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Ágrip 

Inngangur: Fjölmargar rannsóknir hafa sýnt fram á að röskun á lífklukku, 

sem birst getur í svefntruflunum og minnkaðri melatónínframleiðslu, er 

líklegur áhættuþáttur krabbameins. Þó mikilvægar lífeðlisfræðilegar 

vísbendingar séu til staðar hafa tengsl þessara þátta við krabbamein í 

blöðruhálskirtli (BHKK) lítið verið rannsökuð. Því var meginmarkmið þessa 

doktorsverkefnis að kanna tengsl svefns og styrks melatóníns við þróun 

BHKK. Að auki þróuðum við aðferð til að mæla rúmmál heilakönguls og 

könnuðum fylgni þess við melatónín með það að markmiði að nýta aðferðina 

síðar til að skoða tengsl rúmmáls heilakönguls og áhættu BHKK. Að lokum 

athuguðum við áreiðanleika skráningar BHKK fyrir rannsóknarhópinn með því 

að meta gæði krabbameinsskráningar á Íslandi.   

Efniviður og aðferðir: Fyrsta rannsóknin var yfirlitsgrein um vísindagreinar 

með upplýsingum um birtu að næturlagi, svefnvenjur eða næturvaktavinnu 

(vísbendingar fyrir röskun á lífklukku) og áhættu BHKK. Alls voru 16 

rannsóknir sem við gátum stuðst við. Í rannsókn tvö var stuðst við ferilhóp 

2102 karlþátttakenda í Öldrunarrannsóknar Hjartaverndar til að skoða hvort 

karlar með svefntruflanir væru í aukinni áhættu að greinast með BHKK. Við 

notuðum tilfella-ferilrannsókn innan Öldrunarrannsóknarinnar í rannsókn þrjú 

til að kanna hvort karlar með lægra gildi 6-súlfatoxymelatóníns (aMT6s)  í 

morgunþvagi væru í aukinni hættu á BHKK, sérstaklega langt gengnum 

sjúkdómi. Við notuðum lifunargreiningu Cox til að meta hættuhlutfall (HR) 

með 95% öryggismörkum (95% CI). Í rannsókn fjögur völdum við slembiúrtak 

með 122 körlum og merktum handvirkt á segulómun þrjá vefjahluta (kirtilvef, 

belgmein og kalk) heilakönguls. Við notuðum línulega aðhvarfsgreiningu til að 

reikna tengsl heilakönguls og aMT6s. Loks skoðuðum við í rannsókn fimm 

hlutfall BHKK greininga í Krabbameinsskrá Íslands sem var byggt á 

vefjarannsókn eða eingöngu dánarvottorði.  

Niðurstöður: Af 16 vísindagreinum fundu 15 samband á milli birtu að 
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næturlagi, röskunar á lífklukku eða svefntruflana og aukinnar áhættu á BHKK, 

þar af voru niðurstöður 10 þeirra tölfræðilega marktækar. Á 

rannsóknartímabilinu (meðaltal=fimm ár) greindust 135 (6,4%) karlar með 

BHKK, þar af 26 (19%) með langt gengið krabbamein (stig III/IV við greiningu 

eða dánarorsök). Karlar sem áttu erfitt með að sofna og vöknuðu að 

næturlagi voru í aukinni áhættu að greinast með BHKK (HR 2,1; 95% CI: 1,2-

3,7) í samanburði við karla án svefntruflana. Karlar með svefntruflun voru í 

þrefaldri áhættu að fá langt genginn sjúkdóm í samanburði við karla án 

svefntruflana (HR 3,2; 95% CI: 1,1-9,7). Auk þess reyndust karlar með 

svefntruflun vera með lægra gildi aMT6s í þvagi. Karlar með aMT6s undir 

miðgildi voru í fjórfalt aukinni áhættu að greinast með langt gengið BHKK (HR 

4,0; 95% CI: 1,3-13,0), í samanburði við þá sem mældust yfir miðgildi. Stærð 

heilakönguls var mjög breytileg. Meðalrúmmál kirtilvefs mældist 178 mm3 

(spönn 65-503). Karlar sem voru með lítinn heilaköngul mældust með lægra 

aMT6s-gildi (p<0.001). Úttekt á Krabbameinsskrá Íslands sýndi að 98% 

tilfella BHKK voru staðfest með vefjagreiningu og örfá tilfelli (0,3%) voru 

eingöngu staðfest af dánarvottorði.  

Ályktun: Rannsóknirnar benda til þess að röskun á lífklukku, mælt með 

svefntruflun og minnkaðri melatónín framleiðslu, tengist aukinni áhættu á 

langt gengnu BHKK. Áhrif röskunar á lífklukku á þróun krabbameins, 

sérstaklega BHKK, er enn vanrannsakað svið. Í ljósi þeirrar staðreyndar að 

röskun á lífklukku fylgir oft örri þróun tæknivæðingar, er gríðarlega mikilvægt 

er að skoða þetta samband frekar í framtíðinni. Ef þessi tengsl verða staðfest 

í fleiri rannsóknum þá geta opnast nýir möguleikar til forvarna gegn BHKK.  

 

Lykilorð: Lífklukka, svefn, melatónín, heilaköngull, blöðruhálskirtils-

krabbamein, krabbameinsskrá.  
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Abstract 

Background and Aims: Numerous studies have shown that circadian 

disruption, which may be marked by sleep disturbances and inhibited 

melatonin production, is probably carcinogenic to humans. Although 

important biological evidence exists, the association between circadian 

disruption and prostate cancer remains an underexplored field. Therefore, the 

aim of this thesis was to examine the association between sleep and 

melatonin levels in relation to prostate cancer risk and progression. In 

addition, to develop a method to measure the pineal gland volume in relation 

to melatonin with a future aim to explore the association of pineal gland 

volume and prostate cancer risk. Finally, we sought ascertainment of prostate 

cancer registration for the study groups by evaluating the quality of the 

Icelandic Cancer Registry (ICR).  

Materials and Methods: In aim one, we conducted a systematic review of 

the literature to evaluate the association between light-at-night, sleep 

patterns or shift work (as proxies for circadian disruption) and prostate cancer 

risk, with 16 studies fulfilling our eligibility criteria. In aim two, we utilized a 

cohort of 2,102 men from the AGES-Reykjavik study with information on 

sleep problems from a baseline questionnaire to evaluate whether men with 

sleep disruption were at increased risk of prostate cancer. Using a case-

cohort design within the AGES-Reykjavik cohort, aim three explored wether 

men with lower levels of first morning void urinary 6-sulfatoxymelatonin 

(aMT6s) had an increased risk of prostate cancer, particularly advanced 

disease. We used weighted Cox proportional hazards models to estimate 

hazard ratios (HRs) and 95% confidence intervals (95% CIs). In aim four, we 

manually labelled separately the three components (parenchyma, cyst and 

calcification) of the pineal gland from magnetic resonance images (MRI) of 

the brain in a random sample of 122 men. We then used multivariable linear 

regression to calculate the association of pineal volume and aMT6s. Finally, 
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in our fifth aim we evaluated the proportion of prostate cancer diagnoses in 

the Icelandic cancer registry that were verified morphologically or based on 

death certificate only. 

Results: Of the 16 previously published studies, 15 were indicative of a 

positive association between circadian disruption, sleep loss and prostate 

cancer risk; 10 of which were statistically significantly associated. Over the 

study period (mean five years), 135 (6.4%) men were diagnosed with 

prostate cancer, of whom 26 (19%) had advanced disease (stage III/IV at 

diagnosis or death from prostate cancer). The men who reported difficulty 

falling asleep and woke up during the night were at increased risk of prostate 

cancer (HR 2.1; 95% CI: 1.2-3.7), compared with men without sleep 

problems. The risk of advanced disease was also stronger, with men who 

reported sleep problems at a threefold increased risk compared to men 

without sleep problems (HR 3.2; 95% CI: 1.1-9.7). Furthermore, men who 

reported sleep problems had lower levels of urinary aMT6s. Men with levels 

of urinary aMT6s below the median were at a fourfold increased risk of 

advanced prostate cancer (HR 4.0; 95% CI: 1.3-13.0), compared to men with 

levels above the median. The pineal gland varied in size with a mean 

parenchyma volume of 178 mm3 (range 65-503). Smaller pineal volumes 

were associated with lower levels of aMT6s levels (p<0.001). Assessment of 

the ICR showed that 98% of the prostate cancer diagnoses verified 

morphologically and few based only on death certificate (0.3%). 

Conclusion: These studies indicate that circadian disruption, as measured 

by sleep disruption and lower melatonin levels, is associated with an 

increased risk of advanced prostate cancer. The effect of circadian disruption 

on cancer risk, particularly prostate cancer, is an understudied area. In light 

of the fact that circadian disruption often accompanies ever-evolving 

technology, it is of utmost importance to explore this field in future research. If 

these findings are confirmed, they may have implications for future 

prevention of prostate cancer. 

Keywords: Circadian, sleep, melatonin, pineal, prostate, cancer, registration.  
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1  Introduction 

Night shift work is probably carcinogenic to humans (Group 2A) according to 

the International Agency for Research on Cancer (IARC) monograph from 

2007 (IARC, 2010; Straif et al., 2007). This statement was based on strong 

evidence from more than twenty animal and cell line studies, as well as 

evidence from observational studies mainly focusing on breast cancer risk 

among women working night shifts, such as nurses (Schernhammer et al., 

2006; Schernhammer et al., 2001) and flight attendants (Megdal et al., 2005; 

Rafnsson et al., 2001). Similar to breast cancer in women, prostate cancer in 

men is also a hormone-dependent malignancy and thus may share some 

etiological pathways for carcinogenesis. Yet, limited data exists on the 

potential relevance of circadian disruption on prostate cancer. 

The proposed mechanism underlying night shift work and cancer risk are 

through disruption of the circadian rhythm, altering a number of pathways 

relevant to cancer (Anisimov et al., 2012). Disturbances of the circadian 

system can lead to reduced immunosurveillance, downregulation of sleep 

genes, and light at night induced suppression of melatonin, a hormone 

produced and secreted mainly from the pineal gland (Labrecque & 

Cermakian, 2015; Stevens et al., 2007). Melatonin is a hormone with diverse 

function such as anti-oxidation, protection of DNA, immunostimulating and 

apoptotic properties (Reiter et al., 2001). It further augments natural killer 

(NK) cell activity that increases immunosurveillance and stimulates cytokine 

productions that are important constituents of the immune system (Miller et 

al., 2006).  

Few risk factors have been established for overall prostate cancer risk 

and these are mainly confined to age, family history and ethnicity (Adami HO, 

2008), which are all non-modifiable. The age-standardized incidence of 

prostate cancer has been consistently rising since middle of the 19th century 

(Engholm et al., 2010). During the same time the Industrial Revolution 
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brought Westernized societies electricity and new occupations: the electricity 

was used to light up the night enabling the workforce to engage in night shifts 

that occur at a time when it is inherent for the human body to sleep. In 

addition, with the electrical light people were also able to misalign the natural 

sleep-wake cycle and stay awake at night for leisure or other reason; hence, 

expose themselves to light at night where otherwise they would have stayed 

in the darkness. Staying awake during the night (with or without light 

exposure) interferes with the circadian rhythm of the human body and this 

habit is becoming increasingly widespread in modern societies. It is precisely 

on this development and light at night inhibition of melatonin production that 

the aims of this thesis are grounded, with an overarching objective to 

advance understanding of the potential role of disturbances in the circadian 

system in prostate cancer development.   

 

1.1   Prostate cancer 

Prostate cancer is the leading cancer among men in the Western world. The 

global burden included more than 1,1 million newly diagnosed cases in 2012, 

accounting for 15 percent of all cancer cases in men (Ferlay J, 2013). Similar 

to other Westernized countries, the incidence of prostate cancer has been 

increasing in Iceland during the last sixty years and has now come to a 

plateau of about 200 new cases per year with five year age-standardized 

incidence of 97,4 cases per 100,000 (Tryggvadottir L et al., 2013).  

As for the other Nordic countries, the incidence in Iceland increased 

rapidly during the early 1990s (Figure 1) after introduction of the Prostate-

Specific Antigen (PSA), which has been used in the screening endeavor.  
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Screening with prostate-specific antigen (PSA) 

PSA is a glycoprotein enzyme produced by epithelial cells of the prostate 

gland to liquefy semen during ejaculation (Balk et al., 2003). It is often 

elevated in the presence of prostate cancer. The PSA blood test was 

originally approved by the U.S. Food and Drug Administration (FDA) to 

monitor progression of prostate cancer in affected men, but quickly adopted 

by physicians in Western societies to screen for prostate cancer. However, 

there is an ongoing debate on whether PSA is a sufficient screening test for 

prostate cancer since men with benign enlargement of the prostate will 

sometimes have elevated PSA (Ciatto et al., 2005; Etzioni et al., 2002; 

Mettlin et al., 1994) and some men with lethal prostate cancer will present 

with normal PSA values (Thompson et al., 2004). Increasing the detection 

rate of indolent disease (that does not progress to lethal disease) is not 

beneficial since more men are being treated with often painful and 

devastating complications such as urinary-, sexual- and bowel dysfunction. 

Despite increased incidence rates among the screened populations, a 

survival benefit among the screened has not been confirmed. While a large 

European randomized prostate-cancer screening trial reported a decrease in 
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mortality rate of 20% (Schroder et al., 2009), a similar U.S. study did not 

report any benefit among the screened men (Andriole et al., 2009). However, 

in the US study, 60% of the unscreened population actually underwent 

opportunistic PSA-testing at some point, which may have contributed to the 

null finding. Since prostate cancer incidence started to increase before the 

PSA-era it is possible that mortality increase would have been anticipated if 

PSA had not been introduced. However, if PSA-testing was an effective 

screening method some decrease in mortality would have been expected 

(Kvale et al., 2007) (Figure 1), but mortality rates in Iceland and other 

countries have remained relatively stable into the PSA-era. Thus, since PSA-

screening seems to increase the incidence of prostate cancer without clearly 

decreasing the mortality rate, it is currently not recommended in Iceland and 

most other Western countries. 

 

Pathophysiology and symptoms  

The prostate gland is a part of the male reproductive systems and has a main 

function in producing, storing and secreting seminal fluid. Its normal size and 

shape is similar to that of a walnut and it is located in the pelvis, under the 

urinary bladder and in front of rectum. It surrounds part of the urethra that 

carries urine during urination and semen during ejaculation (Figure 2.) 
During puberty the gland increases in size and in late adulthood it frequently 

grows again, where either the cells can become hyperplastic (Benign 

Prostatic Hyperplasia, BPH) or cancerous.  
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Prostate cancer is usually asymptomatic until it grows large enough to 

cause symptoms, such as by obstructing the urethra. Symptoms are often 

similar to that of, and more common in men with BPH: 1) Difficulty starting 

and/or weak urine stream (hesitancy); 2) need to urinate often (frequency), 

especially at night (nocturia); 3) a sudden urge to urinate (urgency); 4) 

inability to urinate or a sense of incompletely emptying the bladder, and; 4) 

pain or burning during urination (dysuria). Other symptoms of prostate cancer 

may be blood in the urine (hematuria) or semen and painful ejaculation. 

Signs and symptoms that may indicate metastases are bone pain, weight 

loss, fatigue, weakness or numbness in the legs or feet, and anemia due to 

bone marrow replacement. One or more of these symptoms usually brings 

men to medical attention although about two-third of prostate cancer patients 

will be asymptomatic at time of diagnosis and thus more likely to have 

localized disease (Miller et al., 2003).  

Prostate cancer cells are almost always (99%) of adenocarcinoma 

(glandular) type that initially remain in small clumps that are surrounded by 

normal cells. The growth and survival of prostate cancer cells is initially 
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dependent on androgen receptor activation (Narizhneva et al., 2009) 

although observational studies have failed to show an association between 

prediagnostic androgen levels and testosterone with the risk of prostate 

cancer (Grossmann et al., 2013).  

 

Diagnosis and survival 

When there is a suspicion of prostate cancer or as a screening for the 

disease, a physician performs digital rectal examination and orders PSA 

blood test. In order to confirm the presence of prostate cancer a biopsy of the 

gland is usually obtained for histological confirmation. The biopsy is most 

often performed with the aid of transrectal ultrasound. If cancer is confirmed, 

the physician evaluates the risk of cancer having spread beyond the prostate 

gland (Figure 3) and stages the disease by the TNM stage classification. The 

extent of Tumor growth is evaluated (T), whether the cancer has spread to 

nearby lymph Nodes (N) and if it has distant Metastases (M). In addition, the 
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histopathological grade (Gleason score) is evaluated from the tissue sample 

and further adds information to predict prognosis.  

Survival of prostate cancer patients has been associated with whether the 

tumor is localized to the gland or has spread outside the glandular capsule at 

diagnosis. The appropriate treatment decided upon depends on many factors 

such as age, stage at diagnosis (TNM), and Gleason score.  

 

Indolent versus aggressive 

The prevalence of latent prostate cancer is high according to autopsy studies; 

about 60% of men 80 years or older that died from other causes have 

histologic evidence of prostatic adenocarcinoma without evidence of further 

growth or metastasis (Chan et al., 1998). This seems to apply both to Asian 

and Caucasians men (Zlotta et al., 2013). Thus, the low incidence of prostate 

cancer among Asian men and high incidence in the Western men may in part 

be explained by either underdiagnosis among the Asian men or 

overdiagnosis in the PSA-screened Western populations or both.  

Prostate cancer is a disease of considerable heterogeneity. It is important 

to distinguish the large proportion of indolent disease from cancer that is of 

clinical significance since these two entities may reflect different etiologies. 

Risk factors may influence indolent and aggressive prostate cancer in a 

different way, as implied in studies from the Health Professionals Follow-Up 

Study (Giovannucci et al., 2007). In short, factors that have been found to be 

predictors of prostate cancer risk showed stronger associations with fatal or 

advanced disease. For example, factors that increased the risk of fatal 

prostate cancer were recent smoking history, family history of prostate 

cancer, higher body mass index (BMI), higher total energy intake, and dietary 

calcium and α-linolenic acid, whereas vigorous physical activity and tomato 

sauce was associated with decreased risk of advanced disease. Low-grade 

prostate cancer rarely progresses to advanced disease and the only factor 



  

24 

that increased the risk of progression was α-linolenic acid. Thus, this study 

indicates that diet and lifestyle may have an effect on disease progression.   

 

Non-modifiable risk factors 

The only well established risk factors for prostate cancer are all non-

modifiable: age, ethnicity, and family history of prostate cancer (Adami HO, 

2008).  

Age. In Iceland, the mean age at diagnosis is 70 years and the disease is 

very rare under 45 years (Tryggvadottir L, 2013). Prostate cancer incidence 

rises exponentially from age 50 and the risk among 75 to 79 year old white 

males in the United States is roughly 130 times the risk among men aged 45 

to 49 (Chan et al., 1998). In countries where PSA blood test is used for 

opportunistic screening the age-specific incidence curves have shifted to a 

younger age (Hemminki et al., 2005). 

Heritability and genetic background. According to data from a 

Scandinavian twin study heritability is relatively high in prostate cancer 

etiology and may account for about 40% of the disease burden (Baker et al., 

2005; Lichtenstein et al., 2000). Further, having a first-degree family member 

diagnosed with prostate cancer is associated with twofold increase in risk 

(Zeegers et al., 2003) and having an affected brother carries more risk than 

having an affected father. If two first-degree relatives have been diagnosed 

with prostate cancer the risk becomes fivefold and three affected first-degree 

relatives is associated with 11-fold increase in risk (Steinberg et al., 1990). 

About 100 confirmed risk loci have been identified as low risk alleles. The 

most convincing evidence comes initially from an Icelandic family-based 

study where a common variant on chromosome 8q24 was suggested to 

explain the role of genetic susceptibility and prostate cancer risk 

(Amundadottir et al., 2006). In addition, mutations in the BRCA2 and BRCA1 

genes have been identified as risk factors for prostate as well as other cancer 

types (Struewing et al., 1997); and are associated with more aggressive 

disease and worse prognosis (Akbari et al., 2014; Castro & Eeles, 2012; 
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Castro et al., 2013; Consortium, 1999; Sigurdsson et al., 1997; Tryggvadottir 

et al., 2007). Other genes have also been identified although none seem to 

have major implication in prostate cancer (Alvarez-Cubero et al., 2012). 

Ethnicity. The highest incidence and prostate-specific mortality rates occur 

among African-American men in whom the age-standardized rates are about 

50% higher than for White-American men (Hoffman et al., 2001). In contrast, 

the incidence is lowest among Asian men although prevalence of disease on 

autopsy studies has been reported similar to that of Caucasians (Zlotta et al., 

2013).   

 

Modifiable risk factors  

Migration studies suggest that environmental factors are important risk 

factors for prostate cancer (Mousavi et al., 2012) and that incidence and 

mortality is rising in Asian men due to lifestyle that is more Western in nature 

(Xia et al., 2012).  

Cigarette smoking. Tobacco, especially cigarette smoking is a large risk 

factors for many cancers. Nicotine and cotinine, which is a metabolite of 

nicotine, can be detected in the seminal fluid of men who smoke. 

Carcinogenic substances in tobacco smoke could therefore be plausible risk 

factor for prostate cancer (Hsing et al., 1990; Pacifici et al., 1995). Even 

though there is still limited evidence an association between smoking and 

development of lethal prostate cancer has been found (Giovannucci et al., 

1999). The US Surgeon General report concludes that men who have 

prostate cancer and smoke have higher risk of disease progression and 

death (Warren et al., 2014). 

Alcohol. The main metabolite of alcohol, acetaldehyde, is a well-known 

carcinogen but the studies on the link to prostate cancer risk have been 

inconsistent. Most studies find no association and limited evidence comes 

from a recent case-control study that found twofold increased risk of 

aggressive cancer (Stage III/IV or Gleason score ≥ 8) among men in the 
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highest quartile of alcohol consumption compared with non-drinkers 

(McGregor et al., 2013).  

Dietary and energy consumption. There is some evidence from ecologic 

studies that have demonstrated the disparity in animal product and fat 

consumption between high-risk (United States, Sweden) and low-risk (Japan, 

China) countries (Rose et al., 1986). Populations with high fish consumption 

(Japan) have lower rates of prostate cancer than Western populations that 

traditionally have lower fish intake (Nutting et al., 1993). In addition, in a 

meta-analysis of four studies prostate cancer-specific mortality was 

significantly reduced by 63% among men with high fish consumption 

(Szymanski et al., 2010). High read meat or dairy product consumption may 

as well increase risk (Kolonel et al., 1999; Torfadottir et al., 2012). In contrast, 

inverse association has been found between prostate cancer risk and tomato 

intake in which the lycopene is suggested to be the contributing protective 

ingredient (Giovannucci et al., 1999). 

Energy restricted diet decreased tumor growth in animal models 

(Mukherjee et al., 1999); however, observational studies have not been able 

to confirm this in large studies.  

Body Mass Index (BMI), Hip-Waist ratio and weight change. Most studies 

have not found any association between BMI or other adiposity 

measurements and prostate cancer risk overall although a recent report from 

the World Cancer Research Fund / American Institute for Cancer Research 

concluded that greater BMI is probably a cause of advanced prostate cancer 

(2014). Moreover, a 60% reduction in risk has been observed among men 

who lost at least 10% of their weight after the age of 50, suggesting that 

weight change in late adult life may be a contributing factor (Cerhan et al., 

1997). 

Physical activity. Physical activity is beneficial for many different health 

outcomes since it seems to enhance the immune system, reduce obesity and 

change the endogenous hormonal milieu (Pedersen & Hoffman-Goetz, 

2000). Although protective effect of physical activity for prostate cancer has 
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not been confirmed, studies suggest that it can have some effect (Clarke & 

Whittemore, 2000; Lee et al., 1992). For advanced disease, lower risk 

(Giovannucci et al., 2005) and increased prostate cancer specific survival has 

been reported with physical activity of three or more hours per week (Kenfield 

et al., 2011).  

Infections. Inflammation of the prostate gland (prostatitis) has been 

associated with prostate cancer risk (Palapattu et al., 2005). Sexually 

transmitted diseases, such as gonorrhea, syphilis, and trichomoniasis have 

been linked to prostate cancer (Dennis et al., 2002; Sutcliffe et al., 2006). 

Further, a prospective study with up to 24 years of follow-up found an 

indication that infection with oncogenic Human Papilloma Virus (HPV) type 

16 and 18 might be involved in the etiology of some prostate cancer (Dillner 

et al., 1998). In addition, Propionibacterium acne has also been suggested to 

play role to prostate cancer risk (Severi et al., 2010; Sutcliffe et al., 2007). 

Although some indications for specific environmental risk factors of 

prostate cancer exist its etiology is still unknown. The public health burden of 

prostate cancer is large and it is of great importance to identify new 

interventions that might cut the psychological and physiological burden 

associated with this common disease (Brawley, 2002). Therefore, in this 

thesis the aim is to understand whether circadian disruption, such as 

associated with sleep disturbances and melatonin suppression, is associated 

with increased risk for prostate cancer, particularly advanced disease. In 

addition, we measure the pineal gland and investigate the quality of prostate 

cancer registration.  

 

1.2    The circadian system and sleeping habits in modern 
times 

For thousands of years, humans have evolved in synchrony with the 

environment: this adaptation is governed by the circadian system that is a 

neuroendocrine pathway controlling circadian rhythmicity of all living 
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organisms. The circadian rhythmicity is an endogenously generated daily 

oscillation of behavior, metabolism and physiology with cycle length close to 

24 hours (Czeisler et al., 1999) - the term circadian is drawn from the Latin 

words circa and diem meaning “about a day” and refers to the shift of light 

and darkness during the 24-hours. Environmental factors such as bright light 

synchronizes this biological rhythm and thus enables all creatures on earth to 

live in harmony with its surroundings and adapt to the rotation of Earth 

(Pittendrigh, 1993).  

For humans it is natural to stay awake during the bright day and asleep 

during the dark night. Certainly, before the industrial age, this was the 

habitual sleep pattern except perhaps occasional exposure to dim light such 

as firelight, candle light, oil lamp light, moonlight and stars. In Iceland, as for 

the other northernmost countries, the sun never fully sets in June.  

Since the advent of electric light about 120 years ago, the use of artificial 
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light at night has increased exponentially largely interrupting the natural 

sleeping rhythm, where humans are not anymore dependent on dawn and 

dusk for their daily rhythms (Figure 4).  

In the fast-paced 21st century many industries are constantly in operation 

and up to a third of European working population are working night shifts. 

(IARC, 2010). Even among those not working night shifts many spend most 

of their day indoors and therefore infrequently exposed to bright daylight and 

instead, they are surrounded by artificial light during daytime.  

Further, at evenings when the circadian system would expect the 

individual to be tuning into gradual decrease in daylight, many absorb blue 

light from computer or television screens, right before bedtime. Thus, our 

evolutionary heritage of enjoying bright days outdoors and sleeping during 

the darkest night is not very common nowadays in the Western world 

(Rajaratnam & Arendt, 2001; Stevens et al., 2007; Stevens & Rea, 2001).  

 

Role of the master clock and its synchronization  

An endogenous biological master clock drives the circadian rhythm of most 

organisms. This clock is located in the Suprachiasmatic Nucleus (SCN) of the 

anterior hypothalamus of the human brain and is composed of specialized 

neurons (Moore & Lenn, 1972; Ralph et al., 1990; Stephan & Zucker, 1972; 

Weaver, 1998). These neurons oscillate independently, most commonly with 

slightly longer than 24-hour period (Czeisler et al., 1999) and control the 

circadian rhythmicity of sleep (Wulff et al., 2009), body temperature 

(Cajochen et al., 2005), immune response (Keller et al., 2009), cell division 

(Matsuo et al., 2003), blood pressure (Agarwal, 2010), secretory patterns of 

hormones (Oster et al., 2006), feeding behavior and metabolism (Froy, 2010) 

as well as controlling peripheral clocks (Bartness et al., 2001; Kalsbeek & 

Buijs, 2002) through the autonomic nervous system and the neuroendocrine 

system. The production and release of nearly all hormones exhibits a 

circadian timing pattern on an approximately 24-hour cycle (Pandi-Perumal et 
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al., 2007). Thus, disruption in circadian rhythmicity can lead to changes in 

hormonal levels.  

The biological clock is 

synchronized by various 

environmental signals. 

The most important 

environmental factor is 

natural and electrical 

illumination (Czeisler et 

al., 1986). Information 

about light and darkness 

are detected by a subset 

of non-visual ganglion 

cells in the eye (Berson 

et al., 2002; Hattar et al., 

2002; Hattar et al., 2003) 

and carried by the 

retinohypothalamic tract 

to the SCN (Figure 5). In 

this way, bright light is 

able to reset the master 

clock independent of the 

timing of the sleep-wake 

cycle (Czeisler et al., 

1986; Moore, 1973; Moore et al., 1995; Sadun et al., 1984). Indeed, in order 

for the circadian system to stay in synchrony with the external environment 

(Brainard & Hanifin, 2005), it has to be reset by small phase advance shift 

each day, which is usually achieved by exposure to natural or artificial light in 

the early morning; for individuals whose circadian period is shorter than 24 

hours, entrainment is accomplished through a phase delay shift (Duffy & 

Wright, 2005), such as by exposure to bright light in the evening.  
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The circadian system is sensitive to bright light. If an individual is exposed 

to bright light in the early biological night, such as when watching the 

television screen or working on the computer, the circadian rhythm shifts 

forward to later hours where the need to fall asleep is delayed. In contrast, 

light exposure during the late night, such as at an early sunrise, is associated 

with backward shifts of the clock to an earlier hour and the tendency to fall 

asleep is advanced (Czeisler et al., 1989; Jewett et al., 1997). This sensitivity 

seems to be dependent on the intensity of the light stimuli (Bauer, 1992; 

Brainard et al., 1983; Joshi & Chandrashekaran, 1985; Nelson & Takahashi, 

1991a, 1991b; Sharma et al., 1999; Takahashi et al., 1984): candlelight does 

not induce suppression but dim room light of approximately 100 lux can 

induce half of maximal phase-delaying response and even light of intensity of 

180 lux may entrain the human circadian system (Boivin et al., 1996). The 

same effect was observed for suppressive effects of light on plasma 

melatonin concentrations. This indicates that even small changes in ordinary 

light exposure during the late evening hours can significantly affect both 

plasma melatonin concentrations and the entrained phase of the human 

circadian clock (Zeitzer et al., 2000b). 

Other environmental synchronizing factors that can have similar effect as 

bright light but to a lesser extent are temperature, meal timings, exercise, 

social interactions, and pharmacological manipulation (Johnson, 1992). The 

strength of the synchronizing signal of the environmental factors is related to 

range of entrainment, such that a weak synchronizer is sufficient to entrain 

rodents whose periods are very close to 24 hours, but a stronger 

synchronizer is required to entrain those whose periods are further away from 

24 hours (Colin S. Pittendrigh, 1976). 
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Circadian disruption and cancer  

Cell division seems to be gated by the circadian system (Johnson, 2010). 

Mice that are under chronic jetlag, a proxy for circadian disruption, have an 

increased risk of various cancers (Filipski & Levi, 2009; Wu et al., 2012) and 

accelerated cancer growth, indicating that the circadian system is involved in 

inhibiting cancer formation and progression (Filipski et al., 2003). Similarly, 

mice that are kept under constant light show increased cancer growth and 

angiogenesis (Yasuniwa et al., 2010). Moreover, mutation of circadian clock 

genes has been linked to accelerated cancer growth and decreased 

apoptosis (Borgs et al., 2009; Fu & Lee, 2003). Therefore, various circadian 

pathways may be involved in initiating or promoting cancer growth. 

Disruption of the circadian rhythm, for example by exposure to light during 

the night, has been suggested to alter circadian-regulated biological 

pathways such as DNA-repair and cell-cycle regulation (Fu & Lee, 2003). The 

normal prostate shows circadian oscillation in expression of clock genes and 

the androgen receptors. Thus, variation in circadian genes may contribute to 

prostate cancer risk (Chu et al., 2008) and nine clock genes have in particular 

been implicated in this process (Zhu et al., 2009). Of those, Per1 and Per2 

genes are the most studied circadian genes so far. For example, Per1, which 

inhibits transcriptional activation of the androgen receptor, has been found to 

be downregulated in prostate cancer cells when compared with normal 

prostate cells (Cao et al., 2009). Further, forced expression of Per1 in 

prostate cancer cells resulted in significant growth inhibition and apoptosis of 

cancer cells (Cao et al., 2009). However, it has been proposed that elevated 

expression of the Per1 gene in stromal cells may affect interaction between 

cancer and stromal cells and thus be involved in cancer progression and 

metastasis (Geusz et al., 2010). Similarly, the Per2 gene is thought to have 

role in tumor suppression by regulating DNA damage-responsive pathways 

(Fu et al., 2002). For example, the Per2 protein levels were decreased in 

prostate cancer cells when compared with normal human prostate cells. (Lee 

et al., 2010). Therefore, both Per2 and Per1 seem to play a role in protecting 
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its host against cancer growth since overexpression of these genes inhibits 

neoplastic growth and induces apoptotic cell death (Chen-Goodspeed & Lee, 

2007; Hua et al., 2006; Jung-Hynes et al., 2010). Interestingly, the 

downregulation of Per1 or Per2 increased cancer cell growth only at certain 

specific times of the day (Yang et al., 2009) which further suggests the 

circadian effect in cancer cells.	   

 

The role of sleep 

About 40 years ago scientists first described the master clock as an important 

regulator of the sleep-wake cycle; however, it was not until turn of the last 

century that interest in sleep as a risk factor for various health outcomes 

emerged. Sleep is a fundamental behavior for all species on earth, not less 

important than food with respect to survival (Everson et al., 1989). It is 

generally considered one of the most important basic needs along with 

healthy diet, nurture and exercise. If rodents are sleep deprived they will die 

from multiple system failures that may explain the importance of sleep for 

recovery and repair of all body functions (Rechtschaffen et al., 1989). 

Animals need from 1 to 16 hours of sleep per day, depending on the species. 

The amount and nature of sleep among mammals are usually correlated with 

age, body size and ecological variables such as diet and safety of sleeping 

site. Most people need to sleep on average about 7 to 8 hours during the 24-

hours. Some people need less sleep while others need more and sleep 

needs may range from about six to nine hours; some of this difference is 

defined in our genes (Hublin et al., 2013). Further, the variation in sleep 

length is up to threefold if individuals are kept on self-selected schedules free 

of any time cues (Czeisler et al., 1980). Other factors such as cultural, 

environmental, and behavioral factors also influence our sleep quality and 

time. 

Despite the importance of good night sleep for optimal daytime 

performance and well-being sleep disturbances or deprivation are common. 
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Up to 35% of people experience occasional or mild insomnia while up to 15% 

have chronic insomnia (Morin, 2004). In westernized countries, there is a 

constant decline in the number of hours devoted to sleep for many different 

reasons such as long working hours, night shift work and less dependence 

on daylight for all kinds of activities. For example, full-time workers generally 

sleep less (Knutson et al., 2010).  

Even though we spend about one third of our lifetime sleeping the actual 

purpose of sleep is still unknown. It has been suggested that sleep may be 

involved in completion of a number of functions, such as energy 

conservation, tissue repair, memory consolidation, and brain 

thermoregulation, which may differ across species (Siegel, 2005).  

   The circadian sleep propensity is highest (the sleepiest time) in the early 

morning so that staying awake until 4 am is accompanied by wake-

dependent decline in alertness. At that time the risk of bungler accidents such 

as traffic accidents, catastrophic accidents at high-risk occupations and the 

risk of medical errors is heightened (Barger et al., 2005; Landrigan et al., 

2004; Lockley et al., 2004).  

Sleep also seems to be an important factor for various health outcomes 

since mortality is increased among both short and long sleepers (Cappuccio 

et al., 2010b; Hublin et al., 2007) and among people with sleep apnea 

(Marshall et al., 2014). Further, sleep restriction has been linked to metabolic 

disorders such as insulin resistance, type II diabetes (Cappuccio et al., 

2010a) and obesity, as well as to gastrointestinal and cardiovascular 

diseases (Ferrie et al., 2007; Hublin et al., 2007; Sigurdson & Ayas, 2007). 

There is further increasing evidence that sleep disruption is implicated in 

cancer growth and a recent cohort study found a 2.5-fold increased risk of 

cancer among sleep apnea patients (Marshall et al., 2014).  
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Sleep disruption and cancer  

Night shift work involves probably the most extreme form of sleep disruption 

and has mainly been investigated in several studies among women in relation 

to breast cancer. Of eight studies on breast cancer risk, six reported that 

women working night shifts are at increased risk of breast cancer (Megdal et 

al., 2005). Night shift work has also been associated with increased risk of 

endometrial cancer (Viswanathan et al., 2007) and ovarian cancer (Bhatti et 

al., 2013) among women. Further, working night shifts for 15 years or more 

was associated with increased risk of colorectal cancer (Schernhammer et 

al., 2003). Although breast and prostate cancer differ in terms of anatomy 

and physiological function both require gonadal steroids for their 

development, and cancers that arise from them are more often than not 

hormone-dependent and share biological similarities (Risbridger et al., 2010). 

Thus it is not unlikely that extreme sleep disruption is associated with a 

similar risk pattern for prostate cancer. Actually, there is an increasing 

number of studies examining this hypothesis among men with primary focus 

on prostate cancer; out of five completed studies, four suggested an 

association between night shift work and prostate cancer risk (Conlon et al., 

2007; Kubo et al., 2011; Kubo et al., 2006; Parent et al., 2012).  

Few studies have examined the association between sleep duration per 

se and cancer risk among humans. Among women, sleeping for 5 hour or 

less (and 9 hours or more) was associated with increased risk of developing 

colorectal cancer (Jiao et al., 2013). However, a recent meta-analysis of six 

studies found no association between sleep duration and breast cancer risk 

(Qin et al., 2013). Among men there is only one study that has examined this 

association: Japanese men sleeping for 6 hours or less were at 34% 

increased risk of prostate cancer, although the results lacked statistical 

significance. In animal models, sleep deprivation of tumor-bearing mice did 

not potentiate cancer growth but the survival time was decreased, indicating 

that sleep deprivation may stimulate progression rather than promotion 

(Maragno-Correa et al., 2013). 
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Further, sleep loss can disrupt the integrity of neuro-immuno-endocrine 

system promoting low-grade proinflammatory status and inadequate immune 

response (Hurtado-Alvarado et al., 2013). Sleep deprivation has also been 

shown to reduce natural killer (NK) cell activity (De Lorenzo et al., 2015; Irwin 

et al., 1994) and suppress interleukin-2 (IL-2) production (Born et al., 1997; 

Irwin et al., 1996). Thus, the natural immune responses and T-cell cytokine 

production may be reduced in modest sleep disruption, increasing its host 

susceptibility to carcinogenesis. Moreover, individuals with insomnia were 

found to have higher levels of adrenocorticotrophic hormone (ACTH) and 

those with higher degree of objective sleep disturbances had higher amount 

of cortisol when compared with those with low degree of sleep disturbances 

(Vgontzas et al., 2001).  

Thus, circadian disruption and sleep disturbances have the potential to 

play role in prostate carcinogenesis through various mechanisms. One 

additional important mechanism to consider is the suppression of melatonin 

secretion by the pineal gland. 

 

1.3  The Pineal gland and melatonin 

One of the first descriptions of the pineal gland was made by the Greek 

medical doctor and philosopher Galen of Rome in the era 130-210 AD. He 

described the pineal as having primary function in supporting the blood 

vessels. Later, René Descartes (1596-1650), a French scientist, described 

the pineal as the third eye that inhabits the soul and in which all thoughts 

were formed. Then, it was not until 1958 when an American physician Aaron 

B. Lerner and his colleagues at Yale University were the first to isolate 

melatonin from the gland while hunting for amphibian pineal skin-lightening 

factor. Not until a few decades later the function of melatonin as a hormone 

was described.  
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Anatomy of the pineal gland 

Near the center of the brain between the two hemispheres and outside the 

blood-brain barrier the pineal gland floats in cerebrospinal fluid (CSF) of the 

third ventricle attached to the brain via two habenula (Gray, 1918). The 

anatomical features of the pineal gland and adjacent structures in pineal 

region has previously been described on Magnetic Resonance Imaging (MRI) 

sections (Sun et al., 2008).  

The weight of the pineal is directly proportional to its volume, which is 

highly variable with up to a 20-fold difference between individuals (Hasegawa 

et al., 1987). Studies have reported that the pineal volume (including cysts 

and calcifications) varies from 65 to 536 mm3 (Bumb et al., 2014; Hasegawa 

et al., 1987; Liebrich et al., 2014; Nolte et al., 2009; Rajarethinam et al., 

1995; Schmidt et al., 1995; Sumida et al., 1996; Sun et al., 2009) and its is 

not always shaped like a pine cone and can take other shapes as well 

(Sener, 1995). Some have suggested that the shape and size of an adult 

pineal gland are genetically determined early in life (Wetterberg et al., 1983) 

and does not increase in size after the first (Schmidt et al., 1995) or two 

(Sumida et al., 1996) years of life while experimental studies on rats indicate 

that the pineal gland can in fact change in size with time (Becker & Vollrath, 

1983; Diehl et al., 1984). Even so, the mean parenchyma volume (without 

cysts and calcifications) seems to decline slightly with age; 20-30 year old 

men measured with parenchyma volume of 89.2 mm3 on average (Sun et al., 

2009) while 55 years old (mean age) males had an average volume of 53.6 

mm3 (Bumb et al., 2013).  

The commonly found cysts often distort the actual size of the pineal. In adults 

about 40% of the glands may include cysts (Bumb et al., 2013) and/or 

calcifications and 20-30 year old individuals have been found to have pineal 

glands with 25% of total volume composed of cysts on MRIs (Sun et al., 

2009). Cysts and calcifications are hormonally inactive tissue and seem to be 

insignificant in relation to diseases of the brain and endocrine disorders. 

Therefore, the parenchyma volume is representative for the secretory part of 
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the pineal gland. In Image 1 a pineal gland that includes parenchyma, cyst 

and calcification is shown.  

 

Role of the pineal gland  

The pineal gland appears to have the same function in all mammals although 

it has a larger reproductive role by mediating seasonal changes in 

reproductive cycle in other species than humans (Arendt, 1998). As a 

neuroendocrine organ with approximately 80% of the pineal tissue composed 

of melatonin secreting pinealocytes (Reiter, 1981), its primary and possibly 

only function in humans is to supply the hormone melatonin. Its solid volume 

has been found to correlate linearly to melatonin profiles (Kunz et al., 1999) 

although more so with maximum melatonin but not to minimum melatonin 

concentrations (Nolte et al., 2009). Therefore, individuals with larger glands 

are expected to have higher levels of melatonin.  

 

Measuring pineal size  

Various methods have been described for measuring pineal gland size 

although no consensus exists on the most appropriate approach. The 
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analysis program Live Surface 3D and steady state MR images (trueFISP) 

was used in a recent study where the mean pineal volume measured 256 

mm3 among healthy young subjects aged 18 to 23 (Liebrich et al., 2014). 

Another study used similar software to estimate pineal volume of healthy 20 

to 27 years old males with mean 246 mm3 and mean parenchyma volume of 

125 mm3 (Nolte et al., 2009). The caliper method, with volume calculated as: 

½ x length x width x height, has also been used for assessment of pineal 

volume with mean pineal volume of 57 mm3 among 223 young subjects aged 

2 to 20 years old (Sumida et al., 1996), 79 mm3 among 27 healthy subjects 

and 49 mm3 in 23 patients with primary insomnia (age range 21 to 65) (Bumb 

et al., 2014).  

   The prevalence of pineal cysts has been estimated among young subjects 

and in one study it was found to be 25% (Sun et al., 2009) whereas in 

another study 59% of young participants with mean age 23 years were found 

to have cysts (Liebrich et al., 2014).  

   To our knowledge, none of the methods described so far have used the 

MRI 3D volumetric measuring for manual quantification of each component of 

the gland separately (parenchyma, cysts and calcification), the method we 

describe herein. 

Pineal calcification, sleep disruption and cancer 

Pineal calcification has been found to be significantly and inversely 

associated with total sleep time, sleep efficiency, and REM sleep percentage 

(Mahlberg et al., 2009). Further, degree of pineal calcification was positively 

correlated with the incidence of chronic daytime tiredness as well as the 

subjective perception of sleep disturbances (Kunz et al., 1998). Thus, pineal 

calcification may be associated with risk of sleep disruption. No correlation 

has, however, been demonstrated between the occurrence of pineal 

calcification and melatonin levels (Bojkowski & Arendt, 1990).  

Most of the studies on pineal calcifications and cancer have been 

inconsistent and are over 30 years old with contradictory results. Although 
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enhanced pineal calcification has been described in cancer patients (Drexler 

et al., 1957) there was no difference in calcification on computerized 

tomography (CT) scans between cancer patients and controls with acute or 

chronic disease other than cancer (Tagliabue et al., 1989). Furthermore, an 

autopsy study of 500 pineal glands found no difference in the amount of 

calcification in the pineal glands of patients dying from malignant or non-

malignant causes (Tapp, 1980a).  

 

Synthesis and secretion of the pineal hormone melatonin 

The pineal hormone melatonin, often referred to as the darkness hormone, is 

mainly known for mediating neuroendocrine signals of environmental light 

and darkness. Under normal circumstances and without exposure to 

nighttime illumination, melatonin production reaches its maximum during the 

darkest night and is approximately zero during the brightest day. The duration 

of its secretion seems to be proportional to night length (Vondrasova et al., 

1997) and levels elevated during winter (Levine et al., 1994; Morera & Abreu, 

2006).  

Melatonin acts upon the Suprachiasmatic Nucleus (SCN) to synchronize 

an organism’s physiology to daily and seasonal rhythms (Arendt et al., 1995); 

thus facilitating physiological changes in adaptation to changes in the 

environment (McArthur et al., 1997). Melatonin is thought to have a role in 

protecting its host against cancer growth and progression (Figure 6).  

Melatonin is for most part produced and secreted from the pineal gland 

but there are a few extrapineal sites that produce melatonin, such as the 

retina and the gastrointestinal tract where melatonin-synthesizing enzymes 

have been detected (Acuna-Castroviejo et al., 2014). High levels of melatonin 

have also been found in the bone marrow (Conti et al., 2000; Gonzalez-Haba 

et al., 1995), which may be of significance since the bone marrow gives rise 

to cells of the immune system. This extrapineal origin of melatonin has been 

identified in experimental studies where bone marrow of pinealectomized rats 

includes high levels of melatonin 8 months after pinealectomy (Tan et al., 
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1999). Interestingly, inverse correlation has been reported between grade in 

breast cancer cells and melatonin concentration (Maestroni & Conti, 1996) 

suggesting that melatonin might be involved in cancer progression.  

The precursor of melatonin is the amino acid tryptophan that is first 

converted to serotonin and then to melatonin in broad sense. In one of the 

conversion pathways (not described in detail here), the activity of the N-

Acetyltransferase Enzyme (NAT) increases at night by 30- to 70-fold (Klein et 

al., 1997). This means that if one stays awake during the night and asleep 

during the day, the amount of  melatonin production during daytime is only a 

fraction of the melatonin production that would have occurred through the 

night.  

The onset of melatonin production is mostly independent of biochemical 

and physiological factors and thus represents an endogenous profile for 

circadian phase position. At 9 months of human life the circadian melatonin 

rhythm starts to show peak values at night and between 3 and 5 years it 

reaches a lifetime peak, subsequently declining to adult amounts by age 15 

to 18 years and further declining with age (Arendt, 1998; Waldhauser et al., 

1993; Waldhauser et al., 1988; Wetterberg et al., 1999; Zhao et al., 2002). 

The rhythm of melatonin secretion has relatively consistent amplitude in each 

person, but can vary between individuals (Bojkowski & Arendt, 1990; 

Griefahn et al., 2003). Details of profile and in timing of melatonin rhythm has 

further shown its reproducibility in synchronized environment, almost like a 

hormonal fingerprint of individuals (Arendt, 1998; Kotsopoulos et al., 2010).  

Under experimental studies the length of melatonin secretion in humans is 

related to the duration of exposure to darkness (Wehr, 1991). Since most 

people are consistently exposed to electrical light throughout the day, 

humans usually do not show changes in duration of melatonin production 

although small phase delay is usually seen in winter (Arendt, 1998). The free-

running melatonin rhythm can be reset by light and it depends on the 

circadian time of exposure in which direction the shift occurs (Eastman et al., 

1995).  
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Light at night and melatonin secretion 

Melatonin production is very sensitive to bright light during the dark night. It is 

acutely suppressed after ocular light exposure (Lockley et al., 1998) and 

chronic exposure to electrical light in the late evening disrupts melatonin 

signaling (Gooley et al., 2011). The intensity of light that is required to induce 

full melatonin suppression is usually around 2500 lux white light and partial 

suppression can be reached with as little as 100-300 lux although the extent 

of suppression varies between individuals (Arendt, 1998). Further, reports 

from human studies demonstrate that varying the intensity of light stimulus 

produces different amounts of suppression of melatonin (Bojkowski et al., 

1987; Brainard et al., 1988; Lewy et al., 1980; McIntyre et al., 1989). The 

intensity of light that is needed to inhibit melatonin levels also depends on 

prior environmental exposure to daylight and darkness (Aggelopoulos & 

Meissl, 2000; Hebert et al., 2002; Meijer et al., 1992; Nelson & Takahashi, 

1999; Owen & Arendt, 1992; Refinetti, 2001; Wong et al., 2005), such that 

larger responses are obtained to light stimuli after previous dim light 

exposure and reduced responsiveness to light stimuli after bright light 

exposure (Wong et al., 2005). Similarly, for the same amount of melatonin 

suppression, animals that are raised in the laboratory require less illumination 

than animals that are raised in the wild. Hence, the natural daylight seems to 

have an important role in production of melatonin. In modern societies many 

people get relatively little bright light exposure throughout the day and instead 

spend most of their waking hours indoors (Cole et al., 1995; Hebert et al., 

1998; Kawinska et al., 2005), which may have important practical relevance 

for melatonin amplitude. 

People working night shifts are at great risk of melatonin reduction since 

electrical light is usually required to enable work at night. Indeed, 

epidemiological studies have found lower melatonin levels among women 

working night shifts (Schernhammer et al., 2004) and men working night 

shifts turned out to have lower melatonin levels both following night shifts and 
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during the nights they were off night shifts (Mirick et al., 2013). 

 

Drugs, diseases and other factors associated with melatonin synthesis 

or metabolism 

Some drugs interfere with melatonin synthesis or metabolism. For example, 

benzodiazepines (McIntyre et al., 1988) and many antidepressants (SSRIs) 

can elevate melatonin levels (Skene et al., 1994) while beta-blockers (Cowen 

et al., 1985; Rommel & Demisch, 1994), non-steroidal anti-inflammatory 

drugs (NSAIDs) (Surrall et al., 1987) act by inhibiting its secretion. Moreover, 

beta-blockers suppress its levels in a dose dependent manner (Nathan et al., 

1997) and supplementation with 3-5 mg of melatonin has been found to 

reverse this effect (Van Den Heuvel et al., 1997). 

Short-term fasting seems to reduce night time melatonin levels but this 

effect was reversed after glucose supplementation indicating that glucose is 

required for normal pineal melatonin synthesis (Rojdmark & Wetterberg, 

1989). In addition melatonin is reduced after alcohol consumption (Cocco et 

al., 2005; Kuhlwein et al., 2003; Rupp et al., 2007) and in people with high 

BMI (Cocco et al., 2005). Further, people diagnosed with tetraplegia have no 

pineal melatonin secretion (Zeitzer et al., 2000a) and studies have indicated 

that melatonin may be suppressed in people with Alzheimer disease (Liu et 

al., 1999) and schizophrenia (Fanget et al., 1989). Patients with coronary 

heart disease have also been found to have impaired nocturnal melatonin 

secretion (Brugger et al., 1995) although it was not stated whether beta-

blocking agents might have acted as effect modification or a confounder. 

Similarly, patients with idiopathic pain syndrome and depression have lower 

peak melatonin levels than healthy volunteers (Almay et al., 1987). Other 

factors that may affect the amplitude of the melatonin rhythm include relative 

daytime background illumination (Mishima et al., 2001; Obayashi et al., 2012) 

and menstrual phase (Parry et al., 2010). 
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Melatonin supplementation for various conditions 

Melatonin supplementation in combined use with bright light has been found 

to be effective to treat commonly found circadian rhythm disorders that exist 

in different settings such as among: night shift workers; blind individuals; 

people suffering from insomnia, psychiatric disorders or problems of old age; 

individuals living in latitudes where dim light predominates during the winter, 

and; jet lag sufferers especially when flying east and crossing more than four 

time zones (Arendt, 1986; Arendt & Deacon, 1997). Indeed, melatonin 

supplementation is effective in some cases for the treatment of primary sleep 

disorders (Ferracioli-Oda et al., 2013). Moreover, suitably timed 5 mg 

melatonin improved night shift alertness and decreased sleep problems 

among night shift workers (Folkard et al., 1993) and in blind individuals with 

free-running melatonin, melatonin supplementation can stabilize sleep-wake 

cycles to 24 hours (Middleton et al., 1997).  

Melatonin has also been used along with chemotherapy to treat cancer 

patients. In a randomized study it has been found to successfully prolong 

survival time for metastatic non-small cell lung cancer patients resistant to 

first-line chemotherapy as compared to supportive care (Lissoni et al., 1992). 

Further, melatonin supplementation improved clinical conditions among 14 

patients with metastatic prostate cancer (Lissoni et al., 1997). 

Studies on humans have not revealed any adverse side effects of 

melatonin doses of normal 1-5 mg per day and up to 1 g daily for 30 days 

(Arendt, 1986; James et al., 1990; Nordlund & Lerner, 1977; Seabra et al., 

2000).  

 

Measuring melatonin levels 

Melatonin is a powerful biomarker of circadian dysregulation and the best 

marker of internal clock timing. The only notable effect that can mask the 

rhythm of melatonin levels is light and some drugs. In order to measure the 

true melatonin profile the most precise method is by taking plasma or saliva 
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specimens on regular intervals during the 24-hours. Since the plasma half-life 

is less than an hour the main disadvantage with this approach is that the 

samples have to be collected often during the night, hence waking the 

subject. For this reason the major urinary melatonin metabolite 6-

sulfatoxymelatonin is very useful for large and long-term studies. 

Approximately 90% of secreted melatonin is metabolized in the liver and 

excreted in urine as 6-sulfatoxymelatonin (Arendt, 1995), which reflects 

accurately both quantitative and qualitative aspects of melatonin secretion 

despite some loss of detail. Studies have in fact found that first morning 

urinary void is strongly correlated with total nocturnal plasma melatonin and 

that it is also a good approximation for peak melatonin production during the 

previous night (Cook et al., 2000; Graham et al., 1998). Collecting and 

measuring the concentration of melatonin that covers 24-hours continuously 

would be ideal but is impractical in larger studies. Thus, single morning 

urinary void or saliva is often used for this purpose. 

 

Pineal size, melatonin and cancer 

To date there is inadequate evidence on the relationship between pineal 

gland size and malignancy although a few autopsy studies have reported 

changes in the pineal gland of patients with malignancy. In an autopsy study 

on children and young adults, patients with malignancies such as acute 

leukemia and melanoma had enlarged pineal glands with degenerative 

changes when compared with patients that died from non-cancer causes 

(Hajdu et al., 1972). Other autopsy studies found that the pineal gland weight 

was increased among patients with breast cancer, melanoma, leukemia, and 

carcinoma of the gastrointestinal or respiratory tract when compared with 

patients that died from other causes (Rodin & Overall, 1967; Tapp, 1980a). 

However, when comparing all subjects that had been diagnosed with cancer 

with subjects that died from non-malignant causes, the cancer subjects had 

overall lower mean pineal weight in the age group 60-90 years (Lapin, 1976; 

Tapp, 1980a). In contrast, a radiologic study reported an increase in mean 
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pineal size on Computerized Tomography (CT) scan among patients with 

cancer of the breast, lung and the gastrointestinal tract as compared with 

patients with acute or chronic disease other than cancer (Tagliabue et al., 

1989).  

Experimental studies have shown that the pineal glands of tumor bearing 

rats are composed of larger cells with more lipid and larger nuclei, hence 

increased metabolic activity (Tapp, 1980b). Further, if the pineal gland is 

removed from tumor bearing rodents it results in enhanced tumor growth 

while supplementing these pinealectomized rats with melatonin reverses this 

effect (Barone & Das Gupta, 1970; el-Domeiri & Das Gupta, 1973; Rodin, 

1963). Therefore, the association between the pineal gland volume, 

melatonin levels and prostate carcinogenesis is unknow.  

 

Anti-carcinogenic properties of melatonin  

The anti-carcinogenic effect of melatonin has been confirmed in experimental 

studies where it seems to act through various biological pathways (Figure 6). 

First, melatonin is an immunomodulator (Carrillo-Vico et al., 2013), acting 

both at the humoral and cellular level of the innate and adaptive immune 

system (Carrillo-Vico et al., 2005). Through humoral immunity, melatonin 

seems to enhance the antibody-dependent cellular cytotoxity of splenocytes 

cells to induce target cell lysis (Giordano & Palermo, 1991) and activate the 

cytotoxity of monocytes subsequently increasing interleukin(IL)-1 secretion 

(Morrey et al., 1994). Then it has also been found to be involved in IL-2 

activation of the Natural Killer (NK) cells. When compared to sham-operated 

mice, pinealectomized mice had reduced IL-2 production and NK cell activity; 

exogenous melatonin reversed this effect (del Gobbo et al., 1989). Second, 

melatonin is an anti-oxidant (Reiter et al., 2003) with anti-aging (Reiter, 1995) 

and anti-inflammatory (Reiter et al., 2000a) actions whereby it acts as a direct 

radical scavenger (Carrillo-Vico et al., 2005; Panzer & Viljoen, 1997; 

Tengattini et al., 2008) of hydroxyl, peroxyl, and nitric oxide products, 

protecting the host from the damaging effect of free radicals on DNA 
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(Hardeland et al., 1993; Noda et al., 1999; Pieri et al., 1995). In addition, 

melatonin seems to act as an indirect radical scavenger by inhibiting the 

activity of nitric oxide synthase, which is a pro-oxidative enzyme (Turjanski et 

al., 2001), and as a stimulant for antioxidant enzymes (Kotler et al., 1998), 

thereby increasing lethality to cancer cells. Third, melatonin protected the 

DNA from ionizing radiation in vitro (Vijayalaxmi et al., 1995) and in vivo 

(Vijayalaxmi et al., 1999) by stimulating DNA repair (Sliwinski et al., 2007). 

Fourth, it was found to have anti-proliferative effects. By inhibiting linoleic 

acid uptake of tumor (Blask et al., 2005) melatonin inhibited tumor signal 

transduction and metabolic activity of cancer cells (Hill et al., 2009). Also, at 

physiological levels melatonin inhibited cancer cell proliferation; it reduced 

cell-cycle progression by increasing expression of tumor suppressor gene 

TP53 and acted as a differentiating agent by lowering the metastatic and 

invasive status of some cancer cells (Blask et al., 2002; Proietti et al., 2014). 

Indeed, melatonin is present in all cell parts with the highest concentration in 

the nucleus (Menendez-Pelaez & Reiter, 1993) and mitochondria (Acuna-

Castroviejo et al., 2001), thus protecting the organism against carcinogenesis 

from mutagens (Karbownik et al., 2000; Reiter et al., 2000b; Waterhouse et 

al., 1998). There is further evidence for that melatonin can induce apoptosis, 

a programmed cell death, in cancer cells (Bizzarri et al., 2013; Cos et al., 

2002; Sanchez-Hidalgo et al., 2012). Then melatonin inhibits the expression 

and activity of telomerase (Leon-Blanco et al., 2003) - telomerase is an 

enzyme that elongates telomeres at the ends of chromosomes and is 

activated in most human cancers (Chen & Chen, 2011). Fifth, tumor 

progression involves angiogenesis whereas the tumor requires new blood 

vessels to expand (supply oxygen and nutrients) and melatonin has been 

found to inhibit angiogenesis (Lissoni et al., 2001; Park et al., 2010; Paroni et 

al., 2014). 
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Thus, if melatonin production is inhibited, such as by light exposure at 

night, it may boost cancer initiation, promotion and/or progression, stimulating 

cancer growth (Blask et al., 2009). Interestingly, in mammary carcinogenesis, 

melatonin inhibitory effect was restricted to the promotion phase of 

carcinogenesis but not initiation phase (Blask et al., 1991). Therefore, high 

melatonin levels are expected to have an important role in protecting an 

organism from mutants developing into cancer, including cancer of the 

prostate. The protective role of melatonin in prostate cancer has indeed been 

confirmed in experimental animal (Paroni et al., 2014) and cell line studies 

(Joo & Yoo, 2009; Siu et al., 2002; Tam et al., 2008). Further, studies on 

humans have found that prostate cancer patients have lower levels of 

melatonin as compared with men with benign prostatic hyperplasia (Bartsch 

et al., 1992). 

The data on anti-carcinogenic effect of melatonin in humans is limited. 

Few studies that have explored the association of melatonin and cancer risk 

among women and results have been inconsistent. While one study found no 

difference in breast cancer risk (Travis et al., 2004) another study found that 

women in the highest quartile of melatonin levels had reduced breast cancer 

risk (Schernhammer & Hankinson, 2005). No study has investigated 

prospectively the association between melatonin levels and risk of prostate 

cancer. Based on the above evidence, we suggest that men with lower 

melatonin level may have weakened defense against prostate cancer, 

especially advanced form of the disease. Further, we hypothesize that men 

with low melatonin levels are more likely to suffer from sleep problems and 

have smaller pineal tissue volumes. 
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1.4  Cancer registration in Iceland 

The nationwide Icelandic Cancer Registry (ICR) has since 1955, when the 

population counted about 156 000 individuals, published incidence pattern for 

the entire Icelandic population, which currently counts 329 000. However, it 

was not until 2007 that the Medical Director of Health Act made cancer 

registration mandatory. 

   The Nordic countries have assessed the quality of their cancer registration 

applying methods addressed in guidelines for cancer registration (Bray & 

Parkin, 2009; Parkin & Bray, 2009) built on the International Agency for 

Research on Cancer (IARC) Technical Report from 1994. A formal quality 

assessment of the ICR had previously not been undertaken although it has 

been broadly used for research from the outset.   

To evaluate the quality of prostate cancer registration in Iceland we 

calculated proportion of prostate cancer cases that were morphologically 

verified (%MV) or registrated from death certificate only (%DO).  
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2 Aims 

Even though the circadian system, the sleep-wake cycle, the hormone 

melatonin and the pineal gland each have distinct functions, they all interact 

closely to maintain human biological rhythms. The major objective of the 

studies that form the foundation for this thesis was to understand the 

potential role of circadian disruption in the development of prostate cancer.  

First, we performed a systematic review of the existing epidemiological 

literature on circadian disruption and prostate cancer risk. Secondly, by using 

prospectively collected data from the AGES-Reykjavik study we addressed 

this topic further by exploring the associations of sleep disruption, and 

measured melatonin levels with risk of prostate cancer among the study 

participants. Further, in preparation to a study on pineal volumes and 

prostate cancer risk, we performed a study testing a new method for 

assessing main features of the pineal gland and its association with 

melatonin levels. Finally, with a primary focus on prostate cancer, we 

evaluated the quality of the cancer registration in Iceland.   

 

The following are the specific aims addressed in the corresponding 
manuscripts:  

 

Aim 1: To compile the existing epidemiological evidence on the role of light 

at night, sleep patterns and shift work on prostate cancer risk. 

Paper I: Circadian Disruption, Sleep Loss, and Prostate Cancer Risk: A 

Systematic Review of Epidemiological Studies. 
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Aim 2: To prospectively assess the association of sleep disruption on 

prostate cancer risk. 

Paper II: Sleep Disruption Among Older Men and Prostate Cancer Risk. 

 

Aim 3: To assess the association of prediagnostic 6-sulfatoxymelatonin 

levels and prostate cancer risk. Further we address the association between 

melatonin levels and sleep disruption, using the same combination of 

questions as in paper II. 

Paper III:  Urinary Melatonin Levels, Sleep Disruption and Risk of Prostate 

Cancer in Elderly Men.  

 

Aim 4: To describe the main features of the pineal gland and its correlation 

with urinary 6-sulfatoxymelatonin levels.  

Paper IV:  Measuring pineal gland volume using MRI 3D volumetric method 

and its correlation with 6-sulfatoxymelatonin levels among older men. 

 

Aim 5: To perform the first formal evaluation of the quality of the Icelandic 

Cancer Registry with primary focus on prostate cancer in this thesis. 

Paper V: Data quality at the Icelandic Cancer Registry: Comparability, 

validity, timeliness and completeness. 
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3 Materials and methods 

     

3.1    Systematic review of the literature (Paper I) 

 

Search strategy for the systematic review  

In order to examine the hypothesis that light at night, sleep pattern, or night 

shift work (all proxies for circadian disruption) may be associated with 

prostate cancer we searched the electronic database PubMed through 

November 2011. The following search terms were used along with “prostate 

cancer”: “Shift work,” “circadian,” “sleep,” “insomnia,” “melatonin,” “jet lag,” 

“chronodisruption,” and “pineal gland.”  The studies had to fulfill the following 

criteria of: i) being observational studies on humans including case-control, 

cohort, or ecological study design, ii) presenting original data on the above-

mentioned hypothesis, and iii) having been published in English.  

Abstracts from 336 articles were reviewed, of which 252 were 

uninformative on the hypothesis or had been published in other languages 

than English. We further excluded 69 studies for the following reasons: they 

were commentaries or hypothesis-generating reports, reviews or letters not 

presenting original data, exposure did not involve circadian disruption, or they 

were experimental studies of genetics, animal models, cell lines, case series 

or interventions. Thus 12 epidemiologic studies were identified whereof two 

presented meta-analyses that combined included 4 eligible individual studies; 

both meta-analyses were also presented as combined estimates. Thus, 16 

studies in total were reviewed.  
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3.2    The Reykjavik AGES Cohort of men (Papers II-IV) 
The participants in three of our studies (Papers II, III and IV) were selected 

from the population-based AGES-Reykjavik study, which was initiated in 

2002-2006 and included 2,425 men at age 67 to 96 years (Harris et al., 2007; 

Saczynski et al., 2009). The men took part in a baseline assessment at the 

Icelandic Heart Association (IHA) in a three-day visit where they answered a 

detailed questionnaire, underwent a series of physical examinations and 

investigations such as MRI of the brain, and biospecimens were collected 

including urine samples (Harris et al., 2007). The study aim for the AGES-

Reykjavik cohort was to investigate risk factors for diseases and disability in 

older age. 

 

Categorization of the sleep questions 

As part of the detailed baseline questionnaire the men answered five 

questions on sleep:   

1. “How often do you take medicines to help you sleep?”  

2. “How often do you experience not getting to sleep within 30 

minutes?”  

3. “How often do you wake up during the night having difficulty getting 

back to sleep?”  

4. “How often do you wake up early in the morning having difficulty 

getting back to sleep?”  

5. “How often are you feeling unrested during the day no matter how 

many hours of sleep you had?” 

Question 5 was excluded in the analyses, as it does not address sleep 

behavior explicitly. There were five different answer options:  

1. “Never or almost never” 

2. “Less than once a week” 

3. “1 to 2 times per week” 
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4. “3 to 5 times per week” 

5. “6 to 7 times per week” 

The four questions included were combined in various ways to express 

symptoms consistent with problems falling asleep (sleep-onset insomnia: 

questions 1 and 2), problems staying asleep (sleep-maintenance insomnia, 

questions 3 and 4), or both, and the severity of each: to assess the severity 

of sleep complaints we combined three or four complaints (Figure 7). Those 

who answered other than “never or almost never” to any of the four questions 

were classified as having the specified sleep problem. Men who responded 

“never or almost never” to all of the four questions were used as the 

comparison group. 

 

Study design and eligibility criteria 

In this prospective cohort study that included originally 2,425 men we 

excluded 104 who did not answer the sleep questions and another 215 men 

who had been diagnosed with prostate cancer at study baseline. In addition, 

4 men were censored at diagnosis of other cancer, leaving 2,102 men who 

formed the study cohort in the analysis for Paper II.   

 

Addressing 6-sulfatoxymelatonin levels 

Selection of participants, study design and eligibility criteria 

To increase study efficiency we used case-cohort design and selected 

random subcohort (50%) of eligible participants (having answered questions 

about sleep, recorded time of urine sample delivery, provided informed 

consent, and not being part of the home visit group) within the AGES-

Reykjavik study. There were 2,140 eligible participants of whom 1,070 men 

were selected for melatonin measurements. Melatonin was measured for all  
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incident (47 from the subcohort and 67 outside the subcohort) and prevalent 

prostate cancer cases (n=100). We excluded men with inadequate urine 

samples (n=15), men with prevalent prostate cancer (n=100), and men who 

reported being diagnosed with with any other cancer at baseline (n=91) since 

cancer patients may have distorted melatonin secretion (Bartsch & Bartsch, 

1999). Thus, the study group consisted of 817 non-cases and 111 cases. 

 

Urine sample collection and assay of 6-sulfatoxymelatonin levels 

The subjects were instructed to collect a first morning void urine sample at 

baseline visit and return it to the IHA on the collection day. The samples were 

stored in 1.5 mL aliquots at -80°C at the IHA. Date and time of sample return 

was recorded.  

The levels of 6-sulfatoxymelatonin were assayed for each participant by 

laboratory personnel at the IHA (Kopavogur, Iceland), by using the Melatonin 

Sulfate Enzyme Immunoassay (IBL International, Germany) according to the 

manufacturer protocol and with minimal detectable concentration of 1.0 

ng/mL. The laboratory personnel were blinded to case status. All of the 

samples were measured in duplicate in 32 batches. There were 3 men with 

undetectable levels and they were assigned a value of 0.5 ng/mL. We batch 

adjusted the urinary 6-sulfatoxymelatonin levels by using a quantile 

normalization approach (Bolstad et al., 2003). The coefficient of variation 

ranged from 5.4% to 8.5%.  

Creatinine concentration was measured in each sample at the same 

laboratory using Creatinine Jaffe method on Hitachi 912 (Roche Diagnostic, 

Switzerland), according to the instructions of the manufacturer. The 

coefficient of variation was 2.5%.  
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The pineal gland measurements  

Selection of participants, study design and eligibility criteria 

MRI of the brain was completed for 2,020 men at study entry of whom 1,770 

fulfilled eligible criteria of having provided informed consent, not being part of 

the home visit group, responded to questions about sleep, had recorded time 

of urine sample delivery, and had first morning void 6-sulfatoxymelatonin 

levels measured. We selected a random pilot sample of 150 men (8.5%). We 

excluded 27 subjects that had been diagnosed with any cancer at time of 

MRI assessment. In addition, we excluded one subject with extreme pineal 

gland volume (670 mm3). Therefore, 122 men (8.1%) remained in our pilot 

analyses.  

 

Image analysis  

All pineal volumes were measured by visual inspection of three pineal 

components (parenchyma, calcification and cyst) using the high-resolution 

T1-weighted 3D SPGR images and a workstation with customized software 

developed in-house. All images were analysed independently and by means 

of a consensus by two reviewers, a radiographer with over 10 years of 

experience in quantitative assessment of brain lesions and brain parenchyma 

labeling, and a physician. The image reviewers were blinded to clinical 

information of the study sample.  

The axial images were reconstructed into coronal and sagittal views. To 

avoid labeling errors since distinguishing the boundaries of the pineal and 

adjacent structures is subjective, the pineal glands were labeled on the axial 

sections with simultaneous adjacent view of sagittal and coronal images (Sun 

et al., 2008) (Image 2.) The slice thickness was 1.5 mm and in-plane pixel 

size 0.94 mm x 0.94 mm; thus each voxel was equivalent to 1.33 mm3. All 

volumes were measured in voxels and converted to mm3. 
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Each voxel, which represents a single sample of volume unit, was labeled 

with one of three colors representing the composition of the pineal gland: pink 

for parenchyma, green for calcifications, and blue for cysts (Image 2). The 

composition of the glands was estimated by a comparison with CSF: lower 

signal being equivalent to calcification, equal signal to cysts, and higher 

signal to pineal tissue. If doubt existed on whether the gland with calcification 

also included a cyst, it was decided that the pineal gland only included 

calcification. On transition zones between tissue and 

calcification/cyst/CSF/vein, half of the voxels were marked as tissue.  

To obtain the pineal volume in mm3 we multiplied the number of voxels for 

each pineal composition by 1.33 mm3/voxel. 

 

Reproducibility of the pineal measurements  

In order to address the reproducibility of the manual method of labeling we 

randomly selected 30 subjects from the total sample that both reviewers 

labeled twice with at least two-weeks delay. One outlier (670 mm3) was 

excluded; therefore, 29 measures were used for intra- and inter-class 

correlation.  
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Covariates 

We collected information on variables that could potentially be confounders of 

the association between sleep problems, melatonin levels or pineal gland 

composition and prostate cancer. From the questionnaire completed at study 

baseline we obtained information on age at study entry; family history of 

prostate cancer (father / brother / son); visit to doctor during previous 12 

months; season at MRI acquisition (summer / winter); highest education 

(elementary school / secondary school / college / university); smoking status 

(never smoked / past smoker of at least 100 cigarettes or 20 cigars in lifetime 

/ current smoker); alcohol use (g/week); past physical activity (never / rarely 

& occasionally / moderate & high); history of depression; current medication 

(yes/no), i.e. beta-blocker, calcium blocker, antidepressant, NSAIDs, 

psychotrophics, and benzodiazapine; urinary leak frequency in the past 12 

months; and diagnosis of benign prostate disease.  

Information on height (meters), weight (kilograms), and body mass index 

(BMI, m/kg2) was obtained from clinical examination records and presence of 

diabetes mellitus was based on self-report, a fasting blood glucose of ≥ 126 

mg/day, or medication use. 

Information on cortisol (morning / evening ) and creatinine (first morning 

void) levels were obtained from saliva and urine specimens, respectively. 

 

Observation period and ascertainment of prostate cancer diagnosis  

The men were followed for prostate cancer diagnosis and mortality through 

31st December 2009, whichever came first. Information on prostate cancer 

and all-cause mortality was obtained by record linkage to the nationwide 

Icelandic Cancer Registry (ICR) and the Causes of Death Register (Iceland, 

2012), respectively through a unique identification number assigned to all 

Icelandic residents.  

The cancer registry also receives medical records with information on 

prostate cancer TNM stage, which was available for 65% of the cases. We 
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defined advanced prostate cancer as extraprostatic stage T3/T4, N1, M1, or 

death from prostate cancer during the observation period (Moul, 2004). All of 

the death-specific prostate cancer diagnoses had already been retrieved from 

the cancer registry and none were based solely on death certificates. 

Information on Gleason score was not available for the cases in this study.  

 

Statistical analyses  

The sleep study (Paper II) 

For the sleep paper (Paper II) we used age- and multivariable-adjusted Cox 

regression models with 95% Confidence Intervals (CIs) to estimate Hazard 

Ratios (HRs) of total and advanced prostate cancer by sleep problems. We 

further carried out sensitivity analyses to address the possibility of reverse 

association bias, where undiagnosed prostate cancer might cause sleep 

disturbances. First, we excluded men who were diagnosed within 2 years 

from study entry. Second, men who woke up during the night (question 3, as 

proxy for nocturia in men with symptoms of prostate cancer) and those who 

reported taking medication for sleep aid were excluded. SPSS Software 

version 19.0 was used for all statistical analyses in Paper II.  

 

The melatonin study (Paper III) 

In the analyses for the melatonin paper we evaluated percent of people in 

each sleep disruption category that fell below the 10th and 25th percentile of 

6-sulfatoxymelatonin levels calculated for men reporting no sleep problems. 

In addition, we used age and creatinine adjusted linear regression models to 

evaluate mean 6-sulfatoxymelatonin levels for each sleep disruption category 

separately.  

For the main analyses we dichotomized the urinary 6-sulfatoxymelatonin 

levels based on the median (17.14 ng/mL) in the subcohort. A time-to-event 
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analysis with age as the underlying time scale was used to calculate time 

from age at urine collection to incidence of prostate cancer, death or end of 

follow-up. The Prentice method (Therneau & Li, 1999) was used to modify 

the case-cohort design in the Cox proportional hazards regression: the age 

and creatinine-adjusted, and multivariate-adjusted HRs with 95% CIs were 

computed for the association between 6-sulfatoxymelatonin and total and 

advanced incident prostate cancer. The multivariate models included 

creatinine (continuous), family history of prostate cancer (yes / no), benign 

prostatic disease (yes / no), current use of beta-blockers (yes / no), history of 

depression (yes / no), and diabetes (yes / no). Creatinine was included as a 

covariate to conserve the interpretation of the 6-sulfatoxymelatonin measure 

itself (Barr et al., 2005) while allowing the urinary 6-sulfatoxymelatonin 

concentration to be appropriately adjusted for creatinine.    

Secondary analyses were conducted to assess the possibility of reverse 

association, whereby symptoms of subclinical disease may affect 6-

sulfatoxymelatonin levels. The secondary analyses were restricted to men 

diagnosed with prostate cancer more than one year and more than two years 

after urine collection. Since we did not have exact time of urine collection we 

also excluded men who returned the first morning void urinary samples to the 

IHA in the afternoon to reduce the bias in which their samples might not be 

true morning voids. We also conducted analyses among men who reported 

no sleep problems.  

All analyses were conducted using SAS® v.9.3 (SAS Institute, Cary, NC) 

and all p-values were two-sided with significance set at p<0.05. 
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The pineal study (Paper IV) 

To assess the reproducibility of our pineal gland measurements for each of 

the two image analysts (intra-class correlation) and between them (inter-class 

correlation) we used Pearson’s correlation coefficients.  

We describe basic descriptive statistics (mean, median, range) for total 

pineal volume and for each of the three components separately 

(parenchyma, cyst and calcification).  

 For the main analyses we corrected for hormonal inactive tissue by 

excluding pineal calcifications and cysts and included only the parenchyma 

component. We present Pearson’s correlation and a scatterplot of pineal 

parenchyma volume against 6-sulfatoxymelatonin levels. We compared multi-

variable adjusted pineal parenchyma volume with 6-sulfatoxymelatonin levels 

and pineal cyst and calcification volume by using linear regression, 

presenting β and significance at p<0.05. In addition, pineal parenchyma 

volume was compared with baseline characteristics of the participants using 

multivariable-adjusted linear regression models. Moreover, because of the 

great variability of pineal size and melatonin level our secondary aims were to 

present pineal secretion capacity as ng/mL level of 6-sulfatoxymelatonin per 

mm3 of pineal parenchyma with respect to selected variables.  

All analyses were conducted using SPSS Software version 20.0 (SPSS 

Inc., 2010, IBM Chicago www.spss.com) and all p-values were two sided with 

significance set at p<0.05.  

 

3.3    Quality assessment of the Icelandic Cancer Registry 
(Paper V) 

Data from the ICR for the period 1955 to 2009 was used for the quality 

assessment (paper V) during which 41,994 cancers were registered. Further, 

the completeness of the ICR was evaluated by identifying potential missing 
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cases for cancer/tumor diagnoses in 2000 and 2001 through record linkage 

between the registry and the Hospital Discharge Registry. 

 

Comparability 

Comparability of the ICR was assessed by describing the international 

standards used for coding and classification, and by definitions of multiple 

primaries and incidence date. We further describe the possibility for incidental 

diagnoses (cancer detected in asymptomatic individuals) by addressing the 

number and proportion of cancer diagnoses obtained initially or only from 

autopsy reports in 2005-2009. 

 

Validity 

Validity of the ICR was evaluated by using three methods (Bray & Parkin, 

2009; Parkin & Bray, 2009). First, we addressed the percentage of 

Morphologically Verified (%MV) tumors in 2005-2009, the proportion of cases 

based on Death Certificate Only (%DCO) compared with other European 

countries in the time period 1998-2002 (Curado MP, 2007), and presented 

the number and proportion of Death Certificate Initiated (DCI) cases. Second, 

we described how the ICR ensures internal consistency. Third, missing 

information was addressed by the proportion of cases diagnosed with 

Primary Site Uncertain (PSU) in 2005-2009 based on the ICD-10 diagnostic 

code C80, and further comparing this measure with selected European 

registries for 1998-2002 (Curado MP, 2007). 

 

Timeliness 

Timeliness was evaluated in terms of the median number of days from 

diagnosis of cancer in 2007 until registration through September 31st 2011. 
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The proportion registered within one year, 15 months and within two years 

was calculated from the end of 2007.  

 

Completeness 

Completeness was evaluated by applying three semi-quantitative methods 

and one quantitative method (Parkin & Bray, 2009). First, the stability of 

incidence trends for 1955-2009 was examined and the age-specific incidence 

rates of childhood cancer in 2000-2009 compared with published deciles for 

childhood cancer (Curado MP, 2007). Second, we compared the Mortality 

Incidence (M:I) ratios for 2005 to 2009 with “1 minus 5-year relative survival” 

probabilities (2001-2005). Third, we present the number of 

sources/notifications per case (2005-2009). Last, of the quantitative methods 

we applied the independent case ascertainment method by searching in the 

ICR for diagnoses registered in the population based Hospital Discharge 

Registry. In 2005 the ICR received data files on all hospital discharge 

tumor/cancer diagnoses in 2000 and 2001. All ICD-10 codes recommended 

by the European Network of Cancer Registries (ENCR) to be included in 

cancer registries were included; all C codes as well as selected codes for 

certain benign neoplasm such as of the central nervous system and 

myelodysplastic syndrome (D30, D32-33, D35, D41-48.) Identified codes 

were extracted from the Hospital Discharge Registry and searched for in the 

ICR using personal identification numbers. If a potential new entry was found 

it was scrutinized by reviewing medical records from hospitals and archives. 

If diagnosis was confirmed it was added to the ICR and if there was 

uncertainty the final decision was made by a pathologist (the medical director 

of the ICR.) 
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4 Results 

 

4.1    Previous studies on circadian disruption (Paper I) 

The 16 studies included in the systematic review present data on prostate 

cancer as an outcome, amongst which 4 have data on prostate cancer 

mortality (Ballard et al., 2000; Band et al., 1996; Irvine & Davies, 1999; 

Nicholas et al., 1998). Various proxies for circadian disruption were 

addressed: light at night distribution (Kloog et al., 2009), sleep duration 

(Kakizaki et al., 2008), rotating shift work (Conlon et al., 2007; Kubo et al., 

2011; Kubo et al., 2006; Schwartzbaum et al., 2007) and occupations that 

include night shift work, such as waiters (Pukkala et al., 2009), public safety 

workers (Pukkala et al., 2009), firefighters (Bates, 2007; Krstev et al., 1998), 

policemen (Krstev et al., 1998) and airline pilots (Ballard et al., 2000; Band et 

al., 1996; Band et al., 1990; Buja et al., 2005; Irvine & Davies, 1999; Nicholas 

et al., 1998; Pukkala et al., 2002). All of the studies except for the ecological 

study (Kloog et al., 2009) present risk estimates.  

In the ecological study on light at night distribution (Kloog et al., 2009) 

only prostate cancer showed positive correlation with light at night exposure. 

For sleep duration, men who slept less than six hours were at 38% increased 

risk of prostate cancer, although statistically insignificant, when compared 

with men who slept seven to eight hours (Kakizaki et al., 2008). The 

association was stronger for advanced disease although the results were 

insignificant and based on only eight cases. Of the four shift work studies 

three found positive association with prostate cancer risk (Conlon et al., 

2007; Kubo et al., 2011; Kubo et al., 2006) while one did not (Schwartzbaum 

et al., 2007), with up to 3-fold increase in risk for rotating shift work when 

compared with daytime worker.  
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Among the occupational studies that were assessed as proxy for shift 

work a 10% to 22% risk increase was observed among public safety workers, 

waiters (Pukkala et al., 2009) and firefighters (Bates, 2007) and pilots were at 

20% to almost 4-fold increased risk of prostate cancer (Band et al., 1996; 

Band et al., 1990; Buja et al., 2005). 

Among the studies that investigated the mortality rate of prostate cancer 

11% to 60% (Irvine & Davies, 1999; Krstev et al., 1998; Nicholas et al., 1998) 

risk increase was observed among flight deck crew, pilots, firefighters, and 

police/detectives.  

 

4.2    Sleep problems (Paper II) 

Of the 2,102 eligible participants 135 (6.4%) were diagnosed with prostate 

cancer during the mean observation of 5 years. TNM Staging information was 

available for 92 men (68%) and 26 men in total (19%) were classified with 

advanced prostate cancer.  

Depending on the type of sleep disruption, between 5.7% and 20.5% of 

the men were classified with sleep disruption (Figure 8). A total of 755 men 

(36%) who did not report any sleep problems for the 4 sleep questions were 

used for comparison group. We examined the characteristics of the men 

according to presence or absence of sleep disruption. The mean age of the 

men at study baseline was 76.4 years. Men with sleep disruption were more 

likely to have been diagnosed with diabetes mellitus and have visited a 

doctor in the previous 12 months. Benign prostatic hyperplasia was more 

common among men with problems getting to sleep and staying asleep (see 

Figure 7 for definitions). Alcohol consumption was also more common only 

among the men with very severe sleep disruption. Other variables distributed 

similar among the groups. 
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In age-adjusted analyses we found that men reporting sleep problems 

were up to twofold increase in risk of prostate cancer with risk increase 

parallel to increase in severity of sleep problem (HR 2.1; 95% CI: 1.2-3.7). 

Men with advanced disease were at threefold risk increase when compared 

with men without sleep problems (HR 3.2; 95% CI: 1.1-9.7). After adjusting 

for potential confounders the results did not change (Table 1).  

We conducted 2-year lagged analyses to find out that there were too few 

advanced cases left to present results. However, after excluding men with 

potential symptoms of nocturia, i.e. the men who woke up during the night, 

the results held with twofold increase for overall prostate cancer (HR 2.2; 

95% CI, 1.3 - 3.7) and threefold increase for advanced cancer (HR 3.3; 95% 

CI, 1.2 - 9.3).  
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4.3    Urinary 6-sulfatoxymelatonin levels (Paper III) 

Of the 864 men that were selected from the random AGES-subcohort, 47 

were diagnosed with prostate cancer (5.4%) during the observation period. 

Additional 64 cases arose from the non-subcohort. Thus, total of 111 men 

were diagnosed with prostate cancer during observation period. Information 

on TNM stage was available for 72 (65%) of whom 24 men were classified 

with advanced prostate cancer (22%). 
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The mean observation period for the subcohort was 5.2 years and 2.7 

years for the cases. Mean age of the subcohort was 76.2 years and majority 

returned their urine sample in the morning (89%).  

The characteristics of the subjects were assessed according to 6-

sulfatoxymelatonin levels. Men with lower melatonin levels were older 

(p=0.001), had lower urinary creatinine levels (p<0.001), and tended to drink 

less alcohol (p=0.06). In contrast, they were more likely to have diabetes 

mellitus (p=0.04) and to be currently taking beta-blockers (p<0.001) or 

psychotropic drugs (p=0.04). No difference was found for season of urine 

collection or time of urine return to the IHA. In addition, there was no 

difference for other variables.  

Men with sleep disturbances had lower levels of urinary 6-

sulfatoxymelatonin levels. Mean 6-sulfatoxymelatonin level was 22.0 ng/mL 

among men without sleep problems (n=309), median was 18.8 ng/mL, 25th 

percentile was 11.1 ng/mL, and 10th percentile was 6.5 ng/mL. Of the men 

who reported taking medications for sleep or having very severe sleep 

problem, about 17% and 37% fell below the 10th percentile (very low) and 

25th percentile (low), respecively.  

Men with low melatonin levels had borderline statistically significant 45% 

increased risk of overall prostate cancer and fourfold increased risk (HR 4.0; 

CI: 1.3-13.0) for advanced prostate cancer compared with men with high 

levels after adjusting for age and creatinine (Table 2).  

To explore the association further we did several sensitivity analyses such 

as excluding men who returned their urine samples in the afternoon and 

limiting the analysis to men reporting no sleep problems. The results were 

qualitatively similar although at the expense of statistical significance. We 

also excluded men who were diagnosed with prostate cancer within one or 

two years of urine collection with similar results but again at the expense of 

statistical significance.   
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4.4    Pineal gland volumes (Paper IV) 

The agreement between the two raters was high. The intra-class correlation 

for the radiographer was Pearson’s r=0.91 for total and parenchyma volumes 

and for the physician r=0.98 for the same measures. Similarly, the intra-class 

correlation between the radiographer and physician was also high.  
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The 122 pineal glands had various shapes, compositions and volumes. 

The mean total pineal volume measured 207 mm3 (range 65-536 mm3) and 

parenchyma volume 178 mm3 (range 65-503 mm3). Calcification was found in 

21% (n=26) of the glands and 59% (n=72) of the glands included cysts.  

The mean age of the participants was 75 years and mean BMI was 27 

m/kg2. Nine percent of the men had very severe sleep problem and 34% took 

beta-blocking drugs. In a multi-variable adjusted model pineal secretion 

capacity was inversely associated with current use of beta-blockers (β= -

0.37, p=0.01) and marginally associated with very severe sleep disruption 

(β= -0.22, p=0.09). Excluding men on beta-blockers from the analysis did not 

change the results.  

Men with cystic or calcified pineal were marginally more likely to be 

current smoker and men with cystic pineal were younger than men without 

cystic gland. Level of 6-sulfatoxymelatonin was not associated with presence 

of pineal cyst or calcification.   

6-Sulfatoxymelatonin levels were positively correlated with pineal 

parenchyma volume with β=0.33, p<0.001. The pineal volume became more 

strongly correlated with 6-sulfatoxymelatonin levels after adjusting for age, 

BMI, very severe sleep problems, alcohol, smoking and urinary creatinine 

(β=0.53, p<0.001).  

 

4.5    Data quality at the Icelandic Cancer Registry (Paper V) 

For comparability, ICR has used the ICD-O-3 since 2003 for the registration 

of all malignancies and in situ neoplasm. Topography codes have been 

converted to ICD-10 for reporting and communication. Incidence date and 

multiple primary tumors are registered according to the ENCR 

recommendations based upon a hierarchy of possible sources (Tyczynski JE, 

2003). During the years 2005-2009 the proportion of incidentally diagnosed at 

autopsy was 0.6% for all sites and the proportion for prostate cancer was 
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0.7%.  

For the validity assessment, 96.4% of all registered cancers during the 

period 2005-2009 were morphologically verified (%MV). The %MV for 

prostate cancer (ICD-10: C61) was 98.1%, based on 1107 cases. The 

proportion of registrations based on death certificates only (%DCO) was 

0.2% for all sites and 0.3% for prostate cancer. When compared with 

selected European countries (Curado MP, 2007) Iceland was among the 

countries with highest %MV and lowest %DCO.  

When assessing the timeliness, the median time from date of diagnosis in 

2007 to registration at the ICR was found to be 238 days (range 49–1445): 

84.8% of the cancer diagnoses were available for research purposes within 

one year from the registration year, and 94.8% at the time of incidence 

publication on the website (15 months).  

For completeness we evaluated the mortality: incidence (M:I) ratio that did 

not deviate strongly from (1-survival) applying to most cancers, including 

prostate cancer. An acceptable coherence was observed between Iceland 

and Norway. The average number of notifications per case was 1.8 for all 

cancers and 1.9 for prostate cancer. According the independent case 

ascertainment (Hospital Discharge Registry record linkage) the estimated 

completeness is 99.15% and of the 21 new tumors identified through the 

linkage, only 1 case had been diagnosed with prostate cancer (0.3% of all 

prostate cancer registered).  
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5 Discussion 

There is increasing evidence that circadian disruption, sleep disturbances 

and melatonin inhibition may be involved in cancer development and our 

studies lend further evidence for the specific role of these factors in prostate 

cancer (Figure 9).  
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In the systematic review we found that most studies so far have reported 

positive association between various proxies for circadian disruption and 

prostate cancer risk. Further, our assessment of sleep disruption and low 

melatonin levels suggest a link with prostate cancer risk, particularly risk of 

advanced disease. In addition, introducing a new method for manual 

assessment of pineal volume, we found a clear correlation between pineal 

parenchyma volume and first morning urinary 6-sulfatoxymelatonin levels. 

Finally, the cancer registration in Iceland was found to be complete and 

supports validity and high quality of the cancer ascertainment in our as well 

as other epidemiological studies using this data source.  

 

5.1    The systematic review 

In our effort to explore the epidemiological evidence for factors known to 

affect the circadian system in relation to risk of prostate cancer we reviewed 

the literature systematically (Paper I). Most studies suggested positive 

association between proxies of circadian disruption and prostate cancer risk. 

Of the 16 studies evaluated 15 supported the hypothesis of which 10 

published statistically significant results (see Paper I). This was the first 

epidemiological systematic review on the association between proxies for 

circadian disruption and prostate cancer risk. Our findings are in line with 

previous studies on breast cancer, which have been mainly investigated 

among occupations such as nurses and flight attendants (Megdal et al., 

2005). Most of the studies in our review rely on indirect proxies (light at night 

exposure or night shifts) of circadian disruption and must be interpreted with 

caution. The correlation study comparing the light at night and prostate 

cancer risk between countries (Kloog et al., 2009) show only that the risk of 

prostate cancer is more common among well-lit countries but does not have 

the ability to infer that true association exists. Although more light exposure 

during the dark periods of the day may disrupt the circadian system and 

inhibit melatonin secretion the association may merely exist because the 
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countries with more light may have better resources and thus higher 

diagnostic intensity and access to medical care and/or have higher 

completeness in cancer registration.  

Only one study had examined the association between sleep duration and 

prostate cancer risk (Kakizaki et al., 2008). Despite the indication of inverse 

association between sleep duration and prostate cancer risk the study is 

limited by the fact that self-reported duration of habitual sleep is only 

moderately correlated with actigraphy-measured sleep (Lauderdale et al., 

2008). In contrast to this finding, a recent meta-analysis of six studies 

concluded that sleep duration had no effect on breast cancer risk (Qin et al., 

2013) although mechanisms for sleep duration may be different for breast 

and prostate cancer.  

Using night shift work as a proxy for circadian, sleep and melatonin 

disruption is a reasonable approach. Indeed, night shift workers have 

substantially lower 6-sulfatoxymelatonin levels even on off-days (Mirick et al., 

2013) and sleep about two hours less per day than day workers. In two 

Japanese cohort studies carried out by same authors, rotating shift workers 

were at increased risk of prostate cancer (Kubo et al., 2011; Kubo et al., 

2006). Limitation of these studies is that the results are based on few cases 

(n=7 and n=17, respectively) and in one of the studies the results were not 

significant. A Canadian population-based case-control study also found an 

increased prostate cancer risk among rotating shift workers (Conlon et al., 

2007) and even though the authors did not adjust for confounding variables it 

is unlikely that these adjustments would have changed the results. The 

Swedish cohort study found no change in risk among shift workers 

(Schwartzbaum et al., 2007). Nondifferentional misclassification is likely to 

explain the lack of association since in an attemt to classify shift workers the 

authors used occupations with 40% of men engaged in shiftwork as a proxy 

for shift work; therefore, as many as 60% of the day workers might have been 

misclassified as shift workers. This kind of misclassification is prone to bias 

the results towards null. In addition, the night shifts were not mandatory even 
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though night shift work is the primary cause of circadian disruption, reduced 

sleep duration, and melatonin suppression (Burch et al., 2005). 

Occupational shift work history is a good proxy for night shift work as long 

as most of the employees at the considered occupation engage in night 

shifts. Obtaining occupational titles from registers precludes recall bias, but 

carries the chances of misclassification. The studies on airline occupations 

depend on the circadian disruption that accompanies long-haul flights, 

whereby crossing several time zones is more likely to be associated with 

circadian disruption than short-haul flights. A total of seven studies on airline 

occupation focused on prostate cancer risk, including the two meta-analyses; 

all of which reported an increased risk. Even so, there is some potential for 

bias other than misclassification. There is a possiblity that cosmic radiation 

and electromagnetic fields play a causal role (Charles et al., 2003; Rafnsson 

et al., 2001). Also, regular check ups that pilots are demanded to pass might 

increase their likelyhood of being diagnosed with prostate cancer than the 

general population; alternatively, the results might be deflated by the healthy 

worker effect (Wen et al., 1983).  

In summary, the review is in support of a potential effect of circadian 

disruption on prostate cancer risk although direct evidence for the 

carcinogenicity of circadian, sleep and melatonin disruption is still limited in 

humans.  

 

5.2    Sleep disruption, melatonin and the pineal gland  

We addressed the above questions further in our analyses on sleep 

disruption and prostate cancer risk (Paper II). A hypothesis on the 

prospectively association of sleep disruption and prostate cancer risk had not 

previously been addressed. Our results showed that men with sleep 

problems were at twofold increased risk of overall prostate cancer; 

interestingly, the association was stronger for advanced disease indicating 

that underlying mechanisms of sleep disturbances may affect prostate cancer 
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progression to a greater extent than prostate cancer initiation (Nguyen et al., 

2011).  

The biological pathways for prostate cancer development is considerable 

heterogenic and the stronger association of sleep disruption and melatonin 

levels with advanced disease is notable. To explore biological mechanisms in 

circadian disruption and prostate cancer risk we analysed the samples of 

urine collected from the participants at study baseline (Paper III). In support 

of our hypothesis, the men with levels below the median were at increased 

risk of prostate cancer, and similar to the sleep disruption the association was 

stronger and statistically significant for advanced prostate cancer. We also 

investigated the association between sleep disruption and melatonin, which 

had not previously been evalauated in men. Men with various sleep problems 

had lower levels of 6-sulfatoxymelatonin, an important addition to our 

previous findings. Moreover, current use of beta-blockers or psychotrophic 

drugs, and older age was associated with lower 6-sulfatoxymelatonin levels, 

which is in line with previous studies (Cowen et al., 1985; Hill et al., 2013; 

Stoschitzky et al., 1999).  

We also evaluated the volume of the pineal glands that was positively 

associated with first morning urinary void 6-sulfatoxymelatonin levels (Paper 

IV), and which enhances our suggestions that the first morning void is a good 

approximation for 24-hour melatonin levels. 

To our knowledge, these are the first studies to prospectively evaluate the 

hypothesis of sleep disruption and melatonin on prostate cancer risk although 

the results are in line with few epidemiological and clinical studies on this 

topic. A small study showed that when compared with aged-matched controls 

men with prostate cancer had lower plasma melatonin levels, measured over 

24 hours with 4 hours interval (Bartsch et al., 1992). In another study 14 men 

with metastatic prostate cancer were treated with melatonin supplemention 

along with conventional treatment and of whom 9 had improved survival rates 

and decreased serum PSA levels (Lissoni et al., 1997).  
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New method for pineal evaluation and its correlation to melatonin 

By using high-resolution T1-weighted 3D MR images and a workstation with 

customized software developed in house we described a method for 

quantifying the pineal gland parenchyma, calcification and cyst. The mean 

pineal volume measured 207 mm3 was in the upper range of previously 

published reports. In previous studies the mean pineal volume measured 213 

mm3 (Rajarethinam et al., 1995), 256 mm3 (Liebrich et al., 2014), and 146 

mm3 (Nolte et al., 2009). Other studies that used the so-called caliper method 

have reported much smaller mean pineal volumes of less than 100 mm3 

(Bumb et al., 2013; Bumb et al., 2014; Sumida et al., 1996; Sun et al., 2009).  

In our study the pineal parenchyma volume of 122 men who had not been 

diagnosed with cancer was positively correlated with first morning urinary 

void 6-sulfatoxymelatonin levels (r=0.33). Previous findings among healthy 

individuals are consistent with our results. Liebrich et al. found same direction 

of association (r=0.28) when parenchyma volume was compared with saliva 

melatonin levels collected at four time points within 24-hours (Liebrich et al., 

2014). Similarly, Nölte et al. (Nolte et al., 2009) and Kunz et al. (Kunz et al., 

1999) found a linear correlation of pineal volume to 24-hour melatonin 

(r=0.64 and r=0.49, respectively). Most of these pineal volumes are from 

younger subjects but studies suggest that although the pineal volume varies 

20-fold in the general population, it is thought to be maintained from early age 

(Coon et al., 1999; Griefahn et al., 2003; Schmidt et al., 1995; Sumida et al., 

1996). We found a large range of pineal volume with 8-fold difference in size 

between the largest and smallest but we did not find difference in volume and 

secretion capacity across age.  
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Physiology of circadian disruption and cancer  

The physiological mechanisms of sleep disruption may be mediated through 

greater retinal light expsure at night, thereby suppressing melatonin levels. 

Further, inappropriate light-dark cycles reset (independent of sleep and 

melatonin disruption) the circadian clock and consequently many aspects of 

physiology, metabolism and behaviour, possibly increasing cancer risk. The 

anti-carcinogenic properties of melatonin have been confirmed by 

experimental studies (Blask et al., 2005). Experimental studies have shown 

that pinealectomized animals are at increased cancer risk and supplementing 

the animals with melatonin reverses this effect (el-Domeiri & Das Gupta, 

1973). Constant light exposure suppresses melatonin secretion and 

pinealectomy increases tumor growth in experimental models (Blask, 2009). 

Melatonin has been proposed to possess various anti-carcinogenic properties 

such as being a free radical scavanger (Galano et al., 2011) that may inhibit 

prostate cancer progression by reducing oxidative stress (Nguyen et al., 

2011). Further, when melatonin was injected subcutaneously the doubling 

time of prostatic adenocarcinoma increased in affected rats (Philo & 

Berkowitz, 1988; Xi et al., 2001), prostate cancer cell proliferation was 

inhibited (Moretti et al., 2000; Xi et al., 2001) and the number of prostate 

cancer cell reduced (Sainz et al., 2005). In addition, melatonin increases 

transcription of the gene p53, and consequently apoptic cell death in cancer 

cells (Blask et al., 2002; Fornas et al., 2000; Qin et al., 2004; Sainz et al., 

2003).  

The combined effect of disruption of the circadian and sleep rhythms 

along with inhibited melatonin secretion therefore may underly our reported 

findings (Figure 9). Although our data supports the influence of sleep and 

melatonin in prostate carcinogenesis there are some limitations in our study 

method that needs to be addressed.  
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Strengths and limitations 

The prospective design is one of the strengths of our studies and even 

though the cohort only represents the population of older caucasian men it is 

unlikely that the underlying physiological impact on prostate cancer 

pathogenesis would differ for other populations or ethnicities. Also, detailed 

infomation on various potential counfounders were obtained, there was no 

loss to follow-up and the information on prostate cancer diagnoses and 

causes of death were complete. However, the study design is not free of 

plausible limitation.  

The observation period was only 5 years on average whereas the time 

from prostate cancer onset to detection has been estimated to take from four 

years to a decade or more (Finne et al., 2010; Savage et al., 2010). The short 

observation time raises the concern for reverse association bias. Since 

prostate carcinogenesis had probably initiated at study baseline, men with 

undiagnosed prostate cancer may have had symptoms such as nocturia 

(waking up during the night) and consequently sleep disturbances and/or 

decreased melatonin levels. To address this concern, we conducted 

sensitivity analyses and excluded men who woke up during the night, 

indicative of nocturia. Notably, the estimates did not change, somewhat 

alleviating our concerns. Excluding men who were diagnosed with prostate 

cancer within two years from study entry left us with too few advanced cases.  

As discussed in our manuscripts we cannot exclude the possibility of a 

chance finding due to the limited number of cases with advanced disease 

and the information on stage was limited to two-third of the cases. We further 

cannot preclude residual confounding even though we included a wide 

variety of potential confounding factors in our models. For the sleep analyses, 

the definition of sleep disruptions have not been validated against objective 

measures of sleep problems even though current sleep problems are 

indicative of persistent sleep problems (Morphy et al., 2007).  

Another limitation of our study is that our results rest on a single morning 

urinary 6-sulfatoxymelatonin levels, which might question the representability 
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for long-term levels. Intraindividual melatonin profiles (timing and amplitude) 

are indeed very stable under controlled conditions whereas interindividual 

differences in melatonin levels are often large (Benloucif et al., 2008). Both 

single first morning (Kotsopoulos et al., 2010; Schernhammer et al., 2004) 

and 24-hour (Hsing et al., 2010; Selmaoui & Touitou, 2003) urinary melatonin 

measurements are consistent over time. Members of professional sleep 

societies formed a workgroup to conclude that first morning void is a 

reasonable biomarker of 24-hour levels of melatonin in non-shift workers, 

who are not exposed to light at night, and not on medication known to affect 

melatonin or urinary excretion (Benloucif et al., 2008). Finally, the first 

morning urinary 6-sulfatoxymelatonin levels was positively correlated with 

pineal volume, which implies that the melatonin levels are representative.  

The study is also limited by small sample size, especially in our 

subanalyses; however, the results did not change qualitatively although we 

lost statistical significance as we excluded certain men in our subanalyses. 

Finally, we had stage information for only 65% of our cases and no 

information on PSA screening history or PSA levels and Gleason grade, a 

strong marker of aggressive potential.  

Despite the limitations of our study, our result support the hypothesis that 

circadian disruption, sleep disturbances and melatonin are involved in 

prostate carcinogenecity.  

 

5.3    Data quality at the ICR 

In the first formal quality study of the nationwide ICR we found that the 

registration is highly valid and complete as well as comparable to other 

cancer registries. Many factors contribute to high quality of the registry such 

as thorough record keeping, good health care system, nationwide pathology 

databases and the state personal identification number (PIN). The PIN is 

recorded to the patients file, thus registered database, when ever he receives 

health service.  
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The proportion of morphologically verified cases was high including 

prostate cancer. This can be in part explained by the high level of diagnostic 

activity in Iceland, whereby a relatively large proportion of cancer patiens 

undergo biopsies. In the independent case ascertainment in order to assess 

the completeness of the registry, prostate cancer was not among the most 

common neoplasms that were missing.  
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6 Conclusions 

Our findings provide evidence for the role of circadian disruption, sleep 

disturbances and melatonin in development of prostate cancer, particularly 

advanced disease. The systematic review was supportive of the association 

between circadian disruption and prostate cancer risk. In the cohort studies 

we found that men with sleep disturbances had lower levels of first morning 

void 6-sulfatoxymelatonin and were at increased risk of prostate cancer, 

especially advanced disease. Further, 6-sulfatoxymelatonin was positively 

correlated with sleep disruption and pineal parenchyma volume. Finally, the 

completeness of prostate cancer diagnosis registration was high. 

Nevertheless, there is still a big knowledge gap in this field and our results 

require replication. Larger studies including individual stringent exposure 

measurements with prospectively collected data and longer observation time 

are desirable to draw definite conclusions on the impact of circadian 

disruption, sleep disturbances, melatonin suppression on prostate cancer risk 

and progression.  
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Future studies 

We will proceed with the pineal gland study by evaluating pineal size and 

composition in 802 additional subjects to estimate prostate cancer risk by 

pineal parenchyma volume and calcification. The observation time will be 

extended through 2013. In this study, we will also seek to confirm the 

correlation between pineal compositions with urinary 6-sulfatoxymelatonin 

levels and sleep disruption. 

For improved understanding of whether melatonin has direct effect on 

prostate cancer tissue it would be interesting to measure melatonin receptors 

in the prostate tissue and evaluate potential difference in concentration 

between incidental and advanced cancer cases in the AGES-study or other 

cohorts. Both the initial biopsy specimens and/or the tissue from 

prostatectomy could be used for these purposes. Further, exploring the 

association to urinary 6-sulfatoxymelatonin levels would provide information 

on relative concentration of the receptors compared with bioavailability.  

Finally, larger studies with longer follow-ups and comprehensive exposure 

assessments are needed for complete evaluation of the association between 

markers of circadian disruption and prostate cancer risk. Pooling various 

existing prospective cohorts, preferably with long follow-ups, would be helpful 

in order to more precisely estimate the risk of prostate cancer by circadian 

disruption markers, such as sleep disruption, melatonin suppression and/or 

small pineal gland volume. Future studies might also incorporate more 

comprehensive assessments of circadian disruption markers, including 

actigraphy for monitoring sleep, overnight or 24-hour urinary collections of 

more than one occasion for assessment of melatonin levels. 
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