccoonnffoouunnddiinngg  aanndd  ppootteennttiiaall  eexxppllaannaattoorryy  ffaaccttoorrss??    
The following variables were identified as confounding or potential explanatory factors: 
‘age’, ‘country of birth’, ‘employment status’, ‘diabetes distress’, ‘natural day length’, and 
‘glucose lowering medication’ (Supplemental Table 4).  
When we adjusted for the non-modifiable covariates age and country of birth, 
associations between individual sleep measures and HbA1c weakened slightly, thereby 
rendering the associations of ‘sleep efficiency’ and ‘variability in mid sleep time’ 
insignificant, and now suggesting total ‘sleep duration’ as the sleep measure explaining 
most of the variance in HbA1c (difference in R2 between total ‘sleep duration’ and 
‘variability in sleep duration’: 0.7%) (Table 2). Additional adjustment for the modifiable 
covariates ‘employment status’, ‘diabetes distress’, ‘natural day length’, and ‘glucose 
lowering medication’ weakened the associations further, rendering all associations 
insignificant, except the association between total ‘sleep duration’ and HbA1c (Table 2). 
After adjustment total ‘sleep duration’ explained most of the variance in HbA1c, followed 
by subjective sleep quality (difference in R2 between  total ‘sleep duration’ and ‘sleep 
quality’: 0.6%), and ‘sleep efficiency’ (R2 difference between  total ‘sleep duration’ and 
‘sleep efficiency’: 1.0%).  
 
Stepwise regression analysis, in which all sleep measures and non-modifiable covariates 
where entered in a single model,  identified ‘age’ is a covariate strongly associated with 
HbA1c (beta -0.160 (95% CI -0.309 to 0.012), p=0.035, and explaining 4.5% of the variance 
in HbA1c). In line with the unadjusted stepwise regression analysis, results suggest that the 
combination of subjective ‘sleep quality’, ‘variability in sleep duration’, and total ‘sleep 
duration’ was most strongly associated with HbA1c (beta 0.148 (95% CI 0.000 to 0.296), 
p=0.050; beta 0.148 (95% CI -0.004 to 0.300), p=0.056; beta -0.127 (95% CI -0.271 to 
0.017), p=0.084, respectively) (Table 3). Together, these sleep measures explained 6.7% 
of the variance in HbA1c (Table 3).  
 
Stepwise regression analysis that included both the non-modifiable and modifiable 
covariates identified  ‘employment status’ and ‘glucose lowering medication’ as covariates 
strongly associated with HbA1c (beta 0.241 (95% CI 0.098 to 0.378), p=0.001, beta 0.242 
(95% CI 0.101 to 0.378), p=0.001, respectively. In combination these covariates explained 

112



13.3% of the variance in HbA1c. The combination of subjective ‘sleep quality’ and total 
‘sleep duration’ was most strongly associated with HbA1c (beta 0.179 (95% CI 0.037 to 
0.317), p=0.014; beta -0.892 (95% CI -1.783 to 0.012), p=0.053 / beta2 0.805 (95% CI -
0.100 to 1.697), p=0.081, respectively) (Table 3). Together, these sleep measures explained 
6.0% of the variance in HbA1c (Table 3). 
 
Associations were not moderated by age, gender, depressive symptoms, or the number 
of medications used (Supplemental Table 5). Sleep apnea risk moderated the association 
between (variability) in mid-sleep time and HbA1c, but none of the other sleep measures. 
Mid-sleep time was strongly associated with HbA1c in those with low risk for sleep apnea 
(beta 0.516 (95% CI 0.159 to 0.873), p=0.006, and explaining 23.1% of the variance in 
HbA1c), but not in those with high risk for sleep apnea (Supplemental Table 6). Variability 
in mid-sleep time was strongly associated with HbA1c in those with high risk for sleep 
apnea (beta 0.308 (95% CI 0.075 to 0.541), p=0.010, and explaining 9.3% of the variance 
in HbA1c), but not in those with low risk for sleep apnea (Supplemental Table 6).  
 
CCoonncclluussiioonn  
In this study we investigated which sleep measures represent distinct characteristics of 
sleep, and are most strongly associated with HbA1c, in patients with T2D. Sleep measures 
tested included total ‘sleep duration’, ‘variability in sleep duration’, ‘mid-sleep time’, 
‘variability in mid-sleep time’, ‘sleep efficiency’, subjective ‘sleep quality’, and subjective 
‘insomnia symptoms’.  
 
Three underlying sleep characteristics were identified: sleep complaints, sleep variability, 
and sleep quantity. Mid-sleep time appears to be a sleep characteristic on its own. 
‘Variability in sleep duration’, which may reflect partial sleep deprivation alternating with 
sleep compensation was individually most strongly associated with HbA1c, explaining 
4.9% of the variance in HbA1c. ‘Variability in sleep duration’ was followed by total ‘sleep 
duration’ (4.3%), subjective ‘sleep quality’ (3.6%), ‘variability in mid-sleep time’ (3.4%) and 
‘sleep efficiency’ (2.3%). ‘Mid-sleep time’ and subjective ‘insomnia symptoms’ were not 
associated with HbA1c. In combination, ‘variability in sleep duration’, total ‘sleep duration’, 
and subjective ‘sleep quality’ were most strongly associated with HbA1c; together  
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TTaabbllee  22..  AAssssoocciiaattiioonnss  bbeettwweeeenn  iinnddiivviidduuaall  sslleeeepp  mmeeaassuurreess  aanndd  HHbbAA11cc  ((ppaarraammeetteerrss  ooff  uunnaaddjjuusstteedd  aanndd    
 Model 1 Unadjusted 

 
 

Underlying 
sleep 
variable 

Sleep 
measure 

Unstandardized 
coefficient B (/B2) 

95% CI Standardized 
coefficient 
beta (/beta2)  

95% CI p-
value 

R2  

Sleep 
quantity  

Sleep 
duration, 
minutes  

-0.248 / 0.000  -0.452 
to -
0.044 / 
0.000 
to 0.001 

-1.161 / 1.044  -2.117 
to -
0.206 / 
0.089 
to 
2.000 

00..001177  
/ 
00..003322  
**  

4.3% 

Sleep 
efficiency, %  

-0.263 -0.526 
to -
0.001 

-0.150  -0.300 
to 
0.000 

00..004499  2.3%  

Sleep 
variability 

Variability in 
sleep 
duration, 
minutes  

0.109 0.036 
to 0.181 

0.222 0.074 
to 
0.369 

00..000033  4.9% 

Variability in 
mid-sleep 
time, 
minutes  

0.002 0.000 
to 
0.004 

0.184 0.035 
to 
0.333 

00..001166  3.4%  

Mid-sleep 
time 

Mid-sleep 
time, time  

0.000 0.000 
to 0.001 

0.085 -0.066 
to 
0.236 

0.267 0.7% 

Sleep 
complaints 

Sleep 
quality, PSQI 
score 

0.645 0.143 
to 1.146 

0.191 0.042 
to 
0.340  

00..001122  3.6% 

Insomnia 
symptoms, 
ISI score  

0.220 -0.059 
to 
0.500 

0.119 -0.032 
to 
0.269 

0.121 1.4%  

*the linear association (beta 0.090 (95% CI 0.280 to 0.020), p=0.090) was inferior. Abbreviations: CI= confidence 
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aaddjjuusstteedd  rreeggrreessssiioonn  mmooddeellss;;  pp<<00..0055  iinn  bboolldd)) 

Model 2 Adjusted for non-modifiable 
covariates (age and country of birth; R2 5.2% ) 

Model 3 Additionally adjusted for modifiable covariates 
(employment status, diabetes distress, natural day 
length, and glucose lowering medication; R2 15.9%)  

Standardized 
coefficient beta 
(/beta2) 

95% CI p-
value 

R2 Standardized 
coefficient beta 
(/beta2) 

95% CI p-value R2 

-1.062 / 0.954  -2.003 to 
-0.121 / 
0.013 to 
1.985 
 
 

00..002277  
/ 
00..004477    

8.8%  -0.936 / 0.857  -1.845 to -
0.026 / -
0.054 to 
1.768 

00..004444  / 
0.065  

18.4%  

-0.132  -0.280 to 
0.016 
 

0.081 6.9%  -0.124 -0.266 to 
0.019 

0.089 17.4%  

0.175 0.024 to 
0.326 
 
 

00..002233  8.1% 0.117 -0.031 to 
0.265 

0.121 17.1% 

0.148 -0.001 to 
0.297 
 
 

0.052 7.3%  0.091 -0.054 to 
0.237 

0.216 16.7%  

0.074  -0.075 to 
0.222 
 

0.328 5.7% 0.080 -0.065 to 
0.225 

0.276 16.5% 

0.167 0.019 to 
0.315 
 

00..002277  7.9% 0.148 -0.003 to 
0.299 

0.055 17.8% 

0.078 -0.074 to 
0.229 

0.312 
 
 

5.8%  0.045 -0.115 to 
0.206 

0.576 17.0%  

interval, PSQI= Pittsburgh Sleep Quality Index, ISI= Insomnia Severity Index  
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TTaabbllee  33..  SStteeppwwiissee  rreeggrreessssiioonn  ooff  sslleeeepp  mmeeaassuurreess  oonn  HHbbAA11cc  ((ppaarraammeetteerrss  ooff  uunnaaddjjuusstteedd  aanndd  aaddjjuusstteedd    
 Model 1 Unadjusted 

Step 1  Final step (step 5) 

Underlying 
sleep 
variable 

Sleep 
measure 

beta 
(/beta2)  

95% CI p-
value 

beta 
(/beta2) 

95% CI p-
value 

R2  

Sleep 
quantity  

Sleep 
duration, 
minutes  

-0.976 
/ 0.880  

-1.967 to 
-0.015 / -
0.110 to 
1.869 

0.054 
/ 0.081  

-0.931 / 
0.810  

-1.873 to 
0.012 / -
0.133 to 
1.753 

0.053 
/ 
0.092  

10.3% 

Sleep 
efficiency, %  

-0.016 -0.195 to 
0.162 

0.859  

Sleep 
variability 

Variability in 
sleep 
duration, 
minutes  

0.136 -0.042 to 
0.313 

0.133 0.179 0.030 to 
0.327 

00..001199  

Variability in 
mid-sleep 
time, 
minutes  

0.083 -0.090 to 
0.256 

0.343  

Mid-sleep 
time 

Mid-sleep 
time, time  

-0.018 -0.186 to 
0.149 

0.829 

Sleep 
complaints 

Sleep 
quality, PSQI 
score 

0.261 -0.006 to 
0.527 

0.055 0.136 -0.014 to 
0.286 

0.076 

Insomnia 
symptoms, 
ISI score  

-0.146 -0.404 to 
0.111 

0.264  

Non-
modifiable 
covariates 

Age 
 

 

Country of 
birth 

Abbreviations: CI= confidence interval, PSQI= Pittsburgh Sleep Quality Index, ISI= Insomnia Severity Index 
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rreeggrreessssiioonn  mmooddeellss;;  pp<<00..0055  iinn  bboolldd)) 

Model 2 Adjusted for non-modifiable covariates (age and country of birth) 

Step 1  Final step (step 7) 

beta (/beta2) 
 
  

95% CI p-value beta 
(/beta2) 

95% CI p-
value 

R2  

-0.950 / 
0.859  
 
 

-1.933 to -0.034 / -0.123 
to 1.841 

0.058 / 
0.086  

-0.127  -0.271 to 
0.017 

0.084  6.7% 

-0.016 
 

-0.193 to 0.161 0.860  

0.100 
 
 
 

-0.078 to 0.279 0.268 0.148 -0.004 to 
0.300 

0.056 

0.071 
 
 
 

-0.100 to 0.243 0.414  

-0.023 
 

-0.189 to 0.143 0.788 

0.290 
 
 

0.026 to 0.555 0.026 0.148 0.000 to 
0.296 

0.050 

-0.196 
 
 

-0.455 to 0.063 0.137  

-0.144 -0.303 to 0.014 0.073 -0.160 -0.309 to -
0.012 

00..003355 4.5% 

0.066 
 

-0.090 to 0.223 0.404  
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TTaabbllee  33..  CCoonnttiinnuueedd  
 Model 3 Additionally adjusted for modifiable covariates (employment 

status, diabetes distress, natural day length, and glucose lowering 
medication) 

Step 1  Final step (step 10) 

Underlying 
sleep 
variable 

Sleep 
measure 

beta 
(/beta2)  

95% CI p-
value 

beta 
(/beta2) 

95% CI p-
value 

R2  

Sleep 
quantity  

Sleep 
duration, 
minutes  

-0.867 / 
0.810  

-1.810 to 
-0.088 / -
0.146 to 
1.753 

0.075 
/ 
0.097  

-0.892 / 
0.805 

-1.783 to 
0.012 / -
0.100 to 
1.697  

0.053 
/ 0.081  

6.0% 

Sleep 
efficiency, %  

-0.040 -0.214 to 
0.135 

0.656  

Sleep 
variability 

Variability in 
sleep 
duration, 
minutes  

0.060 -0.114 to 
0.232 

0.500 

Variability in 
mid-sleep 
time, 
minutes  

0.033 -0.133 to 
0.199 

0.697 

Mid-sleep 
time 

Mid-sleep 
time, time  

-0.004 -0.165 to 
0.158 

0.965 

Sleep 
complaints 

Sleep 
quality, 
PSQI score 

0.290 0.030 to 
0.544 

00..002299 0.179 0.037 to 
0.317 

00..001144 

Insomnia 
symptoms, 
ISI score  

-0.225 -0.485 to 
0.041 

0.098  

Non-
modifiable 
covariates 

Age 0.003 -0.178 to 
0.184 

0.975 13.3% 

Country of 
birth 

0.018 -0.142 to 
0.178 

0.827 

Modifiable 
covariates 

Employment 
status 

0.223 0.052 to 
0.390 

00..001111 0.241 0.098 to 
0.378 

00..000011 

Diabetes 
distress 

0.113 -0.066 to 
0.290 

0.215  
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Glucose 
lowering 
medication 

0.190 0.042 to 
0.336 

00..001122 0.242 0.101 to 
0.379 

00..000011 

Natural day 
length 

-0.086 -0.237 to 
0.067 

0.270  

Abbreviations: CI= confidence interval, PSQI= Pittsburgh Sleep Quality Index, ISI= Insomnia Severity Index 

 
explaining 10.3% of the variance in HbA1c. Analyses adjusted for covariates also identified 
these sleep measures as being most strongly associated with HbA1c, though the strength 
of associations was generally decreased (sleep measures together explained 6.0-6.7% of 
the variance in HbA1c), and pointed to total ‘sleep duration’ and ‘sleep quality’ as the 
sleep measures most strongly associated with HbA1c.  
 
Our findings support the idea that sleep optimization could improve HbA1c, and be used 
as adjunct treatment in the management of T2D. More specifically the prevention of sleep 
curtailment may serve as a primary focus in the sleep-centered management of T2D. The 
magnitude of the difference in average HbA1c between participants in the lowest and 
highest quartile of ‘variability in sleep duration’ – 11 mmol/mol or 1.0% –, for example, 
appears clinically relevant. By comparison: established glucose lowering drugs, and newer 
glucose lowering drugs under investigation, provide HbA1c reductions in the range of 0.5 
to 1.25% (38), 0.3 to 0.5% (39), respectively. Clinical trials need to discern whether the 
findings of this study demonstrate clinical significance as well. A study in habitually sleep 
restricted healthy individuals already demonstrated that sleep-extension is a feasible real-
life intervention and improves insulin sensitivity (35).  
 
Only recently variability in sleep duration has gained attention as a factor of importance 
for glycemic control in patients with T2D (13, 18), as well as type 1 diabetes (36, 37). The 
question rises why ‘variability in sleep duration’ of all sleep measures tested individually 
explains most of the variance in HbA1c. Possibly, variability in sleep duration best reflects 
individual sleep deprivation, as the optimal sleep duration may differ between individuals. 
Experimental studies have convincingly shown that sleep deprivation induces insulin 
resistance and increased glucose levels (19, 20). Yet, variability in sleep duration may also 
be associated with HbA1c through other mechanisms than sleep deprivation. For example, 
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variability in sleep duration may induce a degree of ‘jetlag’, as evidenced by its associated 
with variability in mid-sleep time, which may have additional negative effects on glycemic 
control (26). Variability in sleep duration may also be related to variability in other 
behaviors that affect glycemic control, such as eating and physical activity, or may be 
reflective of a number of unhealthy behaviors in general. Future research should address 
the mechanism by which higher variability in sleep duration is related to higher HbA1c. 
Strengths of the study include the evaluation of a comprehensive set of sleep measures, 
including self-reported and wrist-actigraphy derived sleep measures, and measures of 
sleep timing. This is one of the larger sample-size studies investigating objective measures 
of sleep in people with T2D.  
 
A limitation of the study is that the sample is characterized by individuals mainly from 
European descent, living in a single geographical location (i.e. the Netherlands) and 
therefore latitude, with on average a relatively short sleep duration, high risk for sleep 
apnea, and low levels of employment. This limits the generalizability of the findings, and 
comparison with other studies in the field. Measures of sleep apnea and sleep architecture 
were not included in the study, as reliable measurement of sleep apnea and measurement 
of sleep architecture requires polysomnography. Also, alertness during the day – another 
sleep dimension proposed by Buysse (6)–, and other measures of glycemic control, such 
as hypoglycemia and glucose variability were not assessed. Furthermore, we gathered no 
information on (timing of) food intake, timing of exercise, treatment adherence, and self-
care, which all may be considered important – yet difficult to measure – potential 
confounding or explanatory variables. Hence, we cannot discern whether these variables 
contributed to the observed associations between sleep variables and HbA1c. Lastly, 
analyses were not corrected for multiple comparisons. The fact that we could not establish 
a significant relationship between ‘mid-sleep time’ and HbA1c –  unlike previous studies 
that reported higher HbA1c concentration with later chronotype (21-25) –, may be due to 
the use of objective rather than subjective measure of sleep timing, as well as the 
conceptual difference between mid-sleep time and chronotype, which in other studies 
has been defined as mid-sleep time on free days adjusted for sleep debt accumulated at 
work days (38). We did not collect information on work/free days. Differences in sample 
characteristics could also play a role. The range in mid-sleep time was limited, and our 
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sample consisted largely of individuals with high risk for sleep apnea. Effect moderation 
analyses provided evidence for a possible association between mid-sleep time and HbA1c 
exclusively in those with low risk for sleep apnea.  
 
To test the robustness of our findings, analyses were performed in which we adjusted for 
non-modifiable (age, country of birth) and modifiable covariates employment status, 
diabetes distress, natural day length, and glucose lowering medication). The following 
variables were considered, but not identified as potential confounding or explanatory 
factors, and therefore not adjusted for: gender, highest educational level, number of 
medications, BMI, physical activity, risk for sleep apnea, use of alcohol, depressive 
symptoms, and anxiety symptoms. Adjustment of analyses for covariates weakened the 
associations between sleep and HbA1c. This may be a better reflection of the actual 
association between sleep measures an HbA1c, but may also be the result of 
overcorrection. It remains unknown whether the covariates are true confounders, or 
potential explanatory factors, as cross-sectional study designs do not allow causal 
inference. Hence, we cannot ascertain which proportion of the association can be truly 
attributed to the particular sleep measures. Also reversed causation cannot be ruled out. 
For example, individuals with higher HbA1c, may use insulin therapy more often, which 
may disturb sleep due to (fear for) the occurrence of nocturnal hypoglycemic events (39); 
similarly increased HbA1c may induce diabetes distress, worry and thereby poor sleep. 
Nonetheless, experimental studies provided robust evidence that sleep restriction, but 
also sleep disruption, produce insulin resistance without adequate compensatory beta-
cell insulin response, with increased glucose concentrations as a result (19, 20). The fact 
that the strength of the association between variability in sleep duration and HbA1c is 
reduced – also relatively to other sleep measures – after adjustment for covariates, may 
imply that variability in sleep is generally more strongly associated with (and possibly 
affected by) other variables compared to total sleep duration and subjective sleep quality.  
In conclusion, sleep may be an important modifiable factor associated with HbA1c in 
patients with T2D that already receive regular care, and may deserve a place in the clinical 
evaluation and management of the patient with T2D. Particularly variability in sleep 
duration, which may reflect partial sleep deprivation alternating with sleep compensation, 
may be a promising therapeutic target. Further research should evaluate whether 
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interventions aimed at the prevention of sleep curtailment may improve glycemic control, 
as well as other health outcomes.  
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SSuupppplleemmeennttaall  TTaabbllee  11..  MMiissssiinngg  ddaattaa    
Sample size, N Missing 

(N) 

Age, years, mean (SD)  0 

Gender, %,  men / women  0 

Country of birth, %,  European / Non-European  0 

Time of year in protocol, %, spring / summer / autumn / winter 0 

Educational level, %, elementary not completed /  elementary / lower vocational / lower 
secondary / intermediate secondary / intermediate vocational / higher secondary / college / 
university 

0 

Employment status, %, employed  ≥ 12 hours/week / other 0 

Number of medications, mean (SD) 0 

Polypharmacy (≥ 5 medications), %, yes / no 0 

Diabetes duration, years, mean (SD)  8 

Glucose lowering medication, %, insulin / oral only / none 0 

BMI, kg/m2, mean (SD)  12 

Physical activity, MET minutes, median (IQR) 36 

Sleep apnea risk, %, low / high 86 

Use of alcohol, %, less than weekly / weekly   10 

Sleep medication, %, less than weekly / weekly  6 

Depressive symptoms, IDS score, median (IQR) 8 

Diabetes distress, PAID-5 score, median (IQR)  8 

Anxiety, BAI score, median (IQR)  7 

 

Sleep measures* 
Sleep duration, minutes (hours:minutes), mean (SD)  26 

Variability in sleep duration, minutes, median (IQR)  28 

Mid-sleep time, time, mean (SD)  26 

Variability in mid-sleep time, minutes, median (IQR)  28 

Sleep efficiency, %, median (IQR)  26 

Sleep quality, PSQI score, median (IQR)  6 

Insomnia symptoms, ISI score, median (IQR)  7 

 

Glycemic control 
HbA1c, mmol/mol / %, mean (SD)  5 

** Actigraphy data could be collected from 179 participants (7 days: N=143, 6 days N=25, 5 days N=5, 4 days 
N=1, 3 days N=1, 2 days N=2, 1 day N=2): 2 participants did not wear the actigraphy watch, 24 datasets were 
lost due to technical failure of the actigraphy device. Abbreviations: SD= standard deviation, BMI= body mass 
index, MET= Metabolic Equivalent of Task, IQR= inter quartile range, IDS= Inventory of Depressive 
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Symptomatology, PAID= Problem Areas in Diabetes, BAI= Beck Anxiety Inventory, Abbreviations: CI= 
confidence interval, PSQI= Pittsburgh SQ Index, ISI= Insomnia Severity Index. 
  

SSuupppplleemmeennttaall  TTaabbllee  22..  CCoorrrreellaattiioonn  mmaattrriixx  ooff  sslleeeepp  mmeeaassuurreess  ((ccoorrrreellaattiioonn  ccooeeffffiicciieenntt  rr,,  pp--vvaalluueess  
((pp<<00..0055  iinn  bboolldd))))    

Sleep 
measure 

SD, minutes V-SD, 
minutes 

MST, time V-MST, 
minutes 

SE, % SQ, PSQI 
score 

V-SD, 
minutes 

-0.032, 
p=0.335 

     

MST, time 0.108, 
p=0.077 

0.082, 
p=0.139 

    

V-MST, 
minutes 

--00..117744,,  
pp==00..001111 

00..555566,,  
pp<<00..000011 

0.095, 
p=0.105 

   

SE, % 00..446688,,  
pp<<00..000011 

--00..223366,,  
pp==00..000011 

--00..221100,,  
pp==00..000033 

--00..119900,,  
pp==00..000066 

  

SQ, PSQI 
score 

-0.004, 
p=0.479 

00..119977,,  
pp==00..000055 

00..228822,,  
pp<<00..000011 

0.058, 
p=0.222 

--00..112299,,  
pp==00..004444 

 

INS, ISI 
score 

0.019, 
p=0.402 

00..115544,,  
pp==00..002211 

00..114433,,  
pp==00..002299 

0.019, 
p=0.403 

-0.066, 
p=0.193 

00..777799,,  
pp<<00..000011 

Significance one-tailed. Abbreviations: SD= total sleep duration, V-SD= variability in sleep duration, V-MST= 
variability in mid-sleep time, MST= mid-sleep time, SQ= subjective sleep quality, PSQI= Pittsburgh Sleep Quality 
Index, INS= subjective insomnia symptoms, ISI= Insomnia Severity Index. 

 
SSuupppplleemmeennttaall  TTaabbllee  33..  FFaaccttoorr  aannaallyyssiiss  ooff  tthhee  sslleeeepp  mmeeaassuurreess  ((ffaaccttoorr  llooaaddiinnggss  >>00..44  iinn  bboolldd))  

  Factor loadings 

Sleep measure 1 2 3 

SD, minutes  -0.003 -0.012 00..447777  

V-SD, minutes 0.130 00..999900  -0.042 

MST, time 0.280 0.039 -0.174 

V-MST, minutes 0.021 00..555555  -0.089 

SE, % -0.117 -0.181 00..997766  

SQ, PSQI score 00..777788  0.054 0.036 

INS, ISI score 00..999977  0.067 -0.001 

Abbreviations: SD= total sleep duration, V-SD= variability in sleep duration, V-MST= variability 
in mid-sleep time, MST= mid-sleep time, SQ= subjective sleep quality, PSQI= Pittsburgh Sleep 
Quality Index, INS= subjective insomnia symptoms, ISI= Insomnia Severity Index 
 

SSuupppplleemmeennttaall  TTaabbllee  44..  OOnn  ppaaggee  112288  
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SSuupppplleemmeennttaall  TTaabbllee  55..  UUnniivvaarriiaattee  aassssoocciiaattiioonnss  bbeettwweeeenn  iinnddiivviidduuaall  sslleeeepp  mmeeaassuurreess  aanndd  HHbbAA11cc  
((ppaarraammeetteerrss  ooff  uunnaaddjjuusstteedd  aanndd  aaddjjuusstteedd  rreeggrreessssiioonn  mmooddeellss;;  pp<<00..0055  iinn  bboolldd))    

 Age Gender Sleep 
apnea risk 

Depressive 
symptoms 

Number of 
medications 

Underlying 
sleep 
variable 

Sleep 
measure 

p-value 
interaction 
effect 

p-value 
interaction 
effect 

p-value 
interaction 
effect 

p-value 
interaction 
effect 

p-value 
interaction 
effect 

Sleep 
quantity  

Sleep 
duration, 
minutes  

0.228 0.073 0.640 0.820 0.259 

Sleep 
efficiency, %  

0.408 0.309 0.969 0.526 0.709 

Sleep 
variability 

Variability in 
sleep 
duration, 
minutes  

0.146 0.155 0.217 0.618 0.070 

Variability in 
mid-sleep 
time, minutes  

0.131 0.135 00..002288 0.593 0.479 

Mid-sleep 
time 

Mid-sleep 
time, time  

0.994 0.317 00..003311 0.142 0.843 

Sleep 
complaints 

Sleep quality, 
PSQI score 

0.335 0.891 0.658 0.533 0.716 

Insomnia 
symptoms, 
ISI score  

0.151 0.964 0.531 0.799 0.496 

Abbreviations: CI= confidence interval, PSQI= Pittsburgh Sleep Quality Index, ISI= Insomnia Severity Index 
 
SSuupppplleemmeennttaall  TTaabbllee  66..  SSuubbggrroouupp  aannaallyysseess  bbaasseedd    oonn  tthhee  rriisskk  ffoorr  sslleeeepp  aappnneeaa  ffoorr  tthhee  aassssoocciiaattiioonn  
bbeettwweeeenn  ((vvaarriiaabbiilliittyy  iinn))  mmiidd--sslleeeepp  ttiimmee  aanndd  HHbbAA11cc  ((pp<<00..0055  iinn  bboolldd))    

 Variability in mid-sleep time Mid-sleep time 

Risk for 
sleep 
apnea 

N beta 95% CI p-
value 

R2 beta 95% CI P-
value 

R2 

Low  31 -
0.126  

-0.411 to 
0.158 

0.371 2.8% 0.516  (0.159 to 
0.873) 

00..000066  23.1% 

High  70 0.308 0.075 to 
0.541  

00..001100  9.3% -
0.043 

 (-0.290 to 
0.203) 

0.726 0.2% 
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SSuupppplleemmeennttaall  TTaabbllee  44..  AAssssoocciiaattiioonnss  ooff  ppootteennttiiaall  ccoonnffoouunnddiinngg  oorr  eexxppllaannaattoorryy  ffaaccttoorrss  wwiitthh  tthhee    

Abbreviations: SD= total sleep duration, V-SD= variability in sleep duration, V-MST= variability in mid-sleep  
insomnia symptoms, ISI= Insomnia Severity Index, BMI= body mass index, MET= Metabolic Equivalent of Task,  
BAI= Beck Anxiety Inventory  

 SD, minutes V-SD, minutes MST, time 

Age, years 0.100, p=0.856 --00..005566,,  pp<<00..000011  0.115, p=0.997 

Gender  (men reference) 1.016, p=0.917 0.047, p=0.870 733.309, p=0.194 

Country of birth (European reference) -12.030, p=0.423 00..885555,,  pp==00..005500  871.554, p=0.317 

Natural day length (shorter day length 
reference) 

5.856, p=0.544 --00..558888,,  pp==00..003377  -487.105, p=0.384 

Educational level  1.007, p=0.610 0.014, p=0.811 -120.397, p=0.292 

Employment status (employed  ≥ 12 
hours/week reference) 

2200..001199,,  pp==00..008800  --00..664400,,  pp==00..005555  11330066..224411,,  pp==00..004488  

Number of medications 1.655, p=0.189 0.003, p=0.927 113355..441155,,  pp==00..005588  

Glucose lowering medication (oral only 
or none reference) 

-4.334, p=0.651 00..552200,,  pp==00..006633  579.170, p=0.297 

BMI, kg/m2 0.337, p=0.683 0.005, p=0.846 -21.360, p=0.654 

Physical activity, MET minutes -0.262, p=0.148 0.002, p=0.729 --2244..447711,,  pp==00..001111  

Sleep apnea risk (low reference) 2.674, p=0.845 0.183, p=0.627 1156.724, p=0.127 

Use of alcohol  (less than weekly 
reference) 

15.796, p=0.105 -0.125, p=0.664 -116.565.160, 
p=0.837 

Sleep medication (less than weekly 
reference) 

16.365, p=0.223 00..668888,,  pp==00..007799  22333344..662244,,  pp==00..000022  

Depressive symptoms, IDS score 1.034, p=0.765 00..119933,,  pp==00..005555  294.904, p=0.136 

Diabetes distress, PAID-5 score -0.424, p=0.908 00..330099,,  pp==00..000044  306.850, p=0.145 

Anxiety, BAI score 0.838, p=0.798 0.145, p=0.128 190.414, p=0.310 
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iinnddiivviidduuaall  sslleeeepp  mmeeaassuurreess  aanndd  HHbbAA11cc  ((rreeggrreessssiioonn  ccooeeffffiicciieenntt  BB,,  pp--vvaalluueess  ((pp<<00..1100  iinn  bboolldd)))) 

time, MST= mid-sleep time, SQ= subjective sleep quality, PSQI= Pittsburgh Sleep Quality Index, INS= subjective 
IQR= inter quartile range, IDS= Inventory of Depressive Symptomatology, PAID= Problem Areas in Diabetes,  

V-MST, minutes SE, % SQ, PSQI score INS, ISI score HbA1c , mmol/mol 

--0.300, p=0.008  7.782, p=0.472 -0.004, p=0.486 --00..002255,,  pp==00..004422  --00..332244,,  pp==00..000022  

--00..007711,,  pp==00..997722  169.057, p=0.375 00..338866,,  pp<<00..000011  00..990077,,  pp<<00..000011  1.930, p=0.320 

33..551188,,  pp==00..225533  -386.701, p=0.187 00..330011,,  pp==00..004488  00..991122,,  pp==00..000088  77..220077,,  pp==00..001111  

--22..888822,,  pp==00..114455  
  

189.517, p=0.315 --00..226655,,  pp==00..000055  --00..771177,,  pp==00..000011  --33..221111,,  pp==00..009922  

--00..008866,,  pp==00..883322  -15.217, p=0.693 --00..006622,,  pp==00..000011  --00..110033,,  pp==00..002200  0.367, p=0.343 

-5.865, p=0.012 
 

18.460, p=0.934 0.181, p=0.116 0.157, p=0.548 --66..991133,,  pp==00..000022  

--00..007799,,  pp==00..77776622  10.691, p=0.664 00..443366,,  pp<<00..000011  00..112288,,  pp<<00..000011  -0.148, p=0.560 

33..335599,,  pp==00..008877  
  

-177.713, p=0.343 0.146, p=0.132 0.295, p=0.179 88..441177,,  pp<<00..000011  

00..111122,,  pp==00..553311  13.435, p=0.407 00..001166,,  pp==00..005522  0.030, p=0.103 0.127, p=0.437 

--00..000088,,  pp==00..883311  3.772, p=0.280 --00..000055,,  pp==00..000055  --00..000088,,  pp==00..004488  0.011, p=0.754 

00..888833,,  pp==00..775511  150.459, p=0.526 00..339900,,  pp==00..000033  00..775588,,  pp==00..001144  1,409, p=0.608 

--00..998822,,  pp==00..662288  
  

242.673, p=0.205 --00..221133,,  pp==00..003300  --00..337744,,  pp==00..009977  -2.286, p=0.249 

11..004477,,  pp==00..770055  
  

-300.929, p=0.251 00..773366,,  pp<<00..000011  00..996666,,  pp==00..000011  0.930, p=0.735 

00..777799,,  pp==00..227755  -6.296, p=0.926 00..229999,,  pp<<00..000011  00..774455,,  pp<<00..000011  0.408, p=0.559 

1.414, p=0.062 53.662, p=0.455 00..114411,,  pp<<00..000011  00..444422,,  pp<<00..000011  22..228877,,  pp==00..000022  

00..553355,,  pp==00..442266  14.811, p=0.816 00..224455,,  pp<<00..000011  00..662255,,  pp<<00..000011  0.238, p=0.720 
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AAbbssttrraacctt  
 
AAiimmss//hhyyppootthheessiiss  
Insufficient sleep is increasingly recognized as a major risk factor for the development of 
obesity and diabetes, and short-term sleep loss in clinical studies leads to a reduction in 
insulin sensitivity. Sleep loss-induced metabolic impairments are clinically relevant, since 
reductions in insulin sensitivity after sleep loss are comparable to insulin sensitivity 
differences between healthy individuals and those with impaired glucose tolerance. 
However, the relative effects of sleep loss vs high fat feeding in the same individual have 
not been assessed. In addition, to our knowledge no diurnal (active during the daytime) 
non-human mammalian model of sleep-loss induced metabolic impairments exists, which 
limits our ability to study links between sleep and metabolism.  
 
MMeetthhooddss    
This study examined the effects of one night of total sleep deprivation on insulin sensitivity 
and beta-cell function, as assessed by an intravenous glucose tolerance test, before and 
after 9 months of high-fat feeding in a canine model.  
 
RReessuullttss  
One night of total sleep deprivation in lean dogs impaired insulin sensitivity to a similar 
degree as a chronic high-fat diet (HFD) (normal sleep: 4.95 ± 0.45 mU-1 L-1 min-1, sleep 
deprivation: 3.14 ± 0.21 mU-1 L-1 min-1, HFD: 3.74 ± 0.48 mUmU-1 L-1 min-1; mean ± 
SEM. Hyperinsulinemic compensation was induced by the chronic HFD, suggesting 
adequate beta-cell response to high-fat feeding. In contrast, there was no beta-cell 
compensation after one night of sleep deprivation, suggesting that there was metabolic 
dysregulation with acute sleep loss that, if sustained during chronic sleep loss, could 
contribute to the risk of type 2 diabetes. After chronic high-fat feeding, acute total sleep 
deprivation did not cause further impairments in insulin sensitivity (sleep deprivation + 
chronic HFD: 3.28 mU-1 L-1 min-1).  
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CCoonncclluussiioonnss//iinntteerrpprreettaattiioonn  
Our findings provide further evidence that sleep is important for metabolic health and 
establish a diurnal animal model of metabolic disruption during insufficient sleep.  
 
RReesseeaarrcchh  iinn  ccoonntteexxtt    
WWhhaatt  iiss  aallrreeaaddyy  kknnoowwnn  aabboouutt  tthhiiss  ssuubbjjeecctt??    
Insufficient sleep is a risk factor for the development of obesity and diabetes 
The relative effects of insufficient sleep and unhealthy lifestyle are not known 
 
WWaatt  iiss    tthhee  kkeeyy  qquueessttiioonn??    
How does insufficient sleep compare with an unhealthy diet in the  same individual canine 
model? 
  
WWhhaatt  aarree  nneeww  ffiinnddiinnggss??  
- One night of total sleep deprivation in lean dogs impaired insulin sensitivity to a similar 
degree as chronic high-fat feeding 
- Acute total sleep deprivation after chronic high-fat feeding did not lead to further 
impairments in insulin sensitivity 
- The canine is a valid non-human diurnal animal model for the sleep loss-induced insulin 
resistance 
 
HHooww  mmiigghhtt  tthhiiss  iimmppaacctt  oonn  cclliinniiccaall  pprraaccttiiccee  iinn  tthhee  ffoorreesseeeeaabbllee  ffuuttuurree??    
Sleep loss has significant clinical relevance as one night of sleep deprivation can impair 
next day insulin sensitivity to a similar degree as a long-term high-fat diet. 
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IInnttrroodduuccttiioonn    
Rates of obesity in the USA have doubled over the last 30 years, as has the percentage of 
people with diagnosed type 2 diabetes, and both conditions are rapidly increasing 
worldwide (1). Although changes in diet and energy expenditure have played an important 
role, sleep and circadian disruption have emerged as novel risk factors for the 
development of metabolic diseases and are often unavoidable in modern, 24 h society 
(2).  
 
The physiological mechanisms by which insufficient sleep increases the risk for type 2 
diabetes and obesity are largely unknown (3). Findings from experimental studies in 
human participants demonstrate that insufficient sleep impairs insulin sensitivity (4-27), a 
primary pathophysiological mechanism underlying type 2 diabetes (28). The degree of 
insulin sensitivity impairment induced by insufficient sleep in healthy individuals is 
comparable to the magnitude of insulin resistance in people with obesity and type 2 
diabetes compared to lean controls (28, 29) . Yet, the relative effects of insufficient sleep 
vs diet-induced insulin resistance, and their combined effects on glucose metabolism in 
the same individual are unknown. Understanding relative effects of these factors may 
provide insight into how sleep loss may contribute to metabolic disease progression.  
 
The canine may be a suitable model in which to examine and compare the relative effects 
of sleep deprivation vs a high fat diet (HFD). This model has been used extensively to 
study the impact of high-fat feeding on insulin sensitivity and beta-cell compensation (30-
34). Furthermore, the canine is a diurnal mammal, rather than nocturnal, with sleep-wake 
patterns and electroencephalography (measured by EEG) similar to humans (35, 36).  
 
Therefore, the aim of the present exploratory study was to first evaluate the influence of 
acute total sleep deprivation on insulin sensitivity and then investigate in a subset of 
animals the relative effects of one night of sleep deprivation vs a 9 month HFD on glucose 
metabolism in the same animal. Insulin sensitivity (SI), acute insulin response to glucose 
(AIRG), and disposition index (DI) were assessed using frequently-sampled intravenous 
glucose tolerance tests (IVGTTs) and were compared between four conditions: normal 
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sleep on a chow diet (NS-chow), sleep deprivation on a chow diet (SD-chow), normal 
sleep after a high fat diet (NS-HFD), and sleep deprivation after a HFD (SD-HFD).  
 
MMeetthhooddss  
RReesseeaarrcchh  ddeessiiggnn  
We compared the impact of normal sleep vs sleep deprivation presented in randomized 
order with effects of a chronic high-fat diet in dogs on metabolic outcomes. Assessments 
of the effects of one night of total sleep deprivation vs normal sleep were performed 
during chow feeding, as well as after approximately 9 months on a high-fat diet. See 
Figure 1 for a schematic representation of the experimental conditions and protocol. The 
study was approved by the Cedars-Sinai Medical Center Institutional Animal Care and Use 
Committee. The effects of fat feeding on insulin sensitivity, cardiac function and insulin 
access to skeletal muscle in some of these animals have been reported previously (30, 
33). 
  
EExxppeerriimmeennttaall  aanniimmaallss    
Adult (>1 year of age), male, mixed-breed, normal weight dogs were housed in the 
Cedars-Sinai Medical Center Vivarium (Los Angeles, California, USA) under controlled 
kennel conditions, on a 12:12 h light-dark cycle (lights off from 18:00-06:00 h). The baseline 
chow diet was provided daily from 09:00-10:00 h and consisted of a combination of moist 
and dry chow, providing 14.970 kJ/day (3,578 kcal), with a breakdown of 39.2% 
carbohydrate, 32.5% fat and 28.3% protein. Dogs were accepted into the study only if 
weight was stable and they were judged to be in good health as determined by visual 
inspection, body temperature and hematocrit.  
 
IInntteerrvveennttiioonnss  
To assess the effects of total sleep deprivation after baseline chow diet and after a chronic 
HFD, 24 dogs were studied under two sleep conditions—normal sleep and sleep 
deprivation. Normal sleep involved one night of undisturbed sleep (no researcher present, 
as this would have aroused dogs and disturbed sleep), whereas sleep deprivation included 
constant human attention (petting by and interaction with researchers) from 06:00-06:00 
h to prevent sleep. Lights were kept on from 06:00-18:00 h, and were dimmed (<5 lux, 
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during sleep deprivation) or off (during normal sleep) from 18:00-06:00 h. The sleep 
conditions were separated by at least 4 days (mean >2 weeks) to allow for sufficient 
recovery sleep, and were assigned in random order.  
 
At least 2 weeks following the final experiment on baseline chow diet, a subset of 8 animals 
began a HFD for 9 months (mean 37 weeks (range 31 – 42 weeks)), consisting of the 
baseline chow diet supplemented with 160 g of rendered pork fat (lard) to achieve a 52% 
fat diet providing 21,025 kJ/day (5,025 kcal). Animal allocation to HFD was predetermined 
based on availability and ongoing projects, thus we did not have control over the selection 
of the subset that went on to HFD. As mentioned above, effects of high-fat feeding on 
insulin sensitivity, cardiac function and insulin access to skeletal muscle in these animals 
have been reported previously (30, 33). For clinical comparisons, the typical American or 
European diet contains approximately 36-40% fat, therefore an HFD for humans might 
contain 50-60% of energy as fat (37). Thus, a baseline chow diet of approximately 33% 
fat and a diet comprised of 52% fat are comparable to normal diets and HFD, respectively, 
typically consumed by humans.  
 
The baseline chow diet was given on all experimental days, including during HFD 
conditions to rule out acute dietary effects on our outcome measures. All food given on 
experimental days was therefore matched for calories and macronutrient content across 
conditions. 
  
OOuuttccoommee  mmeeaassuurreess  
Minimal model analyses of frequently-sampled IVGTTs were performed to assess whole 
body insulin sensitivity (SI), acute insulin response to glucose (AIRG), disposition index (DI), 
glucose effectiveness (SG), and glucose tolerance (KG). IVGTTs were performed at 08:00 
h immediately following an overnight fasting period. Animals were mildly restrained in a 
Pavlov sling during the procedure. An intracatheter was inserted into the saphenous or 
cephalic vein. Blood samples were drawn every 5 min for 15 min (3 baseline samples), 
after which (time= 0 min) glucose was given as an intravenous bolus (0.3 g/kg body 
weight). Intravenous insulin (0.02 U/kg body weight) was administered at time= 20 min. 
Blood samples were collected at 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 19, 22, 23, 24, 25, 30, 40, 50,  
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FFiigguurree  11..  SScchheemmaattiicc  rreepprreesseennttaattiioonn  ooff  eexxppeerriimmeennttaall  ccoonnddiittiioonnss  aanndd  eexxppeerriimmeennttaall  pprroottooccooll..    
Intravenous glucose tolerance tests (IVGTTs) were conducted following one night of normal sleep (dark period) 
and one night of total sleep deprivation (dim-light period), assigned in random order in 24 animals. And 
separated by 18 ± 3 days (mean ± SEM). A subset of 8 animals then went on to receive a high fat diet (HFD) for 
approximately 9 months, after which IVGTTs were conducted following one night of normal sleep and one night 
of total sleep deprivation, assigned in random order.  

 
60, 70, 90, 100, 120, 140, 160 and 180 min, and glucose and insulin concentrations 
determined. SI, was calculated using the minimal model of glucose kinetics using 
MINMOD Millennium software (MINMOD 6.02, MinMod, Los Angeles, CA, USA). AIRG 
was calculated as the area under the curve (AUC) of the insulin concentrations above the 
concentration of glucose from 5 to 19 min. Adipose tissue insulin sensitivity (Adipo-IR) was 
calculated as the product of fasting non-esterified fatty acids (NEFA) and insulin 
concentrations in plasma (38).  
 
Measures of NEFA, cortisol, noradrenaline (norepinephrine) and adrenalin (epinephrine) 
were derived from fasting blood samples taken immediately prior to each IVGTT on the 
mornings immediately following one night of normal sleep or total sleep deprivation. 
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These blood samples were collected every 15 min from 06:30 h until the start of the IVGTT 
(6 samples in total; concentrations are mean values).  
 
Blood samples for the analysis of glucose, insulin, cortisol, adrenalin, and noradrenalin 
were collected in tubes that were pre-coated with lithium heparin (Becton Dickinson, 
Franklin Lakes, New Jersey, USA), and contained 50 uL EDTA (Sigma Chemicals, St Louis, 
MO, USA). Tubes for the analysis of NEFA contained only EDTA. Tubes were kept on ice 
and centrifuged. Plasma was then separated, transferred to storage tubes, and placed on 
ice or at -20ºC for the remainder of the experiment. Upon completion of the experiment, 
samples were transferred to -80ºC freezers for storage until further analysis. Glucose was 
measured using a YSI 2300 or 2700 auto-analyzer (Yellow Springs Instruments, Yellow 
Springs, Ohio, USA). Insulin was measured with an ELISA originally developed for human 
serum or plasma (Linco Research, St. Charles, MO, USA) and adapted for dog plasma 
(37). Plasma free fatty acids were measured using the NEFA C kit (Wako Pure Chemical 
Industries, Richmond, VA, USA). Cortisol was measured using an RIA (Siemens Healthcare 
Diagnostics). Plasma epinephrine and norepinephrine were measured with an ELISA 
(Rocky Mountain Diagnostics, Colorado Springs, CO, USA). 
 
Body weight, as well as the size of visceral and subcutaneous fat deposits in the abdominal 
region, were assessed before and after the HFD. Size of fat depots were assessed under 
general anesthesia by MRI imaging using a 3.0-T Siemens Scanner (MAGNETOM Verio, 
Siemens Healthcare, Erlanden, Germany). Imaging software (SliceOmatic 4.3, Tomovision, 
Magog, QC, Canada) was used to distinguish fat and non-fat tissues based on pixel 
intensity from 11 transverse 10 mm thick slices. Physical activity on all experimental days 
was measured using a collar-bound accelerometer (Actical, Respironics, Murrysville, PA, 
USA). Food was weighed each day before and after animals were fed to determine exact 
food intake. 
 
SSaammppllee  ssiizzee  
On the basis of human studies on the effects of insufficient sleep on insulin sensitivity and 
previous studies on the effects of a chronic high-fat (lard) diet on insulin sensitivity in dogs, 
large effect sizes were expected for the effects of these conditions on insulin sensitivity. 
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During the planning of this study, no information was available on the expected 
differences in insulin sensitivity in response to sleep deprivation vs a chronic HFD, nor on 
the effect of sleep deprivation after a chronic HFD. Twenty-four dogs took part in the 
baseline sleep study, which yielded 80% power for detecting medium effect sizes (Cohen’s 
d of at least 0.60) regarding the effects of total sleep deprivation under baseline conditions 
(NS-chow vs SD-chow). Eight of these dogs completed an approximate 9 month HFD, 
which yielded 80% power for detecting a large effect size (partial η2 of at least 0.81) 
regarding differences among the four conditions (NS-chow vs SD-chow vs NS-HFD vs 
SD-HFD), assuming no correlation (Pearson’s ρ of 0.0) between repeated measures, as 
well as large effect sizes (Cohen’s d of at least 1.16) for post hoc comparisons. 
 
SSttaattiissttiiccaall  aannaallyysseess  
Differences between baseline and total sleep deprivation conditions before HFD are 
expressed in mean absolute difference, with standard error of the mean (SEM), and effect 
size (Cohen’s d) when relevant. Paired samples t tests were used to compare means 
between the two sleep conditions (NS-chow vs SD-chow; n=24; results presented in Table 
1). Repeated measures ANOVA with post hoc t tests were used to compare means 
between the four conditions (NS-chow vs SD-chow vs NS-HFD vs SD-HFD; n=8; results 
presented in Table 2). Significance was set at a p value of 0.05. Statistics were performed 
using SPSS IBM Statistics 22 (Armonk, NY, USA).  
 
RReessuullttss  
OOnnee  nniigghhtt  ooff  eexxppeerriimmeennttaall  sslleeeepp  ddeepprriivvaattiioonn  iimmppaaiirrss  iinnssuulliinn  sseennssiittiivviittyy  wwiitthhoouutt  bbeettaa--cceellll  
ccoommppeennssaattiioonn  
Total sleep deprivation significantly reduced SI by 21 ± 6%; (p=0.004; data are mean ± 
SEM; Table 1). AIRG was not elevated in response to sleep deprivation, reflected by a 
significant reduction in DI (p=0.006; Table 1). Furthermore, KG was decreased in response 
to sleep deprivation though this was not statistically significant (p=0.065; Table 1). 
 
In the subsample of animals that went on to high-fat feeding (n=8 out of 24), sleep 
deprivation following baseline chow feeding impaired SI by 33 ± 6% (p=0.001; Table 2), 
although fasting insulin concentrations were not different (p=0.062; Table 2).  
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TTaabbllee  11..  EEffffeeccttss  ooff  nnoorrmmaall  sslleeeepp  vvss  sslleeeepp  ddeepprriivvaattiioonn..  
Measure Normal 

sleep, 
mean 
(SEM) 

Sleep 
deprivation, 
mean (SEM) 

Mean 
difference 
(SEM) 

Test statistics 

Fasting glucose (mmol L-1) 5.34 (0.07)  5.32 (0.07) 0.03 (0.07) t 0.373, p=0.712 

Fasting insulin (pmol L-1) 52.78 (6.25) 56.25 (5.56) -3.24 (4.74) t 0.684, p=0.501 

Fasting free fatty acids, FFA (mM); n=8 0.53 (0.04) 0.55 (0.06) -0.013 
(0.060) 

t 0.210, p=0.840 

Glucose tolerance, KG (% min-1) 3.7 (0.2) 3.2 (0.2) 0.474 (0.244) t 1.942, p=0.065 

Beta cell response, AIRG (mU L-1 min) 509.7 (32.0) 504.5 (31.1) 5.214 (18.355) t 0.284, p=0.779 

Insulin sensitivity, SI (mU-1 L-1 min-1) 6.50 (0.62) 4.95 (0.51) 1.549 (0.478) t 3.243, 
p=0.004** 

Disposition index, DI (AIRG SI) 3195 (312) 2421 (283) 774.1 (253.9) t 3.049, 
p=0.006** 

Glucose effectiveness, SG (% min-1) 0.041 
(0.002) 

0.039 (0.002) 0.002 (0.002) t 0.926, p=0.364 

Adipose tissue insulin sensitivity, 
adipo-IR (FFA insulin mg dL-1); n=8 

4.48 (1.12) 5.30 (0.83) -0.823 (1.170) t -0.704, 
p=0.504 

Fasting Cortisol (pmol L-1); n=12 5.13 (0.68) 4.00 (0.82) -1.13 (3.10) t 1.261, p=0.233 

Fasting Epinephrine (pmol L-1); n=12 365.8 (67.2) 322.1 (59.0) -43.7 (204.2)  t 0.743, p=0.473 

Fasting Norepinephrine (pg mL-1); 
n=12 

931.0 
(251.2) 

834.0 (253.6) -96.9 (334.0)  t 1.005, p=0.336  

24-hour physical activity (mean counts 
per hour); n=7 

273 (52) 261 (49) -12 (38) t 0.326, p=0.756  

Daytime physical activity (mean counts 
per hour); n=7 

491 (96) 481 (102) -10 (75) t 0.138, p=0.895  

Nighttime physical activity (mean 
counts per hour); n=7 

55 (12) 40 (11) -15 (22) t 0.704, p=0.508  

Abbreviations: SEM: standard error of the mean; t: paired samples t-test test statistic; *p<0.05, **p<0.01, 
***p<0.001; n=24 unless otherwise noted. 

 
No differences were detected between sleep conditions for fasting glucose and NEFA 
concentrations, SG or Adipo-IR (Tables 1 and 2).  
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CChhrroonniicc  hhiigghh--ffaatt  ffeeeeddiinngg  iinndduucceess  wweeiigghhtt  ggaaiinn,,  iinnssuulliinn  rreessiissttaannccee  aanndd  bbeettaa--cceellll  
ccoommppeennssaattiioonn  
Nine months on a HFD resulted in significant weight gain (4.2 ± 1.0 kg; t 4.084, p=0.005; 
mean baseline weight: 31.6 kg), which included a significant increase in visceral fat volume 
(6.3 ± 2.2 cm3; p<0.023; mean baseline volume: 11.3 cm3), but not subcutaneous fat 
volume (2.3 ± 1.0 cm3; p=0.069; mean baseline weight: 10.9 cm3). 
 

 
FFiigguurree  22..  EEffffeeccttss  ooff  oonnee  nniigghhtt  ooff  sslleeeepp  ddeepprriivvaattiioonn  vvss  aa  cchhrroonniicc  hhiigghh--ffaatt  ddiieett  ((HHFFDD))..    
Intravenous glucose tolerance tests (IVGTTs) were used to assess insulin sensitivity (as SI ) (A), beta-cell response 
(as AIRG ) (B) and disposition index (as DI) (C) in 8 animals following one night of normal sleep and one night of 
total sleep deprivation, assigned in random order, before and after approximately 9 months on a HFD. Data are 
represented as mean + SEM with individual animals represented by colored data points. To convert SI  values 
to SI units, multiply by 0.167. Abbreviations: Dep.: Deprivation. *p<0.05. 
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TTaabbllee  22..  EEffffeeccttss  ooff  sslleeeepp  ddeepprriivvaattiioonn  bbeeffoorree  aanndd  aafftteerr  cchhrroonniicc  hhiigghh--ffaatt  ffeeeeddiinngg..  
Measure Condition, mean (SEM) Test statistics 

 1 2 3 4  
 
 
 
 

Chow 
Diet 

 Post High-
Fat Diet 

 

Sleep Sleep 
Dep. 

Sleep Sleep 
Dep. 

NS-chow SD-chow NS-HFD SD-HFD 

Fasting glucose (mmol L-1) 5.26 
(0.11) 

5.30 
(0.13) 

5.23 (0.11)  5.27 
(0.11) 

F 0.131, 
p=0.940 

Fasting insulin (pmol L-1) 56.95 
(10.42) 

72.23 
(12.50) 

88.20 
(15.28) 

94.66 
(13.89) 

F 6.773, 
p=0.002** 

Fasting free fatty acids, FFA (mM); 
n=6 

0.52 
(0.05) 

0.52 
(0.07)  

0.50 (0.03) 0.47 
(0.02) 

F 0.282, 
p=0.838 

Glucose tolerance, KG (% min-1) 2.93 
(0.23) 

2.90 
(0.18) 

2.89 (0.25) 2.72 
(0.18) 

F 0.413, 
p=0.745 

Beta cell response, AIRG (mU L-1 min) 494.9 
(70.3) 

509.3 
(48.3) 

623.0 
(73.0) 

612.1 
(49.3) 

F 8.239, 
p=0.001** 

Insulin sensitivity, SI (mU-1 L-1 min-1) 4.95 
(0.45) 

3.14 
(0.21) 

3.74 (0.48) 3.28 
(0.37)  

F 8.109, 
p=0.001** 

Disposition index, DI (AIRG SI) 2291 
(240) 

1570 
(141) 

2251 (295)  1939 
(162) 

F 4.594, 
p=0.013* 

Glucose effectiveness, SG (% min-1) 0.036 
(0.002) 

0.035 
(0.003) 

0.032 
(0.001) 

0.035 
(0.003) 

F 0.714, 
p=0.554 

Adipose tissue insulin sensitivity, 
Adipo-IR (FFA insulin mg dL-1); n=6 

4.65 
(1.52) 

4.65 
(0.47)  

6.19 (1.32)  6.60 
(1.26) 

F 1.754, 
p=0.199 

Fasting cortisol (pmol L-1); n=7 4.75 
(1.01) 

3.95  
(1.21) 

4.58 (1.03) 5.39 
(0.81) 

F 0.925, 
p=0.449 

Fasting epinephrine (pmol L-1); n=7 280.1 
(90.1) 

246.8 
(54.6) 

579.2 
(111.4) 

636.5 
(157.8) 

F 25.932, 
p=0.002** 

Fasting norepinephrine (pmol L-1); 
n=7 

494.8 
(232.3) 

430.3 
(201.0) 

1233.6 
(220.5) 

871.9 
(218.7) 

F 16.084, 
p=0.007** 

24-hour physical activity (mean 
counts per hour); n=4 

219 (52) 239 (76) 77 (20) 64 (6) F 5.053, 
p=0.025* 

Daytime physical activity (mean 
counts per hour); n=4 

394 (93) 437 (163) 135 (40) 89 (7) F 4.278, 
p=0.039* 

Nighttime physical activity (mean 
counts per hour); n=4 

43 (16) 41 (15) 18 (1) 41 (17) F 0.662, 
p=0.596 

Legend: On page 144.
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Comparisons between conditions, mean difference (SEM), p-value post hoc t test 

1 vs 2 1 vs 3 1 vs 4 2 vs 3 2 vs 4 3 vs 4 

 
 
 
 
 

0.04 (0.16), 
p=0.824 

-0.03 (0.14), 
p=0.817 

0.01 (0.09), 
p=0.891 

-0.07 (0.10), 
p=0.506 

-0.02 (0.08), 
p=0.772 

0.04 (0.09), 
p=0.640 

15.21 (6.81), 
p=0.062 

31.46 (11.39), 
p=0.028* 

37.92 (9.24), 
p=0.004** 

16.25 (9.38), 
p=0.127 

22.78 (9.51), 
p=0.048* 

6.46 (8.61), 
p=0.476 

-0.00 (0.08), 
p=0.984 

-0.02 (0.05), 
p=0.727 

-0.05 (0.07), 
p=0.469 

-0.02 (0.05), 
p=0.715 

-0.05 (0.09), 
p=0.572 

-0.03 (0.05), 
p=0.542 

-0.03 (0.12), 
p=0.823 

-0.04 (0.19), 
p=0.824 

-0.21 (0.21), 
p=0.353 

-0.02 (0.16), 
p=0.929 

-0.18 (0.23), 
p=0.458 

-0.16 (0.28), 
p=0.577 

14.4 (28.4), 
p=0.629 

128.1 (38.2), 
p=0.012* 

117.2 (33.7), 
p=0.020* 

113.8 (40.0), 
p=0.025* 

102.9 (13.3), 
p<0.001*** 

-10.9 (37.0), 
p=0.777 

-1.81 (0.41), 
p=0.003** 

-1.21 (0.47), 
p=0.038* 

-1.67 (0.28), 
p=0.001** 

0.60 (0.52), 
p=0.290 

0.14 (0.42), 
p=0.751 

-0.46 (0.29), 
p=0.154 

-721 (200), 
p=0.009** 

-40 (222), 
p=0.863 

-351 (210), 
p=0.138 

681 (219), 
p=0.017* 

370 (200), 
p=0.107 

-312 (267), 
p=0.281 

-0.001 (0.002), 
p=0.733 

-0.004 (0.002), 
p=0.107 

-0.001 (0.002), 
p=0.815 

-0.003 (0.002), 
p=0.179 

-0.000 (0.004), 
p=1.000 

0.003 (0.002), 
p=0.274 

-0.01 (1.15), 
p=0.995 

1.54 (1.46), 
p=0.341 

1.94 (0.99), 
p=0.108 

1.55 (1.09), 
p=0.214 

1.95 (0.98), 
p=0.103 

0.41 (0.73), 
p=0.603 

-0.80 (1.02), 
p=0.465 

-0.17 (0.41), 
p=0.686 

0.64 (0.69), 
p=0.387 

0.62 (0.82), 
p=0.474 

1.44 (1.33), 
p=0.318 

0.82 (0.66), 
p=0.265 

-33.3 (91.7), 
p=0.731 

299.2 (125.0), 
p=0.054 

355.9 (107.0), 
p=0.016* 

332.5 (97.7), 
p=0.014* 

389.2 (146.3), 
p=0.037* 

56.8 (99.9), 
p=0.592 

-64.4 (79.8), 
p=0.449 

738.3 (224.6), 
p=0.017 

377.1 (139.5), 
p=0.036 

803.3 (179.1), 
p=0.004 

441.6 (167.3), 
p=0.038 

-361.8 (238.2), 
p=0.180 

20 (40), 
p=0.655 

-143 (54), 
p=0.078 

-155 (50), 
p=0.054 

-163 (83), 
p=0.145 

-175 (76); 
p=0.104 

-13 (23), 
p=0.618 

42 (106), 
p=0.717 

-259 (97), 
p=0.076 

-305 (96), 
p=0.050 

-302 (174), 
p=0.182 

-348 (161), 
p=0.120 

-46 (43), 
p=0.363 

-3 (30), 
p=0.938 

-25 (16), 
p=0.212 

-3 (27), 
p=0.931 

-23 (15), 
p=0.220 

0 (13), p=1.000 23 (16), 
p=0.264 
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The table presents data from the subset of 8 animals that went on to high-fat feeding for nine months.  
Abbreviations: Dep.: Deprivation; SEM: standard error of the mean; F: repeated measures ANOVA test statistic; 
*p<0.05, **p<0.01, ***p<0.001; n=8 unless otherwise noted. Due to technical issues with accelerometers, activity 
data for all conditions are available from n=4 animals. 

 
 
Chronic high-fat feeding resulted in a 21 ± 11% decrease in SI (p=0.038) with a 
concomitant increase in AIRG (p=0.012; Table 2; Figure 2). As a result, DI remained 
unchanged (Table 2; Figure 2). The chronic HFD resulted in significantly higher fasting 
insulin concentrations (p=0.028; Table 2). In contrast, no differences were detected in 
fasting glucose or NEFA concentrations, nor KG, SG, or Adipo-IR (Table 2).  
  
IImmppaacctt  ooff  sslleeeepp  ddeepprriivvaattiioonn  vvss  cchhrroonniicc  hhiigghh--ffaatt  ffeeeeddiinngg  
Reductions in SI were similar between one night of total sleep deprivation and nine 
months of chronic high-fat feeding (Table 2; Figure 2). No differences were detected 
between conditions for fasting glucose, insulin, FFA concentrations, nor KG, SG or Adipo-
IR (Table 2).  
  
IImmppaacctt  ooff  sslleeeepp  ddeepprriivvaattiioonn  iinn  ccoonnjjuunnccttiioonn  wwiitthh  aa  cchhrroonniicc  hhiigghh--ffaatt  ddiieett  
Total sleep deprivation following 9 months of HFD significantly reduced SI by 32 ± 5% 
compared with baseline chow and habitual sleep at baseline (p=0.001). However, the 
combination did not result in a further decrease in SI (p=0.154; Cohen’s d effect size 0.57), 
nor any changes to AIRG or DI (Table 2; Figure 2) when compared with HFD and habitual 
sleep. Similarly, no differences were detected between these conditions for fasting 
glucose, insulin, and NEFA concentrations, nor KG, SG or Adipo-IR (Table 2). 
 
CCoorrttiissooll,,  eeppiinneepphhrriinnee  aanndd  nnoorreeppiinneepphhrriinnee  
Fasting cortisol concentrations did not differ between study conditions (Table 1 and 2). 
Catecholamines also did not differ between normal sleep and sleep deprivation during 
baseline chow feeding but were elevated following the chronic HFD (adrenaline p=0.054, 
noradrenaline p=0.017) (Tables 1 & 2). 
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PPhhyyssiiccaall  aaccttiivviittyy  aanndd  ffoooodd  iinnttaakkee  
Physical activity data from accelerometry are shown in Tables 1 and 2. Mean daytime 
activity counts (06:00 – 18:00 hours) were higher than nighttime activity counts (18:00 – 
06:00 hours) in all conditions. There was a significant effect of diet on 24 h and daytime 
physical activity (Table 2). No effects of sleep deprivation on physical activity were 
observed. Food given to animals was identical on all experimental days and actual food 
intake was not different between study conditions (data not shown). 
  
DDiissccuussssiioonn  
We investigated the effects of one night of total sleep deprivation on metabolism in 
canines and compared the influence of sleep deprivation and a chronic HFD in a subset 
of the same individual animals. We found that one night of total sleep deprivation in lean 
dogs impaired insulin sensitivity to a similar degree as 9 months of chronic high-fat 
feeding. The DI—an index of beta-cell function relative to insulin sensitivity, and an 
important predictor of type 2 diabetes—was maintained during chronic high-fat feeding, 
reflecting normal beta-cell compensatory mechanisms to insulin resistance. In contrast, 
sleep deprivation led to a reduction in DI, suggesting the beta-cell did not compensate 
for the reduction in insulin sensitivity. Finally, sleep deprivation following the induction of 
diet induced insulin resistance did not cause any further impairments to insulin sensitivity 
or DI.  
 
Our findings are consistent with results from previous studies of insufficient sleep in 
human participants (4-26) and chronic HFD studies in dogs (30-34), which report impaired 
insulin sensitivity during both conditions. Consistent with findings from human studies in 
which food intake was controlled, insufficient sleep in the canine was also accompanied 
by a reduction in DI due to a lack of compensatory beta cell response (4, 6, 13, 24, 40).  
We previously reported that 2 - 6 weeks of HFD (using the same HFD as in the present 
study) is required to elicit hyperinsulinemic compensation (32, 41). Furthermore, results 
from a clinical study of insufficient sleep in which food intake was allowed ad libitum also 
reported hyperinsulinemic compensation (25). Thus, it is possible that hyperinsulinemic 
compensation would occur if insufficient sleep is sustained chronically.  
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Our previous work suggests that the specific signal for insulin compensation in response 
to insulin resistance is elevated nocturnal NEFA (32, 41). Results from the same canine 
model showed that nocturnal NEFA are significantly elevated following 6 weeks of high-
fat feeding and correlate with insulin secretion, without changes in morning fasting NEFA 
(32). In humans, three nights of insufficient sleep resulted in elevated nocturnal NEFA (4). 
Since overnight blood sampling in our canine model would have disrupted sleep, it was 
not possible to investigate the relationship between nocturnal NEFA and insulin secretion 
in the current study. 
 
Following 9 months of high-fat feeding, one night of sleep deprivation did not result in 
further reductions in insulin sensitivity or changes in beta cell response. These findings 
may imply that once insulin sensitivity is impaired, there could be a “floor effect” such that 
further reductions are not possible. This possibility is supported by a recent study in 
human volunteers that demonstrated no additional changes in parameters of fat and 
glucose metabolism occurred when sleep deprivation took place after one week of 
deliberate overfeeding (42). Alternatively, a diet high in fat is known to disrupt sleep and 
circadian rhythms in rodents (43) and the percentage of energy derived from saturated 
fat intake is associated with reduces slow wave sleep in humans (44). Sleep in our animals 
during the HFD, therefore,  may already have been disrupted, leading to a reduced impact 
of our intervention and smaller differences between sleep conditions after chronic high-
fat feeding.  
 
Another important consideration is the impact of a long-term HFD combined with chronic 
insufficient sleep, as is common in modern society. We and others have previously 
reported that insufficient sleep increases the risk for developing obesity by increasing 
subjective hunger and appetite, as well as the hunger hormone ghrelin when food intake 
is controlled (45). Furthermore, when palatable food is readily available, insufficient sleep 
leads to a significant increase in energy intake (45, 46). Since our dogs were not given 
free access to food during this study, they were unable to increase energy intake during 
sleep deprivation. However, we hypothesize that, if animals had been maintained on 
chronic insufficient sleep in conjunction with ad libitum access to the HFD, further 
reductions in insulin sensitivity would have been observed. 
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Finally, this study may have been underpowered to detect an impact of sleep deprivation 
after a HFD (medium-sized effect (Cohen’s d of 0.57)), as it was only powered for the 
detection of large effect sizes. Studies in larger samples are needed to further elucidate 
the effects of insufficient sleep in metabolically comprised individuals.  
 
The mechanisms by which sleep loss impairs insulin sensitivity are yet to be unraveled, but 
roles for sympathetic nervous system and hypothalamic–pituitary–adrenal axis activation, 
as well as increased inflammation, have been suggested (3). Studies assessing cortisol, 
adrenaline and noradrenaline during insufficient sleep have reported mixed findings, with 
some studies reporting no increases (4, 6, 11, 12, 14, 17, 47) or modest increases (4, 14, 15, 
19, 40) in some or all of these factors. In the present study we did not detect changes in 
cortisol or catecholamines in response to one night of sleep deprivation. Furthermore, 
physical activity and food intake during the experimental days did not differ between the 
normal sleep and sleep deprivation conditions, ruling out the possibility that acute 
differences in either behavior could have impacted on insulin sensitivity after one night of 
sleep deprivation. In contrast, fasting noradrenaline was higher after 9 months of high-fat 
feeding, which may have contributed to impaired insulin sensitivity. However, due to 
sample-size limitations it was not feasible to test whether effects of the HFD were 
mediated in part by changes in these variables. 
 
Contrary to studies in human volunteers, we did not observe any indication of adipose 
tissue insulin resistance in response to sleep deprivation, as assessed by Adipo-IR—the 
product of fasting NEFA and insulin concentrations in plasma (38). This may be due in 
part to protocol differences between studies. For example, the current study assessed 
Adipo-IR after one night of total sleep deprivation. In contrast, results from human studies 
suggest chronic partial sleep loss impairs adipose tissue function as indicated by impaired 
insulin signaling (5), increased nocturnal NEFA (4) and impaired NEFA rebound (27). 
Therefore, a longer duration of insufficient sleep may be necessary to induce alterations 
in Adipo-IR. In contrast, reports from another clinical study found that a single night of 
sleep deprivation was indeed sufficient to induce changes in adipose tissue assessed from 
biopsies (48, 49). Together these results suggest that our method for assessing adipose 
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tissue function using fasting plasma NEFA and insulin was unable to uncover potential 
alterations in adipose tissue due to one night of insufficient sleep. 
 
In summary, the canine model appears to be a valid large, diurnal animal model for the 
study of sleep loss-induced insulin resistance. Future studies in dogs could elucidate the 
pathophysiological mechanisms by which sleep loss impairs insulin sensitivity in ways not 
possible in human volunteers, for example using physical or pharmacological denervation 
of specific metabolic tissues to examine whether the impact of insufficient sleep on 
glucose metabolism is established through altered sympathetic innervation. 
 
However, the results of this study must be interpreted with some limitations in mind. First, 
insulin resistance induced by a single night of total sleep deprivation is unlikely to truly 
compare to insulin resistance induced by a hypercaloric HFD, as the impact of sleep loss 
on insulin sensitivity can be reversed following a period of recovery sleep. For example, 
reports from experimental sleep restriction studies in humans indicate that two nights of 
recovery sleep is sufficient to restore insulin sensitivity (23), although some studies report 
only partial restoration of insulin sensitivity (24, 26). In contrast, moderate weight loss of 
5% or more is typically required to improve insulin sensitivity in people with obesity, which 
takes weeks or months of intense intervention to achieve (50). Second, the pilot nature of 
the protocol resulted in a small all-male sample size, in particular for the subgroup that 
went on to chronic high-fat feeding, which yielded power for the detection of large effect 
sizes only. As a consequence, medium or small differences between conditions could not 
be detected or statistically confirmed by this study. Related to this, the subset of eight 
animals that went on to an HFD had larger reductions in SI during sleep deprivation than 
the larger group of 24 animals, and therefore may not be a true representative subgroup. 
Third, we did not measure sleep directly, for example by using EEG, and therefore we 
cannot provide information on the duration or quality of sleep throughout the protocol. 
Previous research in experimental dogs suggests a sleep–wake pattern similar to humans, 
with a third of the time sleeping, and most of sleep occurring overnight (35, 36). Fourth, 
the sleep study conditions differed, not only based on sleep duration, but also based on 
the absence (normal sleep) or presence (sleep deprivation) of the researcher during the 
experimental night. We do not expect this to have influenced our findings, however, as 

148



the dogs were considerably habituated to investigators prior to study, and no differences 
were detected in fasting cortisol, adrenaline and noradrenaline concentrations between 
conditions. 
 
In conclusion, our findings indicate that one night of total sleep deprivation is as 
detrimental to insulin sensitivity as 9 months of an HFD. These results emphasize the 
importance of sleep for glucometabolic health. Furthermore, the canine may represent a 
new model to study mechanisms by which sleep loss causes acute metabolic dysfunction. 
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AAbbssttrraacctt  
 
IInnttrroodduuccttiioonn  
Psychological distress has been identified as a risk factor for poor glycemic control in 
individuals with type 2 diabetes (T2D). Psychological distress is often accompanied by 
poor sleep – another risk factor for hyperglycemia. We assessed whether poor sleep 
mediates the association between psychological distress and glycemic control in 
individuals with T2D.  
 
RReesseeaarrcchh  DDeessiiggnn  aanndd  MMeetthhooddss  
For this cross-sectional study, 198 individuals with T2D completed questionnaires, seven-
day wrist-actigraphy, and blood tests. Mediation analysis was used to test whether poor 
sleep (sleep duration, variability in sleep duration, and participant-reported sleep quality) 
accounts for the association between psychological distress (depressive symptoms, 
anxiety symptoms, diabetes distress) and HbA1c.  
 
RReessuullttss  
Diabetes distress (beta 0.22, p=0.002), but not depressive and anxiety symptoms, was 
significantly associated with HbA1c. Diabetes distress was associated with variability in 
sleep duration (beta 0.22, p=0.004) and sleep quality (beta 0.27, p<0.001), but not with 
total sleep duration. When sleep duration or sleep quality were added to the model, the 
association between diabetes distress and HbA1c remained significant, although 
coefficients decreased about 20%. Hence, sleep quality and variability in sleep duration, 
but not total sleep duration, partially mediated the association between diabetes distress 
and HbA1c. Parallel mediation (including both sleep quality and variability in sleep 
duration) showed a mediation effect of 34%.   
 
CCoonncclluussiioonnss  
Poor sleep only partially mediates the association between diabetes distress and poor 
glycemic control. Targeting both diabetes distress and poor sleep may be vital for the 
optimization of glycemic control in individuals with T2D, and may deserve attention in the 
management of T2D. 
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WWhhaatt  iiss  aallrreeaaddyy  kknnoowwnn  aabboouutt  tthhiiss  ssuubbjjeecctt??  
- Psychological distress is as a risk factor for poor glycemic control in individuals with type 
2 diabetes.  
- Psychological distress is often accompanied by poor sleep, which is also risk factor for 
hyperglycemia.  
- Sleep deprivation has an immediate negative effect on glucose homeostasis, due to 
increased insulin resistance. 
 
WWhhaatt  aarree  tthhee  nneeww  ffiinnddiinnggss??  
- Out of three measures of psychological distress (depressive symptoms, anxiety 
symptoms, diabetes distress) only diabetes distress was significantly associated with poor 
glycemic control.  
- Poor sleep was associated with both diabetes distress and poor glycemic control. 
- The association between diabetes distress and HbA1c cannot be fully explained by the 
sleep problems that co-occur with diabetes distress.  
  
HHooww  mmiigghhtt  tthheessee  rreessuullttss  cchhaannggee  tthhee  ffooccuuss  ooff  rreesseeaarrcchh  oorr  cclliinniiccaall  pprraaccttiiccee??  
Both diabetes distress and sleep problems may deserve attention in the management of 
type  diabetes, as interventions aimed to improve diabetes distress and sleep may help 
to improve glycemic control and therefore future complications associated with poorly-
controlled T2D.  
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IInnttrroodduuccttiioonn  
Psychological distress, such as depressive and anxiety symptoms, and diabetes distress, is 
common in individuals with type 2 diabetes (T2D). Depression, an emotional state 
characterized by the core symptoms of decreased mood and inability to feel pleasure, 
and anxiety symptoms, are over twice as common in those with T2D. Moreover, T2D is 
accompanied by diabetes-specific distress in up to 40% of the individuals (1-3). Diabetes-
related distress is conceptually and empirically distinct from depression and refers to 
significant negative psychological reactions that are specific to one’s diabetes diagnosis, 
potential or actual complications, self-management burdens, and problematic 
interpersonal relationships (4). Psychological distress is associated with glycemic control, 
with higher HbA1c concentrations in those that experience more distress (5-12). There is 
evidence to suggest this association is largely determined by poor self-care but other 
factors are likely to play a role (13, 14).  
 
One could hypothesize that the association between psychological distress and poor 
glycemic control is mediated by sleep disturbances. Sleep problems often accompany 
psychological distress: insomnia and hypersomnia are symptoms of depression 15, and 
are present in 50-90% of the individuals with depression (16, 17). Although diabetes 
distress is in itself not characterized by poor sleep, previous research has demonstrated 
significant associations between diabetes distress and sleep variables (6, 10, 11, 18). A 
number of these sleep variables have been studied in association with glycemic control in 
patients with T2D, and epidemiological studies provided ample evidence for an 
association between poor sleep quality and impaired glycemic control (19). Moreover, 
experimental research convincingly showed that sleep deprivation has an immediate 
negative effect on glucose homeostasis, due to increased insulin resistance (20). The 
current study builds on recent analyses in a large sample of individuals with T2D, in which 
we studied various sleep variables and their association with HbA1c as a marker of long-
term glycemic control.  We found that total sleep duration, variability in sleep duration, 
and sleep quality were significantly associated with HbA1c (19). Some studies have 
modelled psychological distress, sleep and glycemic control concurrently (6, 10, 11, 18, 21). 
Yet, to our knowledge we are the first to disentangle these factors and tested to what 
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extent sleep variables mediate the association between psychological distress and HbA1c, 
or how they interact.  
 
Psychological distress and sleep problems affect well-being in a negative way, but are 
modifiable factors. Understanding of the interplay between psychological distress and 
poor sleep in their association with HbA1c may therefore guide the management of T2D, 
and provide insight in the mechanisms underlying poor glycemic control. Hence, the aim 
of this study was to test the hypothesis that poor sleep mediates the associations between 
psychological distress and glycemic control.  
  
RReesseeaarrcchh  ddeessiiggnn  aanndd  mmeetthhooddss  
DDeessiiggnn  
We conducted a cross-sectional study in a sample of 205 individuals with T2D, recruited 
from two diabetes centers in  the Netherlands. The study was executed in accordance 
with the Helsinki Declaration 2013 and with approval from the Medical Ethics committee 
Amsterdam UMC, location VU University Medical Center (VUmc), Amsterdam, the 
Netherlands. All participants gave written informed consent before participation.  
 
PPaarrttiicciippaannttss    
Individuals were eligible when ≥18 years old and diagnosed with T2D. Exclusion criteria 
were performing shift-work or being unable to comply with the study protocol. Health-
care providers asked whether individuals were interested in participation at their annual 
diabetes check-up at the diabetes outpatient clinic of the VUmc, Amsterdam, the 
Netherlands (2013-2014), and the primary-care clinic Ketenzorg West-Friesland, Hoorn, 
the Netherlands (2016-2017). Interested individuals were informed by a research assistant, 
and enrolled after completion of the informed consent procedure. In total 291 individuals 
received information about the study (Amsterdam, N=179; Hoorn, N=112). Of these, 75 
declined participation and 9 were excluded: 7 individuals were unable to take part in study 
procedures (language barrier (N=5), deafness (N=1), cognitive problems (N=1)), and 2 
individuals were diagnosed with (LADA) type 1 diabetes. 
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MMeeaassuurreess    
 
Psychological distress 
Measures of psychological distress included depressive symptoms, anxiety symptoms, and 
diabetes distress. Depressive symptoms were measured using the self-report Inventory of 
Depressive Symptomatology (IDS); a score ≥14 indicates clinically significant symptoms. 
Anxiety symptoms were measured using the Beck Anxiety Inventory; a score ≥22 indicates 
moderate to concerning levels of anxiety. Diabetes distress was measured using the 5-
item Problem Areas in Diabetes Questionnaire (PAID-5); a score ≥8 indicates possible 
diabetes related emotional distress.  
 
Sleep 
In previous analyses we demonstrated that the concept of sleep can be broken down into 
three distinct factors: sleep quantity, sleep variability, and sleep quality (19). We also found 
that total sleep duration, variability in sleep duration, and sleep quality were significantly 
associated with HbA1c (19). Hence, these sleep measures were tested in current analyses. 
Measures of total sleep duration (mean) and variability in sleep duration (standard 
deviation (SD) sleep duration) were obtained using a wrist-worn microelectromechanical 
(accelerometer) system (GENEActiv, Activeinsights Ltd, Kimbolton, United Kingdom), 
which was worn for one week continuously. Sleep measures were derived from 
accelerometer data using a previously validated algorithm, which combines actigraphy 
data with individual-report daily bed time and wake time information, and has shown 
good comparability with sleep measures derived from polysomnography, the gold 
standard for measuring sleep (22, 23). Sleep quality was obtained using the self-report 
Pittsburgh Sleep Questionnaire index (PSQI)– scores ≥ 6 indicate subjective poor sleep.  
 
Glycemic control 
Glycated hemoglobin A1c (HbA1c), a measure of average blood glucose levels in the past 
3 months, was determined in fasting whole blood samples by automated high 
performance liquid chromatography (Amsterdam: ADAMS A1c, Menarini Diagnostics, 
Firenze, Italy; Hoorn: Diamat, Bio-Rad, Veenendaal, the Netherlands). 
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SSttaattiissttiiccaall  aannaallyysseess  
Data was checked for normality and transformed when appropriate. Significance was set 
at a p-value of 0.05. Missing data (see Table 1.) was not imputed. Statistics were performed 
using SPSS IBM Statistics 22.  
 
We report the effects of measures of psychological distress on HbA1c (c paths, total effect). 
The effects of psychological distress on the hypothesized mediator variables (sleep 
measures)  (a paths), and the effect of the hypothesized mediator variables (sleep 
measures) on HbA1c (b paths). We used the causal steps method in order to assess 
whether sleep mediates the association between psychological distress and HbA1c. In the 
causal steps method, if all the three associations of the model are significant (a, b and c 
paths) it supports the notion that the effect mediation takes place. The last step entails 
concurrent modelling of the psychological distress measure and sleep variable as 
independent factors, in order to evaluate whether the significance of psychological 
distress measure remains (c’ path, direct effect) after addition of the sleep variable (a*b 
paths, indirect effect). With this step it is possible to check if the mediation is complete or 
partial. We performed mediation analysis for all sleep variables separately, as well as in 
combination (parallel mediation). Proportion mediated was used as a summary measure 
of the mediation analyses (1-(direct effect / total effect) *100%). See Fig. 1 for a conceptual 
mediation model of the association between diabetes distress and HbA1c. For sleep 
duration, we tested whether a linear or quadratic (U-shaped) association best described 
the relationship with HbA1c in our sample, as previous research provides robust evidence 
for a quadratic association between total sleep duration and HbA1c.  
 
RReessuullttss    
SSaammppllee  cchhaarraacctteerriissttiiccss    
In total, 205 participants took part in the study (Amsterdam, N=105; Hoorn, N=100), of 
which 198 had completed questionnaires on psychological distress and were included in 
the analyses. 60% of the participants were men, and 78% of the participants worked less 
than 12 hours a week or not at all. On average, participants were 66.2 years old, obese 
(BMI 30.4 kg/m2), and had T2D for about 13 years, with a mean HbA1c of 57 mmol/mol 
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FFiigguurree  11..  CCoonncceeppttuuaall  mmeeddiiaattiioonn  mmooddeell  ooff  ddiiaabbeetteess  ddiissttrreessss  aass  aa  pprreeddiiccttoorr  ooff  HHbbAA11cc,,  mmeeddiiaatteedd  bbyy  sslleeeepp  
mmeeaassuurreess..  

  
(7.3%). Median depressive symptoms score was 12, with upper quartile 18, which indicates 
at least mild depression in a considerable part of the sample. Median anxiety symptoms 
and diabetes distress score were 6 and 3 respectively, which indicates low presence of 
anxiety symptoms and diabetes distress. Participants slept on average 6 hours and 30 
minutes. Participants reported on average poor subjective sleep quality (PSQI score 
median 10). 15% of the participants used sleep medication weekly. Accelerometer data 
was prone to missing values (Table 1). The subsample with accelerometer data present 
did not differ from the total sample (results not shown). Characteristics of the sample are 
presented in Table 1.  
 
MMeeddiiaattiioonn  aannaallyyssiiss  
TToottaall  eeffffeeccttss  ooff  ppssyycchhoollooggiiccaall  ddiissttrreessss  oonn  HHbbAA11cc    ((cc  ppaatthhss))  
Diabetes distress (beta 0.22, p=0.002), but not depressive symptoms or anxiety 
symptoms, was significantly associated with HbA1c (Table 2 A). Further analyses on 
mediation were therefore only performed for diabetes distress. Those reporting higher 
diabetes distress exhibited higher HbA1c. 
 

Diabetes distress HbA1c 

Diabetes distress HbA1c Sleep quality 

Total sleep duration 

c path 

b 
path 

c’ path 

a path 
Variability in sleep 

duration 

164



TTaabbllee  11..  SSaammppllee  cchhaarraacctteerriissttiiccss  
N 198 Missings (N) 

Age, years, mean (SD)  66.2 (8.9) 0 

Gender, %,  men / women  60 / 40 0 

Country of birth, %,  European / Non-European  89 / 11 0 

Employment status, %, employed  ≥ 12 hours/week / other 22 / 78 0 

Duration of diabetes, years, mean (SD)  12.6 (8.2) 2 

Glucose lowering medication, %, insulin / oral only / none 42 / 44 / 14 0 

BMI, kg/m2, mean (SD)  30.4 (6.1) 6 

Use of alcohol, %, less than weekly / weekly  61 / 39 4 

 

Psychological distress 

Depressive symptoms, IDS score, median (IQR) 12 (6 to 18) 2 

Anxiety symptoms, BAI score, median (IQR) 6 (1 to 11) 0 

Diabetes distress, PAID score, median (IQR)  3 (0 to 7) 2 

 

Sleep 

Sleep duration, minutes (hours:minutes), mean (SD) 390 (6:30) (63) 21 

Variability in sleep duration, minutes, median (IQR)  46 (29 to 63) 23 

Sleep quality, PSQI score, median (IQR)  10 (7 to 13) 0 

Sleep medication use, %, less than weekly / weekly  85 / 15 0 

 

Glycemic control 

HbA1c, mmol/mol / %, mean (SD)   57 (13) / 7.3 (1.2) 4 

Abbreviations: SD= standard deviation, BMI= body mass index, CIDI= Composite International Diagnostic 
Interview, IQR= inter quartile range, IDS= Inventory of Depressive Symptomatology, BAI= Beck Anxiety 
Inventory, PAID= Problem Areas in Diabetes, PSQI= Pittsburgh Sleep Quality Index. 

  
EEffffeecctt  ooff  ddiiaabbeetteess  ddiissttrreessss  oonn  hhyyppootthheessiizzeedd  mmeeddiiaattoorrss  ((sslleeeepp  mmeeaassuurreess))  ((aa  ppaatthhss))  
Diabetes distress was significantly associated with variability in sleep duration (beta 0.22, 
p=0.004), and sleep quality (beta 0.27, p<0.001), but not with total sleep duration (beta -
0.78, p=0.113  / beta2 0.78, p=0.113 (U-shaped association was superior to the linear 
association)) (Table 2 B). Those with more diabetes distress exhibited higher variability in 
sleep duration and worse sleep quality.  
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TTaabbllee  22..    
AA..  PPaarraammeetteerrss  ooff  rreeggrreessssiioonn  aannaallyysseess  tteessttiinngg  tthhee  aassssoocciiaattiioonn  bbeettwweeeenn  ppssyycchhoollooggiiccaall  ddiissttrreessss  aanndd  
HHbbAA11cc    

Independent factor unstandardized beta (/B2) 
(CI) 

standardized beta 
(/beta2) 

p-value 

Depressive symptoms 0.40 (-0.97 – 1.77) 0.04 0.569 

Anxiety symptoms 0.24 (-1.07 – 1.65) 0.03 0.720 

Diabetes distress 2.26 (0.83 – 3.69) 0.22 00..000022  
 

BB..  PPaarraammeetteerrss  ooff  rreeggrreessssiioonn  aannaallyyssiiss  tteessttiinngg  tthhee  aassssoocciiaattiioonn  bbeettwweeeenn  ddiiaabbeetteess  ddiissttrreessss  aanndd  sslleeeepp  
vvaarriiaabblleess    

Independent factor unstandardized beta (/B2) (CI) standardized beta 

(/beta2) 

p-value 

Total sleep duration (U- 

shaped)*/** 

-0.02 / 0.00 (-0.04 – 0.00 / 

0.00 – 0.00) 

-0.78 / 0.78 0.113 / 

0.113 

Variability in sleep duration 0.16 (0.05 – 0.26) 0.22 00..000044 

Sleep quality 0.52 (0.26 – 0.79) 0.27  00..000000  

*for total sleep duration the sleep variable was regressed on diabetes distress due to the quadratic association; 
the linear association was inferior: B  0.00 (CI -0.00 – 0.00), beta -0.01, p=0.902. Abbreviations: CI= confidence 
interval. Significant associations in bold.    
 
CC..  PPaarraammeetteerrss  ooff  rreeggrreessssiioonn  aannaallyysseess  tteessttiinngg  tthhee  aassssoocciiaattiioonn  bbeettwweeeenn  sslleeeepp  vvaarriiaabblleess  aanndd  HHbbAA11cc  

Independent factor unstandardized beta (/B2) 
(CI) 

standardized beta 
(/beta2) 

p-value 

Total sleep duration (U-shaped)* -0.25 (-0.45 – -0.05) / 0.00 
(0.00 – 0.00) 

-1.17 / 1.06 00..001177  //  
00..003311  

Variability in sleep duration 1.74 (0.67 – 2.82) 0.24 00..000022  

Sleep quality 3.94 (1.07 – 6.81) 0.19 00..000077  

* linear association was inferior: B  -0.027 (CI -0.06 – 0.01), beta -0.13, p=0.098.  
Abbreviations: CI= confidence interval. Significant associations in bold.  

  
EEffffeecctt  ooff  hhyyppootthheessiizzeedd  mmeeddiiaattoorrss  ((sslleeeepp  mmeeaassuurreess))  oonn  HHbbAA11cc  ((bb  ppaatthhss))  
All sleep variables were significantly associated with HbA1c: total sleep duration showed 
a U-shaped association with HbA1c (beta -1.17, p=0.02 / beta2 1.06, p=0.031), indicating 
increased HbA1c with both short and long sleep duration, while HbA1c was higher with 
increased variability in sleep duration (beta 0.24, p=0.002) and worse sleep quality (beta 
0.19, p=0.007) (Table 2 C). 
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IInnddiirreecctt  eeffffeecctt  ooff  ddiiaabbeetteess  ddiissttrreessss  oonn  HHbbAA11cc  vviiaa  hhyyppootthheessiizzeedd  mmeeddiiaattoorrss  ((sslleeeepp  mmeeaassuurreess))  
((aa**bb  ppaatthhss))  aanndd  ddiirreecctt  eeffffeeccttss  ((cc’’  ppaatthhss))  
Both the a paths and b paths were significant for variability in sleep duration and sleep 
quality, but not for total sleep duration. This suggests that the association between 
diabetes distress and HbA1c is mediated, at least partially, by variability in sleep duration 
and sleep quality, but not by total sleep duration.  
 
When diabetes distress and individual sleep measures were concurrently regressed on 
HbA1c, the association of diabetes distress with HbA1c (c’ paths) as well as the individual 
sleep measures with HbA1c (a*b paths) remained significant (Table 3). This indicates that 
the mediation is partial. The proportion mediated was 21% for variability in sleep duration 
and 18% for sleep quality. When these sleep measures were concurrently included in the 
model (parallel mediation), the proportion mediated was 34%. 
 
TTaabbllee  33..  PPaarraammeetteerrss  ooff  rreeggrreessssiioonn  aannaallyysseess  tteessttiinngg  wwhheetthheerr  tthhee  aassssoocciiaattiioonn  bbeettwweeeenn  ddiiaabbeetteess  ddiissttrreessss  
aanndd  HHbbAA11cc  iiss  ffuullllyy  oorr  ppaarrttiiaallllyy  mmeeddiiaatteedd  bbyy  vvaarriiaabbiilliittyy  iinn  sslleeeepp  dduurraattiioonn  aanndd  sslleeeepp  qquuaalliittyy  

Independent factor unstandardized beta (/B2) 
(CI) 

standardized 
beta 

p-value Proportion 
mediation  

 
VVaarriiaabbiilliittyy  iinn  sslleeeepp  dduurraattiioonn    
Diabetes distress (c’ path) 1.78 (0.25 – 3.32) 0.17 0.023 21% 

Variability in sleep duration 
(a*b path) 

1.40 (0.31 – 2.48) 0.19 00..001122  

 
SSlleeeepp  qquuaalliittyy  

Diabetes distress (c’ path) 1.85 (0.37 – 3.33) 0.18 00..001144  18% 

Sleep quality (a*b path) 3.22 (0.04 – 5.90) 0.15 00..004477  

 
PPaarraalllleell  mmeeddiiaattiioonn  ((vvaarriiaabbiilliittyy  iinn  sslleeeepp  dduurraattiioonn  aanndd  sslleeeepp  qquuaalliittyy))  
Diabetes distress (c’ path) 1.49 (-0.09 – 3.07) 0.15 0.064 34% 

Variability in sleep duration 
(a*b path) 

1.27 (0.18 – 2.37) 0.18 00..002233 

Sleep quality (a*b path) 2.41 (-0.84 – 5.66) 0.11 0.145 

Abbreviations: CI= confidence interval. Significant associations in bold.  
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CCoonncclluussiioonnss  
We assessed whether the association between psychological distress (depressive 
symptoms, anxiety symptoms, diabetes distress) and HbA1c was mediated by poor sleep 
(total sleep duration, variability in sleep duration, sleep quality) in individuals with T2D.  
Diabetes distress, but not depressive symptoms or anxiety symptoms, was significantly 
associated with HbA1c. Our finding that diabetes-related distress was significantly 
associated with HbA1c concords with previous research 5-10,24,25. Some studies showed 
associations between depressive symptoms and HbA1c, while others have not 5,7-
9,11,12,24-27. Although scarcely studied, evidence is also contradictory for anxiety 
symptoms 25,28. It may be that the association only holds for patients with severe 
depression, as meta-analytic evidence suggests stronger associations for studies using 
standardized clinical interviews rather than self-report questionnaires 12. Yet, differences 
in participants regarding age, comorbidity or chronicity of symptoms may play a role as 
well.  
 
Sleep quality and variability in sleep duration, but not sleep duration, partially mediated 
the association between diabetes distress and HbA1c. Possibly, diabetes distress leads to 
(nightly) worrying and thereby difficulty falling asleep, resulting in higher variability in sleep 
duration and lower sleep quality, which lead to disturbances of  glucose homeostasis. Yet, 
the mediation effect was small, with a reduction of the regression coefficient of about 
20%. In combination, sleep quality and variability in sleep duration mediated 34% of the 
association between diabetes distress and HbA1c. Overall, findings suggest that diabetes 
distress and poor sleep act largely independent in their association, which is in line with 
results from an elaborate meta-analysis that showed that a diagnosis of depression and 
poor sleep were independent risk factors for a diagnosis of diabetes 29.  
 
Strengths of the current study include the elaborate methods used for quantifying 
psychological distress and sleep problems. The primary limitation of this study is its cross-
sectional design, as mediation analysis is usually not recommended in such settings 
because of temporality issues. Mediation analysis is a statistical method developed to 
decompose the total effect of an exposure on an outcome into a direct effect and an 
effect mediated by other variables on the causal pathway, and is ideally performed in 
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datasets in which the predictor, mediator and outcome measures are separated in time. 
While it is not impossible to conduct mediation analyses in cross-sectional studies, in such 
settings, patterns of correlations found by mediation analysis can have many possible 
underlying causal routes (e.g. increased HbA1c concentrations lead to worry about 
complications and therefore diabetes distress, which in turn affects sleep) or other 
explanations (e.g. diabetes distress and sleep problems are conceptually related). 
Nevertheless, experimental research testing the effects of sleep deprivation on glucose 
metabolism provided robust evidence for the idea that sleep problems cause 
hyperglycemia 20. Another limitation of the study includes the limited sample size and 
potential selection bias. Our participants overall demonstrated low levels of psychological 
distress. Possibly, we were unable to reach patients with higher levels of psychological 
distress in our process of recruitment, or participants with higher levels of psychological 
distress tended to decline participation. Also, on average, participants showed well-
regulated glycemic control, which may have decreased the power for the detection of 
effects.  
 
In conclusion, variability in sleep duration and sleep quality, but not total sleep duration, 
partially mediated the association between diabetes distress and poor glycemic control. 
This suggests that diabetes distress and sleep are independently associated with HbA1c. 
Targeting both diabetes distress and poor sleep may be vital for the optimization of 
glycemic control in individuals with T2D.  
 
Recent years psychological wellbeing has received increasing attention as being of 
importance in the management of T2D 4. Based on the findings from this study, we 
suggest that clinicians also ask their patients about sleep problems – preferably using 
routine screenings. Interventions aimed to improve sleep may help to improve glycemic 
control and therefore future complications associated with poorly-controlled T2D.  
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AAbbssttrraacctt  
 
OObbjjeeccttiivvee    
Light therapy has become an increasingly popular treatment for depression and a range 
of other neuropsychiatric conditions. Yet, concerns have been raised about the ocular 
safety of light therapy.  
  
MMeetthhoodd  
We conducted the first systematic review into the ocular safety of light therapy. A PubMed 
search on January 4th, 2017 identified 6,708 articles, of which 161 were full-text reviewed. 
In total, 43 articles reporting on ocular complaints and ocular examinations were included 
in the analyses.  
 
RReessuullttss  
Ocular complaints, including ocular discomfort and vision problems, were reported in 
about 0% to 45% of the participants of studies involving light therapy.  Based on individual 
studies no evident relationship between the occurrence of complaints and light therapy 
dose was found. There was no evidence for ocular damage due to light therapy, with the 
exception of one case report that documented the development of a maculopathy in a 
person treated with the photosensitizing antidepressant clomipramine.  
 
CCoonncclluussiioonn  
Results suggest that light therapy is safe for the eyes in physically healthy, unmedicated 
persons. The ocular safety of light therapy in persons with pre-existing ocular 
abnormalities or increased photosensitivity warrants further study. However, theoretical 
considerations do not substantiate stringent ocular-safety related contraindications for 
light therapy.  
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SSuummmmaattiioonnss  
-Theoretically, light therapy has the potential to harm the retina of the eye due to the so-
called blue light hazard it provides. Other ocular structures are not at risk. 
- Ocular complaints, including ocular discomfort and problems with vision, arise in up to 
45% of those who receive light therapy, but there appears no association with light 
therapy dose.  
- There is no evidence to suggest hazardous ocular effects associated with light therapy, 
at least in healthy unmedicated persons. 
 
CCoonnssiiddeerraattiioonnss  
- Meta-analysis could not be performed due to clinical heterogeneity of the included 
studies, ambiguous reporting of ocular outcome measures, and incomplete reporting of 
light therapy treatment characteristics.  
- Side effects are typically not primary outcomes. This complicates the review of harms 
due to an increased risk of reporting bias.  
- Based on theoretical considerations stringent ocular-safety related contraindications for 
light therapy do not seem indicated. 
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IInnttrroodduuccttiioonn  
Light therapy, a chronotherapeutic that is used to entrain the biological clock, is widely 
applied for the treatment of seasonal affective disorder (1, 2) and sleep disorders (3). 
Recently light therapy was also indicated for non-seasonal depression (4, 5), and evidence 
is growing that patients with bipolar depression (6, 7), postpartum depression (8), 
dementia (9, 10), Parkinson’s disease (11, 12), fibromyalgia (13) and possibly insulin 
resistance associated with type 2 diabetes (14) may profit from light therapy as well. Given 
the increasing use of light therapy for a broad range of conditions, it is time to critically 
appraise the safety of light therapy. 
 
The effects of visible light therapy are thought to be mediated by the eyes, not the skin 
(15, 16). Light input information – normally daylight – is unconsciously relayed from the 
eyes, by photoreceptive retinal ganglion cells and the retinal-hypothalamic tract, to the 
brain suprachiasmatic nucleus – the ‘biological clock’ (17). This central ‘master’ clock 
determines the daily rhythmicity of various critical bodily processes, such as melatonin 
release, cortisol release, and the sleep-wake pattern, but also entrains the ‘slave’ clocks in 
peripheral tissues (18). The biological impact of light depends on its spectrum 
(wavelength), intensity, duration, and timing relative to the individual’s circadian rhythm 
phase (15). Previous research has shown that the blue range of visible light, particularly 
between 450-500 nm, has the strongest effect on the biological clock (19-24), as the 
photoreceptive retinal ganglion cells primarily involved in circadian regulation express 
melanopsin, a blue light sensitive photopigment with a peak absorption of about 480 nm 
(25, 26).  
 
Initially, light therapy was performed with light boxes that emitted skylight-like light. Later, 
ordinary white fluorescent light emitting boxes were used, as research showed that 
ultraviolet (UV) light was not required for antidepressant effects (27). Accordingly, the 
majority of the light therapy lamps currently commercially available are light boxes 
emitting white fluorescent light at around 10,000 lux measured at eye-level at a specified 
distance from the lamp, that are usually equipped with UV light filters. Monochromatic 
green or blue light-emitting diode (LED) light emitting light boxes, which are often smaller 
than original light boxes, and portable, head-mounted light emitting visors have recently 
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become available. Although initial reports indicated that effects are within the range of 
the original light boxes, the effectiveness has yet to be ascertained (28-33). 
 
Light is a narrow range of electromagnetic radiation that can biologically affect but also 
harm the human body. According to the spectral and intensity properties of light therapy, 
lamps currently used in chronotherapy will not provide thermal damage to the skin, 
cornea, iris, retina, crystalline lens or Type I photochemical damage of the retina (34). 
Type I photochemical damage entails the damage of the photoreceptors as a result of 
prolonged bleaching of the light-sensitive receptor protein rhodopsin. Yet, light therapy 
may pose a threat to the retina of the eye due to the so-called blue light hazard it 
provides. The blue light hazard refers to the potential of blue light (principally 380 nm – 
550 nm; but 300 nm – 550 nm in the aphakic eye, which is an eye without crystalline lens) 
to produce Type II photochemical damage of the retina, which affects the retinal pigment 
epithelium and the choroid (the vascular layer of the eye) (34). Not only the central part 
of the retina is at risk in persons that undergo light therapy. In order to prevent side effects 
from looking into a light source (e.g. glare), persons are often advised to place a light 
source in a 45-degree angle with respect to the eyes and to avoid staring in the light, 
which leads to exposure of the peripheral retina as well. Type II photochemical damage 
of the retina follows the principle of reciprocity, meaning that similar injury may result 
from exposure to either an extremely bright light for a short duration or a less bright light 
for a longer duration (34). Therefore, concerns have been raised on the ocular safety of 
light therapy, and the use of light therapy has been limited for some patient groups by 
light box user guidelines and clinical guidelines for light therapy (1, 2, 35). These include 
persons with pre-existing ocular abnormalities, such as diabetic retinopathy or age-
related macular degeneration, and persons with increased photosensitivity due to medical 
conditions, e.g. albinism, or medications, e.g. diuretic drugs, antibiotic drugs, and tricyclic 
antidepressants. In case of these contraindications additional supervision of an 
ophthalmologist or dermatologist is advised.  
 
However, clinical trials investigating the ocular effects of light therapy have been scarce 
(36) and review articles on the issue have been mainly speculative (37-39).  
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AAiimmss  ooff  tthhee  ssttuuddyy  
Given the broadening of the indications for light therapy and the fact that currently 
defined relative contraindications may withhold light therapy from a substantial 
proportion of the target population, we feel that it is time to critically reappraise the 
evidence on the ocular safety and contraindications of light therapy. This review therefore 
provides the first systematic review bringing together the clinical literature on the ocular 
safety of light therapy.  
  
MMaatteerriiaall  aanndd  mmeetthhooddss  
OObbjjeeccttiivvee  
Our objective was to systematically evaluate the effects of light therapy on ocular 
complaints and ocular measures in adult human subjects, from original reports.  
 
LLiitteerraattuurree  sseeaarrcchh  
A systematic review was performed to obtain all clinical articles on the effects of light 
therapy on ocular complaints and ocular measures. Relevant publications were identified 
by a PubMed search in on January the 4th, 2017 using the following query terms: ("light 
therapy"(TiAb) OR "light treatment"(TiAb) OR “light stimulation” (TiAb) OR 
phototherapy(TiAb) OR “bright white light”(TiAb) OR “bright light”(TiAb) OR "full-
spectrum light"(TiAb) OR “biologically active light”(TiAb) OR “light exposure”(TiAb) OR 
“light intervention*”(TiAb) OR “phototherapeutic”(TiAb) OR “light box”(TiAb)) AND 
(eye(TiAb) OR eyes*(TiAb) OR retina*(TiAb) OR retino*(TiAb) OR papil*(TiAb) OR 
macul*(TiAb) OR pupil*(TiAb) OR iris(TiAb) OR lens*(TiAb) OR ocular(TiAb) OR 
ophthalm*(TiAb) OR opthalm*(TiAb) OR visual(TiAb) OR vision(TiAb) OR optic*(TiAb) OR 
safe*(TiAb) OR accept*(TiAb) OR tolerat*(TiAb) OR side-effect*(TiAb) OR “side 
effect*”(TiAb) OR adverse(TiAb) OR toxic*(TiAb)). PubMed covers literature in the field of 
life sciences and biomedical sciences from 1950 to the present and is updated daily. 
Reference lists of relevant reviews and articles that were selected for full-text review were 
manually searched for further relevant studies, and, if found, the query terms were 
updated whenever reasonably possible to include more relevant articles.  
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SSeelleeccttiioonn  ccrriitteerriiaa  
Articles were selected if they reported on the effects of light therapy on ocular complaints 
or comparisons of ocular measures before and after light therapy in adult human 
participants. Studies reporting a general statement indicating the absence of (serious) side 
effects, of light therapy were excluded. Light therapy was defined as an exposure to white 
or blue-green wavelength monochromatic light from the visible electromagnetic 
spectrum for a duration of minutes to hours, which may have occurred periodically, for 
the purpose of psychoneuroendocrine effects, such as mood alleviation or the restoration 
of the sleep-wake cycle, either by direct effects on the brain or entrainment of the 
biological clock. Studies on light therapy for the treatment of skin conditions or neonatal 
jaundice were excluded. No restrictions applied to the light therapy treatment modality. 
Only original articles, ranging from case reports to randomized clinical trial, but not review 
articles, written in English, were included. We verified whether the study population of a 
study did not comprise participants from already included papers.  
 
DDaattaa  eexxttrraaccttiioonn,,  ddaattaa  ssyynntthheessiiss,,  aanndd  vvaalliiddiittyy  aasssseessssmmeenntt  
The first and second author both identified and selected articles as well as extracted data 
independently. Discrepancies in their judgments were resolved during a consensus 
meeting. We did not contact authors to obtain outcomes that were not reported in the 
original reports, or to resolve ambiguity concerning reported outcomes. Articles were 
rated for the quality of evidence based on the study design using GRADE (40), which is 
Cochrane’s recommended approach for systematic reviews. Articles were marked as high, 
moderate, low or very low level of quality of evidence after upgrading and downgrading 
upon original classification (randomized trial = high; observational study = low; case series 
or reports = very low). As the included studies showed large clinical heterogeneity and 
reporting bias, and both the intervention and results were imprecisely reported (see Study 
Characteristics in the Results section), we deemed statistical and graphical pooling of the 
data infeasible (41). Data will be presented in concise tables overlooking all articles on 
ocular complaints and ocular measures (Table 1. and 2.). Supplementary tables with 
extensive information on details of patient characteristics and light therapy treatment 
characteristics are available as supporting information (Supporting information table 1. 
and 2).  
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All major study characteristics (design and level of quality of evidence), participant 
characteristics (characteristics, mean age, ocular disorders, medical illness, and use of 
photosensitizing medication) and light therapy treatment characteristics (duration, timing, 
device type, screen size, distance, instructions, light color, light source, illuminance (lux), 
spectral distribution, radiation, melanopic lux, and the blue light hazard) provided by the 
articles were included in the supporting information tables (Supporting information table 
1. and 2.). A selection of these characteristics is presented in the results tables (Table 1. 
and 2). We marked several studies and added a column describing the search method 
for ocular complaints, to distinguish between studies that intended to investigate (ocular) 
side effects and that actively searched for ocular complaints, respectively. The review was 
written according to the PRISMA harms checklist (42), a checklist that has been developed 
to improve harms reporting in systematic reviews. 
  
RReessuullttss  
SSeeaarrcchh  rreessuullttss  
The Pubmed search identified 6,708 articles. Based on titles and abstracts 6,550 articles 
were excluded, leaving 158 articles for full-text review. Most articles were excluded for 
reporting on the ocular effects of irrelevant types of light therapy, such as light therapy 
for the treatment of skin conditions or neonatal jaundice; some were excluded for 
irrelevance in other ways. Three articles were retrieved by reference list exploration.  
 
In total 161 articles were fully reviewed of which 119 articles did not meet the inclusion 
criteria: of one article the full text could not be retrieved; two articles were not written in 
English; one article was irrelevant; six articles did not describe studies – they entailed 
review articles or protocols –; five articles did not study the effects of light therapy, and 
104 articles did not report on ocular complaints or ocular measures. A total of 43 articles 
were included in the analyses. 
 
SSttuuddyy  cchhaarraacctteerriissttiiccss  
The included studies were of varying design and quality, ranging from case reports to 
randomized clinical trials, ranging from high to very low level of quality (Table 1. and 2.). 
We downgraded the level of quality of evidence of several articles, based on limitations 
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in the design and implementation suggesting high likelihood of bias; imprecision of the 
results; high probability of publication bias. The included reports also showed 
considerable clinical heterogeneity: different light therapy treatments were provided, and 
various ocular outcome measures were determined, in a variety of participants (Table 1. 
and 2.; Supporting information table 1. and 2.). Study characteristics, participant 
characteristics, and light therapy treatment characteristics, were frequently underreported 
(42-44) (Table 1. and 2.; Supporting information table 1. and 2.). None of the studies 
reported the blue light hazard provided by the light therapy treatment (Table 1. and 2.).  
The majority of the articles (n=30; 1,580 participants) reported on subjective, self-reported 
ocular complaints. The emergence of ocular complaints was varyingly and often 
imprecisely reported, with some reporting numbers of participants that express 
complaints and others only stating a significant increase in complaints. Above all, it 
remained mostly unclear whether passive methods, such as reporting on the initiative of 
the participant, or active methods, e.g. when investigators actively search for the side 
effect using questionnaires, were used. This is due to the fact that most of the included 
studies were not set up as a side-effect study, but were primarily designed as efficacy 
studies: a common problem in the review of side-effects (42). 
 
It appears that the study on ocular complaints conducted by Loving and colleagues (2005) 
(45) may comprise participants of another study by Loving and colleagues (2005) (46). 
We decided not to exclude one of the studies from the analyses, as the proportion of 
potentially overlapping participants is relatively small (16 out of 81), the potentially 
overlapping participants were subjected to the control condition, and results were in line 
with those of other studies.   
 
Eighteen articles (433 participants) reported on the effects of light therapy on ocular 
measures, ten of which on a wide variety of ocular measures, based on elaborate 
ophthalmological examinations. Four articles reported on the retinal rod and cone 
function; two on eye blink rate; one on pupillary function; and one on contrast sensitivity.  
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TTaabbllee  11..  TTaabbllee  ooff  ffiinnddiinnggss  ffoorr  ooccuullaarr  ccoommppllaaiinnttss..  
AAuutthhoorr((ss))  ((yyeeaarr  ooff  
ppuubblliiccaattiioonn))  

RReeffeerreennccee  SSttuuddyy  cchhaarraacctteerriissttiiccss  LLiigghhtt  tthheerraappyy  ttrreeaattmmeenntt  cchhaarraacctteerriissttiiccss  

  
DDeessiiggnn  SSeeaarrcchh  QQuuaalliittyy  DDuurraattiioonn  

  

Botanov and Ilardi 
(2013) 

50 RCT** Y/Y high single 30 min session  

Levitt et al. (1993) 51 RCT* Y/Y high 2 weeks 30 minutes daily; in total 420 
min  

Lieverse et al. (2011) 52 RCT Y/Y high 3 weeks 60 min daily; in total 1,260 
min  

Paul et al. (2007) 53 RCT Y/Y high single 120 min session  
 
 
 

Rosenthal et al. 
(1993) 

31 RCT Y/Y high 1 week 30 min daily; in total 210 min 
versus 60 min daily; in total 420 min  

Danilenko and 
Ivanova (2015) 

55 RCT NR moderate 1 week 30-45 min daily; in total 210-
315 min versus daily 15 min; in total 
105 min   

Dauphinais et al. 
(2012) 

6 RCT* Y/NR moderate 8 weeks 7.5-45 min daily, with 
increasing duration per day; in total 
420-2,520 min 

Kripke et al. (1992) 56 RCT NR moderate 1 week 120-180 min daily; in total 
840-1260 

Loving et al. (2005) 46 RCT Y/Y moderate 4 weeks 60 min daily; in total 1,680 
min  

Loving et al. (2005) 45 RCT Y/Y moderate 4 weeks 60 min daily; in total 1,680 
min  

Martiny et al. (2012) 54 RCT Y/NR moderate 8 weeks 30 min daily  plus wake 
therapy and sleep time stabilization; 
in total 1,680 min 

Paus et al. (2007) 
 

57 RCT NR moderate 15 days 30 min daily; in total 450 min  

Riemersma-van der 
Lek et al. (2008) 

48 RCT Y/Y moderate on average 15 months 9 hours daily 
plus melatonin 2.5 mg; in total 
243,000 min 

Legend: On page 188.
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OOccuullaarr  ccoommppllaaiinnttss  
  

DDeevviiccee  ttyyppee  LLiigghhtt  ccoolloorr  IIlllluummiinnaannccee  ((lluuxx))  BBlluuee  lliigghhtt  
hhaazzaarrdd  

  

light box white 10,000 versus 
450 

NR 17-18%, no difference 
between conditions 

light visor NR 3,500 versus 600 
versus 60 

NR 17%, no  difference 
between conditions 

light box pale blue versus red 7,500 versus 50 NR 17%, no difference 
between conditions 

light box versus 
spectacles, tower,  
visor,  lighting 
 

blue versus green 1,500 versus 350, 
8,000,  <10 

NR active significantly more 
compared to (relative) 
placebo 

light visor 
 

NR 6,000 versus 400 NR 39% in 6,000, and 45% in 
400 

light box 
 
 

white 4,300 versus 250 NR 7% and 1 dropout in 
active, 0% in placebo 

light box 
 
 

4000-Kelvin 7.000 NR 6% in active, 0% in (non-
light therapy) placebo 

ceiling mounted 
fixtures 

white versus red 2,000-3,000 
versus 50 

NR 4% in active, 0% in 
placebo 

light box 
 

green versus red 1,200 versus <10 NR none 

light box 
 

white versus red 8,500 versus <10 NR none 

NR 
 

white, 5,500-Kelvin 10.000 NR 3% in active, 0% in (non-
light therapy) placebo 
 

light box NR 7500 versus 950 NR 11% in active, 0% in 
placebo 

ceiling mounted 
fixtures 
 

NR 1,000 versus 500 NR none 
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TTaabbllee  11..  CCoonnttiinnuueedd  
Sloane et al. 
(2015) 

10 RCT NR moderate 6 weeks daily light box during 
breakfast and lunch, household lamps 
during the day; total minutes unclear 

Anderson et al. 
(2016) 

29 RCT Y/NR low 6 weeks 30 min daily; in total 1,260 
min 

Anderson et al. 
(2009) 

28 RCT Y/NR low 3 weeks 45 min daily; in total 945 min 

Bjorvatn et al. 
(2007) 

63 RCT Y/NR low 8 days 30 min daily; in total 240 min 

Genhart et al. 
(1993) 

59 RCT NR low 1 week 150 min daily; in total 1,050 
min  

Leichtfried et al. 
(2010) 

47 UES* Y/Y low 3 days 30 min daily; in total 90 min 

Lingjaerde et al. 
(1998) 

58 RCT NR low 6 days 120 min daily; in total 720 min  

Terman et al. 
(1990) 

62 RCT NR low 2 weeks of 30 min daily; in total 420 
min  

Terman and 
Terman (1999) 

49 UES* Y/Y low 10-14 days 30 min daily; in total 300-
420 min 

Avery et al. (2001) 88 UES Y/NR very low 2 weeks 120 min daily ; in total 1,680 
min 

Fukuda et al. 
(1998) 

61 UES** Y/NR very low 1 week 30 min daily; in total 210 min   

Kogan and 
Guilford (1998) 

89 UES* Y/NR very low on average 6.8 days 30 min daily; in 
total 204 min  

Krzystanek et al. 
(2005) 

90 OS* NR very low on average 17.2 days of 60 min; in 
total 1,032 min 

Labbate et al. 
(1994) 

91 UES  Y/NR very low 2 weeks 120 min daily ; in total 1,680 
min 

Lam et al. (2001) 72 OS NR very low 4 weeks 30-60 min daily; in total 840-
1680 min 

Ravaris et al. 
(1994) 

92 UES NR very low 3 times, 2 weeks 120 min daily; in total 
5,040 min 

Schwartz et al 
(1996) 

60 OS NR very low on average 7.8 winters; total min 
unclear  

Abbreviations: RCT: randomized controlled trial; UES= uncontrolled experimental study, OS= observational  
** study designed to evaluate side effects 
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bulbs in household 
lamps plus light box 
 

blue-white versus 
red-yellow plus red 

NR NR 1-3%s; no difference 
between conditions 

light box blue versus orange 149.2 versus 
119.6 

NR 3%, 1 dropout 

NR blue versus blue-
enriched white 

98 versus 711 NR 17%, no difference 
between conditions 

light box  
 

NR 10.000 NR 0% 

NR NR 2,500 versus 
300 

NR some 

light cabin 
 

6,500-Kelvin 5.000 NR 5-21% 

light box 
 

white 1,500-2,500 NR some 

light box cool-white 3,000 versus 
10,000 

NR few 

NR 
 

NR 10.000 NR none 

light box 
 

NR 2.500 NR 6-14% 

NR 
 

NR 6.000 NR some 

NR 
 

NR 10.000 NR 18.6% 

NR 
 

NR 5.000 NR 3.8-4.8% 

light box 
 

NR 2.500 NR 6-7-10% 

light box 
 

NR 10.000 NR 9% 

light visor 
 

NR 8.000 NR 8% 

light box NR NR NR some 

study. NR: not reported; LED: light-emitting diode. Design: * study  designed to evaluate ocular side effects; 
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FFiigguurree  11::  BBaarr  ggrraapphh  sshhoowwiinngg  ppeerrcceennttaaggeess  ooff  ooccuullaarr  ccoommppllaaiinnttss  ffoorr  ssttuuddiieess  tthhaatt  rreeppoorrtteedd  rreessuullttss  iinn  
nnuummbbeerrss  oorr  ppeerrcceennttaaggeess..    
Red represents ocular discomfort in active light therapy conditions; orange represents problems with vision in 
active light therapy conditions; dark-blue represents ocular discomfort in placebo conditions (including non-
light therapy conditions); pale blue represents problems with vision in placebo conditions (including non-light 
therapy conditions). A negative bar indicates that no complaints were reported for that group. Some studies 
have reported aggregated numbers of complaints (Kogan and Guilford, 1998), other studies have reported 
numbers per complaint (Anderson et al., 2016). *This study reported results in percentages of treatment weeks.  

 
OOccuullaarr  ccoommppllaaiinnttss    
Complaints were categorized into two subgroups: complaints of ocular discomfort, and 
complaints of vision (complaints of function) – subgroups that are often used in 
ophthalmological research. The majority of the complaints could be classified as 
complaints of discomfort (25 studies): such as asthenopia – which is usually referred to as 
eyestrain and describes a combination of nonspecific symptoms, primarily fatigue, with 
pain in or around the eyes –, but also eye irritation, eye discomfort, burning, sensitivity, 
watery or dry eyes, and photophobia. Several studies reported complaints of vision (11 
studies), such as blurred vision, glare (difficulty seeing in the presence of very bright light), 
seeing flashing lights and spots, and problems focusing. Estimates of the emergence of  
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ocular complaints range widely, from 0 up to 45% of the persons that undergo light 
therapy (Figure 1., Table 1., Supporting information table 1.). If we only consider the studies 
of high and moderate quality or studies that actively searched for ocular complaints, we 
get a similar impression of the estimate of the emergence of ocular complaints (6, 10, 31, 
45-57). The complaints are usually mild, and discontinuation of treatment due to ocular 
complaints seems to be exceptional (29, 55) (Box 1., Supporting information table1.). 
Figure 1. shows a bar graph indicating the percentage of participants experiencing ocular 
discomfort or problems with vision in response to light therapy per study per condition 
(active and placebo condition). Only studies that have provided results in numbers or 
percentages have been included in the graph. The six studies that were not included 
reported some mild ocular complaints in response to light therapy (53, 58-62). The bar 
graph shows no evident differences in the occurrence of ocular complaints between active 
and placebo conditions, or in the occurrence of different types of complaints (ocular 
discomfort vs problems with vision). The study by Rosenthal and colleagues (1993), a study 
using stands out in numbers of complaints for both the active and placebo light therapy 
condition (31). Reasons for this are unclear as other studies that investigated light visors 
or actively searched for ocular complaints reported lower numbers of ocular complaints.  
 

BOX 1: SUMMARY OF THE RESULTS 
 
Articles on the effects of light therapy on ocular complaints or measures (43 studies) 

 

AArrttiicclleess  oonn  ooccuullaarr  ccoommppllaaiinnttss  ((3300  ssttuuddiieess))  
  

AArrttiicclleess  oonn  ooccuullaarr  mmeeaassuurreess  ((1188  ssttuuddiieess))  
  

Severe complaints (2 studies): 1 drop out 
because of eye irritation, 1 drop out because 
of a 

Severe effects (1 study): case report 
describing a maculopathy in a patient using 
clomipramine  
 

Mild complaints (23 studies): discomfort and 
problems with vision 
 

Mild effects (4 studies): on rod and cone 
sensitivity and visual contrast sensitivity 
 

No complaints (5 studies)  
 

No effects (13 studies) 
 

 

  

191

8



TTaabbllee  22..  TTaabbllee  ooff  ffiinnddiinnggss  ffoorr  ooccuullaarr  mmeeaassuurreess.. 
  AAuutthhoorr((ss))  ((yyeeaarr  
ooff  ppuubblliiccaattiioonn))  

RReeffeerreennccee    SSttuuddyy  cchhaarraacctteerriissttiiccss  

  
DDeessiiggnn  QQuuaalliittyy  OOccuullaarr  mmeeaassuurreess  

  
  

Gagne et al. 
(2007) 

36 RCT**  high cones and rods photoreceptor luminance response 
function using electroretinography (ERG)  
 
 
 
 
 

Gagne et al. 
(2011) 

65 RCT**  high cones and rods photoreceptor luminance response 
function using electroretinography (ERG)  
 
 

Kasper (1997) 95 RCT high ophthalmological examination including retinal 
examination 
 
 

Rosenthal et al. 
(1984) 

97 RCT high slit-lamp biomicroscopy, dilated funduscopy, dark 
adaptometry and stereocolor photography of the 
retina 

Sloane et al. 
(2015) 

10 RCT high visual acuity tests, Amsler grid tests, optical coherence 
tomography (OCT) to assess central retinal quality and 
quantity (thickness and volume), and multi-focal 
electroretinography (mfERG) 
 
 

Terman et al. 
(1990) 

62 RCT high visual acuity tests (distance and near), anterior 
segment examinations, intraocular pressure tests, 
color vision tests, visual field tests, retinal examinations 
 

Barbato et al. 
(1993) 

93 UES**  low eye blink rate 

Depue et al. 
(1988) 

94 UES** low eye blink rate 

Legend: On page 196. 
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LLiigghhtt  tthheerraappyy  ttrreeaattmmeenntt  cchhaarraacctteerriissttiiccss  
  

OOuuttccoommee  

DDuurraattiioonn  DDeevviiccee  ttyyppee  LLiigghhtt  
ccoolloorr  

IIlllluummiinnaannccee  
((lluuxx))  

BBlluuee  
lliigghhtt  

hhaazzaarrdd  

  

single 60 min session NR NR 10,000 
versus 100 
versus 5 

NR no effect on cone 
function; 5 lux had no 
effect on rod sensitivity, 
but from 100 lux rod 
sensitivity decreased 
with increasing light 
intensity 

single 60 min session  NR blue 
versus 
red 

NR NR blue light decreases 
the ERG response, this 
is transient; red light 
had no effects 

4 weeks 120 min daily 
plus hypericum 
extract 300 mg; in 
total 3,360 min  

light box white 3,000 versus  
<300 

NR no effects 

2 weeks 360 min 
daily; in total 5,040 
min 

light box white 
versus 
yellow 

2,500 versus 
100 

NR no effects 

6 weeks daily light 
box during breakfast 
and lunch, household 
lamps during the day; 
total min unclear 

bulbs in 
household 
lamps plus 
light box 

blue-
white 
versus 
red-
yellow 
plus red 

NR NR no effects 

2 weeks of 30 min 
daily; in total 420 min  
 
 

light box cool-
white 

3,000 versus 
10,000 

NR no effects 

1 week 60 min daily; 
in total 420 min 

light box NR 10.000 NR no effects 

2 week 240 min daily; 
in total 3,360 min 

NR NR 2.500 NR no effects 
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TTaabbllee  22..  CCoonnttiinnuueedd  
Fukuda et al. 
(1998) 

61 UES** low best-corrected visual acuity (uncorrected, corrected), 
intraocular pressure tests, pupillary reaction tests, 
ocular position tests, eye movement test, slit lamp 
examination, ocular fundus examination, Amsler grid 
tests  

Gallin et al. 
(1995) 

64 UES**  low visual acuity tests, intraocular pressure tests, slit-lamp 
biomicroscopy, direct and indirect opthalmoscopy, 
color vision tests, visual field tests, fundus 
photography, Amsler grid tests, ocular motility tests, 
papillary reaction tests, contrast sensitivity tests, 
stereopsis tests, and macular stress tests 
 

Kobayashi et al. 
(2001) 

96 UES  low best-corrected visual acuity (uncorrected, corrected), 
intraocular pressure tests, papillary reaction tests, 
ocular position tests, eye movement tests, slit lamp 
examination, ocular fundus examination, Amsler grid 
tests 

Lavoie et al. 
(2009) 

66 UES** low cones and rods photoreceptor luminance response 
function using electroretinography (ERG) 
 
 

Ozaki et al. 
(1993) 

67 UES low electro-oculographic ratio 

Ravaris et al. 
(1994) 

54 UES low visual acuity tests, color vision tests 
 
 

Schwartz et al. 
(1996) 

60 OS low anterior segment examinations, intraocular pressure 
tests, refractive index, visual acuity tests, dark 
adaptation tests, visual field tests 

Szabo et al. 
(2004) 

98 UES**  low static and dynamic visual contrast sensitivity 
 
 
 
 
  

Szabo et al. 
(2004) 

69 UES**  low pupillary fluctuations (pupillary unrest index) 
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1 week 30 min daily; 
in total 210 min 
 
 
  

NR NR NR NR no effects 

2-8 weeks 30 min 
daily; in total 420-
1,680 min or 60 to 
1,250 cumulative 
hours in 3 to 6 
years’ time; in total 
3,600-75,000 min  

light box NR 10.000 NR no effects 

3 weeks 60 min 
daily; in total 1,260 
min 
 
 

wall mounted 
lamps 

NR 8.000 NR no effects 

4 weeks 30 min 
daily; in total 840 
min   

light box 3000-
Kelvin 

500 NR normalization (increase) 
of rod retinal sensitivity 
and cone maximal 
amplitude  

1 week 60-90 min 
daily; in total 420-
630 min 

light box NR 10.000 NR no effects 

3 times, 2 weeks 
120 min daily; in 
total 5,040 min 

light visor NR 8.000 NR no effects 

average 7.8 winters; 
total min unclear 
 

light box NR NR NR no effects 

4 weeks 30 min 5 
out of 7 days; in 
total 600 min 

light box NR 10.000 NR static visual contrast 
sensitivity  increased 
after light therapy in 
SAD patients; no effects 
on dynamic visual 
contrast sensitivity  

single 30 min 
session  

light box NR 10.000 NR no effects on average 
pupil diameter; pupillary 
oscillations decreased 
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TTaabbllee  22..  CCoonnttiinnuueedd  
Gallenga et al. 
(1997) 

68 case 
report 

very 
low 

contrast sensitivity tests, foveal sensitivity tests (as 
measured with static perimetry), visual acuity tests, 
Amsler grid tests, funduscopy. fluorescein 
angiography, and electroretinography 
 
 
 
 

Abbreviations: RCT= randomized controlled trial; UES= uncontrolled experimental study, OS= observational 
electroretinography. Design: * study designed up to evaluate side effects; ** study designed to evaluate ocular 

N= no, NR= not reported.  
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5 days 60 min 
daily; in total 300 
min 

NR NR NR NR reduced contrast 
sensitivity  and foveal 
sensitivity, reduced 
bilateral visual acuity, 
central scotomas, and 
macular yellowish-white 
lesions with surrounding 
orange-red halo 

study; NR= not reported; ERG= electroretinography; OCT= optical coherence tomography; mfERG= multi-focal  
side effects. Search: indicates whether studies actively searched for adverse events / ocular complaints; Y= yes, 
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Analysis of the relationship between the blue light hazard and the occurrence of ocular 
complaints could not be performed, as information on the blue light hazard was 
unavailable and could also not be derived from most of the studies due to incomplete 
reporting light therapy treatment characteristics. Individual studies that compared various 
treatments showed that light therapy did not produce more ocular complaints than non-
light therapy placebo conditions (6, 54, 58, 63), and that results are conflicting regarding 
the effects of lux, and the combination of lux and color, on the emergence of ocular 
complaints (38, 31, 45-46, 48, 50-53, 55-57, 59). Yet, all studies that actively searched for 
ocular complaints, and hence are less affected by reporting bias, suggest no differences  
in the emergence of ocular complaints with light therapy dose (31,45, 46, 48, 50-53). A 
study that compared two conditions that provided similar amounts of biologically effective 
radiation and therefore probably quite similar blue light hazards, showed that the 
monochromatic blue low lux light condition produced more ocular complaints compared 
to the white high lux light condition (28). This may suggest that the monochromaticity of 
the light or light color may play a more important role in the occurrence of ocular 
complaints than the biologically effective irradiance and illuminance. Different participant 
characteristics or light therapy treatment characteristics may be associated with different 
risk of complaints. It has been previously speculated that the use of photosensitizing 
medications, or light therapy lamps with closer, point sources, without a diffuser screen, 
could lead to more eye complaints or ocular effects. Sorting of the data (Supporting 
information table 1.), however, was not indicative of clear effects of participant 
characteristics (mean age, ocular disorders, medical illness, and use of photosensitizing 
medication), and light therapy treatment characteristics (duration, timing, device type, 
screen size, distance, instructions, light color, light source, illuminance (lux), spectral 
distribution) on the emergence of ocular complaints. A summary of the findings is 
presented in Box 1. and Table 1. 
 
OOccuullaarr  mmeeaassuurreess  
The condition of the retina, the eye structure that is at risk for damage from light therapy, 
is best assessed with a combination of funduscopy or fundusphotography, optical 
coherence tomography (OCT), and electroretinography (ERG) or electro-oculography 
(EOG). Funduscopy or fundusphotography is used to evaluate the aspect of the retina; 
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OCT evaluates the aspect of the different layers of the retina; ERG and EOG evaluate the 
function of the rod and cone layer and the retinal pigment epithelium. Rods and cones 
are the photoreceptors involved in night vision and color vision, respectively. The majority 
of the studies showed no hazardous effects of light therapy on a wide variety of 
predominantly retinal measures. Two studies from the same group, however, reported 
effects of light therapy on the rods and cones function as measured with 
electroretinography: a 60 minute exposure to 100 lux or 10,000 lux light resulted in an 
almost equally diminished maximal rod response when compared to exposure to 5 lux 
light, while cone function was unaffected (64), and a 60 minute exposure to blue light 
transiently decreased the maximal cone and rod photoreceptor luminance response (65). 
It is debatable whether these effects are harmful, or are mere physiological and adaptive 
responses (64, 65). Other studies showed no effects of light therapy on the electro-
oculographic ratio (66), and a normalization (i.e. increase) of the rod retinal sensitivity and 
cone maximal amplitude in persons with seasonal affective disorder (67). One article, a 
case-report, describes a 35-year old man that developed a maculopathy – pathology of 
the central part of the retina that is responsible central vision – during 5 days of light 
therapy for 60 minutes a day (68), with partial recovery after 1 year. The person was 
suffering from recurrent major depression, seasonal pattern, and used clomipramine, an 
anticholinergic tricyclic antidepressant drug, 100mg, daily, but had no pre-existing retinal 
abnormalities. The authors speculated that the maculopathy in this person could be 
related to the combination of factors: light therapy, photosensitizing medication – tricyclic 
antidepressants are active photosensitizers and have high affinity for binding to the retina 
–, long-term exposure to sunlight, and possibly the anticholinergic pupil dilation due to 
clomipramine use (68). A study investigating effects of light therapy on pupillary function 
showed only physiological effects of light therapy: a decrease in pupillary oscillations (69), 
which is indicative of increased alertness. A summary of the findings is presented in Box 
1. and Table 2.  
  
DDiissccuussssiioonn  
To our knowledge, this is the first systematic review of research on the ocular safety of 
light therapy, bringing together the evidence of many (43), albeit very heterogeneous, 
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studies on the effects of light therapy on subjective, self-reported ocular complaints (30 
studies; 1,580 participants) and objective ocular measures (18 articles; 433 participants).  
Light therapy was associated with a variety of ocular complaints, both related to 
discomfort and problems with vision, in 0 to 45% of the study participants. The complaints 
are usually mild, and discontinuation of treatment due to ocular complaints seems to be 
exceptional.  Although it has been suggested that devices with closer point sources, such 
as light visors, or particular light colors, could lead to more eye complaints or ocular 
effects, sorting of the data was not indicative of an effect of a variety of light therapy 
treatment characteristics. Based on individual randomized controlled studies no evident 
relationship between participants’ complaints and light therapy characteristics, such as 
being an active or relative placebo condition, was found. We therefore suggest that other 
factors associated with light therapy treatment may play a role in the development of 
ocular complaints during light therapy, such as gazing or glaring.  
 
The studies that investigated effects of light therapy on ocular measures provide no 
evidence for ocular damage, aside from one case report that documented the emergence 
of a maculopathy in a person that used clomipramine – a photosensitizing antidepressant 
drug (68). However, a causal relationship between light therapy and the maculopathy 
could not be ascertained, and a case report can be regarded as low quality evidence (40). 
Photic maculopathy in response to visible light is known as a rare, sometimes transient 
phenomenon which can occur after exposure to light from the operating microscope 
during cataract surgery (70) or video camera light (71).  
 
Some of the studies included in our review reported to have excluded persons with pre-
existing ocular abnormalities or increased photosensitivity due to medications from 
participation.  From the evidence at hand, we conclude that there is no evidence for the 
unsafety of light therapy for the eyes in physically healthy, unmedicated persons. This is 
in accordance with international guidelines on the limits of exposure to incoherent visible 
and infrared radiation, which provide no exposure limits for the avoidance of Type I 
photochemical damage of the retina. Indeed, the exposure conditions that lead to this 
type of damage in animal research are extreme and far exceed those experienced by 
humans with broadband sources such as white fluorescent light therapy lamps (34).  
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We found no consistent evidence for increased risk for ocular side effects in persons with 
pre-existing ocular abnormalities or persons with increased photosensitivity due to 
medical conditions or medications. A study in elder people showed no ocular effects of 
light therapy in the pseudophakic eye (eye with implant lens, e.g. after cataract surgery) 
(10), and aside from the previously mentioned case report (68), light therapy did not 
produce hazardous ocular effects in persons that used photosensitizing antidepressant 
drugs (60, 72). Theoretically, there may be increased risk for the aphakic eye (eye without 
crystalline lens) or pseudophakic eye, as the crystalline intraocular lens has blue-light 
filtering properties, which increase with increasing age. However, aphakia is a rare 
condition, and nowadays lens implants with blue-blocking properties are used. Retinal 
conditions, such as age-related macular degeneration (AMD) and diabetic retinopathy, 
may also provide intuitive contra-indications. As UV light is filtered by the crystalline lens, 
particularly blue light is investigated as a risk factor in the development of AMD. A large 
epidemiological study found a higher level of exposure to blue light in persons with 
advanced AMD as compared to age-matched controls (73), and shorter wavelength 
visible radiation has been suggested to accelerate retinal ageing (74, 75). The progression 
of AMD may therefore be stimulated by light therapy. It can be questioned, however, 
whether light therapy significantly contributes to the blue light hazard already provided 
by the environment, as the levels used for light therapy fall well below the amount 
encountered on a sunny day outdoors (120,000 lux). Nonetheless prolonged light therapy 
may provide a greater cumulative blue light hazard than is normally experienced by some 
people (37): modern indoor lighting provides only 5% of natural light intensities (76, 77) 
and longer wavelength spectra (78), and exposure to natural light is strongly dependent 
on behavioral factors (79, 80). There is no evidence supporting the development or 
progression of retinal vascular disease, such as diabetic retinopathy, with increased light 
exposure (81). The etiology of these conditions differs from that of AMD and is primarily 
vascular, although a neurodegenerative component may play a role in diabetic 
retinopathy as well (82). Therefore, the progression of retinal vascular disease due to light 
therapy seems unlikely. How light therapy may affect other retinal conditions with a more 
degenerative etiology remains questionable.   
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Many commonly prescribed pharmaceutical agents including diuretic drugs (e.g. 
hydrochlorothiazide), antibiotic drugs (e.g. tetracycline), and tricyclic antidepressants (e.g. 
amitriptyline) (39), and several rare medical conditions, such as albinism and lupus, may 
increase photosensitivity. Particularly wavelengths within the ultraviolet (UV)-A range 
(320-400 nm) range are known to cause drug-induced cutaneous photosensitivity 
reactions (83), but these are normally not emitted by light therapy lamps and additionally 
blocked by filters. Photosensitivity reactions induced by visible light seem to occur only in 
combination with a few specific pharmaceutical agents, such as porphyrin drugs (39, 73). 
Although actual incidence rates of drug-induced visual light photosensitivity reactions and 
literature on retinal photosensitivity reactions is lacking, incidence rates seem low: the 
SPCs (Summary of Product Characteristics) of various photosensitizing medications do 
not report ocular damage despite regular exposure to bright sunlight of persons that use 
these medications.  
    
In summary, these theoretical considerations do not substantiate stringent ocular-safety 
related contraindications for light therapy. Nonetheless, we emphasize the need for 
further research into the retinal effects of light therapy in persons with pre-existing ocular 
abnormalities, or in persons with increased photosensitivity due to medical conditions or 
medications.  
 
Several limitations of the current systematic review must be kept in mind when 
interpreting the results. We have only searched the PubMed database, and cannot 
exclude the possibility that other databases, such as SCOPUS, Embase or PsycINFO, or a 
combination of databases, may have identified more relevant articles, although unlikely. 
As side effects are usually not the primary outcome of a study, and therefore commonly 
poor reported (43), side effects are typically difficult to review. This notion has led to the 
recent development of the PRISMAharms statement (42), which aims improve side effect 
reporting in systematic reviews. Different methods used to measure harms could lead to 
different results, as active methods (searching for harms) are associated with more 
reported events than passive methods (waiting for participants to report them); harms are 
often rare events, and therefore it is common to find studies reporting no instances of the 
harm; and studies that have included harms as secondary outcomes measures usually do 
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not discuss the outcomes in titles and abstracts, which makes them hard to identify by 
literature search (42). As the nature and direction of the harm itself influence its chance 
of reporting, it is difficult to establish a positive or negative bias and whether this may 
have resulted in an overestimation or underestimation of the effect. Meta-analysis 
provides the possibility for statistical pooling, and meta-analytical subgroup and between-
study analysis can normally be applied to investigate potential sources of heterogeneity 
of the results (41). Meta-analysis could not be performed in this review of the ocular safety 
of light therapy. Large clinical and methodological diversity, as well as the ambiguous 
reporting of outcome measures limited the pooling and comparability of the individual 
findings. Furthermore incomplete reporting of study characteristics was identified as a 
restrictive factor. Inadequate reporting of treatment characteristics is common in non-
drug treatment interventions (44), and also in the field of light therapy research (84). In 
the meta-analysis of the effects of light therapy, one would be interested in the light 
therapy dose that is provided. How the light therapy dose is best described depends on 
the effect to be studied. Lux, which is often the only light therapy treatment characteristic 
reported, is a photometric measure of the perceived brightness of light. It provides no 
exact information, however, on the potential of the light to stimulate the biological clock 
(85) or to exert harmful effects on the retina. The potential of light to harm the retina is 
best described by the blue light hazard (34). Information on the blue light hazard was not 
provided by the articles included in this review, and could not be derived from the 
reported light therapy treatment characteristics. Accordingly, subgroup analyses or 
between-study analyses of the relationship between the blue light hazard and the 
emergence or severity of ocular complaints, could not be performed.   
   
Future studies in the field of light therapy should therefore clearly report ocular safety 
related outcome measures and transparently report study methodology (42, 43, 44). In 
respect to the ocular safety of light therapy, mainly participant characteristics and light 
therapy treatment characteristics are of importance (44, 84). Specific participant 
characteristics of interest regarding the ocular safety of light therapy are: age, the 
presence of mental or physical illness, the presence of ocular abnormalities, medication 
use. Light therapy treatment characteristics of interest include: the treatment regimen – 
timing, also in relation to the individual’s circadian rhythm phase, and duration – and the 
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electromagnetic radiation participants are exposed to (84). The electromagnetic radiation 
that reaches the eye is best described by the spectral distribution (intensity of light at 
different wavelengths), including radiometric and photometric measures. Preferably also 
the irradiance that reaches the retina (39, 86, 87), the melanopic lux (85) and the blue 
light hazard are reported (34).  
 
In conclusion, in our systematic review we found no consistent evidence for hazardous 
ocular effects associated with light therapy, which may suggest that light therapy is safe 
for the eyes in physically healthy, unmedicated persons. Yet, definite conclusions on the 
ocular safety of light therapy cannot be made based on limitations related to this review 
and the review of adverse events in general. The ocular safety of light therapy in persons 
with pre-existing ocular abnormalities or persons with increased photosensitivity due to 
medical conditions or medication, warrants further investigation. Based on theoretical 
considerations stringent ocular-safety related contraindications for light therapy do not 
seem indicated.  
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SSuuppppoorrttiinngg  iinnffoorrmmaattiioonn  TTaabbllee  11  (Table of findings for ocular complaints) is available online 
(https://doi.org/10.1111/acps.12785).    
  
SSuuppppoorrttiinngg  iinnffoorrmmaattiioonn  TTaabbllee  22  (Table of findings for ocular measures) is available online 
(https://doi.org/10.1111/acps.12785).  
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AAbbssttrraacctt  
 
BBaacckkggrroouunndd  
Major depression and type 2 diabetes often co-occur. Novel treatment strategies for 
depression in type 2 diabetes patients are warranted, as depression in type 2 diabetes 
patients is associated with poor prognosis and treatment results. Major depression and 
concurrent sleep disorders have been related to disturbances of the biological clock. The 
biological clock is also involved in regulation of glucose metabolism by modulating 
peripheral insulin sensitivity. Light therapy has been shown to be an effective 
antidepressant that ‘resets’ the biological clock. We here describe the protocol of a study 
that evaluates the hypothesis that light therapy improves mood as well as insulin sensitivity 
in patients with a major depressive episode and type 2 diabetes.  
 
MMeetthhooddss//DDeessiiggnn  
This study is a randomized, double-blind, parallel-arm trial in 98 participants with type 2 
diabetes and a major depressive episode, according to DMS-IV criteria. We will assess 
whether light therapy improves depressive symptoms and insulin sensitivity, our primary 
outcome measures, and additionally investigate whether these effects are mediated by 
restoration of the circadian rhythmicity, as measured by sleep and hypothalamic-pituitary-
adrenal axis activity. Participants will be randomly allocated to a bright white-yellowish 
light condition or dim green light condition. Participants will undergo light therapy for half 
an hour every morning for four weeks at home. At several time points, namely before the 
start of light therapy, during light therapy, after completion of four weeks of light therapy 
and after four weeks follow-up, several psychometrical, psychophysiological and 
glucometabolic measures will be performed.  
 
DDiissccuussssiioonn  
If light therapy effectively improves mood and insulin sensitivity in type 2 diabetes patients 
with a major depressive episode, light therapy may be a valuable patient friendly addition 
to the currently available treatment strategies. Additionally, if our data support the role of 
restoration of circadian rhythmicity, such an observation may guide further development 
of chronobiological treatment strategies in this patient population.  
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BBaacckkggrroouunndd  
Major depression is a mood state characterized by depressed mood and loss of interest 
or pleasure for at least two weeks, together with several other symptoms, such as loss of 
energy, diminished ability to concentrate, changes in appetite or physical activity and 
sleep disturbances. Up to 20% of the type 2 diabetes (T2D) patients suffer from major 
depression (1), where depression appears to be more persistent and recurrent (2-4) and 
has adverse effects on health behavior and treatment adherence (5, 6). Consequently, 
depression in T2D patients is associated with an increased risk for diabetes complications 
and mortality (7-16), as well as an economic burden to society (17, 18). Hence, adequate 
treatment of depression in T2D patients is required.  
 
Major depression in T2D patients can be treated by psychotherapy or antidepressant 
drugs. Meta-analytic evidence has shown that antidepressant treatments, both 
psychological and pharmacological, are only moderately effective in the reduction of 
depressive symptoms in T2D patients (19, 20). Glycemic improvements from anti-
depressant therapies have been very modest (20) and some antidepressant drugs have 
even shown negative metabolic effects, such as weight gain (21) and glucose 
dysregulation (22). There clearly is a need for more efficacious treatment strategies of 
major depression in T2D patients, which improve both psychiatric symptoms and glycemic 
control (23). 
 
Light therapy has been shown to be a patient friendly, non-pharmacological 
antidepressant, which has an early onset of action and a mild adverse-effect profile (24). 
Light therapy has been proven successful in patient groups that are traditionally difficult 
to treat, such as patients with chronic depression and postpartum depression (25-27), and 
may therefore be effective in the treatment of major depression in T2D patients. 
Restoration of the circadian rhythmicity, which is often disrupted in depression, has been 
assumed to be the mechanism of action of light therapy (28). The biological mechanism 
behind this chronobiological effect is that light induces the specialized light sensitive 
retinal ganglion cells, which in turn release glutamate in the suprachiasmatic nucleus 
(SCN) of the brain, which is often called the ‘biological clock’ (29). The SCN is involved in 
the regulation of melatonin release, activation of the hypothalamic-pituitary-adrenal 
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(HPA) axis as well as regulation of sleep-wake patterns. A recent clinical study in elderly 
patients with non-seasonal depression showed that light therapy improved mood, 
increased upslope evening melatonin levels, attenuated cortisol release and enhanced 
sleep efficiency (30). The SCN is also involved in regulation of glucose metabolism (31), 
which suggests that light therapy may affect glucose metabolism. Two case reports on 
the effect of light therapy in patients with seasonal depression and insulin dependent 
diabetes support the idea of effects of light therapy on glucose metabolism (32, 33).  
 
Sleep disturbances, which are indicative of disturbed circadian rhythmicity, often co-occur 
with major depression (34) and have been associated with hyperglycemia and increased 
rates of incident diabetes (35). In patients with T2D, sleep disorders are associated with a 
23% higher fasting glucose level, a 48% increment in fasting insulin levels and a decreased 
insulin sensitivity as indicated by a 82% increase in homeostatic model assessment of 
insulin resistance (HOMA-IR) (36, 37). Two studies using a hyperinsulinemic-euglycaemic 
clamp procedure, which is considered the gold standard for the quantification of whole-
body insulin sensitivity, observed strong effects of one single night of sleep restriction on 
insulin sensitivity in healthy volunteers (38) and in patients with type 1 diabetes (39). 
Whether the reversed situation, improved insulin sensitivity, can be reached after 
restoration of the circadian rhythmicity in patients with sleep disturbances has, to the best 
of our knowledge, not been tested. 
 
We believe that light therapy may be a promising treatment option for patients with major 
depression and T2D, as light therapy is thought to restore circadian rhythmicity, it may 
also result in the concurrent improvements in depressive symptoms and insulin sensitivity 
(Figure 1.).  
  

To substantiate this theory, we aim to perform a randomized, double-blind, parallel-arm 
trial that investigates the following hypotheses: 
1. Light therapy improves depression symptoms in patients with a major depressive 
episode and T2D. 
2. Light therapy improves insulin sensitivity in patients with a major depressive episode 
and T2D.  
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FFiigguurree  11..  SScchheemmaattiicc  oovveerrvviieeww  ooff  tthhee  rreesseeaarrcchh  hhyyppootthheessiiss..    
a. Schematic overview of the relationship between the biological clock, depressive symptoms and insulin 
sensitivity in patients with major depression and type 2 diabetes. b. Schematic overview of the effect of light 
therapy on the biological clock, depressive symptoms and insulin sensitivity in patients with major depression 
and type 2 diabetes. 

 
3. Effects of light therapy on depression symptoms and insulin sensitivity are mediated by 
restoration of the circadian rhythmicity, as measured by the sleep-wake pattern and HPA 
axis activity. 
 
If light therapy proves to be an effective antidepressant in T2D patients and improves 
insulin sensitivity, light therapy may be a valuable addition to the currently available 
treatment options for major depression in T2D patients, assuming that improvements in 
insulin sensitivity may ultimately lead to improvements in glycemic control.  
 
MMeetthhooddss//ddeessiiggnn  
DDeessiiggnn  
This study entails a randomized, double-blind, parallel-arm trial, consisting of a run-in 
period of at least one week to allow for study effects, a four-week intervention period and 
a four-week follow-up period. Assessments of primary and secondary outcome measures, 
as well as mediating factors, will be performed at baseline, during the intervention, after  
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FFiigguurree  22..  SScchheemmaattiicc  oovveerrvviieeww  ooff  tthhee  ssttuuddyy  pprroottooccooll..  
Abbreviations: S= screening, T0= start of the intervention, T4= 4 weeks relative to the start of the intervention, 
T8= 8 weeks relative to the start of the intervention.  

 
the intervention and after the follow-up period to assess direct and long-term effects of 
light therapy. A schematic overview of the trial protocol is provided in Figure 2.  
  
AApppprroovvaall  
This study will be executed in accordance with the Helsinki Declaration (40). Participation 
in the study is voluntary and written informed consent is obtained. Participants can 
withdraw their consent to participation at any time, without specification of reasons. The 
ethical committee of the VU University Medical Centre approved this study.  
 
PPaarrttiicciippaannttss  
Participants will be recruited using a number of strategies: (1) Participants of previous 
research studies of the VU University Medical Centre will be informed about the study; (2) 
patients will be informed about the study by affiliated health-care-workers; (3) 
advertisements in local newspapers, folders and posters in waiting rooms of affiliated 
health-care-institutions; and (4) via our website. In case patients are interested in 
participation, a screening consisting of three questions will be applied by telephone. Only 
patients without a history of laser photocoagulation for the treatment of diabetic 
retinopathy and scoring 2 or more on one or both questions of the Patient Health 
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Questionnaire-2, a screening tool for a major depressive episode (41), will be invited for 
a screening visit.  
 
Eligibility for participation will be determined during a screening visit, which constitutes a 
standardized psychiatric interview, as assessed with the Composite International 
Diagnostic Interview (CIDI) WHO version 2.1 (42), a medical interview on disease history 
and medication, physical and blood examination, visual acuity test and fundus 
photography.  
 
IInncclluussiioonn  ccrriitteerriiaa  
Participants will be included when (1) 18 years or older; (2) having a documented 
physician-based diagnosis of T2D; and (3) having a major depressive episode according 
to DSM-IV criteria.  
 
EExxcclluussiioonn  ccrriitteerriiaa  
Participants will be excluded from participation when any of the following criteria is 
present: (1) a recent history of or current use of light therapy; (2) shift worker; (3) a recent 
change in antidepressant or blood-glucose lowering medication or therapy (e.g. 
psychotherapy); (4) use of oral glucocorticoids, melatonin, or cytostatics; (5) pregnancy; 
(6) psychosis, mania,  (probable) dementia, severe drug or alcohol abuse, delirium, and 
severe acute suicidality; (7) a history of light-induced migraine or epilepsy or severe side 
effects to light therapy in the past; (8) visual acuity <60%, diabetic retinopathy EURODIAB 
grades 3, 4 or 5 (severe non-proliferative or preproliferative retinopathy, 
photocoagulated retinopathy, proliferative retinopathy) (43, 44), senile macula 
degeneration; (9) other medical conditions or recent medical events that potentially 
compromises the effects or safety of light therapy. There are no restrictions with respect 
to type of antidepressant or blood-glucose lowering medication. 
 
SSaaffeettyy  
Light therapy has proven to be a patient friendly and safe intervention, with little side 
effects that normally resolve after discontinuation of the therapy.  
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The ocular safety of light therapy, however, remains matter of debate. Follow-up of 
patients with cumulative exposure durations up to 1250 hour demonstrated that light 
therapy is safe in patients without pre-existing ocular abnormalities (45).  Ocular effects 
of light therapy in patients with pre-existing ocular abnormalities, diabetes, or in patients 
using photosensitizing medication, however, remain under speculation (46). Therefore, 
stringent ocular exclusion criteria have been defined (e.g. diabetic retinopathy EURODIAB 
grade 3, 4 and 5) and safety precautions have been taken, such as the use of filters that 
eliminate an additional part of the energetic light spectrum below 450 nm (blue light), 
which theoretically has the most damaging potential, in addition to the of UV-A and UV-
B filters with which the light therapy lamps are normally equipped with (Figure 3).  
 
Mania (in bipolar depressive patients) and acute suicidality have been theorized as 
potential psychiatric side effects of light therapy (24, 47, 48) although there is little 
documented evidence. The investigator will contact a participant weekly during the 
intervention in order to be able to intervene in case of deterioration of psychiatric 
symptoms.  
  
IInntteerrvveennttiioonn  
The intervention will consist of light therapy for 30 minutes every morning, for four 
consecutive weeks at home. The time at which light therapy is applied in the morning will 
be determined according to results from the Morningness-Eveningness Questionnaire 
(24) to allow for accurate phase timing, but in agreement with the participant, to make 
sure the light therapy can be incorporated in the participant’s daily rhythm. A timer will 
be installed to provide a 90-minute time window in which the participants can follow the 
30 minutes of light therapy. This provides the participants with a time window of an hour 
to start the light therapy, which will prevent participants from taking light therapy at 
another time of the day. Participants will sit in front of the light boxes at a distance of 50 
cm and at an angle of 45°, while they eat breakfast or do some reading (protocol as 
recommended by Wirz-Justice and colleagues, 2009 (49)).  
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EEqquuiippmmeenntt    
Diamond-5 SAD lightbox (CE certified; SAD Lightbox Company, Berkshire, United 
Kingdom) light therapy lamps will be used. The lamps will be equipped with heat-resistant 
filters, to create an experimental and placebo light therapy condition. 
 
The experimental condition will be bright white-yellowish light, with an intensity of 10.000 
lux at a distance of 50 cm. The lamps will be equipped with high-throughput pale yellow 
filters (LCT Yellow, Model 212; Lee Filters, Burbank, California, United States of America), 
to filter the spectrum below 450 nm for ocular safety. The circadian system appears most 
sensitive to light with short wavelengths and light therapy with light of around 470 nm is 
able to induce a substantial phase advance (50). We therefore think filtering for ocular 
safety will not interfere with our hypothesis. Spectral and intensity measures are depicted 
in Figure 3.  
 
The control condition will be dim green light with an intensity of 450 lux at a distance of 
50 cm. As the green part of the spectrum around 545 nm is biologically relatively inactive 
(50), we expect there to be no substantial effects, especially at this low intensity, although 
expectations will be quite comparable to white light, as was previously shown for dim red 
light (51). To create the dim green light condition the lamps will be equipped with low-
throughput dark green filters (Aurora Borealis Green: Model 740; Lee Filters, Burbank, 
California, United States of America). Spectral and intensity measures are depicted in 
Figure 3.  
 
CCoommpplliiaannccee  
Participants will be instructed by research assistants on how to follow the light therapy 
program. The position of the light therapy lamp and the participant during light therapy 
will be marked, so the participant can retake the same position day after day. The 
investigator will contact the participants weekly during the intervention period and 
compliance will be monitored and reinforced when needed.  
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FFiigguurree  33..  LLiigghhtt  ssppeeccttrraall  aanndd  rreellaattiivvee  iinntteennssiittyy  mmeeaassuurreess  aatt  5500  ccmm  ddiissttaannccee  ooff  tthhee  bbrriigghhtt  wwhhiittee--yyeelllloowwiisshh  
lliigghhtt  ccoonnddiittiioonn  ((yyeellllooww)),,  tthhee  ddiimm  ggrreeeenn  lliigghhtt  ccoonnddiittiioonn  ((ggrreeeenn))  aanndd  tthhee  llaammpp  wwiitthhoouutt  ffiilltteerr  ((bblluuee))..    

 
RRaannddoommiizzaattiioonn  
Participants will be randomly assigned to the experimental or placebo condition. 
Randomization will be performed in blocks of 6 using a computer-generated table and 
will be stratified for whether a participant will or will not take part in the hyperinsulinemic-
euglycaemic clamp experiment, which will only be performed in a subgroup of the 
participants.  
 
BBlliinnddiinngg  
Both investigators and participants will be blind with respect to the treatment conditions. 
Participants will be informed that two different colors of light (white-yellowish and green) 
will be compared, but not that a placebo condition is present, nor that the green light is 
less bright or less effective compared to the white-yellowish lamp. This approach is 
effective in avoiding differences in participants’ expectations regarding the effectiveness 
of the conditions, as expectations may affect treatment effects (30, 52, 53). The 
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investigators involved in data acquisition will be blind to the conditions, as the lamps will 
be delivered at the participants’ homes by independent research assistants, who are 
instructed not to discuss the brightness of the lamp and participants will be instructed not 
refer any details of their condition to the investigators. A similar blinding procedure 
showed to be successful in a previous study conducted by our institute (30).  
 
To evaluate the blinding procedure, participants’ expectations of the effect of light therapy 
on depressive symptoms will be measured before installation of the light therapy lamps, 
using an adapted version of the expectations questionnaire developed by Lieverse and 
colleagues, 2011 (30).  
  
OOuuttccoommee  mmeeaassuurreess  
Outcome measures will be evaluated just before the start of the intervention (T0), after 
four weeks of light therapy (T4) and after four weeks of follow-up (T8). Changes in 
outcome measures (T0 – T4, T4 – T8, or T0 – T8) will be compared between the two study 
conditions. Additionally, several outcome measures will also be evaluated weekly during 
the intervention period (T0, T1, T2, T3, T4, T8) to allow for analysis or temporal changes 
in these measures. A schematic overview of the outcome measures is depicted in Table 1.  
 
PPaarrttiicciippaanntt  cchhaarraacctteerriissttiiccss  
Various participant characteristics will be obtained before the start of the light therapy (S, 
T0): psychiatric diagnosis in the category of mood and anxiety disorders according to 
DSM-IV criteria as assessed using the CIDI WHO version 2.1 (42); seasonality of depression 
(67); chronotype (24); presence of sleep apnea (68); medical history; current medication; 
biochemical blood tests; and sociodemographic factors. These participant characteristics 
allow for the characterization of our study sample. 
  
PPrriimmaarryy  oouuttccoommee  mmeeaassuurreess  
Depressive symptoms will be assessed by the self-report version of the Inventory of 
Depressive Symptomatology (IDS) (T0, T1, T2, T3, T4, T8) (54). The IDS allows for profiling 
of depression, as the questionnaire discriminates directions of the weight, appetite, sleep 
and psychomotor symptoms, and can be used to determine depression severity. Scores 
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between 14 and 25 indicate mild depression; scores between 26 and 38 indicate moderate 
depression; scores between 39 and 48 indicate moderate to severe depression; and 
scores of 49 and greater indicate severe depression. A reduction of 50% or greater of the 
baseline depression score is regarded as a clinically significant reduction in depressive 
symptoms. Depression remission is a priori defined as an IDS score of 13 or less. 
 
Insulin sensitivity will be evaluated at the baseline visit (T0) and the visit following light 
therapy (T4) in a subsample of 60 participants. Insulin sensitivity will be quantified using a 
hyperinsulinemic-euglycaemic clamp procedure, the gold standard for the quantification 
of whole-body insulin sensitivity. This procedure quantifies the rate of exogenous glucose 
infusion required to maintain the plasma glucose concentration at euglycaemic levels in 
response to a fixed increase in the plasma insulin level. Because 80–90% of the infused 
glucose is taken up by skeletal muscle under conditions of euglycaemic hyperinsulinemia, 
insulin sensitivity measured with this procedure primarily reflects that of skeletal muscle 
(55). The hyperinsulinemic-euglycaemic clamp procedure is performed as previously 
described by DeFronzo and colleagues (56). Briefly, participants will be admitted at our 
research unit following an overnight fast. They are placed in a semi recumbent position 
during the procedure. A cannula will be inserted into a vein in the antecubital fossa for 
infusion of glucose and insulin. Insulin (Novorapid 100 IU/ml; Novo Nordisk, Bagsvaerd, 
Denmark) will be continuously infused at a rate of 40 mU/m2*min, which creates a 
hyperinsulinemic state, which will largely decrease endogenous glucose production by 
the liver. A contralateral dorsal hand or wrist vein will be cannulated and maintained at 
50°C to permit sampling of arterialized venous blood for bedside measurement of blood 
glucose concentrations (Yellow Springs Instrument 2300 STAT Analyser, Yellow Springs, 
Ohio, Unites States of America) every five minutes. Glucose (20%) will be infused at a 
variable rate to maintain blood glucose levels at 5 mmol/L. When a stable blood glucose 
level of 5 mmol/L is achieved (minimally after 90 minutes of insulin infusion), the blood 
glucose level will be kept at this level for 30 minutes (steady state). At this point the glucose 
infusion rate equals the skeletal muscle glucose uptake. The M-value (expressed as the 
amount of glucose infusion in mol/kg*min) will be calculated over this steady state period 
as described previously (56). Blood samples for measurement of plasma insulin 
concentrations will be obtained at several time points before and during insulin infusion.  
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SSeeccoonnddaarryy  oouuttccoommee  mmeeaassuurreess  
Secondary participant-reported outcome measures include anxiety symptoms, as anxiety 
symptoms often co-occur with depressive symptoms; diabetes-related distress; and 
quality of life and disability, as these measures are increasingly important when evaluating 
new treatments in clinical trials. Anxiety symptoms are evaluated using the Beck Anxiety 
Inventory (T0, T1, T2, T3, T4, T8) (57), diabetes-related distress is measured using the 
Problem Areas In Diabetes questionnaire (T0, T4, T8) (58), quality of life using the 
EuroQol-5 Dimensions questionnaire (T0, T4, T8) (59) and disability using the Sheehan 
Disability Scale (T0, T4, T8) (60).   
 
Glucometabolic secondary outcome measures will include the clinically relevant glycated 
hemoglobin A1c (HbA1c) level (T0, T4, T8), fasting plasma glucose level (T0, T4, T8), and 
number of hypoglycemic events as reported in the diary (T0, T1, T2, T3, T4, T8).  
 
CCiirrccaaddiiaann  mmeeddiiaattiinngg  ffaaccttoorrss  
Mediating factors that reflect circadian rhythmicity will include diurnal HPA axis activity, 
objective accelerometer measures of sleep duration and subjective measures of sleep 
duration and quality.  
 
Diurnal HPA-axis activity is assessed by free cortisol assessment using six saliva samples 
per day (T0, T4, T8). The morning cortisol awakening responses will be assessed by four 
saliva samples in the morning: after awakening, plus 30 minutes, plus 45 minutes and plus 
60 minutes. Cortisol levels in the evening will be obtained from two saliva samples in the 
evening at 10 and 11 pm. Saliva samples will be collected at home, using cotton swaps 
(Salivette, Sarstedt, Nümbrecht, Germany) that will be stored in the refrigerator. 
Participants will bring the samples with them to the research facility where the saliva will 
be centrifuged and stored at -80 °C for analysis.  
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TTaabbllee  11..  SScchheemmaattiicc  oovveerrvviieeww  ooff  tthhee  oouuttccoommee  mmeeaassuurreess..  
Weeks relative to start intervention (T)  0 1 2 3 4 5 6 7 8 

Visits S 1    2    3 

Telephone contact   1 2 3   4   

Run-in phase           

Intervention phase           

Follow-up phase           

Participant 
characteristics 

Psychiatric diagnosis, seasonality, 
chronotype, sleep apnea, medical 
history, current medication, 
biochemical blood tests, 
sociodemographic factors 

X X         

Psychometrical 
measures 

Depressive symptoms   X X X X X    X 

Anxiety symptoms   X X X X X    X 

Diabetes-related distress   X    X    X 

Quality of life, disability  X    X    X 

Glucometabolic 
measures 

Insulin sensitivity  X    X     

HbA1c level  X    X    X 

Fasting glucose level  X    X    X 

Hypoglycemic events  X X X X X    X 

Circadian 
mediating 
factors 

Diurnal HPA axis activity   X    X    X 

Objective sleep  X    X    X 

Subjective sleep  X X X X X    X 

Other factors Body weight, body mass index, waist-
hip ratio, body composition 

 X    X    X 

Physical activity  X    X    X 

Autonomic nervous system function  X    X    X 

Safety  Adverse effects   X X X X X    X 

Ophthalmological examination  X         X 

Compliance Participant-report compliance   X X X X     

Light meter  X    X    X 

Abbreviations: S= screening; HPA= hypothalamic-pituitary-adrenal. 

  
Objective measures of sleep will be obtained using a microelectromechanical system 
(GENEActiv, Activeinsights Ltd, Kimbolton, United Kingdom), an accelerometer that can 
reliably measure sleep-wake behavior (61) and will be worn for one week continuously. 
Estimates of sleep parameters will be obtained from these data using a previously 
validated algorithm (61).  
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Subjective sleep parameters will be scored using the Pittsburg Sleep Quality Index (T0, T4, 
T8) (62), the Insomnia Severity Index (T0, T2, T4, T8) (63, 64) and a sleep diary (T0, T1, T2, 
T3, T4, T8) (65).  
 
OOtthheerr  ffaaccttoorrss  
Other potential mediating or confounding factors include body weight, body mass index, 
waist-hip ratio, body composition, physical activity and autonomic nervous system 
function. Body composition will be measured by bioelectrical impedance analysis (T0, T4, 
T8), physical activity will be measured using a wrist-worn accelerometer (T0, T4, T8) and 
autonomic nervous system function will be evaluated with spectral analysis of the heart 
rate variability (T0, T4, T8). Whole blood (T0, T4), plasma and serum (T0, T4, T8) will be 
collected and stored for future additional research questions that require additional 
biochemical or DNA analyses. 
  
SSaaffeettyy  aanndd  ttoolleerraabbiilliittyy  ooff  lliigghhtt  tthheerraappyy  
Adverse effects of light therapy will be assessed, using a self-report adverse effects 
questionnaire (T0, T1, T2, T3, T4, T8) that is based on the side effect interview from Lieverse 
and colleagues, 2011 (30, 66). The following items will be assessed: tired eyes, dry eyes, 
painful eyes, visual impaired, headache, early morning awakening, fatigue, drowsiness, 
weakness, nervousness, anxiety, agitation, irritability, dizziness, nasal congestion, fever, 
seating, hypoglycemia, hot flushes, allergy, rash, cough, dry mouth, nausea, vomiting, 
decreased appetite, increased appetite, constipation and diarrhea. Presence and severity 
of each item will be rated as absent, mild, moderate or severe.  
Additionally, we will assess ophthalmological effects, by measures of visual acuity, contrast 
sensitivity and fundus photography. An ophthalmologist will perform grading of the 
photographs according to the EURODIAB study grading system (5, 43, 44).  
 
CCoommpplliiaannccee  
Participants will note their compliance to therapy in a diary. Objective measures of 
compliance will be obtained from lux-meters built in a wrist-worn accelerometer. 
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SSaammppllee  ssiizzee    
A previous study on the effects of light therapy on depression in elderly patients using a 
comparable protocol (30) showed that direct treatment effects of light therapy on 
depressive symptoms were moderate (effect size 0.50 Cohen’s d), and increased during 
follow-up (effect size 0.91 Cohen’s d), with one-sided testing. Power calculations were 
based on the expected moderate effect size and a conservative repeated measures 
correlation of 0.6, using conventional values for α (0.05) and β (0.20), and two-tailed tests 
with equal groups – the sample size aimed for will be 42 participants per treatment arm. 
Accounting for an attrition rate of 15%, we derive at a total sample size of 98 participants.  
The question whether light therapy alters insulin sensitivity in type 2 diabetes patients with 
depression will be tested in a subsample of 60 participants in total. A sample size of 30 
participants per treatment arm is sufficient to detect a moderate effect (0.76 Cohen’s d) 
of light therapy on insulin sensitivity, with conventional values for α (0.05) and β (0.20), 
and two-tailed tests with equal groups, assuming a dropout rate of 10%. The 
hyperinsulinemic-euglycaemic clamp experiment will thus be performed in a subgroup of 
the participants and participation in this procedure will be optional. Participants with 
difficult venous access or medical conditions that impair the safety of the procedure (e.g. 
heart failure) will be excluded from participation in the hyperinsulinemic-euglycaemic 
clamp experiment.  
  
SSttaattiissttiiccaall  aannaallyysseess  
Data will be analyzed using SPSS (version to be determined). Participant and baseline 
characteristics across treatment groups will be compared using analysis of variance 
(ANOVA) and chi-squared statistics. Analyses of our primary outcome measures will be 
performed on the basis of intention to treat. The superiority of the bright white-yellowish 
light condition compared to dim green light condition will be tested using a repeated 
measures mixed models design. Both treatment (independent of time) and condition*time 
interaction effects will be evaluated. Repeated measures logistic regression will be applied 
to test differences in depression remission rates. Preacher and Hayes mediation analysis 
will be performed to test whether the effects of light therapy are mediated by restoration 
of the circadian rhythmicity. Post hoc analyses of this study may include subgroup or 
discriminant analysis to test if participant characteristics can be identified that predict 
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positive effects of light therapy, such as baseline depression severity, baseline depressive 
symptoms profile, baseline insulin sensitivity, baseline HbA1c, chronotype, or baseline 
insomnia severity, seasonality of depression and time of year at which the participant was 
included in the study.  
 
DDiissccuussssiioonn  
To the best of our knowledge, we are the first to investigate the effects of light therapy 
on depressive symptoms and insulin sensitivity in T2D patients with a major depressive 
episode.  
 
Creating a valid placebo condition is a major challenge in light therapy trials, due to the 
visibility of light. In previous research various placebo conditions have been used: 
deactivated air ionization generators, dim red light placebo conditions, dim white light 
conditions and inappropriate timing of light therapy (30). We however decided to use a 
dim green light condition as placebo for several reasons. Firstly, inappropriate timing of 
light therapy can be difficult, as phase alterations vary in non-seasonal depression. 
Secondly, we regard a dim white light condition less credible when compared to a colored 
dim light condition, as a colored glare to the surroundings is absent for a white light 
condition. Thirdly, a dim red light placebo condition may be less credible nowadays, as 
much more information on (e.g. on the active spectrum of light) has become available to 
the public. We considered dim green light the best placebo condition, reasoning that 
because the green part of the spectrum around 545 nm is biologically relatively inactive 
(50), at low intensities there will be no substantial effect, while dim green light will induce 
positive expectations quite comparable to white light, as was previously shown for dim 
red light (51).  
 
Participation in the hyperinsulinemic-euglycaemic clamp experiment is optional, to 
prevent participants to refrain from participation in our study. This procedure may 
introduce a selection bias, with potentially psychiatrically and somatically less severely 
affected participants in the hyperinsulinemic-euglycaemic clamp subgroup, limiting the 
generalizability of our findings on insulin sensitivity. 

230



Participants with diabetic retinopathy EURODIAB grade 3 to 5 will be excluded from 
participation in this study as a safety precaution. If our study does find positive effects on 
mood and insulin sensitivity in absence of ocular damage, it may be worthwhile to 
investigate the effects of light therapy in patients with diabetic retinopathy EURODIAB 
grade 3 to 5, as these patients are expected to have a greater risk for depression and 
poor glycemic control. 
 
CCoonncclluussiioonnss  
If light therapy shows to be safe and effective in the reduction of depressive symptoms 
and improves insulin sensitivity, light therapy may be a valuable patient friendly addition 
to the currently available treatment strategies for major depression in T2D patients, 
assuming that improved insulin sensitivity may lead to improvements in glycemic control, 
as measured by fasting glucose levels and HbA1c levels. Additionally, if our data support 
the role of restoration of circadian rhythmicity in these effects, such a finding may guide 
further development of chronobiological treatment strategies in these patients, as well as 
provide a basis for research into the effects of light therapy in other T2D patients, such as 
those without major depression but with sleep disorders.  
 
TTrriiaall  ssttaattuuss  
The first participant was enrolled in June 2014. At the time of submission of this manuscript 
participants were still being recruited.  
  
CCoommppeettiinngg  iinntteerreessttss  
The author(s) declare that they have no competing interests. 
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drafted the manuscript. MAB conceived the study, set up the preliminary study design, is 
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participated in the somatic design of the study. FR participated in the participant 
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AAbbssttrraacctt  
 
OObbjjeeccttiivvee  
Depression is a common comorbidity in type 2 diabetes patients, adversely affecting 
diabetes outcomes and quality of life. We assessed whether light therapy, an 
antidepressant, improves mood and insulin sensitivity in depressed type 2 diabetes 
patients.  
 
RReesseeaarrcchh  ddeessiiggnn  aanndd  mmeetthhooddss  
Set up: a randomized, double-blind, placebo-controlled trial in 83 depressed type 2 
diabetes patients. Intervention: four weeks of light therapy (10,000 lux) or placebo light 
therapy daily at home. Primary outcomes: depressive symptoms (Inventory of Depressive 
Symptomatology (IDS)) and insulin sensitivity (M-value derived by hyperinsulinemic-
euglycaemic clamp). Secondary outcomes: related psychological and glucometabolic 
measures.  
 
RReessuullttss  
Intention-to-treat analysis showed no superiority of light therapy in reducing depressive 
symptoms (-3.9 (95% CI -9.0 to 1.2) IDS points; p=0.248), and no effect on insulin 
sensitivity (0.15 (95% CI -0.41 to 0.70) mg/kg*min; p= 0.608). Analyses, incorporating only 
those participants showing accurate adherence to the light therapy protocol (n=51), 
showed no effect on depressive symptoms either, but suggested positive effects of light 
therapy on depression response rates (≥50% reduction in IDS points) (26% more 
response, p=0.031). Pre-specified analysis showed effect moderation by baseline insulin 
sensitivity (p=0.009) and use of glucose lowering medication (p=0.023), with no effect on 
depressive symptoms in non-insulin using participants or those with higher insulin 
sensitivity, but a relevant effect in participants with lower insulin sensitivity (-12.9 (95% CI 
-21.6 to -4.2) IDS points, p=0.017) and a trend towards effectiveness in those using insulin 
(-12.2 (95% CI -21.3 to -3.1) IDS points, p=0.094). Light therapy was well tolerated.  
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CCoonncclluussiioonn  
Although this is essentially an inconclusive trial, secondary analyses indicate that light 
therapy may be a promising depression treatment for a subgroup of highly insulin 
resistant individuals with type 2 diabetes. 
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IInnttrroodduuccttiioonn  
One out of five type 2 diabetes patients suffer from clinical depression (1). The prevalence 
of depression in type 2 diabetes patients is double that of the general population, and 
the comorbidity is recognized as a global public health challenge (2, 3). Previous research 
suggests a bi-directional cause-effect relationship between type 2 diabetes and 
depression (4, 5). In addition, shared underlying pathophysiological mechanisms, such as 
a disturbance of the sleep-wake cycle, have been described (4, 5). 
 
Unfortunately, depression in type 2 diabetes patients is associated with a poor prognosis 
and treatment results. The depression appears to be more persistent and recurrent (6), 
and some antidepressant drug treatments may even contribute to worsening of  glycemic 
control (7). Furthermore, depressed type 2 diabetes patients exhibit a higher risk for 
diabetes complications and mortality (8). Clearly, there is a need for more efficacious 
depression treatments targeted towards type 2 diabetes patients. 
 
Light therapy, in which patients are exposed to bright light early in the morning for several 
days, is a patient-friendly and low-cost treatment, with early onset of action and low risk 
for adverse effects (9). It is a first-line treatment for seasonal depression, and has recently 
proven to be a successful treatment for non-seasonal depression as well, even in several 
difficult to treat patient groups (10-12). Light therapy is traditionally assumed to act by 
entrainment of the sleep-wake cycle via ocular stimulation of the brain’s suprachiasmatic 
nucleus (SCN) – the biological clock (9), and improves sleep and circadian rhythmicity (13). 
Yet, recent findings also point to effects of light on mood via other cerebral pathways (14). 
The SCN plays a major role in the regulation of glucose metabolism, and sleep 
disturbances have been associated with higher incidence rates of type 2 diabetes, 
hyperglycemia and insulin resistance (15).  
 
Based on these findings, we hypothesized that light therapy may be an effective 
antidepressant in patients with depression and type 2 diabetes, and that it may 
concurrently improve insulin sensitivity. This hypothesis is supported by two case reports 
that described an increase in insulin sensitivity and hypoglycemia, and a decreased need 
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for insulin in two diabetes patients treated with light therapy for seasonal depression (16; 
17).  
 
So far, no experimental evidence is available on the effects of light therapy in type 2 
diabetes patients, both on mood and glycemic control. To our knowledge we are the first 
to conduct a randomized, placebo-controlled trial to test effects of light therapy on mood 
and insulin sensitivity in patients with depression and type 2 diabetes.  
  
RReesseeaarrcchh  ddeessiiggnn  aanndd  mmeetthhooddss  
DDeessiiggnn  
We performed a randomized, double-blind, placebo-controlled, parallel-arm trial to 
compare the effects of light therapy with placebo. A description of the methods has been 
published at the start of the trial (18), and the trial has been registered at the Netherlands 
Trial Register (NTR4942). Assessments were performed at baseline (week 0), after 4 weeks 
of light therapy or placebo (week 4), and at 4 weeks follow-up (week 8). Some measures 
were obtained at weekly intervals during the intervention (week 1, week 2, week 3). Study 
procedures were performed at two locations. Inclusion of subjects started in 2014 and 
ended in 2017. Participants gave informed consent before participation. The study was 
executed in accordance with Helsinki Declaration and with approval from the local Medical 
Ethics committee.  
  
PPaarrttiicciippaannttss    
Patients were recruited by advertisements, referrals from clinicians, and from databases 
of patients that consented to be informed. Eligibility was determined by a telephone 
screening and screening visit. Patients were included when (1) 18 years or older; (2) having 
a documented physician-based diagnosis of type 2 diabetes and use of glucose lowering 
medication or HbA1c >42 mmol/mol (5.9%); and (3) having a major depressive episode 
according to DSM-IV criteria. Patients were excluded in case of a medical condition or 
recent medical event that potentially compromised the effects or safety of light therapy 
(for a specification: Supplemental Information 1). 
  

243

10



RRaannddoommiizzaattiioonn  aanndd  mmaasskkiinngg  
Randomization was performed using a computer-generated table, in blocks of 6 
participants with randomly varying sequences within blocks, and with separate 
randomization for participants that agreed to participate in the HEC procedure. With 
approval of the ethics committee, participants were informed that the study investigated 
differences between white-yellowish and green light therapy, and were kept unaware that 
one of the conditions was a placebo condition. Participants were told that effects of both 
interventions under study could not be assured. The research assistants that delivered the 
lamps at the participants’ homes were aware of the treatment allocation, but were not 
involved in any other study activities, and received explicit instructions on their interaction 
with the participants in order to prevent disclosure of treatment allocation. All other 
personnel of the study, including the research assistants and physicians involved in study 
measurements, were fully blinded to the conditions. 
  
IInntteerrvveennttiioonn  
Participants were randomly assigned to active (white-yellowish, broad-spectrum, 10,000 
lux) or placebo (green light, monochromatic 545 nm, 470 lux) light therapy at home, 
scheduled every morning for 30 minutes during four weeks. Diamond-5 SAD lightbox (CE 
certified; SAD Lightbox Company, Berkshire, United Kingdom) light therapy lamps, 
adapted with light filters, were used. Estimates of irradiance are provided in Supplemental 
Table 1. Timing of light therapy was set in accordance with results from the Morningness-
Eveningness Questionnaire (MEQ) (19), but in agreement with the participant, to ensure 
the therapy could be incorporated in the participants’ daily life. Research assistants gave 
instructions on how to apply the therapy. Patient compliance was monitored weekly by 
telephone, and when necessary reinforced. 
  
PPrriimmaarryy  oouuttccoommee  mmeeaassuurreess  
The pre-specified primary outcome measures were change in depressive symptoms and 
insulin sensitivity from baseline (week 0) to the end of the intervention period (week 4).   
Depressive symptoms were assessed using the self-report version of the Inventory of 
Depressive Symptomatology (IDS).  Higher scores indicate more depressive symptoms. 
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Response to the intervention was defined as a reduction of ≥50% of IDS score. Depression 
remission was defined as an IDS score of ≤13. Relapse was defined as an IDS score ≥26.  
Insulin sensitivity was evaluated using a hyperinsulinemic euglycaemic clamp (HEC) 
procedure, the gold standard for the quantification of whole-body insulin sensitivity (20). 
This procedure quantifies the rate of exogenous glucose infusion required to maintain the 
blood glucose concentration at euglycaemic levels (goal 5.0 mmol/l) in response to a fixed 
increase in the blood insulin concentrations (i.e. Novorapid 100 IU/ml; Novo Nordisk, 
Bagsvaerd, Denmark at 40 mU/m2*min). After 90 minutes, a steady state is reached, which 
allows for calculation of the corrected M-value, expressed as the amount of glucose 
infusion in mg/kg*min– a measure that reflects muscle insulin sensitivity. Lower M-values 
represent lower insulin sensitivity. 
  
SSeeccoonnddaarryy  oouuttccoommee  mmeeaassuurreess  
Secondary outcome measures included anxiety symptoms (Beck Anxiety Inventory (BAI)), 
diabetes distress (Problem Areas In Diabetes questionnaire (PAID)), self-report insomnia 
symptoms (Insomnia Severity Index (ISI)), and objective sleep duration, sleep efficiency, 
and mid sleep time, derived from actigraphy data using a validated algorithm. 
Glucometabolic secondary outcome measures included glycated hemoglobin A1c 
(HbA1c) concentration, fasting blood glucose (FBG) concentrations (HEC subsample), self-
reported hypoglycemic events, and body weight. Expectations regarding treatment were 
assed using a four-item questionnaire. 
 
SSiiddee--eeffffeeccttss  aanndd  aaddvveerrssee  eevveennttss  
Side-effects and adverse events were inventoried weekly using a side-effect questionnaire 
and telephonic controls. Analysis of visual acuity, contrast sensitivity, and grading of 
retinopathy were performed at the screening visit (week 0) and at follow-up (week 8). 
 
SSaammppllee  ssiizzee  
Based on previous light therapy studies (10-12, 21) and studies on the effects of sleep 
restriction on insulin sensitivity (22, 23), moderate and large effect sizes were expected for 
depressive symptoms and insulin sensitivity, respectively. The planned sample size of 84 
yields 80% power for detecting a moderate effect size (Cohen’s d of at least 0.50 
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throughout follow-up) on depressive symptoms, assuming four repeated measurements 
per participant and a maximum within-subject correlation of 0.6. The planned sample size 
of 54 for the HEC subsample yields 80% power to detect large effect sizes (Cohen’s d of 
at least 0.78) for a single follow-up measurement at 4 weeks.  
 
SSttaattiissttiiccaall  aannaallyysseess  
Balances of randomization was tested with independent samples t-tests and χ2 tests.  
Primary analyses of outcome measures were based on intention-to-treat, secondary 
analyses included per-protocol analyses. Difference between conditions are expressed in 
mean absolute difference at week 4, with 95% confidence interval (CI), and standardized 
difference or effect size (Cohen’s d (mean difference divided by the pooled standard 
deviation) or Relative Risk). Linear Mixed Model (LMM) and Generalized Estimating 
Equation (GEE) analyses including all measures from week 1 to week 4 were used to assess 
differences between conditions on continuous and dichotomous outcomes, respectively. 
To correct for baseline differences, baseline values were incorporated in the model as 
covariates. Effects at follow-up (week 8) were evaluated in separate analyses. For HbA1c, 
an index of average blood glucose concentrations in the past 2-3 months, primary 
analyses included week 4 and week 8.  
 
Effect moderation analyses were performed to identify subgroups that benefitted most 
from light therapy. For this purpose we used linear regression with the depressive 
symptoms or insulin sensitivity change score as dependent variables and the condition, 
the moderator and their two-way interaction as predictors. A candidate moderator was 
declared an effect-moderator when the two-way interaction was significant. Pre-specified 
candidate effect-moderators included baseline depression severity, depression symptoms 
profile, insulin sensitivity, HbA1c, circadian rhythm type, insomnia severity, seasonality of 
depression and time of year. Other candidate effect-moderators tested included age, 
gender, antidepressant medication, and glucose-lowering medication. Additionally, pre-
specified  mediation analyses (Sobel test) were performed, to evaluate whether effects of 
light therapy on depressive symptoms and insulin sensitivity were mediated by changes 
in sleep (subjective insomnia symptoms, objective sleep duration, sleep efficiency, and 
mid sleep time).  
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Significance was set at a p-value of 0.05. Post-hoc per-protocol, effect moderation 
analyses, and mediation analysis were not powered for and should therefore be regarded 
as exploratory. Statistics were performed using SPSS IBM Statistics 22.  
 
RReessuullttss  
SSaammppllee  sseelleeccttiioonn  
In total 155 patients were screened, of which 43 patients did not meet inclusion criteria, 
16 patients were excluded, and 13 patients declined to participate (Supplemental 
Information 1). We included 83 adults with depression and type 2 diabetes, of which 43 
were allocated to the light therapy, and 40 to placebo. A subgroup of 60 participants took 
part in the HEC procedure (Supplemental Information 1).  
 
One participant  (light therapy group) was excluded from analyses, as depression remitted 
(IDS score ≤13) between screening and baseline measures. Three patients discontinued 
the protocol after the baseline measures; one for unknown reasons (placebo group), and 
two for medical reasons unrelated to the intervention (light therapy group). All 
participants that engaged in the intervention completed the study protocol. Eight patients 
discontinued the HEC protocol, of which two due to difficult venous access, one due to 
discomfort at the baseline procedure, three due to organizational matters, and two due 
to discontinuation of the general protocol. Outcome measures were obtained from 79 
participants (HEC subsample: 50). A flow chart of the inclusion process is provided as 
Supplemental Figure 1.  
 
PPrroottooccooll  ddeevviiaattiioonnss  
Unforeseen, 13 participants changed glucose lowering medication during the protocol. 
One participant used an oral corticosteroid drug during the protocol. Glucometabolic 
measures that could have been affected by medication changes, were excluded from 
analyses, prior to de-blinding. Exclusion appeared equally distributed over the light 
therapy and placebo conditions.  
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TTaabbllee  11..  BBaasseelliinnee  cchhaarraacctteerriissttiiccss  
 Light therapy Placebo 

N 42 40 

General 
Age, years (mean ± SD) 60.1 ± 9.8 62.9 ± 10.7 

Gender (n, men / women) 21 / 21 24 / 16 

Ethnicity (n, European / Surinam or Dutch Antilles / South-Asian / 
unknown) 

38 / 2 / 1 / 1 36 / 2 / 2 / 0 

Comorbidity, number of medications (mean ± SD) (% ≥5) 9.0 ± 5.4 (74) 9.3 ± 4.4 (83) 

Body mass index, kg/m2 (mean  ± SD) 33.1 ± 5.4 31.9 ± 5.7 

Depression related 

Major depressive disorder type (n, single episode / recurrent / 
unknown) 

22 / 12 / 8 22 / 16 / 2 

Duration of major depressive disorder, years since first episode 
(mean (SD) 

21.7 ± 14.6 23.7 ± 18.7 

Depression severity, IDS score classification (n, mild / moderate / 
severe / very severe) 

8 / 21 / 9 / 4 13 / 17 / 5 / 5 

Antidepressant medication (n, none / SSRI(like) / TCA) 19 / 18 / 5 21 / 14 / 5 

Comorbid anxiety disorder (n, no / yes)  14 / 28 14 / 26 

Benzodiazepine use (n, no / yes) 33 / 9 32 / 8 

Diabetes related 

Diabetes distress, PAID score (mean ± SD) 31.4 ± 25.0 27.6 ± 23.0 

Duration of diabetes, years (mean ± SD) 10.6 ± 6.4 12.7 ± 7.9 

HbA1c, mmol/mol (mean ± SD) (%, mean ± SD) 54.9 ± 12.2 (7.2 
± 1.1) 

55.2 ± 14.2 (7.2 
± 1.3) 

Fasting blood glucose, mmol/l (mean ± SD)* 7.8 ± 1.9 7.3 ± 2.2 

Insulin sensitivity, M-value mg/kg*min (mean  ± SD)* 2.03 ± 1.02 1.86 ± 1.22 

Glucose lowering medication  (n, none / oral / insulin) 3 / 26 / 13 3 / 23 / 14 

Sleep, chronobiological, and seasonal 
Obstructive sleep apnea risk, BQ (n, low / h / unknown) 5 / 32 / 5 5 / 29 / 6 

Insomnia symptoms, ISI score (mean  ± SD) 13.9 ± 6.3 13.6 ± 7.6 

Sleep duration, actigraphy, hours (mean ± SD) 6.7 ± 1.7 6.8 ± 1.2 

Sleep efficiency, actigraphy, % of time asleep from time with 
intention to sleep (mean  ± SD) 

84 ± 9 86 ± 7 

Mid sleep time, actigraphy, time (mean ± SD) 04:04 ± 1:27 04:19 ± 1:46 

Circadian rhythm type, MEQ score (mean  ± SD) 50.9 ± 12.2 51.5 ± 11.7 

Seasonality of symptoms, GSS score (mean ± SD) 6.4 ± 5.4 7.4 ± 4.8 

Time of year in protocol (n, autumn / winter / spring / summer) 7 / 8 / 18 / 9 10 / 12 / 13 / 5 

248



Abbreviations: SD= standard deviation, IDS= inventory of depressive symptomatology, SSRI= selective serotonin 
reuptake inhibitor, TCA= tricyclic antidepressant, PAID= problem areas in diabetes, BQ= Berlin Questionnaire, 
ISI= insomnia severity index, MEQ= Morningness-Eveningness questionnaire, GSS= global seasonality scale. 
*HEC subsample: light therapy  n=31, placebo n=27.Test statistics / p-values in Supplemental Table1) 

  
Per-protocol analyses included 51 out of 82 participants (HEC subsample: 35 out of 58). 
Accurate treatment adherence was defined as ≥21 days of light therapy, within 120 
minutes from the time recommended by the MEQ.  
 
SSaammppllee  cchhaarraacctteerriissttiiccss  
Randomization was balanced regarding demographic and clinical characteristics for the 
total sample as well as the HEC subsample (Table 1, Supplemental Table 2). As body mass 
index (BMI) was near significantly different (p=0.088) for the HEC subgroup, we 
additionally performed the analysis of insulin sensitivity adjusted for BMI.  
  
DDeepprreessssiioonn    
After four weeks, light therapy had not resulted in a statistically significant reduction of 
depressive symptoms when compared to placebo (between-arm-difference: -3.9 (-9.2%) 
(95% CI -9.0 to 1.2) IDS points (LMM p=0.248) (Cohen’s d  0.35)) (Figure 1, Table 2). 
Expressed in response and remission rates, light therapy did not result in more response 
or remission compared to placebo at week 4 (between-arm difference: 16% more 
response (Relative Risk 1.55 (95% CI 0.84 to 2.86) (GEE p=0.242), 0% more remission 
(Relative Risk 1.00 (95% CI 0.49 to 2.03) (GEE p=0.430)) (Table 2). Similar results were 
obtained four weeks after discontinuation of the intervention period (week 8) (between-
arm difference: -2.2 (-4.1%) (95% CI -7.3 to 2.8) IDS points (LMM p=0.483), 8% more 
response (GEE p=0.492), 5% more remission (GEE p=0.624)) (Figure 1, Supplemental 
Table 3). Baseline characteristics did not differ between responders and non-responders 
to light therapy (Supplemental Table 4).  
 
IInnssuulliinn  sseennssiittiivviittyy  
Light therapy had no effect on insulin sensitivity (between-arm difference at week 4: 0.15 
(95% CI -0.41 to 0.70) M-value mg/kg*min (LMM p=0.608) (Cohen’s d 0.16)) (Figure 1, 
Table 2). Sensitivity analysis, in which BMI was incorporated in the model as a covariate,  
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FFiigguurree  11..  EEffffeeccttss  ooff  lliigghhtt  tthheerraappyy  oonn  ddeepprreessssiioonn,,  iinnssuulliinn  sseennssiittiivviittyy  aanndd  sseeccoonnddaarryy  oouuttccoommee  mmeeaassuurreess  
Data points represent mean for the light therapy arm (blue, square) and placebo arm (green, triangle) or mean 
difference between conditions (light therapy minus placebo; baseline corrected) with 95% confidence intervals 
(red, bullet). Week 0 represents baseline; week 4 the end of the intervention period; week 8  follow-up. 
Abbreviations: IDS= inventory of depressive symptomatology, BAI= beck anxiety inventory, FBG= fasting blood 
glucose, PAID= problem areas in diabetes.   
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yielded similar results (LMM p=0.546). Mean blood glucose concentration during steady 
state was 5.0 (standard deviation (SD) 0.4) mmol/l; mean plasma insulin concentration 
434 (SD 81) pmol/l (subsample). 
  
SSeeccoonnddaarryy  oouuttccoommee  mmeeaassuurreess  
Differences between conditions in anxiety symptoms and diabetes distress were not 
significant (between arm-difference at week 4: -1.3 (95% CI -5.1 to 2.4) BAI points (LMM 
p=0.848) (Cohen’s d 0.16); -4.4 (95% CI -10.5 to 1.6) PAID points (LMM p=0.142) (Cohen’s 
d 0.33); between-arm difference at week 8: -1.0 (95% CI -4.5 to 2.6) BAI points (LMM  
p=0.503); -1.9 (95% CI -8.2 to 4.4) PAID points (LMM p=0.574)) (Figure 1, Table 2, 
Supplemental Table 3).  
 
Light therapy did not impact on HbA1c, fasting blood glucose concentrations, and the 
number self-reported hypoglycemic events (between-arm difference: 2.0 (95% CI -0.5 to 
4.4) mmol/mol HbA1c at week 8 (LMM p=0.116) (Cohen’s d 0.42); 0.8 (95% CI -0.2 to 1.8) 
mmol/l at week 4 (LMM p= 0.181) (Cohen’s d 0.44); 0.51 (95% CI -0.00 to 1.02) 
hypoglycemic events days/week at week 4  (GEE p=0.506) (Cohen’s d 0.42); 0.10 (95% CI 
-0.25 to 0.46) at week 8 hypoglycemic events days/week (Figure 2, Table 2, Supplemental 
Table 3). Body weight did not change in response to light therapy (between-arm 
difference at week 4: -0.23 (95% CI -0.73 to 0.27) kilogram body weight (LMM p=0.420) 
(Cohen’s d 0.23)); between-arm difference at week 8: -0.66 (95% CI -1.40 to 0.07) kilogram 
body weight (LMM p=0.069)) (Table 2, Supplemental Table 3).  
 
Light therapy had no effect on subjective insomnia symptoms, objective sleep duration, 
sleep efficiency, and mid sleep time (between-arm difference at week 4: -0.2 (95% CI -1.9 
to 2.2) ISI points, (LMM p=0.783) (Cohen’s d 0.04); -13 (95% CI -53 to 27) minutes sleep 
duration (LMM p=0.329) (Cohen’s d 0.16); -0.8% (95% CI -4.3 to 2.8) sleep efficiency (LMM 
p= 0.130) (Cohen’s d 0.38); -2 (95% CI -27 to 24) minutes mid sleep time (LMM p=0.580) 
(Cohen’s d 0.03)); or week 8 (-0.2 (95% CI -2.1 to 2.5) ISI points (LMM p=0.951); 26 (95% 
CI -7 to 59) minutes sleep duration (LMM p=0.266); 0.7% (95% CI -3.4 to 4.9) sleep 
efficiency (LMM p=0.804), 8 (95% CI 13 to 30) minutes mid sleep time (LMM p=0.577)) 
(Table 2, Supplemental Table 3).  
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TTaabbllee  22..  EEffffeeccttss  ooff  lliigghhtt  tthheerraappyy  oonn  ddeepprreessssiioonn,,  iinnssuulliinn  sseennssiittiivviittyy  aanndd  sseeccoonnddaarryy  oouuttccoommee  mmeeaassuurreess  
 Intention-to-treat 

 Condition ΔW0-W4 Mean difference 
(95% CI) /  
difference  at W4 

Cohen’s d/ 
Relative Risk 
(95% CI) at W4 

Primary outcome measures 
Depressive symptoms , IDS 
score 

Light therapy -12.9 -3.9 (-9.0 to 1.2) 0.35 

Placebo -9.0 

Insulin sensitivity, M-value 
mg/kg*min 

Light therapy 0.22 0.15 (-0.41 to 0.70) 0.16 

Placebo 0.08 

Secondary outcome measures  
Depression response, % 
participants 

Light therapy 44% 16% 1.55 (0.84 to 
2.86) Placebo 28% 

Depression remission, % 
participants 

Light therapy 28% 0% 1.00 (0.49 to 
2.03) Placebo 28% 

Anxiety symptoms, BAI 
score 

Light therapy -6.6 -1.3 (-5.1 to 2.4) 0.16 

Placebo -5.3 

Diabetes distress, PAID 
score 

Light therapy -8.2 -4.4 (-10.5 to 1.6) 0.33 

Placebo -3.8 

Fasting blood glucose, 
mmol/l 

Light therapy 0.8 0.8 (-0.2 to 1.8) 0.44 

Placebo 0.1 

HbA1c, mmol/mol* Light therapy 1.4  2.0 (-0.5 to 4.4)  0.42 

Placebo -0.5  

Hypoglycemic events, 
days/week 

Light therapy 0.12 0.51 (-0.00 to 1.02) 0.42 

Placebo -0.39 

Body weight, kilogram Light therapy 0.02 -0.23 (-0.73 to 
0.27) 

0.23 

Placebo 0.25 

Insomnia, ISI score  Light therapy -2.5 -0.2 (-1.9 to 2.2) 0.04 

Placebo -2.6 

Sleep duration, actigraphy, 
minutes  

Light therapy -19 -13 (-53 to 27) 0.16 

Placebo -7 

Sleep efficiency, actigraphy, 
% 

Light therapy -0.6 -0.8 (-4.3 to 2.8) 0.38 

Placebo 0.2 

Mid sleep time, actigraphy, 
minutes 

Light therapy -15 -2 (-27 to 24) 0.03 

Placebo -14 

Abbreviations: W= week, CI= confidence interval, LMM= linear mixed model, GEE= generalized estimating 
diabetes, NA= not available, ISI= insomnia severity index. * HbA1c: Statistical testing included W4 and W8; 
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 Per-protocol 

Test statistic LMM 
/ GEE W1-W4,  p-
value 

ΔW0-W4 Mean difference (95% 
CI)/ difference  at W4 

Cohen’s d/ Relative 
Risk (95% CI) at 
W4 

Test statistic LMM 
/ GEE W1-W4,  p-
value 

  

F 1.357, p=0.248 -12.9 -5.9 (-13.0 to 1.2) 0.47 F 0.809, p=0.373 

-7.0 

F 0.266, p= 0.608 0.17 -0.05 (-0.86 to 0.76) 0.05 F 0.004, p= 0.952 

0.22 

  

Wald χ2 1.366, 
p=0.242 

43% 26% 2.46 (0.92 to 6.62) Wald χ2 4.643, 
p=0.031 17% 

Wald χ2 0.622, 
p=0.430 

25%  -1% 0.96 (0.37 to 2.46) Wald χ2 0.195, 
p=0.659 26% 

F 0.037, p=0.848 -7.1 -2.1 (-6.9 to 2.6) 0.25 F 0.035, p=0.853 

-5.0 

F 2.203, p=0.142 -8.8 -5.3 (-12.8 to 2.2) 0.40 F 2.619, p=0.112 

-3.5 

F 1.842, p= 0.181 0.4 0.3 (-0.7 to 1.3) 0.22 F 1.092, p= 0.306 

0.1 

F 2.534, p=0.116 2.1 2.4 (-0.6 to 5.4) 0.53 F 1.117, p=0.297 

-0.3 

Wald χ2 0.443, 
p=0.506 

0.08 0.50 (-0.12 to 1.12) 0.55 Wald χ2 0.513, 
p=0.474 -0.42 

F 0.658, p=0.420 0.09 -0.24 (-0.86 to 0.39) 0.24 F 0.464, p=0.500 

0.33 

F 0.077, p=0.783 -2.9 -1.2 (-1.0 to 3.4) 0.31 F 1.746, p=0.193 

-1.7 

F 0.969, p=0.329 -9 16 (-24 to 56) 0.28 F 0.342, p=0.563 

-25 

F 2.354, p=0.130 0.8 -0.7 (-5.4 to 4.1) 0.10 F 1.512, p=0.228 

1.5 

F 0.309, p=0.580 -26 -11 (-50 to 28) 0.19 F 0.048, p=0.827 

-15 

equation, IDS= inventory of depressive symptomatology, BAI= beck anxiety inventory, PAID= problem areas in 
Cohen’s d calculated based on W0-W8 mean difference.  

253

10



EExxppeeccttaannccyy 

Expectancy scores did not differ between conditions, or between responders and non-
responders based on depressive symptoms. Expectancy scores were not correlated with 
percentage of reduction in depressive symptoms (Supplemental Table 5).  
  
TTrreeaattmmeenntt  aaddhheerreennccee  
Treatment adherence did not differ between conditions (Supplemental Table 6). On 
average participants were exposed to 24 days of light therapy, at a mean time of 7:56 
AM, which was on average 84 minutes later than recommended by the MEQ. Participants 
generally kept to the time that was agreed upon by the participant and researcher at the  
screening visit: only one participant postponed the timing of the therapy. One participant 
receiving light therapy decided to stop the intervention after two weeks in response to 
headache related to the intervention. 
  
SSttuuddyy  eeffffeeccttss  oonn  sslleeeepp  aanndd  cciirrccaaddiiaann  rrhhyytthhmmiicciittyy  
Analyses showed that in the first week of the intervention period participants got out of 
bed earlier, both in the light therapy (-36 minutes (95% CI -49 to -24) (p<0.001)) and 
placebo condition (-16 minutes (95% CI -29 to -2) (p=0.025)); probably in order the follow 
the intervention at the time that was agreed upon. The intervention period (irrespective 
of condition) did not result in significant changes in sleep duration, sleep efficiency, or 
mid sleep time, and changes in these measures were not associated with changes in 
depressive symptoms (Supplemental Table 7). 
  
PPeerr--pprroottooccooll  aannaallyysseess  
Per-protocol analyses provided similar results as the intention-to-treat analyses, but 
suggest larger effects on depressive symptoms in favor of light therapy (-5.9 (-14.3%) 
(95% CI -13.0 to 1.2) IDS points, (Cohen’s d 0.47)) (Table 2). In this subgroup of participants, 
light therapy resulted in 26% more response (≥50% reduction in depressive symptoms) 
(Relative Risk 2.46 (95% CI 0.92 to 6.62) (GEE p=0.031) (Table 2).  
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EEffffeecctt  mmooddeerraattiioonn  aannaallyysseess  
Glucose lowering drugs and baseline insulin sensitivity moderated the effect of light 
therapy on depressive symptoms (insulin sensitivity: p=0.009; glucose-lowering 
medication (insulin yes / no): p=0.023) (Supplemental Table 8). Subgroup analysis showed 
positive effects of light therapy on depressive symptoms in those with lower insulin 
sensitivity (-12.9 (95% CI -21.6 to -4.2) IDS points (LMM p=0.017) (Cohen’s d 1.19)), while 
no effect was observed in those with higher insulin sensitivity (subgroups assorted based 
on median value) (Figure 2, Supplemental Table 9). Subgroup analysis based on glucose 
lowering medication showed a trend towards positive effects of light therapy on 
depressive symptoms in those using insulin (-12.2 (95% CI -21.3 to -3.1) IDS points (LMM 
p=0.094) (Cohen’s d 1.14)), while no effect was observed in those using no or oral glucose 
lowering medication (Supplemental Table 9). Subgroups based on insulin sensitivity and 
glucose lowering medication consisted partially of similar participants: 55% of the 
participants using insulin were also in the lower sensitivity subgroup). Combined 
modelling of both interaction effects suggests that the interaction effect of glucose 
lowering medication is partly explained by the effect of insulin sensitivity (insulin sensitivity: 
p=0.014 / glucose lowering medication (insulin yes / no): p=0.094).  
 

 
FFiigguurree  22..  EEffffeeccttss  ooff  lliigghhtt  tthheerraappyy  oonn  ddeepprreessssiioonn  aaccccoorrddiinngg  ttoo  bbaasseelliinnee  iinnssuulliinn  sseennssiittiivviittyy  ((AA..))  aanndd  gglluuccoossee  
lloowweerriinngg  mmeeddiiccaattiioonn  ((BB..))  
Bar plot for light therapy (blue, striped) and placebo (green, dashed). Y-axis represents change in depressive 
symptoms from baseline (week 0) to week 4; error bars indicate 95% confidence intervals. X-axis indicates 
subgroups based on baseline insulin sensitivity (A.) (subgroups assorted based on median value) or glucose 
lowering medication (B.). Abbreviations: IDS= inventory of depressive symptomatology, W= week. 
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Other effect moderators tested did not moderate the effect of light therapy on depressive 
symptoms or insulin sensitivity (Supplemental Table 8). 
  
EEffffeecctt  mmeeddiiaattiioonn  aannaallyysseess    
Any effects of light therapy on depressive symptoms and insulin sensitivity were not 
mediated by changes in subjective insomnia symptoms, objective sleep duration, 
objective sleep efficiency, or mid sleep time (Sobel test: depressive symptoms p=0.861, 
p=0.590, p=0.794, p=0.903, respectively; insulin sensitivity p=0.926, p=0.961, p=0.860, 
p=0.558 respectively).   
  

AAddvveerrssee  eeffffeeccttss  
Four participants were hospitalized for several days due to serious adverse events not 
related to the study: non-specific chest pain) (n=2); gastro-intestinal bleeding from known 
esophageal varices (n=1), and renal colic (n=1). Adverse events that occurred in relation 
to the study protocol, such as headache and ocular complaints (n=25), appeared equally 
common in both conditions (Supplemental Information and Table 10). Self-report adverse 
effect profiles did not differ between conditions (Supplemental Information and Table 10). 
Light therapy did not affect best-corrected visual acuity (between-arm difference OD -
0.08 (95% CI -0.10 to 0.02) (p=0.122); OS -0.08 (95% CI -0.19 to 0.03), (p=0.156)) or 
binocular contrast sensitivity (between-arm difference -0.03 (95% CI -0.10 to 0.03) 
(p=0.263)). One participant, which received light therapy, demonstrated progression of 
diabetic retinopathy (EURODIAB stage 1 to 2) during the protocol.  
  
CCoonncclluussiioonnss  
This is, to our knowledge, the first controlled experiment that investigated effects of light 
therapy on mood and insulin sensitivity in patients with type 2 diabetes and co-morbid 
depression. The execution of the study appeared successful, given the balanced 
randomization and expectations of patients, few drop-outs, and acceptable treatment 
adherence. Intention-to-treat analysis showed no superiority of light therapy in reducing 
depression symptoms in comparison to placebo. Nor did light therapy impact insulin 
sensitivity. Similar results were obtained for the secondary outcomes anxiety symptoms, 
diabetes distress, insomnia symptoms, objective sleep duration, sleep efficiency, mid sleep 
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time, fasting blood glucose, HbA1c, hypoglycemic events and body weight. Per-protocol 
analysis, however, suggests positive effects of light therapy on depressive symptoms, 
underscoring the importance of light therapy treatment adherence. Moreover, the effect 
of light therapy on depressive symptoms was moderated by baseline insulin sensitivity, 
with clinically relevant effects in favor of light therapy in highly insulin resistant type 2 
diabetes patients.  
 
Though previous research has confirmed the effectiveness of light therapy for depression 
in a variety of patient groups, we could not establish such an effect in this sample of type 
2 diabetes patients. This may be due to a lack of power to affirm the observed small 
standardized effect size, as the study was designed to detect a moderate effect size. The 
absolute effect size, however, – 9.2% more reduction of depressive symptoms with light 
therapy compared to placebo – was comparable to those found by previous studies on 
the effects of light therapy and other antidepressant treatments (10-12, 21). This 
discrepancy between the standardized and absolute effect size is suggestive of more 
response variability in our study. Response variability may be due to variation in treatment 
adherence and the heterogeneity of our sample, which is supported by both the per-
protocol analyses and effect moderation analyses. Yet, our negative findings may also 
represent the genuine effect of light therapy in this specific population, as depression in 
type 2 diabetes patients appears to be more persistent and recurrent (6). Also, sleep 
apnea, which predisposes to depression (5), is prevalent in our study sample, while 
improvement of depression in these patients without impacting sleep apnea may be 
difficult.  
 
Pre-specified moderation analyses showed significant and also clinically relevant effects 
of light therapy on depressive symptoms in patients with marked insulin resistance, while 
no effect of light therapy was observed in more insulin sensitive patients. An intriguing 
finding as this subgroup may represent those patients with more advanced disease. 
Previous studies have demonstrated larger effects of light therapy in those with more 
appetite and higher BMI, factors that are associated with insulin resistance (24, 25). A 
similar relationship between antidepressant effect and baseline insulin resistance has been 
demonstrated by a study that investigated the mood-altering effects of pioglitazone (26). 
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Depressive symptoms are associated with insulin resistance, and insulin resistance seems 
to improve with improvement of depressive symptoms (26, 27). This has led to the 
hypothesis that the improvement of insulin resistance, or related factors, such as chronic 
low-grade inflammation, may be the underlying mechanism leading to improvement in 
depressive symptoms, which is further supported by antidepressant effects of medications 
that improve insulin sensitivity (28). Possibly, this mechanism of antidepressant action is 
more pronounced in marked insulin resistant type 2 diabetes patients. 
  
Contrary to two case reports (16, 17), our study showed no changes in insulin sensitivity in 
response to light therapy. These negative findings may be explained by a lack of effect of 
light therapy on circadian and sleep measures, as we hypothesized these to mediate 
improvements in insulin sensitivity. The majority of the participants in this study are at risk 
for sleep apnea, while improvement of sleep and thereby insulin sensitivity by light therapy 
may not be possible in these patients (29). Also, baseline circadian and sleep measures 
may have been disordered in different ways for different individuals, so that unidirectional 
effects of the intervention could not be expected (30). Lastly, effects of sleep restoration 
on insulin sensitivity may not be as big as effects of sleep restriction, or may be small when 
sleep is only minimally disordered or chronically disturbed (31, 32). Moderate to small 
effects on insulin sensitivity would have gone unnoticed in the current study, as it was 
powered for the detection of large effects of light therapy on insulin sensitivity.  
 
Light therapy did not impact on anxiety symptoms and diabetes distress: measures that 
have not been studied previously. Nor did light therapy impact on glycemic control. Based 
on recent publications, we may have anticipated a deterioration of glycemic control, due 
to acute effects of light on glucose concentrations, both preprandial and postprandial 
(33-35). Yet, 30 minutes of light daily may not be enough to result in changes of HbA1c. 
Although previous reports suggested an increase in the number of hypoglycemic events 
(16, 17), and decrease in body weight (36-38) with light therapy, we could not replicate 
these findings.  
 
Limitations of our study include the inability to obtain the required number of complete 
datasets, and the a priori selected repeated measures approach, which may have 
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contributed to a further decrease in statistical power for the analyses regarding depressive 
symptoms, as effects turned out to be most distinct after four weeks. Also, the exclusion 
of several glucometabolic measurements from analyses due to changes in glucose 
lowering medication, albeit equally for both conditions, potentially biases the 
glucometabolic results. Furthermore, energy expenditure, caloric intake, timing of food 
intake and physical activity (in general or relative to the intervention), environmental light 
exposure, and circadian timing of measurements, were not taken into account, although 
these factors may have influenced findings. Lastly, we did not assess other factors that 
might have, hypothetically, mediated improvements in insulin sensitivity in response to 
light therapy, such as melatonin and cortisol concentrations, or autonomic nervous system 
function (15), as well as changes in health behaviors. The observed placebo effect 
regarding depressive symptoms is likely attributable to general study-related factors, 
which is suggested by the magnitude of the placebo effect being comparable to previous 
light therapy and oral antidepressant drug studies (21, 39). It seems unlikely that general 
effects of our study design on sleep or circadian rhythmicity have contributed to placebo 
effect, as the study did not result in general changes in sleep duration, sleep efficiency, 
and mid sleep time, and changes in these measures were not associated with changes in 
depressive symptoms.   
 
Potential windows of opportunity to increase the effectiveness of light therapy in future 
studies are related to the timing of the therapy, treatment adherence, and the specific 
light therapy protocol. For instance, timing of the light therapy when based on the dim 
light melatonin onset, which is the most accurate marker for assessing the individual 
circadian rhythm, may improve treatment results (19). Also, compliance can be optimized, 
for example with daily monitoring using wearable light measuring devices. Furthermore, 
larger effects may be achieved with prolonged daily light exposure, as the effect of light 
therapy appears to increase with the intensity and duration of daily light exposure (9, 40), 
as well as  increased duration of the therapy, as is indicated by the increasing effect of 
light therapy over time in our study.  
 
Although this is essentially an inconclusive trial, we did find evidence to suggest that light 
therapy may be a promising depression treatment for a subgroup of insulin-using and 
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highly insulin resistant individuals with type 2 diabetes; light therapy being a well-tolerated 
intervention, also in type 2 diabetes patients. The findings of this trial warrant further study 
of the antidepressant and glucometabolic effects of light therapy in highly insulin resistant 
type 2 diabetes patients, and encourage research into the mechanisms by which insulin 
resistance moderates the antidepressant effect of light therapy.   
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SSuupppplleemmeennttaall  IInnffoorrmmaattiioonn  11..  EExxcclluussiioonn  ccrriitteerriiaa  aanndd  rreeaassoonnss  
Exclusion criteria: (1) a recent (<3 months) history of light therapy; (2) shift work; (3) a 
recent (<3 months) change in antidepressant or blood-glucose lowering medication or 
therapy; (4) use of oral glucocorticoids, melatonin, or cytostatics; (5) pregnancy; (6) 
psychosis, mania, (probable) dementia, drug or alcohol abuse, delirium, and acute 
suicidality; (7) a history of light-induced migraine or epilepsy, or severe side effects of light 
therapy in the past; (8) visual acuity <0.6, diabetic retinopathy EURODIAB grades 3, 4 or 
5 (severe non-proliferative or preproliferative retinopathy, photocoagulated retinopathy, 
or proliferative retinopathy), or macular degeneration; or (9) other medical condition or 
recent medical event that potentially compromises the effects or safety of light therapy.  
Reasons for exclusion: visual acuity <0.6 (n= 4); senile macular degeneration (n= 3); laser 
coagulation (n= 3); subclinical hypothyroidism needing treatment (n= 2); recent change 
antidepressant medication (n= 2); recent change glucose lowering medication (n= 1); 
problems with activity of daily living and cognition (n= 1). In addition, 13 patients declined 
to participate after screening (Figure 1). 
Reasons for exclusion from the HEC subsample: difficult venous access (n=4); a 
contraindication for bilateral cannulation in n=1; planning (n=2); weight loss (n=1); daily 
alcohol use (n=1). Five patients declined to participate in the HEC procedure, and nine 
could not be included, as the sample size aimed for (n=60) was already reached by that 
time. One patient was excluded from the HEC protocol, due to missing data on insulin 
sensitivity, both at baseline (week 0) and week 4 (Figure 1.).  
 
SSuupppplleemmeennttaall  TTaabbllee  11..  EEssttiimmaattiioonnss  ooff  iirrrraaddiiaannccee    

 Light therapy Placebo 

S cone sensitivity, α-opic lux 7,627.58 0 

Melanopsin sensitivity, α-opic lux 7,546.72 146.10 

Rod sensitivity, α-opic lux 8,261,62 381.83 

M cone sensitivity, α-opic lux 8,962.30 538.47 

L cone sensitivity, α-opic lux 8,952.05 459.58 

Irradiance, μW/cm2 2.814.28 80.68 

Photon flux, 1/cm2/s 7.64E+15 2.21E+14 

Log photon flux, log10 (1/cm2/s) 15.88 14.34 

Derived from: Lucas RJ, Peirson SN, Berson D, Brown T, Cooper H, Czeisler CA, Figueiro MG, Gamlin PD, Lockley 
SW, O’Hagan JB, Price LLA, Provencio I, Skene DJ, Brainard G. Irradiance Toolbox, 2013  
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SSuupppplleemmeennttaall  FFiigguurree  11..  FFllooww  cchhaarrtt  ooff  tthhee  iinncclluussiioonn  pprroocceessss  
  

 
 
Abbreviations: HEC=hyperinsulinemic euglycaemic clamp.
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SSuupppplleemmeennttaall  TTaabbllee  22..  BBaasseelliinnee  cchhaarraacctteerriissttiiccss  wwiitthh  tteesstt  ssttaattiissttiiccss  ffoorr  tthhee  ttoottaall  ssaammppllee  aanndd  HHEECC  
ssuubbssaammppllee 

 Total sample 
(n=82) 

HEC subsample (n=58) 

 Difference 
between 
conditions, test-
statistic, p-value 

Light 
therapy 

Placebo Difference 
between 
conditions, test-
statistic, p-value 

N 42 / 40 31 27 31 / 27 

General 
Age, years (mean ± SD) t 1.238, p=0.219 60.0 ± 10.5 61.4 ± 9.5 t 0.534, 

p=0.595 

Gender (n, men / women) χ2 0.827, 
p=0.363 

15 / 16 16 / 11 χ2 0.686, 
p=0.408 

Ethnicity (n, European / Surinam or 
Dutch Antilles / South-Asian / 
unknown) 

χ2 1.339, 
p=0.720 

29 / 1 / 1 / 0 25 / 0 / 2 / 
0 

χ2 1.360, 
p=0.507 

Comorbidity, number of medications 
(mean ± SD) (% ≥5) 

t 0.295, 
p=0.769 

9.4 ± 5.7 
(77) 

8.7 ± 3.6 
(81) 

t 0.561, p=0.577 

Body mass index (mean  ± SD) t 0.992, 
p=0.324 

33.3 ± 4.9 30.9 ± 5.6 t 1.737, p=0.088 

Depression related 

Major depressive disorder type (n, 
single episode / recurrent / unknown) 

χ2 4.125, 
p=0.127 

14 / 10 / 7 15 / 10 / 2 χ2 2.594, 
p=0.280 

Duration of major depressive 
disorder, years since first episode 
(mean (SD) 

t 0.518, 
p=0.606 

21.5 ± 15.2 21.6 ± 19.6 t 0.028, 
p=0.978 

Depression severity, IDS score 
classification (n, mild / moderate / 
severe / very severe) 

χ2 2.818, 
p=0.420 

5 / 16 / 8 / 2 11 / 9 / 4 / 
3 

χ2 5.494, 
p=0.139 

Antidepressant medication (n, none / 
SSRI(like) / TCA) 

χ2 0.552, 
p=0.759 

14 / 16 / 1 14 / 11 / 2 χ2 0.988, 
p=0.610 

Comorbid anxiety disorder (n, no / 
yes)  

χ2 0.025, 
p=0.874 

12 / 19 9 / 18 χ2 0.181, 
p=0.671 

Benzodiazepine use (n, no / yes) χ2 0.025, 
p=0.873 

26 / 5 22 / 5 χ2 0.058, 
p=0.810 

Diabetes related 

Diabetes distress, PAID score (mean ± 
SD) 

t 0.717, p=0.475 31.4 ± 25.8 29.0 ± 
23.3 

t 0.368, 
p=0.714 
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Duration of diabetes, years (mean ± 
SD) 

t 1.318, p=0.191 10.6 ± 5.3 12.0 ± 6.6 t 0.909, 
p=0.367 

HbA1c, mmol/mol (mean ± SD) (%, 
mean ± SD) 

t 0.089, 
p=0.929 

52.6 ± 10.6 
(7.0 ± 1.0) 

56.1 ± 13.2 
(7.3 ± 1.2) 

t 1.089, p=0.281 

Fasting blood glucose, mmol/l (mean 
± SD)* 

t 0.629, 
p=0.446 

7.3 ± 2.2 7.8 ± 1.9 t 0.629, 
p=0.446 

Insulin sensitivity, M-value mg/kg*min 
(mean  ± SD)* 

t 0.334, 
p=0.584 

1.86 ± 1.22 2.03 ± 1.02 t 0.334, 
p=0.584 

Glucose lowering medication  (n, 
none / oral / insulin) 

χ2 0.172, 
p=0.918 

2 / 18 / 11 2 / 15 / 10 χ2 0.045, 
p=0.978 

Sleep, chronobiological, and seasonal 
Obstructive sleep apnoea risk, BQ (n, 
low / high / unknown) 

χ2 0.021, 
p=0.885 

4 / 26 / 1 5 / 16 / 6 χ2 0.933, 
p=0.334 

Insomnia symptoms, ISI score (mean  
± SD) 

t 0.181, p=0.857 13.8 ± 6.8 13.7 ± 7.6 t 0.074, 
p=0.941 

Sleep duration, actigraphy, hours 
(mean ± SD) 

t 0.439, 
p=0.662 

6.9 ± 1.7 6.8 ± 1.2 t 0.178, p=0.859 

Sleep efficiency, actigraphy, % of time 
asleep from time with intention to 
sleep (mean  ± SD) 

t 0.839, 
p=0.404 

85% ± 8% 87% ± 6% t 1.002, p=0.321 

Mid sleep time, actigraphy, time 
(mean ± SD) 

t 0.625, 
p=0.534 

04:01 ± 1:15 04:12 ± 
1:52 

t 0.391, 
p=0.698 

Circadian rhythm type, MEQ score 
(mean  ± SD) 

t 0.234, 
p=0.816 

50.8 ± 13.0 51.3 ± 12.5 t 0.629, 
p=0.532 

Seasonality of symptoms, GSS score 
(mean ± SD) 

t 0.882, 
p=0.380 

6.9 ± 5.8 8.0 ± 4.7 t 0.835, 
p=0.407 

Time of year in protocol (n, autumn / 
winter / spring / summer) 

χ2 3.232, 
p=0.357 

7 / 8 / 14 / 2 6 / 8 / 11 / 
2 

χ2 0.162, 
p=0.984 

Abbreviations: HEC= hyperinsulinemic euglycaemic clamp, SD= standard deviation, IDS= inventory of 
depressive symptomatology, SSRI= selective serotonin reuptake inhibitor, TCA= tricyclic antidepressant, PAID= 
problem areas in diabetes, BQ= Berlin Questionnaire, ISI= insomnia severity index, MEQ= morningness-
eveningness questionnaire, GSS= global seasonality scale. 
 

  

267

10



SSuupppplleemmeennttaall  TTaabbllee  33..  EEffffeeccttss  ooff  lliigghhtt  tthheerraappyy  oonn  ddeepprreessssiioonn,,  iinnssuulliinn  sseennssiittiivviittyy  aanndd  sseeccoonnddaarryy  
oouuttccoommee  mmeeaassuurreess  aatt  ffoollllooww--uupp  ((wweeeekk  88))  

 Intention-to-treat 

 Condition ΔW0-
W8 

Mean difference (95% 
CI)/ difference  at W8 

Test statistic LMM / 
GEE W8,  p-value 

Primary outcomes 
Depressive symptoms , IDS 
score 

Light therapy -11.7 -2.2 (-7.3 to 2.8) F 0.498, p=0.483 

Placebo -9.5 

Secondary outcomes 
Depression response, % 
participants 

Light therapy 46% 8% Wald χ2 0.472, 
p=0.492 Placebo 38% 

Depression remission, % 
participants 

Light therapy 33% 5% Wald χ2 0.240, 
p=0.624 Placebo 28% 

Anxiety symptoms, BAI score Light therapy -6.1 -1.0 (-4.5 to 2.6) F 0.453, p=0.503 

Placebo -5.2 

Diabetes distress, PAID score Light therapy -8.0 -1.9 (-8.2 to 4.4) F 0.319, p=0.574 

Placebo -6.1 

Hypoglycaemic events, 
days/week 

Light therapy 0.04 0.10 (-0.25 to 0.46) NA 

Placebo -0.06 

Body weight, kilogram Light therapy -0.17 -0.66 (-1.40 to 0.07) F 3.441, p=0.069 

Placebo 0.49 

Insomnia, ISI score Light therapy -3.6 -0.2 (-2.1 to 2.5) F 0.004, p=0.951 

Placebo -3.8 

Sleep duration, actigraphy, 
minutes 

Light therapy 13 26 (-7 to 59) F 1.262, p=0.266 

Placebo -13 

Sleep efficiency, actigraphy, 
% 

Light therapy 0.2 0.7 (-3.4 to 4.9) F 0.062, p= 0.804 

Placebo -0.5 

Mid sleep time, actigraphy, 
minutes 

Light therapy 16 8 (-13 to 30) F 0.318, p= 0.577 

Placebo 8 

Abbreviations: Abbreviations: W= week, CI= confidence interval, LMM= linear mixed model, GEE= generalized 
estimating equation, IDS= inventory of depressive symptomatology, BAI= beck anxiety inventory, PAID= 
problem areas in diabetes, NA= not available, ISI= insomnia severity index, NA= not available, due to numerical 
problems. 
 
 

SSuupppplleemmeennttaall  TTaabbllee  44..  OOnn  ppaaggee  227700  
  
SSuupppplleemmeennttaall  TTaabbllee  55..  OOnn  ppaaggee  227722  
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SSuupppplleemmeennttaall  TTaabbllee  66..  TTrreeaattmmeenntt  aaddhheerreennccee  
 Total sample HEC subsample  

 Light 
therapy 

Placebo Test-
statistic, 
t-test 

P-value Light 
therapy 

Placebo Test-
statistic, 
t-test 

P-value 

N 40 39   30 26   

Episodes of 
light therapy, 
days (mean ± 
SD) 

24 ± 4 24 ± 4 t 0.737 p=0.463 24 ± 3 24 ± 5 t 0.300 p=0.765 

Timing of 
light therapy 
(time (mean 
± SD) 

7:49 ± 
1:16 

8:02 ± 
1:14 

t 0.750 p=0.456 7:53 ± 
1:24 

7:58 ± 
1:17 

t 0.2014 p=0.839 

Timing 
relative to 
MEQ advise, 
minutes 
(mean ± SD) 

76 ± 57 93 ± 71 t 1.136 p=0.259 81 ± 57 87 ± 80 0.839  p=0.747 

Abbreviations: SD= standard deviation, HEC= hyperinsulinemic euglycaemic clamp. 
 

SSuupppplleemmeennttaall  TTaabbllee  77..  SSttuuddyy  eeffffeeccttss  oonn  sslleeeepp  dduurraattiioonn,,  sslleeeepp  eeffffiicciieennccyy  aanndd  mmiidd  sslleeeepp  ttiimmee  
 ΔW0-W4 Test-statistic, t-test, 

p-value 
Test statistic, Pearson’s r, p-
value* 

Sleep duration, 
minutes (mean ± SD) 

-13 ±±  77 t -1.281, p=0.205 0.148, p=0.260 

Sleep efficiency, % 
(mean ± SD) 

-0.2 ±±  6.7 t -0.192, p=0.848 0.057, p=0.667 

Mid sleep time, 
minutes (mean ± SD) 

-00:14 ± 00:49 t -2.277, p=0.026 0.108, p=0.410 

Abbreviations: SD= standard deviation, W=week. *Association with change in depressive symptoms. 
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SSuupppplleemmeennttaall  TTaabbllee  44..  BBaasseelliinnee  cchhaarraacctteerriissttiiccss  wwiitthh  tteesstt  ssttaattiissttiiccss  ffoorr  rreessppoonnddeerrss  vveerrssuuss  nnoonn--
rreessppoonnddeerrss  ttoo  lliigghhtt  tthheerraappyy  aatt  wweeeekk  44  

 Light therapy (n=39) 

 Responders Non-
responders 

Difference between 
conditions, test-
statistic, p-value 

N 17 22  

General 
Age, years (mean ± SD) 59.4 ± 6.4 61.9 ± 11.9 t 0.769, p=0.447 

Gender (n, men / women) 6 / 11 13 / 9 χ2 2.174, p=0.140 

Ethnicity (n, European / Surinam or Dutch 
Antilles / South-Asian / unknown) 

17 / 0 / 0 / 0 18 / 2 / 1 / 1 χ2 3.444, p=0.328 

Comorbidity, number of medications (mean ± 
SD) (% ≥5) 

8.1 ± 4.4 (82) 9.9 ± 6.1 (65) t 0.996, p=0.326 

Body mass index (mean  ± SD) 33.8 ± 3.8 32.8 ± 6.7 t 0.617, p=0.541 

Depression related 

Major depressive disorder type (n, single 
episode / recurrent / unknown) 

8 / 6 / 3 12 / 6 / 4 χ2 0.307, p=0.858 

Duration of major depressive disorder, years 
since first episode (mean (SD) 

19.1 ± 13.5 23.4 ± 16.3 t 0.789, p=0.436 

Depression severity, IDS score classification (n, 
mild / moderate / severe / very severe) 

5 / 7 / 3 / 2 3 / 13 / 5 / 1 χ2 2.534, p=0.469 

Antidepressant medication (n, none / SSRI(like) 
/ TCA) 

10 / 5 / 2 8 / 11 / 3 χ2 2.065, p=0.356 

Comorbid anxiety disorder (n, no / yes)  5 / 12 8 / 14 χ2 0.209, p=0.648 

Benzodiazepine use (n, no / yes) 14 / 3 17 / 5 χ2 0.152, p=0.697 

Diabetes related 

Diabetes distress, PAID score (mean ± SD) 33.5 ± 27.9 27.0 ± 22.9 t 0.805, p=0.426 

Duration of diabetes, years (mean ± SD) 12.8 ± 7.6 9.6 ± 5.0 t 1.554, p=0.129 

HbA1c, mmol/mol (mean ± SD) (%, mean ± 
SD) 

54.13 ± 12.0 (7.1 
± 1.1) 

55.5 ± 12.6 
(7.2 ± 1.1) 

t 0.342, p=0.735 

Fasting blood glucose, mmol/l (mean ± SD)* 7.2 ± 2.6 7.3 ± 1.8 t 0.091, p=0.928 

Insulin sensitivity, M-value mg/kg*min (mean  
± SD)* 

2.01 ± 1.17 1.81 ± 1.30 t 0.454, p=0.653 

Glucose lowering medication  (n, none / oral / 
insulin) 

1 / 10 / 6 2 / 14 / 6 χ2 0.365, p=0.833 

Sleep, chronobiological, and seasonal 
Obstructive sleep apnoea risk, BQ (n, low / 
high / unknown) 

1 / 2 / 14 4 / 3 / 15 χ2 0.732, p=0.559 
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Insomnia symptoms, ISI score (mean  ± SD) 13.2 ± 6.9 14.0 ± 6.0 t 0.375, p=0.710 

Sleep duration, actigraphy, hours (mean ± SD) 7.2 ± 2.0 6.2 ± 1.2 t 1.949, p=0.060 

Sleep efficiency, actigraphy, % of time asleep 
from time with intention to sleep (mean  ± SD) 

84% ± 10% 83% ± 8% t 0.269, p=0.790 

Mid sleep time, actigraphy, time (mean ± SD) 04:15 ± 2:11 04:26 ± 1:23 t 0.305, p=0.762 

Circadian rhythm type, MEQ score (mean  ± 
SD) 

54.8 ± 11.5 48.4 ± 11.8 t 1.701, p=0.097 

Seasonality of symptoms, GSS score (mean ± 
SD) 

6.1 ± 5.9 6.7 ± 5.3 t 0.314, p=0.755 

Time of year in protocol (n, autumn / winter / 
spring / summer) 

2 / 4 / 8 / 3 4 / 4 / 10 / 4 χ2 0.397, p=0.941 

Abbreviations: HEC= hyperinsulinemic euglycaemic clamp, SD= standard deviation, IDS= inventory of 
depressive symptomatology, SSRI= selective serotonin reuptake inhibitor, TCA= tricyclic antidepressant, PAID= 
problem areas in diabetes, BQ= Berlin Questionnaire, ISI= insomnia severity index, MEQ= morningness-
eveningness questionnaire, GSS= global seasonality scale. 
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SSuupppplleemmeennttaall  TTaabbllee  55..  EExxppeeccttaannccyy  
Comparison of expectations for light therapy and 
placebo -  total sample 

Light 
therapy 
(mean ± 
SD) 

Placebo 
(mean ± 
SD) 

Test-
statistic, t-
test 

P-value 

N 42 40   

Improve without treatment, IDS score 4.7 ± 1.1 4.4 ± 1.3 t 1.436 p=0.155 

Improve with light therapy, IDS score 2.7 ± 0.8 2.5 ± 0.7 t 1.242 p=0.218 

Improve with green coloured light, IDS score 2.9 ± 0.8 2.9 ± 0.9 t 0.032 p=0.975 

Improve with yellow coloured light, IDS score 3.0 ± 0.9 2.8 ± 0.9 t 1.116 p=0.268 

*Expectations for green coloured light did not differ from white- yellowish coloured light ( 2.9 (SD 0.9) 
versus 2.9 (SD 0.9), resp.), (paired) t 0.322, p= 0.748. 

Comparison of expectations for responders and 
non-responders – total sample 

Responder 
(mean ± 
SD) 

Non-
responder 
(mean ± 
SD) 

Test-
statistic, t-
test 

P-value 

N, 4 missing 28 50   

Improve without treatment, IDS score 4.6 ± 1.0 4.5 ± 1.4 t 0.484 p=0.630 

Improve with light therapy, IDS score 2.5 ± 0.9 2.6 ± 0.7 t 0.195 p=0.846 

Improve with green coloured light, IDS score 2.8 ± 0.8 3.0 ± 0.9 t 1.158 p=0.25139 

Improve with yellow coloured light, IDS score 2.7 ± 0.9 3.0 ± 0.9 t 0.997 p=0.322 

Comparison of expectations for responders and 
non-responders – light therapy 

Responder 
(mean ± 
SD) 

Non-
responder 
(mean ± 
SD) 

Test-
statistic, t-
test 

P-value 

N, 3 missing 17 22   

Improve without treatment, IDS score  4.5 ± 0.9 4.9 ± 1.3 t 0.901 p=0.373 

Improve with light therapy, IDS score  2.6 ± 0.9 2.7 ± 0.8 t 0.469 p=0.642 

Improve with green coloured light, IDS score SD) 2.8 ± 0.8 3.1 ± 0.8 t 1.113 p=0.273 

Improve with yellow coloured light, IDS score 2.7 ± 0.9 3.2 ± 0.8 t 1.795 p=0.082 

Correlations (Pearson’s) between expectancy and percentage of change in 
IDS total score at W4 – total sample 

Test-
statistic, t 
test 

P-value 

Improve without treatment t 0.023 p=0.841 
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Improve with light therapy t 0.063 p=0.585 

Improve with green coloured light t 0.172 p=0.152 

Improve with yellow coloured light t 0.030 p=0.803 

Correlations (Pearson’s) between expectancy and percentage of change in 
IDS total score at W4 – light therapy 

Test-
statistic, t 
test 

P-value 

Improve without treatment t 0.091 p=0.580 

Improve with light therapy t 0.133 p=0.424 

Improve with green coloured light t 0.278 p=0.100 

Improve with yellow coloured light t 0.140 p=0.415 

Abbreviations: SD= standard deviation. 
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SSuupppplleemmeennttaall  TTaabbllee  88..  EEffffeecctt  mmooddeerraattiioonn  aannaallyysseess    
Interaction effect with condition at W4 Depressive symptoms , 

IDS score 

Insulin sensitivity, M-

value mg/kg*min 

Baseline Test statistic, p-value Test statistic, p-value 

Gender, male/female F 0.946, p=0.334 F 0.055, p=0.816 

Age, years F 0.087, p=0.769 F 0.429, p=0.822 

Depression type Atypical (yes / no) F 0.061, p=0.806 F 0.212, p=0.647 

Melancholic (yes / no) F 0.662, p=0.418 F 1.188, p=0.282 

Depression severity, IDS score F 0.087, p=0.769 F 0.425, p=0.849 

Antidepressant medication (yes / no) F 0.029, p=0.866 F 0.249, p=0.621 

Glucose lowering medication (insulin yes / no) F 5.429, p=0.023 F 1.567, p=0.217 

HbA1c, mmol/mol  F 0.134, p=0.716 F 1.359, p=0.301 

Insulin sensitivity, M-value mg/kg*min F 7.335, p=0.009 F 1.375, p=0.296 

Insomnia symptoms, ISI score F 0.001, p=0.980 F 0.706, p=0.683 

Circadian rhythm type, MEQ score F 0.966, p=0.329 F 1.841, p= 0.163 

Seasonality of symptoms, GSS score F 0.791, p=0.377 F 0.419, p=0.858 

Time of year (autumn / winter / spring / summer) F 1.997, p=0.122 F 0.809, p=0.497 

Abbreviations: W= week, IDS= inventory of depressive symptomatology, ISI= insomnia severity index, MEQ= 
morningness-eveningness questionnaire, GSS= global seasonality score. 
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SSuupppplleemmeennttaall  TTaabbllee  99..  SSuubbggrroouupp  aannaallyysseess  
Baseline characteristic Condition ΔW0-

W4 IDS 

score 

Mean difference 

(95% CI) at W4  

Cohen’s 

d at W4 

Test-statistic LMM  

W1-W4, p-value 

Glucose 

lowering 

medication 

None Active  -7.3  -1.7 (-15.7 to 12.4) 0.27 F 0.000, p=0.997 

Placebo -5.7  

Oral Active  -11.3  0.5 (-6.3 to 7.3) 0.04 F 0.047, p=0.829 

Placebo -11.8  

Insulin  Active  -17.6  -12.2 (-21.3 to -3.1) 1.14 F 3.048, p=0.094 

Placebo -5.4  

Insulin 

sensitivity* 

Lower, M 

value < 

1.745 

mg/kg*min 

Active  -16.9  -12.9 (-21.6 to -4.2) 1.19 F 6.523, p=0.017 

Placebo -4.0 

Higher, M-

value > 

1.745 

mg/kg*min 

Active  -10.3  1.8 (-7.3 to 11.0) 0.15 F 1.396, p=0.249 

Placebo -12.1  

*Subgroups assorted on median value. Abbreviations: W= week, IDS= inventory of depressive symptomatology, 
CI= confidence interval, LMM= linear mixed model. 
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SSuupppplleemmeennttaall  IInnffoorrmmaattiioonn  aanndd  TTaabbllee  1100..  IInntteerrvveennttiioonn  rreellaatteedd  aaddvveerrssee  eevveennttss  aanndd  
ssuubbjjeeccttiivvee  ssiiddee--eeffffeeccttss  
Twenty-five participants (light therapy n=11, placebo n=14) reported adverse events that 
were (possibly) related to the intervention. All but one were mild. Fourteen complained 
about headache (light therapy n=6, placebo n=8); eight expressed ocular complaints such 
as dry eyes, irritation, photophobia, flashing light and blurred vision (light therapy n=4, 
placebo n=4); and eight participants reported miscellaneous complaints (light therapy 
n=3, placebo n=4; insomnia, early morning awakening, tiredness, restlessness, dizziness, 
nausea, rash). One participant receiving light therapy reported a moderate adverse event; 
an increase in hypoglycaemic events.  
 

 Difference between condition 

 Test statistic, p-value 

Eye strain F 0.214, p= 0.645 

Dry eyes F 0.024, p= 0.877 

Painful eyes F 0.520, p=0.473 

Problems with vision F 0.010, p=0.919 

Headache F 1.155, p=0.286 

Early awakening F 0.692, p=0.408 

Sleepiness at day F 1.011, p=0.318 

Tiredness F 0.458, p=0.501 

Weakness F 0.002, p=0.962 

Nervousness F 0.962, p=0.330 

Anxiety F 1.771, p=0.187 

Tight muscles F 3.329, p=0.072 

Irritability F 0.039, p=0.844 

Dizziness F 0.757, p=0.387 

Respiratory infection (common cold) F 0.001, p=0.970 

Fever F 2.160, p=0.146 

Sweating F 0.350, p=0.556 

Hypoglycaemic events F 1.630, p=0.206 

Hot flushes F 0.132, p= 0.718 

Allergy F 0.392, p=0.533 
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Rash F 0.627, p= 0.431 

Cough F 0.378, p= 0.540 

Dry mouth F 0.013, p=0.909 

Nausea F 0.594, p=0.443 

Vomiting F 1.410, p=0.239 

Loss of appetite F 0.596, p=0.442 

Increase of appetite F 0.507, p= 0.479 

Obstipation F 0.644, p=0.425 

Diarrhoea F 0.175, p=0.676 
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AAbbssttrraacctt  
 
OObbjjeeccttiivvee  
Insulin resistance (IR), a marker of metabolic dysregulation and pro-inflammatory state, 
moderates the antidepressant treatment effect in patients with type 2 diabetes (T2D) and 
is therefore a potential marker for personalized treatment. Based on data from a light 
therapy trial (NTR4942), we aimed to evaluate whether 1) depression symptoms differ 
according to the level of IR, and 2) improvement of specific depression symptoms drive 
the positive effects of light therapy in those with higher IR. 
 
MMeetthhooddss  
This secondary analysis in 59 individuals with depression and T2D explored differences in 
depressive symptom profile (30-item Inventory of Depressive Symptomatology (IDS)) at 
baseline and in response to light therapy (versus placebo), between lower and higher IR 
individuals, using Likelihood Ratio tests and Linear-by-linear association. IR was measured 
using the gold standard, a hyperinsulinemic-euglycaemic clamp.  
 
RReessuullttss  
At baseline, higher IR individuals reported more symptoms of irritability (p=0.024) 
anhedonia (no interest in people and activities: p=0.011; absence of pleasure and 
enjoyment: p=0.021), fatigue (fatigue: p=0.036; physical fatigue: p=0.035) and 
hypersomnia (p=0.029) relative to persons with lower IR, who reported more insomnia 
(nightly awakening: p=0.041; early morning awakening: p=0.012). Light therapy led to an 
improvement across IDS symptoms in higher IR individuals, while in lower IR individuals, 
light therapy improved early morning awakening (p=0.005) and interest in people and 
activities (p=0.015), but worsened mood (feeling sad: p=0.001; feeling irritable: p=0.002; 
interpersonal sensitivity: p=0.014). 
 
CCoonncclluussiioonnss  
Results add to the hypothesis of an immune-metabolic subtype of depression, and 
suggest that IR might be a promising focus for precision medicine. 
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HHiigghhlliigghhttss  
In individuals with type 2 diabetes: 
- Depression symptom profiles differ according to the level of insulin resistance  
- Effects of light therapy differ according to the level of insulin resistance 
- Insulin resistance may be a focus for precision medicine 
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IInnttrroodduuccttiioonn  
The syndromic definition of depression gives rise to considerable clinical heterogeneity 
among individuals who are included in studies. Initiatives are being undertaken to 
deconstruct depression into distinct meaningful subtypes and to make steps towards 
more effective, personalized treatment of depression based on subtype and underlying 
pathophysiology. Besides evaluating symptom profiles, the quest for improving treatment 
outcomes may involve further evaluation of (biological) moderators of treatment effect. 
For example, intervention studies have shown effect moderation by Body Mass Index 
(BMI) and insulin resistance (IR) (1-9). Individuals with high BMI exhibit larger effects of 
light therapy and exercise on mood (1, 2), and those who show more antidepressant 
effects of infliximab exhibited altered expression of genes involved in the regulation of 
gluconeogenesis and cholesterol and lipid metabolism (3). In contrast, higher BMI appears 
to predict differential, and generally unfavorable, outcome for antidepressant drugs (4, 5, 
8, 9). Similar findings are available for IR, which is the core underlying pathophysiological 
mechanism of T2D, and entails the impairment of cells to respond to the action of insulin, 
e.g. in transporting glucose from the bloodstream into muscle or the suppression of 
hepatic glucose production. Higher IR individuals showed important improvements in 
mood in response to pioglitazone – an insulin sensitizer– and light therapy, while those 
who were more insulin sensitive did not (6, 7).  
 
It is currently unknown whether individuals that respond well in these trials exhibit a 
different symptom profile compared to non-responders, and whether the symptom 
profile of depression differs according to the level of IR. As IR is a marker of metabolic 
dysregulation and a pro-inflammatory state (10), we can hypothesize that individuals with 
higher IR levels share symptom characteristics with the immune-metabolic subtype of 
depression (12). This subtype has been linked to metabolic dysregulation and low-grade 
inflammation, expressed by increased BMI, fat mass, triglycerides, insulin resistance and 
several markers of low-grade inflammation (12-20). It has been suggested that the 
immuno-metabolic subtype of depression is accompanied by several depressive 
symptoms that are characteristic of the atypical depression subtype (20). Atypical 
depression is a symptom based subclassification of depression characterized by mood 
reactivity, hypersomnia, overeating and weight gain, physical fatigue, and interpersonal 
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sensitivity (11). Our hypothesis is supported by the fact that seasonal depression – in which 
light therapy is the first line of treatment – shares characteristics of the atypical subtype 
of depression, and that the benefit of light therapy in these individuals becomes greater 
with increasing atypical balance, i.e. the ratio between atypical symptoms and total 
depressive symptoms (2, 21-26). Yet, a study testing the association between a diagnosis 
of atypical depression and insulin resistance yielded negative results (27). 
 
It is currently unknown why antidepressant treatments have differential effects according 
to metabolic factors, such as the level of IR. Possibly, antidepressant treatment improves 
depressive symptoms that mark these individuals (28). If so, IR could be of value for 
precision medicine in patients with depression.  
 
With this exploratory secondary analysis of a randomized controlled trial testing the 
effects of light therapy in individuals with a major depressive episode and T2D (7), we 
aimed to evaluate whether the symptom profile of depression differs according to the 
level of IR. A second aim of this study was to evaluate whether light therapy specifically 
improves the depressive symptoms that mark the highly IR individuals.  
 
MMeetthhooddss  
DDeessiiggnn  
This study entails a secondary analysis of data from a randomized, placebo-controlled, 
parallel-arm clinical trial (Netherlands Trial Register (NTR4942)) investigating the effects 
of light therapy on mood and insulin sensitivity in individuals with depression and T2D. 
The methods and primary results of the study have been reported elsewhere (7, 29). 
Participants gave informed consent before participation. The study was executed in 
accordance with the Helsinki Declaration and with approval from the local Medical Ethics 
committee. This study entails a cross-sectional analysis of insulin resistance and depressive 
symptomatology measures derived at baseline, as well as depressive symptomatology 
after four weeks of light therapy or placebo.   
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PPaarrttiicciippaannttss    
The clinical trial included 83 participants, that were eligible when having a major 
depressive episode according to DSM-IV criteria, a documented physician-based 
diagnosis of type 2 diabetes, and use of glucose lowering medication or HbA1c >42 
mmol/mol (5.9%). Details on the inclusion process have been reported elsewhere (7). 
Current analyses include all individuals that took part in the hyperinsulinemic euglycaemic 
clamp (HEC) procedure, and who had a IDS score >13 at baseline (IDS score ≤13 indicates 
remission). This subsample did not differ from the total sample regarding general sample 
characteristics (7). One patient of the HEC subsample discontinued the protocol after the 
baseline measure for medical reasons unrelated to the intervention (light therapy 
condition). This resulted in a sample size of N=59 for baseline measures, and N=58 for 
the change in response to treatment.  
 
IInnssuulliinn  sseennssiittiivviittyy  
Insulin sensitivity was evaluated at baseline using a HEC procedure, the gold standard for 
the quantification of whole-body insulin sensitivity (20). This procedure quantifies the rate 
of exogenous glucose infusion required to maintain the blood glucose concentration at 
euglycaemic levels (goal 5.0 mmol/l) in response to a fixed increase in the blood insulin 
concentrations (i.e. Novorapid 100 IU/ml; Novo Nordisk, Bagsvaerd, Denmark at 40 
mU/m2*min). After 90 minutes, a steady state is reached, which allows for calculation of 
the corrected M-value, expressed as the amount of glucose infusion in mg/kg*min– a 
measure that reflects whole-body insulin sensitivity. Lower M-values represent lower 
insulin sensitivity or higher IR. In this study, groups were assorted based on median M-
value: 0.28 to 1.74 mg/kg*min (higher IR) versus 1.75 to 4.27 mg/kg*min (lower IR).  
 
DDeepprreessssiivvee  ssyymmppttoommss    
Individual depressive symptoms were assessed using the 30-item self-report version of 
the Inventory of Depressive Symptomatology (IDS) (30). Individual symptom categories 
range from 1 (no symptoms) to 4 (severe symptoms). A list of the individual symptom 
items included in analyses is provided in Figure 1.  
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SSaammppllee  cchhaarraacctteerriissttiiccss  
Higher IDS total scores indicate more depressive symptoms. Total scores 14 to 25 indicate 
mild depression, scores 26 to 38 moderate depression, scores 39 to 48 severe depression, 
and scores from 49 to 84 very severe depression (30). Seasonality of symptoms (Global 
Seasonality Score (GSS)) (T0), was derived from the self-report Seasonality Pattern 
Assessment Questionnaire (SPAQ); scores ≥11 indicate a seasonal pattern of symptoms 
(31). 
  
LLiigghhtt  tthheerraappyy  aanndd  ppllaacceebboo  ttrreeaattmmeenntt  
Participants were randomly assigned to active (white-yellowish, broad-spectrum, 10,000 
lux) or placebo  (green light, monochromatic 545 nm, 470 lux) light therapy at home, 
scheduled every morning for 30 minutes during four weeks. Details of the light therapy 
and placebo conditions have been reported elsewhere (29). 
 
SSttaattiissttiiccaall  aannaallyysseess  
First, we tested differences between higher IR and lower IR individuals regarding individual 
depressive symptoms (an ordinal variable) at baseline. To identify differences in the 
presence/absence of the symptom (in the results section indicated by ‘dichotomous’) and 
frequency distributions, Likelihood Ratio (LR) tests and Linear-by-linear (Lbl) associations 
were performed. Lbl associations can be used to identify trends in larger-than-2X2 tables 
with equal and ordered intervals, and yield more power than LR tests when the latter 
assumptions apply. Results are reported as test statistics with p-values, and a bar plot with 
percentages of the presence of each individual depressive symptom in lower and higher 
IR individuals to facilitate the visual interpretation of the results. 
 
Second, we evaluated changes in individual depressive symptoms in response to light 
therapy. LR tests were performed to identify differences in the occurrence of improvement 
(corrected for ceiling effects by exclusion of cases with minimum scores) between higher 
IR and lower IR individuals in response to treatment. Results are reported as test-statistics 
with p-values, and a bar plot with the risk ratio for the improvement of the symptom 
relative to placebo for lower and higher IR individuals. 
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Significance was set at a p-value of 0.05. Multiple testing correction was not applied 
considering the association between symptoms and exploratory nature of the study. 
Statistics were performed using SPSS IBM Statistics 22. 
 
SSaammppllee  ssiizzee  
The analyses presented in this manuscript were not powered for and should therefore be 
regarded as exploratory. A sample size of 59 individuals (baseline analyses) yields 80% 
power for detecting medium to large effect sizes (Cohen’s d of at least 0.74, r of at least 
0.256, w 0.36 (1 degree of freedom (df)) or 0.42 (3 df)). A sample size of 29 individuals 
(analyses of effect of treatment) yields 80% power for detecting large effect sizes (Cohen’s 
d of at least 0.95, w of at least 0.52 (1 df)).  
 
RReessuullttss  
SSaammppllee  cchhaarraacctteerriissttiiccss    
Characteristics of the sample are presented in Table 1. Subgroups according to the degree 
of IR were assorted based on median value (higher IR: 0.28 to 1.74 M-value mg/kg*min; 
lower IR: 1.75 to 4.27 M-value mg/kg*min). Insulin sensitivity as well as BMI differed 
significantly between subgroups (Table 1). 
 
DDeepprreessssiivvee  ssyymmppttoommss  
Higher IR individuals displayed more irritability (LR(dichotomous) 5.124, p=0.024), 
symptoms in the domain of anhedonia (no interest in people and activities: LR 11.088, 
p=0.011; LR(dichotomous) 4.149, p=0.041; absence of pleasure and enjoyment: Lbl 5.364, 
p=0.021; LR(dichotomous) 4.169, p=0.041), symptoms in the fatigue domain (fatigue: Lbl 
4.406, p=0.036; physical fatigue: LR 8.584, p=0.035) and hypersomnia (LR 9.005, 
p=0.029). Lower IR individuals displayed more insomnia symptoms (nightly awakening: 
LR 8.272, p=0.041; LR (dichotomous) 4.213, p=0.040; and early morning awakening 
(LR(dichotomous) 6.416, p=0.011) (Figure 1, Supplementary Table 1). Higher IR and lower 
IR individuals did not differ regarding other mood-related symptoms, or symptoms in the 
motor, cognitive, and physical symptom domains (Figure 1, Supplementary Table 1). 
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TTaabbllee  11..  SSaammppllee  cchhaarraacctteerriissttiiccss  
  Higher IR Lower IR  Test statistics 

N 30 29  

Age, years, mean (SD)  60.2 (9.2) 61.3 (10.7) t 0.427, 
p=0.671 

Gender, N,  men / women  19 / 11  13 / 16  LR 2.046, 
p=0.153 

Country of birth, %,  European / Non-European  28 / 2 27 / 2 LR 1.727, 
p=0.422 

Number of comorbid diseases, number of medications, 
mean (SD) 

10.1 (5.8) 8.2 (3.4) t 1.527, 
p=0.132 

BMI, kg/m2, mean (SD)  34.1 (5.7) 30.2 (4.2) t 2.946,  
pp==00..000055  

Insulin sensitivity, M-value mg/kg*min, mean  (SD) 1.01 (0.41) 2.87 (0.77) t 11.521,  
pp<<00..000011  

Duration of diabetes, years, mean (SD)  12.2 (5.9) 10.6 (6.0) t 1.046, 
p=0.300 

Glucose lowering medication, %, insulin / oral only / none 12 / 16 / 2 10 / 17 / 2 LR 0.195, 
p=0.907 

HbA1c concentration, mmol/mol / %, mean (SD)   57 (11) / 7.3 
(1.0) 

52 (12) / 6.9 
(1.1) 

t 1.469, 
p=0.148 

Depressive symptoms, IDS score, mean (SD) 35.7 (11.6) 31.6 (10.5) t 1.422, 
p=0.160 

Depression severity, IDS score classification (N, mild / 
moderate / severe / very severe) 

8 / 12 / 6 / 
4 

8 / 14 / 6 / 1 LR 2.064, 
p=0.559 

Years since first depressive episode, mean (SD) 25.4 (17.0) 18.7 (17.9) t 1.361, 
p=0.180 

Seasonality of symptoms, GSS score, mean (SD) 7.3 (5.5) 7.7 (5.1) t 0.306, 
p=0.761 

Antidepressant medication, N, none / SSRI(like) / TCA 12 / 16 / 2 17 / 11 /1 LR 2.105, 
p=0.346 

Benzodiazepine use, N, no / yes 25 / 5 24 / 5 LR 0.003, 
p=0.953 

Abbreviations: SD= standard deviation, BMI= body mass index, IDS= Inventory of Depressive Symptomatology, 
GSS= global seasonality scale, SSRI= selective serotonin reuptake inhibitor, TCA= tricyclic antidepressant. p<0.05 
in bold.   
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LLeefftt::  FFiigguurree  11..  DDiiffffeerreenncceess  iinn  tthhee  ssyymmppttoomm  pprrooffiillee  ooff  ddeepprreessssiioonn  bbeettwweeeenn  lloowweerr  aanndd  hhiigghheerr  IIRR  
iinnddiivviidduuaallss,,  aatt  bbaasseelliinnee  aanndd  iinn  rreessppoonnssee  ttoo  lliigghhtt  tthheerraappyy..    
Left panel: percentage of individuals with the symptom present at baseline; asterisk indicate significant 
differences in the distribution of symptom scores between lower and higher IR individuals; hashtags indicate 
significant differences in the percentages of individuals with the symptom present at baseline between lower 
and higher IR individuals. Right panel: risk ratio for the improvement of the symptom relative to placebo; a 
positive risk ratio indicates superiority of light therapy over placebo, a negative risk ratio indicates superiority of 
placebo; asterisk indicate significant differences in the risk ratio between light therapy and placebo.  

  
DDeepprreessssiivvee  ssyymmppttoommss  iinn  rreessppoonnssee  ttoo  lliigghhtt  tthheerraappyy    
In higher IR individuals, light therapy induced a significant improvement of the symptoms 
of interpersonal sensitivity (LR 4.135, p=0.042), self-criticism and guilt (LR 6.965, p=0.008), 
psychomotor agitation (LR 5.884, p=0.015), bad concentration and decision making (LR 
4.975, p=0.026), and decreased appetite (LR 4.727, p=0.030) (Figure 1, Supplementary 
Table 2). In lower IR individuals, light therapy improved no interest in people and activities 
(LR 5.936, p=0.015) and early morning awakening (LR 7.895, p=0.005), while it worsened 
symptoms in the mood domain (feeling sad: LR 10.763, p=0.001; feeling irritable: LR 9.276, 
p=0.002; and interpersonal sensitivity: LR 6.039, p=0.014) (Figure 1, Supplementary Table 
2). 
  
DDiissccuussssiioonn  
With this secondary analysis in a sample of individuals with a major depressive episode 
and T2D undergoing light therapy, we evaluated whether the symptom profile of 
depression differs according to the degree of IR, and whether improvement of the specific 
symptoms that mark higher IR individuals explain the difference in overall treatment 
response between lower and higher IR individuals. 
 
We identified several significant differences in the depressive symptom profile between 
lower and higher IR individuals with T2D. Higher IR individuals displayed more symptoms 
of irritability, anhedonia, fatigue and hypersomnia, while lower IR individuals displayed 
more insomnia symptoms. The symptom profile of higher IR individuals compares to the 
atypical symptom profile regarding the symptoms of fatigue and hypersomnia (11). 
However, a previous study testing the association between a diagnosis of atypical 
depression and insulin resistance yielded negative results (27). This discrepancy may be 
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explained by differences in study populations (individuals with T2D versus individuals with 
or without polycystic ovary syndrome) or that atypical depression was diagnosed based 
on  a combination of symptoms, extending beyond fatigue and hypersomnia. In addition, 
this study estimated IR using a differential method – the Homeostasis Model Assessment 
IR index (HOMA-IR), which models an approximation of IR from fasting blood glucose 
and insulin concentrations. The finding of anhedonia being associated with IR in 
individuals with depression and T2D is in line with previous research, which suggests a link 
between anhedonia and glycemic control in a large sample of individuals with T2D (32), 
as well as an association between anhedonia and IR in youngsters with depression and 
obesity (33). Effects of light therapy on individual depressive symptoms in individuals with 
T2D vary greatly according to the level of IR: light therapy leads to an overall improvement 
of depressive symptoms in higher IR individuals, while it improves early morning 
awakening and interest in people and activities – but even worsens various symptoms 
across the mood domain – in lower IR individuals. Thus, light therapy has differential 
effects according to the degree of IR, other than what may have been expected based on 
differences in the symptom profile. These findings suggest that IR, a marker of metabolic 
dysregulation and a pro-inflammatory state, might be a valuable biomarker in 
personalized treatment selection. 
 
The role of IR in the differences in depressive symptom profile remains unclear, as 
associations do not infer causality. On the one hand, IR may induce anhedonia, fatigue 
and hypersomnia, due to limiting energy metabolism; e.g. as part of a set of adaptive 
behavioral changes that normally develop in response to inflammation to divert energy 
resources to anti-inflammatory responses to aid survival (34). On the other hand, 
anhedonia, fatigue and hypersomnia may contribute negatively to health behaviors 
regarding physical activity and diet, as well as treatment adherence, thereby leading to 
IR. Possibly, both pathways establish a downward spiral in psychological and endocrine 
health, or common pathophysiological mechanisms give way to the concurrent 
development of specific depressive symptoms and IR. The differences in depressive 
symptom profile between lower and higher IR individuals may also suggest differential 
underlying mechanisms of depression. The symptoms of anhedonia and fatigue have 
been related to hypofunction of reward circuitry, in which dopaminergic 
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neurotransmitters signaling plays an important role (35). Possibly, hypofunction of the 
reward circuitry plays a role in depression in higher IR individuals, while it does not in 
lower IR individuals. This may also explain why previous studies reported the placebo 
effect of antidepressant treatment to be absent in higher IR individuals – while present in 
more insulin sensitive individuals – (6, 7), as the placebo response appears to rely in the 
expectation of reward, which requires intact reward circuitry (36). The previously 
mentioned study in youngsters reported that IR and anhedonia were accompanied by 
smaller anterior cingulate cortex and hippocampal volumes, structures that are part of the 
motivational neural circuit (33). 
 
The finding that effects of light therapy on individual depressive symptoms vary greatly 
according to the level of IR, is possibly explained by the previously mentioned differential 
underlying mechanisms of depression in combination with the specific mechanisms of 
action of light therapy. The mechanisms through which light therapy improves depression 
are not fully elucidated, but there is evidence for effects on the brain biological clock, as 
well as direct effects on cerebral pathways (7). Yet, the improvement of sleep and circadian 
rhythmicity appeared not to mediate effects of light therapy on mood in individuals with 
T2D (7). It is unlikely that the improvement of insulin sensitivity, which has been postulated 
as a novel antidepressant mechanism (37), mediates the positive effects of light therapy 
on mood in higher IR individuals: the antidepressant effect of pioglitazone, a potent 
antidepressant and insulin sensitizer, is largely unrelated to its insulin-sensitizing action 
(38), and we could not demonstrate an improvement in insulin sensitivity in the higher IR 
individuals in response to light therapy (7). Possibly, light therapy exerts an anti-
inflammatory effect and thereby improves depressive symptoms in higher IR individuals. 
Individuals with seasonal affective disorder exhibit season-specific immune activation in 
the winter that is reversed by light therapy (39), and also the mood-enhancing effects of 
pioglitazone may be mediated by an anti-inflammatory effect (38). Moreover, 
neurotransmitter (im)balance may play a role, as light therapy appears to increase 
dopamine levels in the brain (40). Possibly, light therapy leads to an increase and thereby 
normalization of dopamine levels and mood in higher IR individuals, while leading to an 
overshoot, and thereby decreased mood, in lower IR individuals.  
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Strengths of this study include the extensive phenotyping of individuals, and that IR was 
measured using a hyperinsulinemic-euglycaemic clamp, the gold standard for the 
quantification of insulin sensitivity. The primary limitation of the study relies in its 
exploratory nature, and its associated small-sample size, which resulted in sufficient power 
for the detection large effects only. Hence, medium to small effects would stay unnoticed, 
and absence of differences cannot be confirmed based on this study. In addition, we 
chose not to correct analyses for BMI, which is associated with IR. Correction of analyses 
for BMI would diminish the effects of IR, and may lead to overcorrection. Furthermore, 
this study was performed in a sample of individuals with T2D, which limits the 
generalizability of our findings to the general population of individuals with depression. 
Nonetheless, the studied patient population is large, with up to 90 million individuals 
worldwide suffering from both depression and T2D.Lastly, data on other biomarkers such 
as inflammatory markers, monoamines, and measures of hypothalamic-pituitary-adrenal-
axis activity, which were not included in this study, would have been highly informative. 
The current study adds to the hypothesis of an immune-metabolic subtype of depression, 
which might be a promising focus for precision medicine in psychiatry. Results of this 
study may help the clinician to identify individuals that are likely to benefit from light 
therapy, and emphasize that effects of treatment should be additionally evaluated on the 
level of individual depressive symptoms.  
 
Further research is needed whether these findings also extend to general depressed 
population. A possible future study that tests the clinical applicability of these findings may 
entail a trial in which individuals are asserted to a certain treatment based on IR level, as 
quantified from fasting blood insulin and glucose levels using HOMA-IR, which correlates 
well with results from the hyperinsulinemic-euglycaemic clamp.  
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SSuupppplleemmeennttaarryy  TTaabbllee  11..  DDiiffffeerreenncceess  iinn  ddeepprreessssiivvee  ssyymmppttoomm  pprrooffiilleess  bbeettwweeeenn  hhiigghheerr  IIRR  aanndd  lloowweerr  IIRR  
iinnddiivviidduuaallss,,  aatt  bbaasseelliinnee  ((pp<<00..0055  iinn  bboolldd))  

Symptom 
domain 

Symptom Percentage of 
individuals with 
the symptom 

Difference 
in 
percentage 
of patients 
with the 
symptom  

Direction of 
effect (+ for 
more 
symptoms, – 
for less 
symptoms, = 
for no 
difference) 

Difference in symptom 
scores  

Higher 
IR 

Lower 
IR 

Likelihood 
Ratio 

Higher 
IR 

Lower 
IR 

Likelihood 
Ratio 

Linear-
by-linear 

Mood Feeling sad 96.7 96.6 0.001, 
p=0.981 

= = 2.786, 
p=0.426 

0.330, 
p=0.565 

Feeling 
irritable 

93.3 71.4 55..112244,,  
pp==00..002244 

= = 5.280, 
p=0.152 

2.434, 
p=0.119 

Absence of 
mood 
reactivity 

66.7 51.7 1.370, 
p=0.242 

= = 4.495, 
p=0.213 

3.000, 
p=0.083 

Bad quality of 
mood 

76.7 82.8 0.339, 
p=0.560 

= = 1.662, 
p=0.643 

0.003, 
p=0.955 

Bad mood 
irrespective 
of 
surrounding 

60.0 36.4 1.184, 
p=0.277 

NAP NAP NAP NAP 

Bad mood 
depending 
on time of 
day 

37.9 35.7 0.030, 
p=0.862 

= = 3.243, 
p=0.356 

0.401, 
p=0.527 

Worse mood 
in the 
evening 

36.4 18.2 0.930, 
p=0.335 

= = 1.185, 
p=0.553 

0.276, 
p=0.599 

Interpersonal 
sensitivity 

86.7 75.9 1.145, 
p=0.285 

= = 1.360, 
p=0.715 

0.850, 
p=0.356 

Self-criticism 
and guilt 

72.4 65.5 0.323, 
p=0.570 

= = 0.342, 
p=0.952 

0.178, 
p=0.673 

Future 
pessimism 

86.7 96.6 0.682, 
p=0.409 

= = 3.149, 
p=0.369 

0.454, 
p=0.500 

Thoughts of 
suicide 

63.3 44.8 2.046, 
p=0.153 

= = 2.323, 
p=0.313 

1.043, 
p=0.307 
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Hedonia No interest in 
sex 

73.3 79.3 0.292, 
p=0.589 

= = 0.696, 
p=0.974 

0.085, 
p=0.771 

No interest in 
people and 
activities 

90.0  69.0  44..114499,,  
pp==00..004411  

++  ––  1111..008888,,  
pp==00..001111 

3.777, 
p=0.052 

Absence of 
pleasure and 
enjoyment 

90.0  69.0  44..116699,,  
pp==00..004411  

++  ––  5.684, 
p=0.100 

55..336644,,  
pp==00..002211 

Fatigue Fatigue 93.3  79.3  2.567, 
p=0.109  

++  ––  7.178, 
p=0.066 

44..440066,,  
pp==00..003366 

Physical 
fatigue 

96.7  82.8  3.366, 
p=0.067  

++  ––  88..558844,,  
pp==00..003355  

55..998811,,  
pp==00..001144  

Motor Psychomotor 
retardation 

73.3 58.6 1.431, 
p=0.232 

= = 5.002, 
p=0.172 

0.172, 
p=0.678 

Psychomotor 
agitation 

63.3 58.6 0.138, 
p=0.711 

= = 2.787, 
p=0.426 

0.154, 
p=0.695 

Anxiety Anxiety or 
feeling tense 

76.7 72.3 0.141, 
p=0.708 

= = 3.339, 
p=0.342 

0.032, 
p=0.859 

Panic and 
phobia 

63.3 51.7 0.816, 
p=0.366 

= = 4.794, 
p=0.188 

1.387, 
p=0.239 

Cognitive Bad 
concentration 
and decision 
making 

86.7 82.8 0.174, 
p=0.676 

= = 5.424, 
p=0.143 

2.942, 
p=0.086 

Sleep Problems 
falling asleep 

46.7 41.4 0.167, 
p=0.682 

= = 6.435, 
p=0.092 

1.060, 
p=0.303 

Nightly 
awakening 

90.0  100.0  44..221133,,  
pp==00..004400  

––  ++  88..227722,,  
pp==00..004411  

0.320, 
p=0.571 

Early 
morning 
awakening  

40.0 72.4 66..441166,,  
pp==00..001111 

= = 7.516, 
p=0.057 

2.639, 
p=0.104 

Hypersomnia 53.3  41.4  0.847, 
p=0.357  

++  ––  99..000055,,  
pp==00..002299  

44..226699,,  
pp==00..003399  

Intake Appetite 
decrease 

31.0 31.0 0.000, 
p=1.000 

= = 1.923, 
p=0.589 

0.293, 
p=0.589 

Weight 
decrease 

16.7 18.5 0.034, 
p=0.854 

= = 6.258, 
p=0.100 

0.795, 
p=0.372 

Legend: On page 300. 
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SSuupppplleemmeennttaarryy  TTaabbllee  11..  CCoonnttiinnuueedd  
  Appetite 

increase 
24.1 41.4 1.974, 

p=0.160 
= = 3.645, 

p=0.302 
3.063, 
p=0.080 

Weight 
increase 

36.7 40.7 0.099, 
p=0.752 

= = 6.250, 
p=0.100 

1.770, 
p=0.183 

Physical Aches and 
pains  

96.7 96.6 0.001, 
p=0.981 

= = 0.916, 
p=0.822 

0.649, 
p=0.421 

Physical 
complaints 

86.7 72.4 1.875, 
p=0.171 

= = 4.455, 
p=0.216 

3.248, 
p=0.072 

Obstipation 
or diarrhea 

73.3 72.4 0.006, 
p=0.937 

= = 0.806, 
p=0.848 

0.000, 
p=0.992 

Abbreviations: NAP= not applicable, NA= not available, as the dependent factor is a constant 
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SSuupppplleemmeennttaarryy  TTaabbllee  22..  EEffffeeccttss  ooff  lliigghhtt  tthheerraappyy  ooff  iinnddiivviidduuaall  ddeepprreessssiivvee  ssyymmppttoommss  ffoorr  hhiigghheerr  IIRR  aanndd  
lloowweerr  IIRR  iinnddiivviidduuaallss  ((pp<<00..0055  iinn  bboolldd))  

    Higher IR Lower IR 

Symptom 
domain 

Symptom Risk ratio for 
improvement 
with light 
therapy relative 
to placebo (1.0) 

Likelihood 
Ratio 

Risk ratio for 
improvement 
with light 
therapy relative 
to placebo (1.0) 

Likelihood 
Ratio 

Mood Feeling sad 1.14 0.307, 
p=0.580  

0.53 1100..776633,,  
pp==00..000011   

Feeling irritable 1.22 0.393, 
p=0.531  

0.46 99..227766,,  
pp==00..000022    

Absence of mood reactivity 2.10 2.612, 
p=0.106  

0.65 1.808, 
p=0.179 

Bad quality of mood 1.39 0.628, 
p=0.428  

0.85 0.120, 
p=0.729  

Bad mood irrespective of 
surrounding 

0 1.726, 
p=0.189 

1.00 NA 

Bad mood depending on 
time of day 

1.67 3.701, 
p=0.054 

3.00 1.726, 
p=0.189 

Worse mood in the 
evening 

0 1.046, 
p=0.306 

1.00 NA 

Interpersonal sensitivity 2.11  44..113355,,  
pp==00..004422    

0.46 66..003399,,  
pp==00..001144   

Self-criticism and guilt 4.71  66..996655,,  
pp==00..000088    

0.61 1.708, 
p=0.191  

Future pessimism 1.37 0.468, 
p=0.494 

0.72 0.425 
p=0.515  

Thoughts of suicide 0.64 1.611, 
p=0.204  

0.104 0.008, 
p=0.928  

Hedonia No interest in sex 1.64 0.479, 
p=0.489  

0.69 0.351, 
p=0.554  

No interest in people and 
activities 

1.25 0.338, 
p=0.561  

0.225 55..993366,,  
pp==00..001155   

Absence of pleasure and 
enjoyment 

1.72 0.924, 
p=0.336  

0.67 0.805, 
p=0.369  

Fatigue Fatigue 1.95 1.807, 
p=0.179  

0.73 0.436, 
p=0.509  

Physical fatigue 1.15 0.144, 
p=0.705  

0.98 0.001, 
p=0.973  
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Motor Psychomotor retardation 1.50 0.316, 
p=0.574  

0.89 0.142, 
p=0.706  

Psychomotor agitation 3.50  55..888844,,  
pp==00..001155 

0.70 0.796, 
p=0.372  

Anxiety Anxiety or feeling tense 1.17 0.316, 
p=0.574  

1.12 0.174, 
p=0.677  

Panic and phobia 1.37 1.698, 
p=0.193  

1.17 0.225, 
p=0.636  

Cognitive Bad concentration and 
decision making 

2.61  44..997755,,  
pp==00..002266 

0.73 0.739, 
p=0.390  

Sleep Problems falling asleep 1.71 1.989, 
p=0.158  

1.12  0.116, 
p=0.733   

Nightly awakening 1.57 0.659, 
p=0.417  

1.49  0.915, 
p=0.339   

Early morning awakening  1.39  0.754, 
p=0.385   

1.83  77..889955,,  
pp==00..000055 

Hypersomnia 1.30 0.135, 
p=0.714  

2.00 1.024, 
p=0.312  

Intake Appetite decrease 3.00  44..772277,,  
pp==00..003300 

0.42 1.137, 
p=0.286  

Weight decrease 1.50 0.680, 
p=0.410   

0.50 1.185, 
p=0.276  

Appetite increase 2.00 2.969, 
p=0.085 

1.43 1.024, 
p=0.312  

Weight increase 1.11 0.052, 
p=0.819  

1.20 0.249, 
p=0.618  

Physical Aches and pains  1.30 0.365, 
p=0.546  

1.00 0.000, 
p=1.000  

Physical complaints 0.43 2.142, 
p=0.143  

3.33 3.555, 
p=0.059  

Obstipation or diarrhea 1.37 0.154, 
p=0.695  

1.59 1.184, 
p=0.277  

Abbreviations: NA= not available, as the dependent factor is a constant 
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AAbbssttrraacctt  
  
OObbjjeeccttiivvee    
Insulin signaling is involved in brain functioning, and alterations in insulin availability have 
been related to depressive symptoms. Possibly, depression can be treated by intranasal 
insulin, which affects the brain, but does not affect systemic glucose levels. The objective 
of this study was to systematically review the existing literature on the effects of intranasal 
insulin on mood.  
 
MMeetthhooddss    
A PubMed, EMBASE and PsycINFO search on May 13, 2020 identified 221 articles, of which 
11 were full-text reviewed, and 7 were included in the analyses.  
 
RReessuullttss  
All articles reported the results of randomized placebo-controlled trials, yet there was 
considerable heterogeneity regarding study populations and outcome measures. Five 
studies that assessed the effects of intranasal  insulin in healthy individuals (lean and 
obese) on mood suggested that a single dose of around 40IE rapid acting insulin increases 
extraversion, self-confidence, arousal and well-being, and possibly concentration, while it 
decreases introversion, anxiety, anger, and possibly depression. Two of these studies 
tested longer-term effects of (40IE rapid acting insulin 4 times daily for 8 weeks) and 
showed similar effects, now with significant evidence for a decrease in depression as well. 
Studies that tested longer-term effects in persons with treatment resistant depression and 
schizophrenia or schizoaffective disorder did not show effects of intranasal insulin on 
depressive symptoms.  
  
CCoonncclluussiioonn  
Preliminary evidence from studies in healthy individuals suggests positive effects of 
intranasal insulin on mood. The effectiveness of intranasal insulin in clinical populations, 
in particular in those with depression as well as decreased insulin sensitivity (e.g. diabetes 
or obesity) warrants further investigation.   
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HHiigghhlliigghhttss  
- Studies in healthy individuals suggests positive effects of intranasal insulin on mood 
- The effectiveness in clinical populations, in particular in those with depression as well as 
decreased insulin sensitivity (e.g. diabetes or obesity) warrants further investigation 
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IInnttrroodduuccttiioonn  
Depression, an emotional state characterized by decreased mood and inability to feel 
pleasure, is a common disorder which affects more than 264 million people worldwide (1). 
It is a leading cause of disability and a major contributor to burden of disease worldwide 
(1). Depression can be treated with antidepressant medication and psychotherapy, but 
effects are modest (2, 3), and therefore the search for new therapeutics for the disorder 
continues.  
 
In recent decades, epidemiological evidence suggested a link between depression and 
metabolic disease. The prevalence of depression in individuals with diabetes is double 
that of the general population (4-6) and obesity is related to an increased risk of 
depression (7). Also, individuals with depression and comorbid metabolic disease display 
a differential course of symptoms, with more persistence and recurrence, and differential 
symptom profiles, with atypical features, including overeating (8, 9). Furthermore, this type 
of depression has been associated with metabolic dysregulation and subclinical 
inflammation, which has led to the idea of an immuno-metabolic subtype of depression 
(8, 9).   
 
At the same time, mechanistic evidence has emerged suggesting that insulin plays an 
important role in brain functioning (10; 11). Insulin is the hormone that allows glucose to 
enter cells where glucose is used or stored as an energy source. The effect of insulin in 
the brain appears to extend beyond the mediation of glucose transport, with implications 
for the regulation of energy balance and food intake, as well as neurotransmission, 
neuronal maintenance and neurogenesis (10-12). In obesity and (type 2) diabetes cells fail 
to respond normally to the hormone insulin– which is called insulin resistance. Recent 
findings show that insulin resistance is present in the brain in individuals with type 2 
diabetes and those with higher body mass index (BMI) (13, 14), and that brain insulin 
resistance may be responsible for the cognitive and anhedonia-like symptoms in 
depression (12). Hence, the improvement of insulin sensitivity has been postulated as a 
novel antidepressant mechanism, and various glucose lowering medications have been 
tested for their antidepressant properties (15-17). A recent meta-analysis demonstrated 
that pioglitazone, but not metformin, had a positive effect on depressive symptoms (15). 
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A study testing the effect of subcutaneous insulin in individuals with type 2 diabetes and 
poor glycemic control under tablet-treatment showed no effect of subcutaneous insulin 
twice daily on depressive symptoms (15, 18).  
 
Insulin can be administered intravenously, subcutaneously, and intranasally. Oral 
administration is not feasible due to degradation of the protein in the gastrointestinal tract 
and low transport rate of insulin across intestinal membrane. Yet, intravenous and 
subcutaneous insulin application is invasive, and indicated for the treatment of diabetes 
mellitus only, due to its systemic effects on blood glucose levels. Recently, intranasal 
delivery of insulin has emerged as a way of introducing the hormone specifically to the 
brain. Acute effects occur in minutes and last about 80 minutes after administration, and 
it is a tolerable treatment (19). Insulin doses up to 160 IE can be administered without the 
risk of hypoglycemia, as only 3% reaches systemic circulation (19). This makes intranasal 
insulin applicable in a wide range of individuals. Intranasal insulin may therefore be an 
interesting therapeutic to explore in the treatment of depression, in particular for those 
with the before mentioned metabolic subtype of depression. Meta-analytic evidence 
already suggests beneficial effects of intranasal insulin on cognitive function in individuals 
with cognitive impairment, which is also associated with immuno-metabolic disturbances 
(20; 21). Yet, literature on the effects of mood has not been systematically reviewed.    
 
The objective of this study was therefore to bring together the existing literature on the 
effects of intranasal insulin on mood, with reviewing the reports of randomized controlled 
trials on the topic. 
  
MMeetthhooddss  
LLiitteerraattuurree  sseeaarrcchh  
We performed a systematic review of the existing literature on clinical studies that 
assessed the effects of intranasal insulin on mood . Relevant publications were identified 
by a PubMed, EMBASE, and PsycINFO, search in on May 13, 2020, using the following 
query terms: (intranasal OR nasal OR intra-nasal) AND insulin AND (mood OR depression 
OR depressive OR dysthymic OR dysthymia OR alexithymic OR alexithymia OR dysphoric 
OR dysphorica OR melancholia OR melancholic OR suicidal).  One article was retrieved 
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by reference list exploration. The title and abstract of this article did not contain terms 
with reference to ‘mood’, but only more general terms such as brain, central and 
cognitive. We chose not to include general terms to our search strings, as this would have 
increased the sensitivity of the search, but drastically decreased the specificity. 
  
SSeelleeccttiioonn  pprroocceessss  
Articles were deemed eligible if they reported on the effects of intranasal insulin on mood 
in adult human participants. No restrictions applied to the participant characteristics, the 
method for measuring the outcome, or the control condition. Only original articles, from 
case reports to randomized clinical trials – but not review articles, written in English, were 
included. We verified whether the study population of a study did not comprise 
participants from already included papers. The first (AB) and last author (MAB) both 
performed the selection process independently. Discrepancies in their judgements were 
resolved during a consensus meeting.  
  
QQuuaalliittyy  ooff  tthhee  eevviiddeennccee  aanndd  rriisskk  ooff  bbiiaass  
The general quality of the evidence of current review was determined using GRADE (22), 
which is Cochrane’s recommended approach for systematic reviews. It is based on the 
study design of included studies (randomized trial = high; observational study = low; case 
series or reports = very low). For randomized controlled trials, risk of bias was assessed 
according to methods described in the Cochrane Handbook for Systematic Reviews (23). 
The domains assessed were random sequence generation and allocation concealment 
(selection bias), blinding of participants and personnel (performance bias), blinding of 
outcome assessment (detection bias), incomplete outcome data (attrition bias), selective 
reporting (reporting bias), and – in case of studies with a cross-over design – carry-over 
effects.  
 
DDaattaa  ssyynntthheessiiss  
Data are presented in tables and discussed in the results section of the manuscript. If 
possible, effect size (Cohen’s d) was calculated and presented. 
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RReessuullttss  
SSeeaarrcchh  rreessuullttss  
The PubMed search identified 254 articles (PubMed n=83, EMBASE n=155, PsycINFO 
n=16), of which 221 were unique articles. Based on titles and abstracts, 210 articles were 
excluded (mainly for being animal studies or irrelevance in other ways), leaving 11 articles 
for full-text review. Four articles were excluded as they did not report on effects on mood 
but on cognition, disability, and pain. One article was retrieved by reference list 
exploration. A total of 7 articles were included in the analyses (24-30). 
 
SSttuuddyy  cchhaarraacctteerriissttiiccss  
The individual studies are described in Tables 1 and 2. All articles reported on the results 
of randomized placebo-controlled trials (24-30), of which two had a crossover design (26; 
30). We subdivided studies in two groups: studies on the acute effects of intranasal insulin 
on mood (effects following one dose), and studies on the longer-term effects on mood 
(effects after weeks of recurrent administrations).  
 
Five studies (N=125 participants in total) investigated acute effects of intranasal insulin on 
mood (24, 25, 28-30), of which one article was a conference abstract (29). Four of these 
investigated the effects on intranasal insulin on mood in healthy volunteers (24; 25; 29; 
30), and one in obese men (28). Four studies used 40 IU rapid acting insulin (24; 25; 28; 
29), and one 20IU H-insulin 100, four times in 1 hour (30). Three studies used the Adjective 
checklist for measuring effects on mood (24, 28, 30), one study a visual analogue scale 
(0-10) measuring stress and insecurity (after performing an free speech and arithmetic 
task in front of an audience and video camera; the Trier Social Stress test) (25), and one 
study used an self-developed questionnaire with items pertaining to excitability, arousal, 
and well-being (29). The Adjective checklist is a self-report measure that contains 161 
adjectives used to describe the person’s mood (did it reflect the person’s current state of 
mood yes/no) covering 15 dimensions: activation, concentration, deactivation, fatigue, 
benumbedness, extroversion, introversion, self-confidence, well-being, arousal, 
sensitiveness, anger, anxiety, depression, and dreaminess (31). Two of the studies that 
assessed acute effects of intranasal insulin on mood, also assessed longer-term effects 
(24, 28).  
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TTaabbllee  11..  SSttuuddiieess  rreeppoorrttiinngg  oonn  aaccuuttee  eeffffeeccttss  ooff  iinnttrraannaassaall  iinnssuulliinn  oonn  mmoooodd  
SSttuuddyy  DDeessiiggnn  PPaarrttiicciippaanntt  

cchhaarraacctteerriissttiiccss  
EExxcclluussiioonn  ccrriitteerriiaa  NN  

Kern et al. 
1999 

RCT, 
cross-
over 

healthy men, 18-34 yo, 
of normal body weight 
(mean BMI 24) 

a personal or family history of diabetes, 
smoking, use of medication, exclusion when 
sleep disturbances occurred day before testing 

18 

Hallschmid 
et al. 2008 

RCT obese men (mean BMI 
32), mean age around 
34 yo 
 
 
 
 
 
 

smoking, use of medication, chronic and acute 
illness as assessed by a clinical examination and 
routine laboratory tests 

30 

Benedict et 
al. 2004 

RCT healthy students, 18-34 
yo, predominantly men 
(63%), of normal body 
weight 

a personal or family history of diabetes, or 
diabetes as evaluated based on isle cell 
antibodies and fasting glucose levels and a 
physical examination 
 
 
 

38 

Bohringer et 
al. 2008 

RCT healthy students, 20-31 
yo (mean age 25 yo), 
mean BMI 22  
 

any acute or chronic disease, smoking of 
cigarettes, presence or history of mental illness, 
use  of systemic medication, fasting glucose 
above 5.5 mmol/l, BMI below 18 or above 25, 
presence of depressive disorder screened with 
Patient Health Questionnaire 

26 

Jauch-Chara 
et al. 2012 

RCT healthy men, 22-28 yo  15 

Abbreviations: RCT= randomized controlled trial; BMI= body mass index; yo= years old; EWL=  
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IInntteerrvveennttiioonn  
  

OOuuttccoommee  mmeeaassuurree  FFiinnddiinnggss  

20 IU H-insulin 100 
Hoechst, every 15 
minutes for 1 hour  

Adjective checklist (EWL), 15 
dimensions (every 15 
minutes during 
administration) 

- A significant decrease in introversion (p<0.05) 
- A significant increase in extraversion (p<0.05) 
- No significant effects on other domains  

40IU rapid acting insulin Adjective checklist (EWL), 15 
dimensions (60 minutes 
after administration) 

- A significant decrease in introversion (p<0.02, 
Cohen’s d 0.89) 
- A significant decrease in anxiety (p<0.05, 
Cohen’s d 0.75) 
- A trend increase in concentration (p<0.06, 
Cohen’s d 0.75) 
- A trend decrease in depression (p<0.09, 
Cohen’s d 0.66) 
- No significant effects on other domains 

40IU rapid acting insulin  Adjective checklist (EWL), 15 
dimensions (60 minutes 
after administration) 

- A significant increase in self-confidence 
(p=0.04, Cohen’s d 0.69) 
- A significant increase in well-being (p=0.02, 
Cohen’s d 0.83) 
- A significant decrease in anger (p=0.01, 
Cohen’s d 0.92) 
- No significant effects on other domains 

40IU rapid acting insulin  
 
 
 
 
 

Visual analogue scale (0-10) 
for stress and insecurity 
levels (after a social stress 
test) (about 65 minutes 
after administration) 

- No significant effect on stress level (p<0.61) 
- No significant effect on insecurity level 
(p=0.11) 

40IU rapid acting insulin  NR, including items of 
excitability, arousal, and 
well-being (after 
administration) 

- A significant increase in arousal (p=0.050) 
- A significant increase in well-being (p=0.038) 
- A significant increase in self-confidence 
(p=0.005) 

Eigenschaftswörterliste; NR= not reported 
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TTaabbllee  22..  SSttuuddiieess  rreeppoorrttiinngg  oonn  lloonnggeerr--tteerrmm  eeffffeeccttss  ooff  iinnttrraannaassaall  iinnssuulliinn  oonn  mmoooodd  

SSttuuddyy  DDeessiiggnn  PPaarrttiicciippaanntt  cchhaarraacctteerriissttiiccss  EExxcclluussiioonn    ccrriitteerriiaa  

Cha et al. 
2017 

RCT, 
cross-
over 

individuals with therapy-resistant 
depression (DSM-V diagnosis and 
failure to remit on two or more 
antidepressants at the appropriate 
dose for an adequate treatment 
trial), mean age of first depressive 
episode 18 yo; mean age during 
trial around 47 yo (included ages 
18-65); predominantly women 
(63%), predominantly white (94%), 
full-time employed (85%)  

clinically significant untreated medical 
conditions, uncorrected 
hypo/hyperthyroidism, 
hypo/hyperglycemia or unstable diabetes 
mellitus,  substance abuse/dependence in 
the past 3 months, actively suicidal or at 
risk, current use of antidepressants and 
augmentation with anti-cholinergic 
potential or benzodiazepines, 
electroconvulsive therapy in previous year, 
pregnant (last year) or breastfeeding, 
unwillingness to use contraception 

Hallschmid 
et al. 2008 

RCT obese men (mean BMI 32), mean 
age around 34 yo 

smoking, use of medication, chronic and 
acute illness as assessed by a clinical 
examination and routine laboratory tests 

Benedict et 
al. 2004 

RCT healthy students, 18-34 yo, 
predominantly men (63%), of 
normal body weight 

a personal/family history of diabetes, or 
diabetes as evaluated based on isle cell 
antibodies and fasting glucose levels and a 
physical examination 
 
 
 
 
 

Fan et al. 
2013 

RCT individuals with schizophrenia or 
schizoaffective disorder (DSM-V) 
from an outpatient urban 
community health clinic,  
mean age around 46 yo (included 
ages 18-65), predominantly men 
(80%), predominantly Caucasian 
(76%), stable dose of the current 
antipsychotic drug for at least 1 
month  

current substance abuse, unstable medical 
conditions, diagnosis of diabetes mellitus 

Abbreviations: RCT= randomized controlled trial; BMI= body mass index; yo= years old; EWL=  
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NN  IInntteerrvveennttiioonn  OOuuttccoommee  mmeeaassuurree  FFiinnddiinnggss  

35 4 times daily40IU 
rapid acting insulin, 4 
weeks  
 
 
 
 
 
 
 
 
 

Montgomery 
Asberg Depression 
Rating Scale 
(MADRS), Positive or 
Negative Affect 
Schedule (PANAS) 

- No significant effect on the MADRS total score 
(p=0.490, Cohen’s d 0.23) 
- No significant effect on PANAS Positive subscale 
score (p=0.811, Cohen’s d 0.10) 
- No significant effect on PANAS Negative subscale 
score (p=0.792, Cohen’s d 0.11) 

30 4 times daily 40IU 
rapid acting insulin, 8 
weeks 

Adjective checklist 
(EWL), 15 
dimensions 

- A trend decrease in depression (p<0.10, Cohen’s 
d 0.63) 
- No significant effects on other domains 

38 4 times daily 40IU 
rapid acting insulin, 8 
weeks 

Adjective checklist 
(EWL), 15 
dimensions 

- A significant increase in extraversion (p=0.01, 
Cohen’s d 0.92) 
- A significant increase in self-confidence (p=0.03, 
Cohen’s d 0.75) 
- A significant increase in well-being (p=0.05, 
Cohen’s d 0.67) 
- A significant decrease in depression (p=0.02, 
Cohen’s d 0.79) 
- No significant effects on other domains 

45 4 times daily 40IU 
rapid acting insulin, 8 
weeks 
 
 
 
 
 
 
 

Calgary Depression 
Rating Scale (CDRS) 

- No significant effect on the CDRS total score 
 

Eigenschaftswörterliste 
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In total, four studies (N=148 participants in total) investigated the longer-term effects of 
intranasal insulin on mood. Studies were performed in very different populations: in 
healthy volunteers (24), in obese men (28), in persons with therapy resistant depression 
(26), and in persons with schizophrenia or schizoaffective disorder (27). The intervention 
was in all studies 40IU rapid acting insulin 4 times daily for four (26) to eight (24, 27, 28) 
weeks. Two studies used the Adjective checklist as outcome measure (24, 28), one study 
the Montgomery Asberg Depression Rating Scale (MADRS) and Positive or Negative 
Affect Schedule (PANAS) – 10 and 20-item questionnaires for the assessment of 
depression severity and changes in affect respectively – (26); and one study used the 
Calgary Depression Rating Scale (CDRS), a 9-item structured interview scale specifically to 
assess depression independently of symptoms of psychosis in schizophrenia (27).  
 
QQuuaalliittyy  ooff  tthhee  eevviiddeennccee  aanndd  rriisskk  ooff  bbiiaass  
All included articles reported on randomized controlled trials. According to GRADE, this 
indicates high quality evidence (22). None of the studies reported all the items required 
for the risk of bias assessment, and particularly the specifics around the allocation 
concealment and the completeness of outcome data were frequently underreported. 
Specifics of study-setup were frequently underreported in general, while most studies 
were deemed as having a low risk of bias (24-28, 30), with the exception of the study by 
Jauch-Chara et al., a conference abstract, that had high risk for bias (29), due to the 
possibility for selective reporting of significant results as outcome measures were not 
reported in the result section. Details about risk of bias assessment are presented in Table 
3.  
  
AAccuuttee  eeffffeeccttss  ooff  iinnttrraannaassaall  iinnssuulliinn  oonn  mmoooodd    
Findings from studies that assessed the acute effects of intranasal  insulin on mood are 
presented in Table 1. Taken together findings from four studies (24, 28-30) suggest that 
measured around 60 minutes after administration, a single dose of around 40IE intranasal 
insulin increases extraversion, self-confidence, arousal and well-being, and decreases 
introversion, anxiety, and anger. Effect sizes were large (Cohen’s d 0.66-0.92). Other 
symptoms (from the Adjective checklist), such as activation, concentration, depression, 
deactivation, fatigue, benumbedness, sensitiveness, and dreaminess appear  unaffected,  
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TTaabbllee  33..  RRiisskk  ooff  bbiiaass  aasssseessssmmeenntt    
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Kern et al. 1999 + ? + - ? + + low 

Benedict et al. 2004 + ? + - ? +  low 

Hallschmid et al. 2008 + ? + - ? +  low 

Bohringer et al. 2008  + ? + - + +  low 

Jauch-Chara et al. 2012 + ? + - ? ?  high 

Fan et al. 2013 + ? + - + +  low 

Cha et al. 2017 + ? + - ? + + low 

Symbols: += indicates low risk, ?= indicates unclear risk, -= indicates high risk 
 
although a study in obese men found trends towards positive effects on concentration 
and depression as well (28). A study on the effects of intranasal insulin on stress and  
insecurity after a social stress test did not find  changes in stress or insecurity levels (25). 
 
LLoonnggeerr--tteerrmm  eeffffeeccttss  ooff  iinnttrraannaassaall  iinnssuulliinn  oonn  mmoooodd    
Findings from studies that assessed the longer-term (4 to 8 weeks) effects of 40IE 
intranasal insulin 4 times daily on mood are presented in Table 2. Results from the studies 
in healthy and obese young men that used the Adjective checklist as outcome measure 
suggest that effects of intranasal insulin persist beyond the time window of the effects of 
acute administration (24, 28). They are suggestive of positive effects on extraversion, self-
confidence, well-being, and depression, with large effect sizes (Cohen’s d 0.63-0.92) (24, 
28). Symptoms such as activation, concentration, deactivation, fatigue, benumbedness, 
sensitiveness, and dreaminess remained unchanged (24, 28). The studies performed in 
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persons with treatment resistant depression and schizophrenia or schizoaffective disorder 
did not show positive effects of intranasal insulin on various validated depressive 
symptoms scales (MADRS, PANAS, and CDRS) (26, 27).  
 
SSaaffeettyy  
Studies reported no safety issues, serious side effects, and no significant differences in 
side effects or drop-out rates between treatment groups.   
  
DDiissccuussssiioonn  
To our knowledge, this is the first systematic review on the acute and longer-term effects 
of intranasal insulin on mood, bringing together the evidence of seven, albeit 
heterogeneous, randomized placebo-controlled trials.  
 
Four studies in healthy subjects showed that a single dose of around 40IE rapid acting 
insulin significantly increases extraversion, self-confidence, arousal and well-being, 
possibly concentration, and decreases introversion, anxiety, anger, and possibly 
depression (24, 28-30). Other symptoms such as activation, deactivation, fatigue, 
benumbedness, sensitiveness, and dreaminess appeared unaffected. The fact that 
Bohringer et al. found no acute effects of intranasal insulin on visual analog scale scores 
for stress and insecurity may be explained by the fact that the setup of this study was 
markedly different from the other studies (25). The effects on intranasal insulin were tested 
after a social stress test, in which participants had to perform presentation and arithmetic 
tasks in front of an audience and video camera (25). Possibly, the individual’s stress 
response interfered with the effects or the visual analogue scale was not sensitive enough. 
In sum the findings may suggest that insulin increases positive emotionality and decreases 
negative emotionality. 
 
Findings on the longer-term effects of intranasal insulin (40IE rapid acting insulin 4 times 
daily for 4 to 8 weeks) were mixed. Two studies in healthy subjects reported results similar 
to the acute effects of intranasal insulin, but now with significant evidence for a decrease 
in depression (24, 28). Two studies in individuals with psychiatric disease did not show 
effects of longer-term intranasal insulin (26, 27). These discrepancies may be due to 
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differences in the outcome measures (Adjective checklist, versus validated depressive 
symptoms scales (MADRS, PANAS, and CDRS), but may also be due to differences in 
participant characteristics. The two studies that reported positive effects were performed 
in healthy lean or obese young men (24, 28), while the other two studies were performed 
in mixed-gender and older clinical populations of individuals with therapy resistant 
depression and schizophrenia or schizoaffective disorder (26, 27). Four to eight weeks of 
treatment with intranasal insulin may be too short, considering most antidepressant 
treatments reach maximum efficacy after 6 to 8 weeks. Possibly the chronicity and severity 
of the conditions result in treatment resistance, also regarding the response to the 
antidepressant effects of intranasal insulin. It is unknown how the longer-term effect of 
intranasal insulin in healthy individuals can be explained. Perhaps, recurrent administration 
induces persistent changes in brain metabolism and function. Yet, detected changes in 
healthy volunteers merely reflect subacute effects of insulin administration, as it is 
unknown how long effects on mood of a single dose of intranasal insulin lasts.  
 
It is unknown how intranasal insulin may improve positive emotions. Perhaps, intranasal 
insulin promotes motivation and mood through modulation of neurotransmission, 
neuronal maintenance and neurogenesis (10-12). Brain insulin resistance has been 
associated with decreased functioning of the dopaminergic mesolimbic pathways that are 
responsible for reward processing, and decreased cortical thickness of the anterior 
cingulate cortex and hippocampus, which are responsible for emotional processing, 
decision making and learning and memory (12). 
 
Several limitations of the current systematic review must be kept in mind when 
interpreting the results. We included mood specific terms in our search strategy, which 
may have resulted in that some articles may have gone undetected. This is also suggested 
by the fact that one article was identified by reference list exploration. Furthermore, only 
few articles were performed on the topic and included in this meta-analysis, which limits 
the reliability and generalizability of the findings. Finally, the included studies 
demonstrated considerable heterogeneity regarding study design and reporting of 
results. Consequently, quantitative analysis (meta - analysis) of the included studies was 
not feasible. 
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In conclusion, preliminary evidence from studies in healthy individuals suggests that the 
effects of intranasal insulin on mood may be an interesting topic for further exploration. 
Positive emotions increased significantly, both after administration of a single dose as well 
as after longer-term administration, and effect sizes were large and seem clinically 
relevant, considering the medium-effect size of currently available treatments for 
depression. Furthermore, intranasal insulin was well tolerated. Although preliminary 
evidence does not confirm effectiveness in individuals with chronic psychiatric disorders, 
the effectiveness of intranasal insulin in clinical populations, in particular in those with 
depression as well as decreased insulin sensitivity, such as diabetes or obesity, warrants 
further investigation. Directions for future research may include how long the effects on 
mood of a single dose of intranasal insulin last and how they change with recurrent 
administration, as well as the underlying mechanisms of action.  
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CChhaapptteerr  1133  
SSuummmmaarryy  aanndd  ggeenneerraall  ddiissccuussssiioonn  
 
Depression and T2D cluster together (Figure 1), and sleep disturbances have been 
hypothesized to explain this (Figure 2 B). Hence, the general aim of this thesis was to 
disentangle the complex interplay between depression, sleep and glycemic control in 
individuals with T2D.  
 
We studied (parts of) this complex interplay from various viewpoints, using a variety of 
study designs. Two studies formed the backbone of this thesis: an observational study, 
investigating depressive symptoms, sleep, and glycemic control in individuals with T2D; 
and a light therapy intervention study in individuals with a major depressive episode and 
T2D (Figure 1 C). We also performed analyses in two existing datasets: a large 20-year 
prospective cohort study in community-dwelling older people; and an experimental study 
in dogs. Lastly, we also systematically reviewed the existing scientific literature.  
 
The five parts of this thesis described different aspects of the interplay between 
depression, sleep and glycemic control in individuals with T2D. A brief summary of the 
main findings is presented in Box 3. 
 
 
 
  
  
  
FFiigguurree  11..  SScchheemmaattiicc  rreepprreesseennttaattiioonn  ooff  tthhee  rreellaattiioonnsshhiipp  bbeettwweeeenn  ddeepprreessssiioonn  aanndd  ttyyppee  22  ddiiaabbeetteess..    

 
 

DDeepprreessssiioonn  TTyyppee  22  DDiiaabbeetteess  
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In individuals with type 2 diabetes: 
A.  

B.  

 
FFiigguurree  22..  SScchheemmaattiicc  rreepprreesseennttaattiioonn  ooff  tthhee  hhyyppootthheesseess  tteesstteedd  iinn  tthhiiss  tthheessiiss    

DDeepprreessssiivvee  
ssyymmppttoommss  ↓  

GGllyycceemmiicc  
ccoonnttrrooll  ↓  

  

SSlleeeepp  pprroobblleemmss    
↓ 

LLiigghhtt  
tthheerraappyy  

DDeepprreessssiivvee  
ssyymmppttoommss ↑ 

GGllyycceemmiicc  
ccoonnttrrooll ↓ 

  

SSlleeeepp  pprroobblleemmss  
↑  
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PPaarrtt  II    ––  DDeepprreessssiioonn  &&  SSlleeeepp  
In Part I we affirm that the concepts of depression and sleep are related. In community-
dwelling elderly, depressive symptoms are moderately associated with participant-
reported insomnia symptoms (CChhaapptteerr  33). Also in individuals with T2D depression is 
associated with a variety of sleep measures (CChhaapptteerr  22). Stronger associations were found 
for the participant-reported measures of sleep quality and insomnia symptoms, 
compared to the accelerometry derived measures, such as sleep duration and sleep 
efficiency. Regarding sleep duration aberrations, hypersomnia prevailed over shortened 
sleep duration. 
 
In light of the idea that depressive symptoms may lead to sleep disturbances and vice 
versa, we tested how depressive symptoms and sleep problems in older adults are related 
over time. We demonstrated that depressive symptoms and insomnia symptoms increase 
together over time, but pose no additional risk factor for one another over 3-year intervals 
(CChhaapptteerr  33). In addition, we showed that in individuals with T2D, depressive symptoms are 
associated with an underestimation of sleep quantity and continuity, when we compare 
self-reported and accelerometry derived measures of sleep (CChhaapptteerr  44). In sum, these 
findings show that depressive symptoms and sleep problems are highly associated 
constructs and hint at the idea that depressive symptoms and sleep problems are 
symptom dimensions of a single underlying clinical syndrome. Yet more so in case of self-
reported sleep problems, compared to accelerometry derived sleep measures.   
 
PPaarrtt  IIII  ––  SSlleeeepp  &&  TTyyppee  22  DDiiaabbeetteess  
Part II revealed that sleep is a multifaceted construct and associated with glycemic control 
in individuals with T2D. We demonstrated that several sleep characteristics cluster 
together in individuals with T2D (CChhaapptteerr  55). Three domains of sleep characteristics could 
be identified: sleep quantity (accelerometry derived measures of sleep duration and sleep 
efficiency), sleep variability (accelerometry derived variability in sleep duration and 
variability in mid sleep time), and subjective sleep complaints (participant-reported 
measures (the Pittsburgh Sleep Questionnaire Index and the Insomnia Severity Index). All 
three domains, and in particular sleep variability, were associated with HbA1c (CChhaapptteerr  55). 
We also provided evidence for a causal nature of this relationship: in dogs, one night of 
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 BOX 1: BRIEF SUMMARY OF THE FINDINGS    
  
PPaarrtt  II  ––  DDeepprreessssiioonn  &&  SSlleeeepp  
Chapter 2: In individuals with T2D, those with depression slept significantly worse 
compared to those without depression. Regarding sleep duration aberrations, 
hypersomnia prevailed over shortened sleep duration. 
 
Chapter 3: In community-dwelling elderly, depressive and insomnia symptoms were 
associated and tend to increase concurrently over time, but constituted no additional 
risk for one another over three year intervals. 
 
Chapter 4: In individuals with T2D, depressive symptoms were associated with an 
underestimation of sleep quantity and continuity, when we compare self-reported 
and wrist-worn accelerometry derived estimates of sleep. 
 
PPaarrtt  IIII  ––  SSlleeeepp  &&  TTyyppee  22  DDiiaabbeetteess  
Chapter 5: In individuals with T2D, various aspects of sleep cluster together:  

- sleep quantity domain (sleep duration and sleep efficiency) 

- sleep variability domain (variability in sleep duration and variability in mid 

sleep time), and 

- subjective sleep complaints domain (scores on the Pittsburgh Sleep 

Questionnaire Index and the Insomnia Severity Index) 

In individuals with T2D, all three sleep domains were associated with HbA1c. Together 

they explained up to 10% of the variance in HbA1c. Out of the individual measures, 

variability in sleep duration was most strongly associated with HbA1c.  

 

Chapter 6: In lean dogs, one night of total sleep deprivation impaired insulin 
sensitivity to a similar degree as chronic high-fat feeding, which is a model for 
obesity. After chronic high-fat feeding, a model for obesity, one night of total sleep 
deprivation did not lead to further impairments in insulin sensitivity. 
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PPaarrtt  IIIIII  ––  TThhee  TTrriiaadd::  DDeepprreessssiioonn,,  SSlleeeepp  &&  GGllyycceemmiicc  ccoonnttrrooll  
Chapter 7: In individuals with T2D,  diabetes distress, but not depressive and anxiety 
symptoms, was associated with HbA1c. The association between diabetes distress and 
HbA1c was not statistically mediated by total sleep duration, yet partially mediated by 
sleep quality and variability in sleep duration. Parallel mediation (including all three 
sleep variables) showed a mediation effect of 34%.   
 
PPaarrtt  IIVV  ––  LLiigghhtt  tthheerraappyy  ffoorr  bbeetttteerr  mmoooodd  aanndd  ggllyycceemmiicc  ccoonnttrrooll  iinn  iinnddiivviidduuaallss  wwiitthh  
ddeepprreessssiioonn  aanndd  ttyyppee  22  ddiiaabbeetteess  
Chapter 8: Based on the existing literature, there is no evidence for ocular damage 
due to light therapy, with the exception of one case report. 
 
Chapter 9 and 10: Intention-to-treat analysis showed no effect of light therapy on 
depressive symptoms or insulin sensitivity in individuals with depression and T2D. Yet, 
effect moderation analyses suggest positive effects of light therapy on depressive 
symptoms in those with more adequate treatment adherence, as well as with lower 
insulin sensitivity. Light therapy was well tolerated. 
 
PPaarrtt  VV  ––  DDeepprreessssiioonn  &&  TTyyppee  22  DDiiaabbeetteess  
Chapter 11: In individuals with depression and T2D,  those with lower insulin sensitivity 
reported more symptoms of irritability anhedonia, fatigue, and hypersomnia, relative 
to individuals with higher insulin sensitivity, who reported more insomnia symptoms. 
Light therapy led to an improvement across all depressive symptoms in individuals 
with lower insulin sensitivity, while in individuals with higher insulin sensitivity, light 
therapy improved early morning awakening and interest in people and activities, but 
worsened mood. 
 
Chapter 12: The existing literature suggests positive effects of intranasal insulin on 
mood in healthy individuals. Yet, so far, there is no evidence to confirm effectiveness 
in individuals with chronic psychiatric disorders. 
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sleep deprivation resulted in a significant decrease in insulin sensitivity, which was 
comparable to the effect of obesity on insulin sensitivity (CChhaapptteerr  66). Yet sleep deprivation 
had no additional effect on insulin sensitivity when the dogs where already obese. On the 
one hand these findings show that sleep problems have detrimental effects on glucose 
homeostasis and may deserve attention in the management of glycemic control. On the 
other hand these findings may imply that the sleep-focused interventions would not 
contribute to the improvement of glycemic control in those who are already affected by 
obesity or decreased insulin sensitivity, such as individuals with T2D.  
 
PPaarrtt  IIIIII  ––  TThhee  TTrriiaadd::  DDeepprreessssiioonn,,  SSlleeeepp  &&  TTyyppee  22  DDiiaabbeetteess  
In previous parts, we demonstrated links between depression and sleep problems (Part I), 
and links between sleep problems and glycemic control (Part II). These findings provide a 
foundation for the idea that sleep problems may mediate the link between depression 
and poor glycemic control. Yet, in Part III, we could not provide direct evidence for such 
a mediation effect (CChhaapptteerr  77): depressive symptoms and HbA1c were not associated in 
our dataset. We did find that diabetes distress, a psychological distress concept different 
from depression, was associated with sleep problems as well as HbA1c. Yet sleep problems 
only partially mediated the association between diabetes distress and poor glycemic 
control.   
 
PPaarrtt  IIVV  ––  LLiigghhtt  tthheerraappyy  ffoorr  bbeetttteerr  mmoooodd  aanndd  ggllyycceemmiicc  ccoonnttrrooll  iinn  iinnddiivviidduuaallss  wwiitthh  
ddeepprreessssiioonn  aanndd  ttyyppee  22  ddiiaabbeetteess  
Part IV focused on the effects and safety of light therapy for better mood and glycemic 
control in individuals with depression and T2D.  
 
Concerns on the ocular safety of light therapy for individuals with T2D, which are at risk 
for diabetic retinopathy, were taken away by a literature study: the systematic review 
provided no evidence for ocular damage due to light therapy, with the exception of one 
case report (CChhaapptteerr  88). This green-lighted the light therapy trial in individuals with 
depression and T2D, which later confirmed the safety of light therapy in this population 
(CChhaapptteerr  1100).  
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The light therapy trial was essentially inconclusive, with no effects on depressive symptoms 
or insulin sensitivity, due to problems with the power of the study (CChhaapptteerr  1100). Secondary 
analyses did indicate that light therapy had positive effects on depression response rates 
in participants that showed good treatment adherence. Furthermore, secondary analyses 
indicated that light therapy may be a promising antidepressant for a subgroup of highly 
insulin resistant individuals. These effects were not mediated by improvements of sleep: 
sleep measures remained unaffected.  
  
PPaarrtt  VV  ––  DDeepprreessssiioonn  &&  TTyyppee  22  DDiiaabbeetteess  
In Part V we focused on the link between depression and insulin resistance. 
We took a closer look at the subgroup of highly insulin resistant individuals for whom light 
therapy had promising effects on depressive symptoms, and  found that these individuals 
have a differential depressive symptoms profile compared to individuals with lower insulin 
resistance (CChhaapptteerr  1111). Those with higher insulin resistance reported more symptoms of 
irritability, anhedonia, fatigue, and hypersomnia, relative to individuals with lower insulin 
resistance, who reported more insomnia symptoms. The symptom profile of highly insulin 
resistant individuals bears similarities with the recently proposed or immuno-metabolic 
depression subtypes (1). These findings add to the hypothesis of an immune-metabolic 
subtype of depression, and suggest that insulin resistance might be a focus for precision 
medicine in depression.  
 
In light of this idea, we hypothesized that the improvement of the brain insulin resistance 
might be an interesting focus for intervention. A systematic review of evidence from 
studies in healthy individuals suggests positive effects of intranasal insulin on mood 
(CChhaapptteerr  1122). However, there is no evidence to confirm effectiveness in individuals with 
chronic psychiatric disorders. The effectiveness of intranasal insulin in clinical populations, 
in particular in those with depression as well as increased insulin resistance (e.g. T2D or 
obesity) warrants further investigation.   
  
MMeetthhooddoollooggiiccaall  ccoonnssiiddeerraattiioonnss  
The primary strength of this thesis is that it used various ways and viewpoints for studying 
the general aim of thesis, which contributes to the robustness of our findings. We studied 
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each dyad of the triad of depression, sleep and glycemic control, using different study 
designs in various populations. These ranged from a cross-over experimental study in 
dogs, to a cross-sectional correlation study in individuals with T2D, to a longitudinal study 
in community dwelling elderly. We also studied the triad using mediation analysis. 
Moreover, we tested our proposed model using an intervention, resulting in a 
randomized controlled trial. Related questions were studied by systematic reviews of the 
existing literature.  
 
The primary strength of this thesis also harbors a limitation: the process of bringing the 
findings together is complicated by the variety of studies included in this thesis. In 
addition, several seemingly contradictory findings emerged, such as the fact that sleep 
deprivation appears relevant in individuals with T2D (Chapter 5), but had no effect on 
glucose metabolism in dogs on a chronic high-fat diet (a model for diabetes) (Chapter 6); 
and that even though the combination of individual studies (Chapter 2, 3, 4, 5 and 6) was 
suggestive of sleep mediating the association between depression and T2D, a mediation 
study (Chapter 7) did not substantiate such an effect. 
 
Another strength of the thesis is related to the design of the outcome measures of the 
individual studies. The SSS-study and LiDDia-study used elaborate methods for 
measuring sleep, including questionnaires, a sleep diary, and wrist-worn accelerometry, 
and also used comprehensive methods for measuring depression according to DSM-IV 
criteria and depressive symptoms. As a result of the similarities in the study setup of the 
SSS-study and LiDDia-study, it was possible to combine these datasets. This allowed 
analyses in larger samples and the exploration of research questions based on depression 
status. Additionally, the LiDDia-study and experimental study in dogs used state of the art 
methods for measuring insulin resistance: the hyperinsulinemic euglycaemic clamp and 
intravenous glucose tolerance test. 
 
The studies described in this thesis provide different levels of evidence. The level of 
evidence refers to the strength of causal inferences from available evidence: the ability to 
draw causal conclusions, conclusions on the effects of a causal variable on an outcome of 
interest. Understanding causality is an important goal of medical research, and also of this 
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thesis, as it may provide focus for interventions for the promotion of health. The 
methodological quality of the design of a study is of primary importance in the level of 
evidence. Yet, also the validity of the study and applicability of the findings to patient care 
are important factors.  
 
Verification of causality is possible using experimental methods. In an experiment a 
variable of interest is manipulated while all other variables are held constant. Randomized 
controlled clinical trials in human participants are considered to provide the highest level 
of evidence in medical research, and more specifically a synthesis of findings from multiple 
randomized controlled trials in in the form of systematic review or even meta-analysis 
(Figure 3).   
 
This thesis includes two systematic reviews. Yet, as the systematic reviews included in this 
thesis (Chapter 8 and 12) include a heterogeneous set of studies, and some of the included 
studies were of low quality, the robustness of the conclusions of these reviews is limited. 
The randomized controlled experiments (Chapter 6 and 10) provide direct causal 
evidence. The studies were well controlled, in particular the in vivo laboratory study in 
dogs. Yet, the results of the latter have little external validity, as it is unknown how the 
findings in dogs translate to human participants. Hence, this in vivo study is considered 
to provide lower levels of evidence. The LiDDia-study provides high levels of evidence. It 
entails a randomized controlled trial in the patient group of interest to this thesis; 
individuals with depression as well as T2D. 
 
In situations in which it is impossible or infeasible to conduct a randomized controlled 
trial, epidemiological studies may offer an alternative approach. Epidemiological studies, 
including cohort studies, and case-control studies, focus on patterns of variables in study 
populations in order to infer causal relationships, though with lower levels of evidence 
(Figure 3). The associations between variables found in epidemiological studies may be 
suggestive of causality, but association does not equal causation. In 1965, the statistician 
Bradford Hill proposed a set of criteria that are supportive of a causal relationship between 
variables in epidemiological studies (2). These include the strength and specificity of the 
association (the stronger and more specific the association, the more likely that it is  
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FFiigguurree  33..  HHiieerraarrcchhyy  ooff  eevviiddeennccee  

 
causal), consistency of the findings with other studies, a plausible mechanism for the 
effect, supporting experimental or laboratory evidence, the existence of a biological 
gradient (or dose-response, changes in the intensity of the causal factor results in a 
change in the severity or risk of the outcome), and temporality (the effect has to occur 
after the causal factor). In epidemiological studies there is also the problem of spurious 
association: cases in which variables appear associated due to another variable. To 
overcome situations of spurious association, epidemiological studies tend to statistically 
correct for possible confounding factors (in reference to the idea of the ‘experiment’ in 
which all other factors are held constant). Yet, correction for confounding factors may also 
lead to over-adjustment; situations in which analyses are controlled for a variable that 
does not affect the bias of the relationship between variables but may affect its precision. 
Furthermore, evidence from case-control studies, case-reports, expert opinions, and in 
vivo and in vitro studies may be suggestive of causality, though with even lower levels of 
evidence.  
The epidemiological studies in individuals with T2D (Chapter 2, 4, 5, 7 and 11) and in 
community dwelling elderly (Chapter 3) provide middle-range levels of evidence. 

Chapter 2, 3, 4, 5, 7 and 11 

Chapter 8 and 12 

Chapter 6 

Chapter 10 
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Considering Hill’s criteria, all epidemiological studies with significant findings in this thesis 
demonstrated moderate to large effect sizes on specific cause-effect relationships  
(Chapter 2, 4, 5, 7 and 11). Furthermore, all findings, except those of the LASA-study 
(Chapter 3), were consistent with previous research. A biological gradient was present in 
all studies that tested for associations in continuous data (Chapter 2, 3, 4, 5, 7).  
 
Two studies conformed to the criterion of temporality due to their longitudinal data 
structure: the LASA-study (Chapter 3) and the association study in the LiDDia-study 
dataset (Chapter 11). The absence of a longitudinal data structure in the SSS-study into 
the mediation effect of sleep in the association between psychological distress and HbA1c 
(Chapter 7) was a major limitation to that study, considering the idea that mediation refers 
to temporality of events. In this thesis we provided experimental evidence in dogs 
(Chapter 6) for a potential causal relationship between sleep problems and poor glycemic 
control, which we investigated using an epidemiological study in individuals with T2D 
(Chapter 5).  We did not provide experimental evidence to back up assumptions on 
causality for the other epidemiological studies. We assume that the findings of the 
epidemiological studies in this thesis have good external validity, though, as the studies 
were performed in representative samples. 
  
CClliinniiccaall  iimmpplliiccaattiioonnss  
For long, sleep problems have been under-recognized as a factor of importance for 
psychological and physical health. This thesis emphasizes that sleep problems deserve the 
attention in clinical practice. Clinicians should be aware that sleep problems go hand in 
hand with depressive symptoms, and may lead to poor diabetes outcomes. Although it is 
still to be determined whether the improvement sleep could be beneficial for diabetes 
outcomes and depressive symptoms, there is already some evidence pointing in this 
direction (3-8).  
 
This thesis also marked that sleep problems come in many forms, and that all kind of sleep 
aberrations matter. Therefore, we advise clinicians to expand their sleep anamnesis and 
to ask their patients several questions about their sleep problems, including questions on 
sleep regularity and hypersomnia. In case clinicians like to use a questionnaire, we 
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FFiigguurree  44..  EExxaammppllee  sslleeeepp  ddiiaarryy  ((iinn  DDuuttcchh))        
As used by the Psychiatric Sleep Center (Expertisecentrum Slaap en Psychiatrie), Mental Health Services Drenthe 
(GGZ Drenthe), Assen, The Netherlands.  
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recommend to use a sleep diary like the one in Figure 4. It covers most aspects of sleep, 
is easy to fill in, and allows for instant visual interpretation. The currently available validated 
questionnaires, such as the Pittsburg Sleep Questionnaire Index (PSQI) (9) and Insomnia 
Severity Index (ISI) (10), do not cover aspects as sleep regularity and hypersomnia, and 
predominantly focus on insomnia symptoms. The consensus sleep diary (11) covers 
aspects as sleep regularity and hypersomnia, but is more difficult to fill in and to interpret 
compared to the sleep diary in Figure 4.  
 
This thesis also suggests that the general practitioner and psychiatrist should consider 
light therapy as a treatment option in highly insulin resistant individuals with depression.  
 
This subgroup of participants tend to respond poorly to standardized treatments for 
depression, such as antidepressant drugs (12-15), while light therapy, which is a feasible 
and low-cost treatment with little side effects, seems highly effective in this subgroup. This 
thesis also suggests that light therapy is safe for the eyes in individuals with T2D. Although 
light therapy is not yet acknowledged as a treatment for non-seasonal depression in 
treatment guidelines, and the findings of the study deserve to be replicated, evidence is 
increasing for the effectiveness of light therapy in non-seasonal depression in general (16, 
17). In clinical practice the degree of insulin resistance of a particular individual could be 
determined using the Homeostatic Model Assessment for Insulin Resistance (HOMA-IR), 
which only requires fasting glucose and insulin levels. Alternatively, body mass index (BMI), 
which is strongly correlated with insulin resistance, can be used as a proxy measure.  
 
FFuuttuurree  ddiirreeccttiioonnss  
This thesis advocates that future research should aim to unravel whether improvement of 
sleep would lead to improvements in depressive symptoms and diabetes outcomes in 
those affected by T2D, or may help to prevent the development of T2D. This thesis 
showed, that – in addition to insomnia –  also variability in sleep duration and 
hypersomnia deserve attention in individuals with T2D. The latter type of sleep problems 
might need specific interventions, such as sleep scheduling, chronotherapeutic 
interventions, or even stimulant medication.  
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Furthermore, this thesis suggest to explore the value of hypersomnia and insulin 
resistance as leads for precision medicine in individuals with depression. For example 
using a controlled trial in which depressed individuals are assigned to a specific treatment 
based on the presence of hypersomnia symptoms or the degree of insulin resistance. It is 
questionable whether insulin resistance in itself should be the primary focus of the 
intervention. Previous research already explored this idea and  tested whether insulin 
sensitizing agents could improve depression. Out of several insulin sensitizing agents, only 
pioglitazone appeared to have positive effects on depressive symptom (18-21). Yet, the 
potential of intranasal insulin in those with depression as well as decreased insulin 
sensitivity, such as diabetes or obesity, warrants further investigation. 
  
CCoonncclluussiioonnss  
The aim of this thesis was to disentangle the complex interplay between depression, sleep 
and glycemic control in individuals with T2D. 
 
We made progress in the understanding of this interplay, but we also found that the 
interrelationships are even more complex than anticipated. The constructs of depression 
and sleep appeared to be multifaceted, but closely related, which stresses once more the 
complexity of the classification of mental disorders.  
 
This thesis underscores that depressive symptoms are associated with sleep problems, 
and that sleep problems may result in poor glycemic control. We did not find associations 
between depressive symptoms and poor glycemic control, but instead found that insulin 
resistance could be promising focus for precision medicine in depression.  
 
Above all, this thesis highlights the mind-body connection, with associations between 
mental health and metabolic health.  
 
On the whole, this thesis pleas for an approach in which the improvement of mental and 
physical health is integrated. Lifestyle factors, including sleep, and rhythmicity, but also 
diet and exercise, may play a prominent role in such an approach.   
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DDuuttcchh  ssuummmmaarryy  ||  NNeeddeerrllaannddssee  ssaammeennvvaattttiinngg    
 
In dit proefschrift is onderzocht in hoeverre depressie, slaap en diabetes type 2 (T2D) met 
elkaar samenhangen.  
 
IInnlleeiiddiinngg    
Bij een depressie voelt iemand zich somber, of kan iemand nergens meer van genieten. 
Vaak spelen er ook slaapproblemen, concentratieproblemen, vermoeidheid, 
veranderingen in de eetlust, schuld- en schaamtegevoelens en gedachten aan de dood. 
Bij T2D, ook wel ‘ouderdoms suikerziekte’ genoemd,  is er sprake van een te hoge 
suikerwaarde in het bloed, omdat het lichaam ongevoelig is geworden voor insuline. 
Insuline is een hormoon dat er normaal voor zorgt dat weefsels (zoals spierweefsel) 
suikers vanuit de bloedbaan op kunnen nemen. Suikers voorzien de weefsels van energie 
(spieren kunnen erdoor bewegen).  
 
Depressie en T2D komen veel voor, en komen ook vaak samen voor. Mensen die zowel 
een depressie als T2D hebben, reageren minder goed op behandeling. Er bestaan 
verschillende ideeën over waarom depressie en T2D zo vaak samen voor komen. Eén 
hypothese is dat slaapproblemen, die veel voorkomen bij mensen met een depressie, tot 
verstoringen van de suikerhuishouding leiden.  
 
In dit proefschrift is dit met behulp van een aantal deelvragen onderzocht. Zo hebben we 
onderzocht in hoeverre depressie en slaapproblemen samenhangen en in hoeverre 
slaapproblemen samenhangen met verstoringen in de suikerhuishouding. Ook is 
onderzocht of lichttherapie, een behandeling die de stemming en slaap kan verbeteren, 
een effectieve behandeling zou kunnen zijn voor mensen met een depressie én T2D.  
 
RReessuullttaatteenn  
DDeepprreessssiiee  &&  SSllaaaapp  
We hebben laten zien dat depressieve klachten samenhangen met slaapproblemen, 
zowel in ouderen als in mensen met T2D. Het maakt hierbij niet uit of slaap gemeten 
wordt met een zelfinvulvragenlijst of met een slaaphorloge, al zijn de verbanden nog 
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sterker wanneer slaap gemeten wordt met een zelfinvulvragenlijst. Hoewel het algemeen 
bekend is dat depressie samenhangt met slaaptekort, liet ons onderzoek zien dat 
depressie in mensen met T2D vooral samen gaat met erg lang slapen. Verder hebben we 
aangetoond dat hoe meer depressieve klachten iemand met T2D heeft, hoe meer 
diegene geneigd is de tijd die hij/zij geslapen heeft te onderschatten.  
 
We hebben ook het verband in de tijd tussen depressieve klachten en slaapproblemen 
onderzocht. In ouderen lijken depressieve klachten niet te leiden tot slaaptekort 3 jaar 
later en andersom; hoewel depressieve klachten en slaaptekort dus wel sterk 
samenhangen, verergeren ze elkaar niet.  
 
SSllaaaapp  &&  SSuuiikkeerrhhuuiisshhoouuddiinngg    
We hebben aangetoond dat verschillende type slaapproblemen te onderscheiden zijn in 
mensen met T2D: problemen in de kwantiteit (totale duur en verstoringen), problemen in 
de regelmaat (in slaapduur en tijdstip van slapen), en problemen in de kwaliteit (zelf 
gerapporteerd). Al deze typen slaapproblemen hangen samen met een verhoging van 
de suikerwaarde in het bloed.  
 
Daarnaast hebben we in dit proefschrift laten zien dat als een hond één nacht niet slaapt 
de suikerhouding ernstig verstoord raakt, omdat het lichaam ongevoelig is geworden 
voor insuline. De grootte van het effect was vergelijkbaar met het effect van obesitas 
(ernstig overgewicht). Wanneer de hond al obees was, had één nacht niet slapen echter 
geen aanvullend (negatief) effect op de suikerhuishouding.  
  
LLiicchhtttthheerraappiiee  &&  IInnttrraannaassaaaall  iinnssuulliinnee    
We hebben ook de effectiviteit en veiligheid van lichttherapie voor mensen met een 
depressie en T2D onderzocht. Lichttherapie is een behandeling waarbij iemand voor een 
aantal weken – iedere ochtend, een half uur – voor een daglichtlamp plaats neemt, met 
de ogen open. Het licht stimuleert de biologische klok in de hersenen, die het ritme van 
verschillende lichamelijke processen, zoals slaap, regelt. Hoewel mensen met T2D 
kwetsbaar zijn voor ontwikkelen van schade aan het netvlies van de ogen, bestaat er in 
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de wetenschappenlijke literatuur geen bewijs voor oogschade door lichttherapie, op één 
gevalsbeschrijving na.  
 
We konden initieel geen effect van lichttherapie op de stemming en suikerhuishouding 
vaststellen. Toen we de analyses beperkten tot de mensen die de lichttherapie nauwgezet 
hadden gevolgd, werden er wel positieve effecten op de stemming gevonden. Het 
positieve effect kon overigens niet verklaard worden door effecten op de slaap.  
 
Bij nader onderzoek bleek dat lichttherapie vooral effectief was (de stemming verbeterde) 
bij mensen die een ernstige vorm van T2D hadden, oftewel zeer ongevoelig voor insuline 
zijn. Naast dat deze groep mensen goed van lichttherapie kon profiteren,  bleken zij ook 
ook specifieke depressie klachten te hebben, zoals prikkelbaarheid, verminderde 
interesse, vermoeidheid, en erg lang slapen. Deze bevindingen zouden kunnen wijzen op 
het bestaan van een specifiek subtype depressie. Daarnaast suggereren de bevindingen 
dat de mate van insuline gevoeligheid van het lichaam een centrale rol zou kunnen spelen 
in dit subtype depressie.  
 
Voorts ontstond het idee dat een verbetering van de insuline gevoeligheid van het brein 
een aangrijpingspunt voor de behandeling van depressie kan zijn. Uit literatuuronderzoek 
bleek dat intranasaal insuline (met en spray via de neus toegediend) de stemming kan 
verbeteren in gezonde mensen. De effectiviteit van intranasaal insuline op de stemming 
van mensen met een depressie, en in het bijzonder ook nog met een verminderde 
gevoeligheid voor insuline (zoals T2D of obesitas), moet nog onderzocht worden.  
 
CCoonncclluussiiee  
De resultaten van dit proefschrift benadrukken dat depressieve klachten samenhangen 
met slaapproblemen (soms ook erg lang slapen!), en dat slaapproblemen kunnen leiden 
tot verstoringen in de suikerhuishouding.  
 
Daarnaast laat het onderzoek zien dat dokters lichttherapie kunnen overwegen als 
behandeling voor een depressie bij mensen met een depressie én een ernstige vorm van 
T2D.  
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Bovenal belicht dit proefschrift de connectie tussen lichaam en geest, en pleiten de 
bevindingen voor een aanpak waarin de verbetering van de psychische en lichamelijke 
gezondheid geïntegreerd zijn. Leefstijlfactoren, zoals slaap en bioritme, maar ook 
voeding en beweging, zouden hier een belangrijke rol in kunnen spelen.  
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