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Agrip

Inngangur: Mergeexli er 6leeknandi krabbamein i beinmerg sem upprunnio er i
motefnamyndandi plasmafrumum. Forstig mergeaexlis kallast gédkynja einstofna
motefnahaekkun (e. monoclonal gammopathy of undetermined significance,
MGUS) og einkennist af heekkun & einstofna motefni i bl6di &n pess ad
skilmerkjum um mergeexli eda adra tengda sjukdéma sé ad reeda. Orsok MGUS
og mergaexlis er ad miklu leyti 6pekkt en pekktir ahaettupeettir eru aldur, kyn,
kynpattur og fjdlskyldusaga. Mergaexli baettist nylega i hép peirra krabbameina
sem talid er ad offita hafi ahrif & en rannséknir & ahrifum annarra lifsstilstengdra
patta & mergeexli eru fdar og eru nidurstédur peirra ekki afgerandi.
Meginmarkmid pessarar ritgerdar var ad kanna ahrif offitu og mataraedis a MGUS
og frampréun yfir i mergeexli og tengda sjukdéma.

Efnividur og adferdir: brjar visindagreinar liggja ad baki pessari ritgerd og
notast var vid gogn ur Oldrunarrannsékn Hjartaverndar (N=5.764).
Oldrunarrannséknin, sem héfst arid 2002 og lauk i byrjun ars 2006, er
framhaldsrannsokn af hinni lydgrundudu Reykjavikurrannsékn sem hofst ario
1967. | Oldrunarrannsékninni var miklum upplysingum um pétttakendur safnad.
Medal annars voru framkvaemdar ymsar meelingar & holdafari, upplysingum
safnad um matareedi & premur mismunandi seviskeidum og tekin blédsyni. Arid
2013 skimudum vid fyrir MGUS og MGUS af véldum léttra kedja (LC-MGUS) og
notudum til pess fyrrnefnd bl6dsyni. Patttakendum var fylgt eftir til arsins 2014 og
upplysingum um mergaexli og tengda sjukdéma var safnad Gr Krabbameinsskra. i
rannsékn | skodudum vid samband 11 holdafarsmalinga og MGUS og LC-
MGUS. Til vidbotar pad skodudum vid hvort nidurstddur pessara meelinga
tengdust aukinni dheettu & frampréun ar MGUS/LC-MGUS yfir i mergaexli og
tengda sjukdéma. | rannsokn 1l skodudum vid matareedi & premur mismunandi
aeviskeioum; & unglingsarum (14-19 ara), a midjum aldri (40-50 ara) og & eldri
arum (vid upphaf Oldrunarrannséknarinnar), og samband pess vid MGUS og LC-
MGUS (unglingsar og midur aldur) og frampréun yfir i mergeexli og tengda
sjukdéma (eldri ar). 1 rannsokn 1l var notast vid meginpattagreiningu (e.
principal component analysis) til ad bera kennsl & faedumynstur a
unglingsarunum. Vio skodudum samband pessara feedumynstra vio MGUS og
LC-MGUS. Vid notudum ldgistiska adhvarfsgreiningu pegar samband utsetninga
vid MGUS og LC-MGUS var kannad en Cox-likan til ad skoda ahrif Gtsetninga &
framproun Ur MGUS/LC-MGUS yfir i mergaexli og tengda sjukdéma.
Nidurstdéour: Medalaldur pétttakenda var 77 ar (spénn 66-98). Alls greindust
300 (5.2%) einstaklingar med MGUS og 275 (4.8%) med LC-MGUS, par af



greindust 18 med mergeexli og 11 til vidbotar med adra tengda sjukdéma a
eftirfylgdartimanum, sem var ad medaltali var 8 ar. | rannsékn | fannst ekkert
samband & milli holdafarsmaelinganna og MGUS eda LC-MGUS en vid fundum
ad peir sem voru med haan likamspyngdarstudul (= 25 kg/m?®) & midjum aldri
voru i aukinni dheettu & frampréun ar MGUS/LC-MGUS yfir i mergeexli og tengda
sjukdéma (hazard ratio [HR] = 2.66, 95% confidence interval [CI] 1.17-6.05). |
rannsékn 1l fundust neikvaed tengsl & mili MGUS og avaxtaneyslu a
unglingsarum (odds ratio [OR] = 0.62, 95% CI 0.41-0.95) og neyslu a
heilhveitibraudi & midjum aldri (OR = 0.75, 95% CI 0.57-0.99). Til viobdtar pa
fundum vid ad aukin avaxtaneysla a eldri arum minnkadi ahaettuna a frampréun
ur MGUS/LC-MGUS yfir i mergeexli og tengda sjukdéma (HR = 0.45, 95% CI
0.21-0.96). Tvd feedumynstur myndudust i meginhlutagreiningunni i rannsokn llI,
annad einkenndist af mikilli inntoku af soéltudu og reyktu kjoti og fiski, innmat,
ragbraudi, mjolk, hafragraut og kartéflum (gamla islenska matareedid) en hitt
einkenndist af mikilli inntéku af avdxtum, graenmeti og fiski sem alegg eda i salat.
Nidurstddurnar syndu ad peir sem skorudu hatt & fyrra faedumynstrinu voru
Oliklegri til ad greinast med MGUS (OR = 0.68, 95% CI 0.50-0.93) og LC-MGUS
(OR =0.67, 95% CI 0.49-0.92) sidar & aevinni.

Alyktun: Nidurstodur pessara lydgrundudu rannsékna benda til pess matarsedi
spili hlutverk baedi i proun MGUS og frampréun yfir i mergeexli og tengda
sjukdéma. Einnig benda peer til pess ad likamspyngdarstudull & midjum aldri sé
aheettupattur fyrir frampréun Gr MGUS/LC-MGUS yfir i mergaexli og tengda
sjukdéma. bessar nidurstodour gefa til kynna ad hegdunar- og umhverfispeettir
eigi patt i préun mergeexlis og undirstrika mikilvaegi pess ad taka heilsusamlegar
akvardanir er varda lifsstil.

Lykilora:
Offita, mataraedi, forstig mergaexlis, mergeexli, lydgrundud rannsékn.



Abstract

Background and aim: Multiple myeloma is a malignant chronic B-cell disorder
characterized by a monoclonal proliferation of plasma cells in the bone marrow.
Almost all multiple myeloma cases are preceded by the premalignant state,
monoclonal gammopathy of undetermined significance (MGUS). The etiology of
multiple myeloma and MGUS is to a large extent unknown, with age, sex, race,
and family history as the most established risk factors. Obesity was recently
acknowledged as the first identified modifiable risk factor for multiple myeloma,
but results on other lifestyle-related factors, such as diet, are scarce and
inconclusive. The overall aim of this thesis was to examine the impact of obesity
and diet on MGUS as well as its effect on progression from MGUS to multiple
myeloma and other lymphoproliferative diseases.

Materials and methods: Three papers form the foundation for this thesis, using
data from the population-based AGES-Reykjavik Study (N=5,764). The AGES-
Reykjavik Study is a continuation of the population-based Reykjavik Study (1967-
1996). It was initiated in 2002 and recruitment ended in 2006. Extensive data on
numerous health related factors were collected, including various obesity
assessments, diet history throughout the lifespan, and blood samples. In 2013
we screened all participants for MGUS and light-chain MGUS (LC-MGUS) in
serum, using samples collected at study entry (2002-2006). The participants
were followed prospectively from AGES-Reykjavik Study entry to March 2014
and information on multiple myeloma and other lymphoproliferative diseases was
collected from the Icelandic Cancer Registry. In study | we analyzed the
association between 11 obesity measures and MGUS and LC-MGUS. We
additionally analyzed its association with progression from MGUS/LC-MGUS to
multiple myeloma and other lymphoproliferative diseases. In study Il we
analyzed dietary intake from three different periods in life; adolescence (14-19
years), midlife (40-50 years), and late life intake at study entry, and its
association with MGUS and LC-MGUS (adolescence and midlife) and
progression from MGUS/LC-MGUS to multiple myeloma and other
lymphoproliferative diseases (late life). In study Ill we performed principal
component analyzes to identify dietary patterns in adolescence and tested its
association with MGUS and LC-MGUS. We used logistic regression when
analyzing the associations between the exposures and MGUS/LC-MGUS and
Cox proportional-hazard regression to test the effect of the exposures and risk of
progression from MGUS/LC-MGUS and multiple myeloma and other
lymphoproliferative diseases.



Results: Mean age of participants was 77 years (range 66-98). We identified 300
(5.2%) individuals with MGUS and 275 (4.8%) with LC-MGUS and during a
medium of 8 years of follow-up, 18 of them progressed to multiple myeloma and
11 to other lymphoproliferative diseases. In study | we found none of our obesity
exposures to be associated with MGUS or LC-MGUS, however we found that
high midlife BMI (= 25 kg/mz), derived from the Reykjavik Study data, increased
risk of progressing from MGUS/LC-MGUS to multiple myeloma and other
lymphoproliferative diseases (hazard ratio [HR] = 2.66, 95% confidence interval
[CI] 1.17-6.05). In study Il we found that adolescent fruit intake and midlife whole
wheat bread intake was inversely associated with MGUS (odds ratio [OR] = 0.62,
95% CI 0.41-0.95 and OR = 0.75, 95% CI 0.57-0.99, respectively) and that late
life fruit intake reduced risk of progressing from MGUS/LC-MGUS to multiple
myeloma and other lymphoproliferative diseases (HR = 0.45, 95% CI 0.21-0.96).
In study Il we identified two dietary patterns and labelled them, based on their
intake characteristics, as Traditional early 20" century diet (salted or smoked
meat and fish, blood and liver sausage, rye bread, milk and milk products,
oatmeal, potatoes) and Healthy diet (fruit, vegetables, fish on bread or in salad).
We found that the Traditional early 20" century diet was inversely associated
with both MGUS and LC-MGUS (OR = 0.68 95% CI 0.50-0.93 and OR = 0.67,
95% CI 0.49-0.92, respectively).

Conclusion: The results of our studies suggest that diet plays a role in the
etiology of MGUS and multiple myeloma. They additionally suggest that BMI is a
risk factor for progression from MGUS/LC-MGUS to multiple myeloma and
related diseases. These findings indicate a potential role of behavioral and
environmental factors in myelomagenesis and that the risk of multiple myeloma
can be modified by taking favorable lifestyle related decisions.

Keywords:
Obesity, diet, monoclonal gammopathy of undetermined significance, multiple
myeloma, population-based data.

Vi



Acknowledgements

When coming to the end of this process and looking over the past years on what
stands out, one thing comes first mind. Working on this project gave me the
opportunity to work with the most amazing, kind, generous, talented, and
inspiring people. People that have shared their knowledge and wisdom with me,
that have helped me grow, and given me the tools | needed to finish this project
and at the same time made these years enjoyable and entertaining.

First and foremost, | would like to thank my supervisor Sigurdur Yngvi
Kristinsson, who has guided me throughout this process and helped me grow
and develop as a scientist. You have given me great education by supporting
and encouraging me to take on projects that have allowed me to widen my
horizon and given me an experience | would not have gotten without your
support. Your ability to end each meeting with positive and encouraging words
kept me motivated and helped me belief this could all be possible.

| have also had the privilege to be surrounded by an outstanding doctoral
committee. They are exceptional experts within their field, have been very
generous with their time, and have shown great interest in the project. Thank you
so much Laufey Steingrimsdoéttir, Sigrdn Helga Lund, Vilmundur Gudnason, and
Ola Landgren for your valuable contribution, you all helped me lift this project to a
higher level.

Some people have gone above and beyond in their duties and kindness and
have always been ready and willing to assist in any way possible when | have
come to them with any question or problem, big or small. J6hanna Eyrdn it has
been a joy to work with you, thank you for always being ready to share your
knowledge with me and help me overcome any obstacles along the way. | am
truly grateful for your sound guidance. Thank you, Thor, for your assistance with
statistics. You have always been willing to answer any question | might have with
such positive spirit. You have showed great interest in my work and it has been a
privilege to work with such a world-class researcher. Dora, the centre at the
Centre of Public Health Sciences, you have gone way beyond your
administrative duties in assisting in any way possible. Thank you for always
turning what seems to be a big problem into a small, easily solvable problem.

Alfheidur, Emma, and Hildur words cannot describe how grateful | am for our
friendship. To be able to have someone by your side that understands
completely the emotional rollercoaster this has been is invaluable. Alfheidur your
brilliant sense of humor has given me so many laughs, but your thoroughness
and willingness to help has had a significant effect on the quality of this project. |
hope | can return the favor. Emma your organizational skills and to do lists are

Vii



exceptional, you helped me keep focus and our encouraging conversations gave
me the push | needed. Hildur, it has been such a blessing having you next to me,
literally, the past years. Your enthusiasm, positive spirit, and unmatched
kindness has given me so much energy and joy and has made those long hours
at Sturlugata truly enjoyable. Ragnhildur Gudrdn, thank you for all your help with
R during my first years of study and for all our fun talks about school and life,
your friendship means a lot to me. Edda, Védis, Agnes, and Lara thank you all
for leading the way and for always being willing to share your knowledge and
experience. | hope Heilsan okkar gatherings continue for many years to come.

I wish to thank the staff and fellow PhD students at Centre of Public Health
Sciences for all the get-togethers and discussions throughout the years, and
Arna thank you for the moral support and for always being there for me.

Asdis Résa, Hera, Sara Lovisa and all the others in team iStopMM thank you
for your interest in the project and for all the joyful conversations at Sturlugata.
To the PhD students in the team, thank you for putting up with all the medical
guestions and for answering them with positivity and patience.

I would like to thank the Iceland Heart Association for providing me with data
for this project, and | would specifically like to thank Guony Eiriksdéttir for her
assistance with data access and handling.

Last, but certainly not the least, | thank my friends and family:

To my friends, thank you for showing your interest in my project and for
putting up with my forgetfulness. | hope | have at least amused you with stories
of a very absent-minded PhD student.

To my parents, Kristin and b6rdur, thank you for showing your deepest
interest in all | do, for teaching me good and disciplined work ethics, for
encouraging me to always do my best, and for always being there for me and my
little family.

To my siblings, thank you for putting up with the weird middle sister, and for
not being as annoying adults as you were children. Thank you all for your support
and for always believing in me. Ragna Laufey and Elfa Hrund, the long distances
between us are almost unbearable, but the long facetime talks are invaluable and
have kept us close. Oli, thank you for all the enlightening and enjoyable talks
about life, politics, and science. Your future is bright.

brainn, my rock and best friend, you have kept me going with your super
positive attitude. You are constantly pulling me out of the box with your easy-
going spirit. | truly would not have been able to finish this without you by my side.
To our daughters, Elena, Rebekka, and Eyja Kristin, you light up my life with your
energy and curious minds. Life is fun with you and | cannot wait to see what the
future brings us. This thesis is dedicated to you.

viii



Contents

Yo L1 TR iii
Y o 1= = Lo SRRSO Y
ACKNOWIEAGEMENTS ...ttt Vil
(0701 41 1=1 1) £ TP P U PP UURTPUPPPPR iX
List of @bhreviations ........cooiiiiiiiici Xi
LiSt Of fIQUIES . Xii
LiSt Of tADIES .eiieeie e Xiii
List Of Original PAPEIS ...cive i Xiv
Declaration of contribUtion ... XV
1 INEFOAUCTION Lottt e e e ee e e 1
1.1 Multiple MYEIOMEA .....cccoiiiiie e 2
0 0 R | Tox o =Y o o7 P PPUPPRRR 3

L1.1.2 SUMVIVAL .o 4

1.1.3 RISK fACIOrS ..eeiiiiiiiie e 4

1.2 Monoclonal gammopathy of undetermined significance.................. 5
1.2.1 PrevalenCe .....ccueeiiiiiiiiiiie et 6

1.2.2 Progression and SUIVIiVal..........ccccoccuvveeeiicieieeessiieee e 6

1.2.3 RISKfACLOrS ... 7

1.3 Obesity and diet and monoclonal gammopathies................ccceeeneee 8
1.3.1 ODBESIY .ot 8

1.3.2 IOttt 10

1.3.3 Dietary PatterN.......ccoccuiieeeeiciiere e e e 11

1.4 Study MOLIVALION. .. ..eeiieiiiiiiie e e e 13

2 AIMIS e 15
2.1 STUAY | e e 15

2.2 STUAY T 15

2.3 STUAY s 15

3 Materials and Methods ... 17
3.1 Study POPUIALION ....eeeiiiiiiiiie e 17

3.2 AGES-Reykjavik Study data collection ..............cccccvvviviiiiiniienneennn, 17
3.2.1 Obesity assessment — Study | .......c.ccceevviieiniiiiiiieciee 17

3.2.2 Dietary assessment — Study lland I ..............ccccccviinnennnnn. 18

3.2.3 Extraction of dietary patterns — Study l.........ccceeeviveeeenns 20

3.3 Outcome ascertainment and fOllOW-UpP ...........cccevireiiiieecnieeennnee, 21

3.4 Other COVANALES ........viiiee ittt 22



3.5 EXclusion from analysiS.........ccccceviiiiiiees i 22

3.6 Statistical analYSiS........cuiiiiieeeiiiiiiiiiiiieer e 23
.81 SUAY | 23
3.6.2 STUAY [l .eeeeiieiiee e 23
3.6.3 SUAY T oo 24
3.7 Sensitivity @nalySiS ........ueeeiiiiiiie i 24
4 ResUlts and diSCUSSION .....coiiiiiiiiieiiiiieee e 25
4.1 Obesity and monoclonal gammopathies............cccccocveeriiieiiieens 26
4.1.1 Obesity and monoclonal gammopathy of undetermined
SIGNIfICANCE ... 26
4.1.2 Obesity and progression to multiple myeloma and other
lymphoproliferative diS€ases .........cccccceeevviiicciviinirieenneenn. 28
4.2 Dietary habits and monoclonal gammopathies.............cccccveeennes 29
4.2.1 Main findings of study Il and study ll..........c.cocceeiernnnneen. 29
4.2.2 Changes in dietary habitS.........ccccooviiiiiiiiiiiiiiieeeeee e 29
4.2.3 Diet and monoclonal gammopathy of undetermined
SIGNIFICANCE ..vvvviiiiiiecce e 31
4.2.4 Diet and light chain monoclonal gammopathy of
undetermined SigNIfiCanNCe ...........cccceeeiiiiiiiie e, 32
4.2.5 Late life diet and progression............ooccvvviiiiiiieniieeeeeenneenn 33
4.3 MethodolOgiCal ISSUES.......ccuvviiiiiieiiiee ettt 33
4.3.1 SeleCtion DIaS .....cccooiiiiiiiiiiiiee e 34
4.3.2 Information bias..........cceeiiiiiiiiii e 34
4.3.3 CoNfOUNAING ...veiiiiieiiiee e 35
4.3.4 MURIPIE tESEING ..o 36
4.3.5 Validation of the diet..........ccceveiiiiii e, 37
4.3.6 Strengths of the Study ........ccoveevieiiiiiiiiie e 37
5 Summary and CONCIUSIONS .....ccuiiiiiieiiieiecie e 39
6 FULUIE STUIES .. e e e s e e e nnnes 41
RETEIENCES .. 43
Paper L. 59
Paper [l ... 79
PAPEE .. 97



AGES
BMI
cl

cT
FFQ
FLC
HR

lg

IHA

LC-MGUS

MGUS
OR
PCA
SEER
SPEP

WHO

List of abbreviations
Age, Gene/Environment Susceptibility Study
Body mass index
Confidence interval
Computed tomography
Food frequency questionnaire
Free light chain
Hazard ratio
Immunoglobulin
Icelandic Heart Association

Light-chain monoclonal gammopathy of undetermined

significance

Monoclonal gammopathy of undetermined significance
Odds ratio

Principal component analysis

Surveillance, Epidemiology, and End Results

Serum protein electrophoresis

World Health Organization

Xi



List of figures

Figure 1 Immunoglobulin............coooiiiiii e

Figure 2 Age-standardized incidence per 100.000 of multiple myeloma in
Iceland from 1955-2016.......ccciiiiiiiiieiiiiiie e

Figure 3 Prevalence of MGUS according t0 age ..........oooovvevvviiiiiiiiiieiiiee e
Figure 4 Releative risk for the effect of obesity on 13 types of cancer ...............

Figure 5 Flowchart of study participants and number of participants
affected by MGUS and progreSSion ......uu.eeeeeeviieecciviiiiiieieeeeeeeeeeeee e

Figure 6 Distribution of midlife BMI ...........c.cuuuiiiiiiiiieeiiereeee e

Xii



Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

List of tables

Factor loading coefficients between the food groups and the

EXIracted PAtEINS .......cociiiiiie et 21
Prevalence of MGUS by age and gender ...........cccceeveveiiiiciiincinieens 26
Association between MGUS and midlife BMI using the standard
ClaSSIfICALION ....eiieiieiii e 27
Body mass index and risk of multiple myeloma and other
lymphoproliferative disSeases (LP) .......ccccoviieiiiiiiiiiiciic e 28
Dietary habits of participants from three different time periods ............. 30

Association between dietary patterns from the adolescent period
and its indvidual food components and MGUS and LC-MGUS ............ 32

Xiii



List of original papers

This thesis is based on the following original publications, which are referred to in
the text by their Roman numerals (I-I1):

Obesity and risk of monoclonal gammopathy of undetermined
significance and progression to multiple myeloma: a population-
based study. Thordardottir M, Lindqvist EK, Lund SH, Costello R,
Burton D, Korde N, Mailankody S, Eiriksdottir G, Launer LJ, Gudnason V,
Harris TB, Landgren O, and Kristinsson SY. Blood Advances.
2017;1(24):2186-92.

Dietary intake is associated with risk of multiple myeloma and its
precursor disease. Thordardottir M, Lindqvist EK, Lund SH, Costello R,
Burton D, Steingrimsdottir L, Korde N, Mailankody S, Eiriksdottir G,
Launer LJ, Gudnason V, Harris TB, Landgren O, Torfadottir JE,
Kristinsson SY. PloS one. 2018;13(11)

Adolescent diet and risk of monoclonal gammopathy of
undetermined signficance. Thordardottir M, Birgisdottir  BE,
Steingrimsdottir L, Lindgvist EK, Aspelund T, Costello R, Burton D, Korde
N, Mailankody S, Eiriksdottir G, Launer LJ, Harris TB, Landgren O,
Gudnason V, Kristinsson SY, and Torfadottir JE. Submitted.

In addition, some unpublished data may be presented:
All papers are reprinted by kind permission of the publishers.

Xiv



Declaration of contribution

I, Marianna boérdardéttir, planned the research work for the papers that form the
foundation for this thesis in close collaboration with my supervisor. | conducted
all statistical analysis for papers I-1ll in collaboration with my supervisor and a
statistician. | also drafted all manuscripts and revised in close collaboration with
my co-authors. | wrote this thesis with the solid guidance of my supervisor and
doctoral committee.

XV






1 Introduction

According to the World Health Organization (WHO) cancer is globally the second
leading cause of death, and is estimated to be responsible for approximately 9.6
million deaths worldwide in 2018 [1]. The most frequent cancer types differ
between the sexes, but overall lung, breast, and colorectal are the most common
cancers whereas lung, colorectal, and stomach cause the most cancer deaths
worldwide [1]. Multiple myeloma is the second most common blood cancer in the
world [2], after lymphoma, and accounts for 10% of all hematologic malignancies
[3]. Compared to other types of cancer multiple myeloma is relatively rare and
accounts for 1.8% and 1.2% of all new cancer cases in the United States and the
Nordic countries, respectively [4, 5]. Although it is rare, it is more common among
men than women and among individuals of African descent [5, 6]. Almost all
cases of multiple myeloma are preceded by the premalignant asymptomatic
condition monoclonal gammopathy of undetermined significance (MGUS) [7, 8].

Adoption of behaviors and lifestyle factors known to cause cancer has
increased the burden of cancer worldwide, and is expected to further increase it
[9]. WHO estimated that 30-50% of cancer deaths are due to behavioral and
lifestyle factors; high body mass index (BMI), physical inactivity, use of tobacco
and alcohol, and poor diet, and can therefore be preventable [1]. Obesity was
recently acknowledged as the first modifiable risk factor for multiple myeloma
[10], but few established non-modifiable risk factors have been previously
identified [6, 11-14]. Poor diet has been found to be associated with many
different types of cancers, inverse associations with intake of fruit and
vegetables, fish, and whole grains have been found, while red and processes
meat is believed to increase the risk [15, 16]. However, the literature regarding
the association between diet and multiple myeloma is scarce and inconclusive
[17-23].

There is a gap in the literature with regards to preventable risk factors for
multiple myeloma and its precursor condition, MGUS. This thesis focuses on
lifestyle related factors, with emphasis on obesity and diet, and risk of MGUS and
progression to multiple myeloma and other related diseases. Understanding the
etiology of these diseases, especially identifying possible modifiable risk factors,
could have a major public health impact.



Marianna bérdardaottir

1.1 Multiple myeloma

Multiple myeloma is a chronic B-cell disorder characterized by a monoclonal
proliferation of plasma cells (white blood cells) in the bone marrow, which often
results in low blood counts, renal failure, and bone loss [24]. The disease affects
most commonly locations of active bone marrow in adults such as the bones of
the spine, pelvis, rib cage, skull, shoulders, and hips [2].

Each type of plasma cell makes a different type of antibody that are a part of
the immune system and play a role in fighting infections. In multiple myeloma a
plasma cell becomes abnormal and starts to make a copy of itself. The
proliferation of the plasma cell results in overproduction of monoclonal
immunoglobulins (lg), known as M-proteins, that can be detected on serum
protein electrophoresis (SPEP). Each type of M-protein consists of pairs of heavy
chain (IgG, IgA, IgM, IgE, or IgD) and light chain (kappa or lambda) (Figure 1)
[24, 25].

_

Light chain — kappa, lambda Light chain —kappa, lambda

Heavy chains—G, A, M, E, D

Figure 1 Immunoglobulin

The clinical sighs and symptoms of multiple myeloma patients are usually
caused by the monoclonal products or by direct tumor growth, but approximately
14% of all multiple myeloma patients are asymptomatic at diagnosis [26] . Bone
pain is the most common symptom in patients, anemia is present in about 70-
80% of patients, renal failure in about 50%, and hypercalcemia occurs in about
one fourth of patients [3, 27].



Introduction

The diagnostic criteria for multiple myeloma are:

210% clonal plasma cells in the bone marrow or biopsy-proven
plasmacytoma.
Evidence of end organ damage, specifically:

Hypercalcemia
Renal insufficiency
Anemia

Bone lesions

Any one or more of the following biomarkers of malignancy:

¢ Clonal bone marrow plasma cell percentage 260%
e Serum free light chain (FLC) ratio 2100
e >1 focal lesions on MRI [24].

Smoldering multiple myeloma (asymptomatic multiple myeloma) is an
intermediate stage between MGUS and active multiple myeloma and the
diagnostic criteria are (both criteria must be met):

Serum monoclonal protein = 30 g/L and/or clonal plasma cells 10-60%.
Absence of myeloma defining events (end organ damage and biomarkers
of malignancy as described above) or amyloidosis [24].

1.1.1 Incidence

Multiple myeloma is a disease of the elderly, with a median age at diagnosis at
70-71 years, and is only occasionally diagnosed in patients below 40 years of
age [5, 28]. The incidence of multiple myeloma is higher in men than in women
[5, 28], and it is more common in individuals of African descent compared to
other races [5, 6]. According to Global Cancer Statistics 2018 the worldwide age-
standardized incidence of multiple myeloma was 2.1 per 100.000 and 1.4 per
100.000 for men and women, respectively [29]. In 2016, the age-standardized
incidence of multiple myeloma in Iceland was 4.3 per 100,000 for men and 3.6
per 100,000 for women (Figure 2), similar to that of other Nordic countries [4, 30].
The reason for the low worldwide incidence when compared to the Nordic
countries is because there is a great geographical difference with regards to
cancer incidence. The worldwide incidence includes less developed countries
that tend to have lower cancer incidence, therefore pulling down the worldwide
incidence. The reason behind it lies most likely in lower surveillance and poorer
detection methods, although a difference in risk factor distribution cannot be
ruled out [29].



Marianna bérdardaottir

Per 100,000

1960 1970 1980 1990 2000 2010

Year of diagnosis

Figure 2 Age-standardized incidence per 100.000 of multiple myeloma in Iceland from
1955-2016 [30]

1.1.2 Survival

In the past decade survival rates have improved drastically. Based on the
Surveillance, Epidemiology, and End Results (SEER) data, 5-year relative
survival rates in multiple myeloma improved from 27% for the 1987-1989 period
to 49% for the 2005-2011 period [31]. A European multi-center study found that
relative survival increased from 30% to 40% between 1997-1999 and 2006-2008
[32]. Additionally, results from a study on the Swedish population, including
21,502 multiple myeloma patients over 40-year period confirms these results
[33]. The most likely explanation for this increase in survival is changes in
treatments with introduction of major therapeutic agents and procedures. In the
recent decade, the effect of these new agents explains possibly most of the
increase in survival, as they were introduced in 1999-2000 [28, 34]. In the
subsequent years, they were used frequently as first-line treatment of multiple
myeloma [33].

1.1.3 Risk factors

Multiple myeloma is a multifactorial disease with variety of risk factors that span
numerous life events, some with many controversies. The most established risk
factors include age, sex, racial disparities, and personal or family history of
related diseases [5, 6, 12-14, 25, 29]. The prevalence of multiple myeloma
increases with age [25]. The median age of patients at diagnosis is
approximately 70 years with 37% of patients being younger than 65 years [25],
and studies have shown that men are at 1.5 times higher risk of being affected
than women [5, 29].

Striking differences in incidence of multiple myeloma between races has been
observed [6, 35]. Waxman et al. evaluated the difference in incidence of multiple
myeloma among African and European Americans in a cohort of 35.000
myeloma patients, using the SEER registries. They found the incidence of
multiple myeloma to be 11 per 100,000 and 4.9 per 100,000 in African and
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European Americans, respectively [6], suggesting underlying biological or socio-
demographical differences among the two races.

Several studies have reported an increased risk of developing multiple
myeloma among persons with a first-degree family history of multiple myeloma
[12-14]. In a review of the epidemiological literature of multiple myeloma by
Alexander et al. from 2007 it was reported that the approximate range of
observed associations was 1.5-5.0 in positive family history of multiple myeloma
or related diseases in first degree relatives [12]. These results were confirmed in
a population-based study from 2009 on 37,838 first degree relatives of 13,896
patients with multiple myeloma in Sweden [13] and in a pooled analysis
performed by the International Multiple Myeloma Consortium [14].

Several lifestyle factors have been analyzed in association with multiple
myeloma. Overweight and obesity have consistently been found to increase the
risk of multiple myeloma [10, 36-40], but, physical activity and smoking on the
other hand have not been found to be associated with multiple myeloma [41, 42].
Furthermore, there are indications that certain dietary factors might be
associated with multiple myeloma, however, the literature is scarce and
inconclusive [17-23].

A systematic review and meta-analysis from 2015 reported results on
occupational risk factors for multiple myeloma [43]. Several occupations seem to
be associated with increased risk of multiple myeloma, mostly occupations where
exposure to pesticides (farmers), metal and minerals (fire fighters), and other
chemicals (hairdressers and painters) is high [43]. Additionally, the herbicide
Agent Orange, used in warfare in the Vietham War, has been found to increase
risk of four B-cell lymphoid malignant neoplasms, including multiple myeloma
[44], most likely through increased risk of MGUS [45, 46].

Other, less established, risk factors include presence of other diseases, such
as infectious, metabolic, and autoimmune diseases, although with inconclusive
results [43, 47], and genetic studies have reported findings on promoter
methylation in the P15INK4b and P16INK4a genes and increased risk of multiple
myeloma [48].

1.2 Monoclonal gammopathy of undetermined significance

All cases of multiple myeloma are preceded by MGUS, a premalignant
asymptomatic condition characterized by the presence of an M-protein in serum
without evidence of multiple myeloma or other lymphoproliferative diseases [8,
24]. Smoldering multiple myeloma is an intermediate stage between MGUS and
active multiple myeloma, but is distinguished from MGUS by a much higher risk
of progression to multiple myeloma [2, 24]. MGUS, smoldering multiple myeloma,
and multiple myeloma are therefore a spectrum of the same disease process.
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MGUS is the most common plasma cell disorder [2] and the term was first
introduced over 40 years ago, when it was already realized that patients with
benign monoclonal gammopathy were at risk of developing symptomatic multiple
myeloma, Waldenstrém’s macroglobulinemia, or other related disorders during
long-term follow-up [49-51]. MGUS is asymptomatic and is usually discovered by
chance during work-up of other clinical disorders and symptoms [51]. It is defined
as by an elevated M-protein concentration (<30 g/L), fewer than 10% monoclonal
plasma cells in the bone marrow, and absence of hypercalcemia, renal
insufficiency, anemia, or bone lesions, and no evidence of other B-cell
proliferative diseases [52, 53].

MGUS is commonly divided into 3 groups; Non-IgM MGUS, IgM MGUS, and
light chain MGUS (LC-MGUS), based on the symptomatic diseases these
precursor conditions progress to. Non-IgM MGUS is a precursor condition of
multiple myeloma, IgM MGUS of Waldenstrom’s macroglobulinemia, and in rare
cases IgM multiple myeloma, and LC-MGUS of light chain multiple myeloma and
amyloidosis [24]. LC-MGUS is defined as the presence of an abnormal ratio
between the FLC’s (kappa and lambda), and increased concentration of the
involved light chain, no sign of monoclonal immunoglobulin heavy chain, fewer
than 10% monoclonal plasma cells in the bone marrow, and absence of end-
organ damage [54].

1.2.1 Prevalence

The prevalence of MGUS increases with age and is reported to be found in
approximately 5-10% of those older than 70 years (Figure 3) [11]. For LC-MGUS
the prevalence has been estimated to be between 0.7% and 0.8% [54, 55]. In a
population-based study conducted in Olmsted County, Minnesota, MGUS was
assessed in all residents (N=21,463) 50 years and older. The prevalence of
MGUS was found to be 3.2% in the total population, 5.3% in those older than 70
years and was up to 7.5% in those older than 85 years [11].

1.2.2 Progression and survival

The rate of progression from MGUS to multiple myeloma and related diseases
ranges from 0.3-1.5% per year, depending on MGUS subtype [24]. Several
factors influence the rate of progression, such as concentration of the M-protein,
type of M-protein, and presence of a pathological FLC ratio [56-60]. The
progression rate of non-lgM MGUS is 1% per year [52], for IgM MGUS it is 1.5%
[53], and 0.3% for LC-MGUS [54, 61]. This low risk of progression indicates that
the majority of MGUS patients will never develop a lymphoproliferative
malignancy during the life course and most likely die of other causes. Since
MGUS is, by definition, asymptomatic and is most often diagnosed by chance,
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data on survival in MGUS is limited. The studies that have examined survival,
point towards inferior survival in MGUS when compared to the general population
or matched controls [57, 62, 63], and the causes of death span a wide range of
diseases, in most cases diseases that led up to the detection of MGUS [57, 63].

10 +
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Women

Prevalence of MGUS (%)

0 T T T
50 60 70 80 90

Age (years)

Figure 3 Prevalence of MGUS according to age
The | bars represent 95% confidence intervals. Years of
age greater than 90 years has been collapsed to 90
years of age. Reproduced with permission from [11],
copyright Massachusetts Medical Society.

1.2.3 Risk factors

MGUS and multiple myeloma are within the spectrum of the same disease with
similar established risk factors; age, sex, race, and family history. As previously
mentioned MGUS is highly dependent on age [11], and its prevalence increases
rapidly with increasing age (Figure 3). Studies have reported a higher risk of
MGUS in males, with age-adjusted rates of 4.0% for men and 2.7% for women in
the Olmsted county population [11]. Researchers have also found the prevalence
of MGUS to be approximately twice as high in individuals of African descent
when compared to other races, suggesting a genetic predisposition, although a
contributing effect of socioeconomic status cannot be ruled out [64, 65]. Studies
have also suggested the increased risk of multiple myeloma in individuals of
African descent may be a result of in increased risk of MGUS, as the rate of
progression from MGUS to multiple myeloma is similar between races [35].
Additionally, first-degree relatives of people with MGUS are at increased risk
of developing MGUS and other related diseases [66, 67], suggesting a presence
of shared underlying genetic factors, shared environmental influences, or
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interaction between both. Other possible risk factors include obesity, smoking,
chemical exposure, and presence of other diseases, such as hypertension,
diabetes, coronary artery diseases, and autoimmune diseases [45, 47, 68, 69].

1.3 Obesity and diet and monoclonal gammopathies

1.3.1 Obesity

In 2014, it was estimated that 640 million adults and 110 million children and
adolescents were obese, and the estimated age-standardized prevalence of
obesity was 14.9% among women, 10.8% among men, and 5.0% among
children [10, 70]. Overweight and obesity have consistently been recognized as
risk factors for many common cancers [71-73], such as cancers of the colon [73,
74], gastric cardia [75], liver [76], gallbladder [77], pancreas [78], kidney [79], and
for esophageal adenocarcinoma [80]. On the basis of recent estimates, the
obesity-related cancer burden among men and women in North America,
Europe, and the Middle East represents up to 9% of the total cancer burden [10,
81].

Recently, the WHO concluded that there is sufficient evidence for the
association between weight and 13 types of cancers, including multiple myeloma
(Figure 4) [10]. Several large scale studies and meta-analyses have reported a
positive association between BMI and multiple myeloma [36-40]. A meta-analysis
of prospective studies from 2011 reported that a 5 kg/m2 increase in BMI was
associated with 12% increased risk of multiple myeloma incidence [40]. A recent
large scale prospective study on 575 incident multiple myeloma cases over five
million person-years of follow up, examined the association between BMI through
adulthood and risk of multiple myeloma [39]. The risk of multiple myeloma
increased 17% per 5 kg/m2 increase in cumulative average BMI and 28% per 5
kg/m? increase in young adulthood BMI. These studies indicate that BMI both in
early and later adulthood are risk factors for multiple myeloma and that obesity
may be the first recognized modifiable risk factor for multiple myeloma.

Data on the association between obesity and MGUS is limited, and results
inconclusive [65, 68, 69]. A study (N = 1,996) on 60 women with MGUS reported
a significant association between obesity and MGUS [69]. However, a study (N =
12,482) on 365 MGUS patients did not find an association, although the
prevalence tended to be higher with increasing BMI [65]. A recent study by
Boursi et al. aimed to evaluate metabolic risk factors for MGUS and found an
association between obesity, diabetes, and hypertension and MGUS. However,
after adjusting for number of lab tests performed prior to index date, the
association for all these factors attenuated, suggesting a detection bias in
previously reported metabolic risk factors, since the probability of detecting an
asymptomatic condition, like MGUS, is higher among individuals with medical
comorbidities [68].
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Figure 4 Releative risk for the effect of obesity on 13 types of cancer

The effect of obesity on progression from MGUS to multiple myeloma has
recently gained attention. In 2016, Veld et al. assessed abdominal adipose tissue
parameters in patients with MGUS (n = 40) and multiple myeloma (n = 32) [82].
They found that patients with multiple myeloma had higher abdominal fat and
higher fat metabolic activity compared with patients with MGUS, indicating that
these parameters may serve as biomarkers of progression from MGUS to
multiple myeloma. Chang et al. recently investigated the role of obesity in the
progression of MGUS to multiple myeloma, using the US Veterans Health
Administration database [83]. They identified 7,878 MGUS patients, of which 329
progressed to multiple myeloma, over a median follow-up of 68 months. They
found that both overweight (BMI 25.0-29.9 kg/m?) and obesity (BMI = 30 kg/m?)
were associated with an increased risk of progressing from MGUS to multiple
myeloma. Taken together, previous studies suggest that obesity plays a role in
myelomagenesis, most likely by increasing the risk of progressing from MGUS,
rather than increasing MGUS risk.
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The mechanisms through which obesity might influence multiple myeloma,
and possibly MGUS, are not yet established. However, there is a strong evidence
that physiological dysfunction of adipose tissue in individuals with obesity can
promote multiple myeloma pathogenesis [84]. Adipokines are polypeptide
hormones with pro- and anti-inflammatory properties and are secreted by the
adipose tissue. Adiponectin, the most abundant adipokine, is negatively
associated with obesity as circulating levels are lower with increasing obesity [85-
87]. It has been suggested that adiponectin may prevent development of multiple
myeloma by suppressing production of pro-inflammatory cytokines while inducing
other anti-inflammatory cytokines. Thereby, affecting the environment where
myeloma cells are able to thrive by altering pathways that are associated with
survival and proliferation of malignant plasma cells [88-91]. Hofmann et al.
tested, in a prospective study, the association between circulating adiponectin
levels and multiple myeloma risk and found a clear inverse relationship between
circulating adiponectin and myeloma risk. Additionally, when adjusting for
adiponectin in the association between BMI and multiple myeloma the
association was largely attenuated [92].

1.3.2 Diet

Based on current knowledge, it is believed that factors related to energy balance
might account for 10-15% of the cancer burden in the United States, including
dietary factors [93], indicating that by modifying the diet, a good fraction of cancer
incidence can be prevented. The literature regarding the role of diet in the
development of multiple myeloma is scarce and inconclusive, with the strongest
evidence existing for an inverse association with intake of fish. A meta-analysis
by Caini et al. from 2016 [18] on the association between foods of animal origin
and multiple myeloma indicated an inverse association between fish and risk of
multiple myeloma. That is consistent with a 2015 meta-analysis by Wang et al.
[94] that concluded that the highest versus lowest category of fish consumption
was inversely associated with risk of multiple myeloma. Additionally, suggesting
a nonlinear dose-response relationship. Although the heterogeneity was high in
both meta-analyses, the consistency of the preventive effects of fish consumption
adds to the reliability of the results. With regards to other foods of animal origin
Caini et al. reported a non-significant increase in risk for red meat and processed
meat but no association for white meat, cheese, and milk [18]. Although not
significant, the results reinforce the indication of carcinogenic effect of red and
processed meat, as previously suggested [16], and suggest replacing its intake
with consumption of fish.

Several studies have examined the association between consumption of fruit
and vegetables and risk of multiple myeloma, with inconclusive results. Few
case-control studies have reported an inverse association with total vegetable
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consumption [95], green vegetables [22], cruciferous vegetables [17, 20], and
tomatoes [20] while reporting no association for other subtypes of vegetables.
However, a recent systematic review and meta-analysis of prospective studies
concluded, based on three eligible studies, that the risk of vegetable
consumption on multiple myeloma pointed towards a null association, also for
vegetable subgroups [21]. Few case-control studies have examined the
association between fruit intake and risk of multiple myeloma, reporting no
association [17, 20, 22]. That is consistent with Sergentanis et al. that reported
no association for fruits or subtypes of fruit in a systematic review and meta-
analysis of prospective studies [21].

Chatenoud et al. analyzed the association between whole grain intake and
multiple types of cancer in a case-control study and found, based on 120 cases
of multiple myeloma, that the highest tertile of intake was not associated with risk
of multiple myeloma when compared to the lowest tertile of intake. But, when
analyzing the association stratified by gender, the association was significant for
women but not for men [19].

Taken together, the current literature on the association between diet and
multiple myeloma is limited and inconclusive for most types of food, therefore the
role of diet in multiple myeloma is unclear. Current studies indicate an inverse
association with intake of fish and positive association with intake of red and
processed meat. No studies to date have analyzed the role of diet in MGUS or on
MGUS progression.

The identified inverse association between fish intake and risk of multiple
myeloma does have a biological plausibility. Certain types of fish are rich in
Omega-3 essential fatty acids, including eicosapentaenoic acid and
docosahexaenoic acid, which have been reported to inhibit the growth of
myeloma cells [94, 96], and vitamin D is believed to have an effect on cell cycle
arrest and regulation of cellular apoptosis, and therefore inhibiting myeloma cell
growth [94, 97, 98].

The possible mechanism linking red and processed meat and multiple
myeloma is unclear, and the mechanistic evidence is mainly available for cancers
of the digestive tract, where the strongest association with red and processed
meat has been found [16]. The evidence suggest an effect of oxidative stress
and genotoxicity caused by multiple meat components and meat processing and
cooking, such as haeme iron, N-nitroso-compounds, and heterocyclic and
polycyclic aromatic hydrocarbons [16].

1.3.3 Dietary pattern

Diet is a complex exposure variable. Most studies to date use foods or nutrient
intake as exposure when analyzing the association between diet and different
health outcomes, although, in recent decades a greater emphasis has been put

11



Marianna bérdardaottir

on the use of dietary patterns as an alternative and complementary approach
[99, 100]. Using dietary patterns to represent combined effects of foods or
nutrients consumed in a person’s diet addresses the challenge of differentiating
between correlated foods or nutrients that confound each other [99].

Statistical methods are usually used to derive dietary patterns from collected
dietary data. Four methods have been described in the literature, both theoretical
and empirical driven methods [99-101]. A priori indices is a theoretical driven
method that is usually based on interpretation of the literature relating diet to
health, and the patterns are constructed from dietary recommendation or
guidelines [99, 100]. An example is the Healthy Eating Index that was created to
measure adherence to the Dietary Guidelines in the United States [102] and the
Mediterranean dietary index first described in a survival study of Greek women
[103]. Factor analysis, cluster analysis, and reduced rank regression are
examples of empirically driven methods. Factor analysis uses standard
multivariate statistical method, most commonly principal component analysis
(PCA), to define dietary patterns using dietary information usually collected from
food frequency questionnaires (FFQ) or dietary records. PCA aggregates food
items or food groups based on which foods tend to be consumed or avoided by
the same person. Each individual in the dataset gets a score for each pattern
derived based on adherence to the pattern, each pattern can then be used as a
continuous exposure variable when analyzing the association with the outcome
of interest [99, 100]. Cluster analysis also uses multivariate statistical methods
but is different from factor analysis as it creates clusters of individuals with
relatively similar diets and creates a single categorical exposure variable. The
clusters need to be analyzed by comparing dietary profiles across clusters for
interpretation of dietary patterns [99, 100]. Reduced rank regression is the most
recent method used in nutritional epidemiology [104]. It is similar to that of factor
analysis as it uses multivariate statistical model to create a number of continuous
factors but is different in the sense that it connects one set of variables, such as
dietary data, with another set of variables, such as a set of nutrients or
biomarkers that can be linked to a disease of interest. By doing so, this method
offers a biological basis for the dietary pattern, and provides a stronger evidence
for a causal effect of the pattern than the factor analysis does [99].

To date, no studies using dietary patterns as exposure, have been conducted
on the association between diet and multiple myeloma and only one on other
hematologic cancers [105]. However, this method has been used in studies on
other types of cancer, such as breast, prostate, colorectal, and gastric cancer
[106-110]. The most common method used is the a priori indices to identify
adherence to the Mediterranean dietary pattern and factor analysis (PCA).
Studies on western populations most often identify two patterns when using
factor analysis, often described as the Prudent or Healthy dietary pattern and
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Western dietary pattern [99]. The first pattern is usually characterized by greater
intake of fruit and vegetables, whole grains, and fish, and the second by greater
intake of red and processed meat, high fat dairy, potatoes, and white bread [99].
Although the patterns are not identical between studies on different population,
results are consistent in describing a favorable role of the Prudent/Healthy
pattern and unfavorable role of the Western pattern [106, 108, 109, 111].

Although valuable, studying single or few foods or nutrients has several
limitations, both theoretical and methodological. A review from 2002 discussed
the advantages and disadvantages of using dietary patterns as exposures in
dietary studies and the limitations associated with single food or nutrient studies
[100]. The major limitations are that some types of foods are highly correlated,
making it difficult to examine their effects separately. People do not eat isolated
foods or nutrients, but meals that contain variety of foods with complex nutrient
combinations that interact and sometimes the effect of the food or nutrient is so
small that it is not detected, but can be detected as a cumulative effect of multiple
foods or nutrients in a pattern [100]. Using dietary patterns offers a different
approach and addresses most of these limitations as they describe the way
foods are actually combined in free-living people [99].

Studying diet as an exposure is complex and calls for additional approaches,
such as dietary patterns. However, dietary pattern analysis cannot replace single
food or nutrient analysis but can serves as complementary approach when
examining the association between diet and diseases.

1.4 Study motivation

There is a gap in the literature with regards to modifiable risk factors for MGUS
and multiple myeloma. In recent years, obesity has been described as a risk
factor of multiple myeloma, but whether it is due to increased risk of MGUS or if it
affects MGUS progression or both remains unclear. Studies on diet and risk of
multiple myeloma are limited and inconsistent and to date no studies have been
conducted on risk on MGUS or MGUS progression. The Icelandic Heart
Association (IHA) started a population-based cohort study (the Reykjavik Study)
in 1967 with the aim of examining risk factors for cardiovascular diseases. All
men and women residing in the Reykjavik metropolitan area in 1966 and born
during the years of 1907-1935 were invited to participate (N = 30,795). In 2002,
the IHA initiated a continuation of the Reykjavik Study called the Age,
Gene/Environment Susceptibility-Reykjavik Study (AGES-Reykjavik Study). The
AGES-Reykjavik Study participants had extensive examination, such as
anthropometric assessments, computed tomography (CT), bioelectrical
impedance analysis, blood draw, and they answered a detailed lifestyle related
questionnaire including an FFQ on dietary habits across the lifespan. The IHA
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data offered the possibility to screen the whole AGES-Reykjavik Study cohort for
MGUS and it provided a solid base to study the association between lifestyle
related factors such as diet and obesity and MGUS. Furthermore, by linking the
AGES-Reykjavik Study data to the nationwide cancer registry opened the
opportunity to additionally analyze the association between obesity and diet and
progression from MGUS to multiple myeloma and other related diseases.
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2 Aims

The overarched aim of this thesis was to explore the associations between
obesity and diet across the life course and MGUS and LC-MGUS using data from
the population-based AGES-Reykjavik Study. Our aim was also to analyze
whether these factors were associated with progression from MGUS or LC-
MGUS to multiple myeloma and other lymphoproliferative diseases.

2.1 Study |

The aim of study | was to analyze the association between 11 different obesity
assessments and MGUS and LC-MGUS. Secondly, our aim was to analyze
whether the same assessments were risk factors for progression from MGUS or
LC-MGUS to multiple myeloma and other lymphoproliferative diseases.

2.2 Study I

The aim of study Il was to analyze the association between diet throughout the
lifespan and MGUS and LC-MGUS. Secondly, our aim was to analyze whether
diet was a risk factor for progression from MGUS or LC-MGUS to multiple
myeloma and other lymphoproliferative diseases.

2.3 Study Il

The aim of study Il was to analyze whether adherence to empirically derived
dietary patterns from the adolescent period (14-19 years) was associated with
risk of MGUS or LC-MGUS later in life.
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3 Materials and methods

3.1 Study population

The AGES-Reykjavik Study is a continuation of the prospective population-based
Reykjavik Study [112-114]. The Reykjavik Study originally comprised a sample of
30,795 men and women (mean age 52.1 years and 53.3 years, respectively)
residing in the Reykjavik metropolitan area. The study was initiated in 1967,
when all residents, born between 1907 and 1935 were invited to participate in the
study with the objective of examining risk factors for cardiovascular diseases.
Approximately 19,000 of the invited participants consented to participate during
the years 1967-1996 [112-114]. The AGES-Reykjavik Study was initiated in
March 2002. One of its main objectives was to explore how genetic, behavioral,
and environmental risk factors are associated with complex traits and diseases
that manifest late in life. Of the 11,549 Reykjavik Study cohort members still
alive, 8,030 individuals were randomly chosen to take part in the study. By
February 2006, when the study ended, 5,764 (71.8%) had participated [112].

3.2 AGES-Reykjavik Study data collection

The AGES-Reykjavik Study examinations were performed during three clinic
visits within 4- to 6-week time window [112]. The first clinic visit included a blood
pressure measurement, blood draw, electrocardiography, anthropometry,
measures of physical and cognitive function, and an extensive questionnaire
including questions on health history, lifestyle, medication history, and an FFQ
from three different periods; adolescence, midlife, and late life. The second
examination day included imaging protocols using magnetic resonance imaging,
CT scans, and ultrasound instrumentation, and the third day included vision
screening, a hearing test, and dementia assessment [112].

3.2.1 Obesity assessment — Study |

Physique was assessed during the first clinic visit and for this paper, 11 different
measures of obesity were included. From the AGES-Reykjavik Study baseline,
we included weight (kg), height (m), BMI (kg/m?), percent body fat (%), fat (kg),
total body fat (cm?), visceral fat (cm?), subcutaneous fat (cm?), and two separate
assessments of abdominal circumference (cm). For this study self-reported
lifetime maximum weight (assessed at AGES-Reykjavik Study baseline) and
measured BMI (kg/m?) from midlife, obtained from the Reykjavik Study data, was
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additionally included. Weight and height were measured multiple times and a
mean number found. Percent body fat and fat in kg were calculated from
bioelectric impedance (BIA). CT imaging of the abdomen at the level of L4/L5
vertebrae was performed to assess visceral fat area, subcutaneous fat area, total
body fat area, and abdominal circumference [112]. Abdominal circumference was
additionally measured multiple times in a conventional way [115] and a mean
number found. Midlife BMI was calculated from weight and height measured at
Reykjavik Study entry.

BMI is the most commonly used method to assess obesity in epidemiological
studies as it is relatively easy to measure in large populations [116]. However,
BMI is often criticized as it does not distinguish between fat and lean mass and it
is often discussed that it should be either substituted or supplemented with other
more precise measures of body composition and fat distribution. Nevertheless,
studies have shown that BMI highly correlates with other measures such as waist
circumference, skinfold measures, BIA, and CT [116-118], suggesting that BMI
can be just as good at predicting some outcomes [116, 117]. BIA is also an
accessible and cost-efficient method to assess obesity, but offers a more detailed
information on body composition than the BMI does, and correlates well with
waist circumference [119, 120]. It estimates the whole body fat content but
cannot distinguish the fat distribution; visceral fat or subcutaneous fat. However,
it has been shown to be somewhat correlated with imaging techniques such as
CT [118, 121, 122]. CT measures offer greater precision for analysis of fat
distribution, although at greater financial cost, and it is currently the gold standard
for assessment of intra-abdominal adipose tissue. [116, 118, 123]. Although
highly correlated with BMI, studies that need more accuracy and precision in fat
distribution, such as studies on cardiovascular and metabolic outcomes, benefit
greatly from CT measures [118]. For the most precise and accurate assessment
of the effect of obesity on MGUS and progression all the above-mentioned
measures were used for study |I.

3.2.2 Dietary assessment — Study Il and IlI

At AGES-Reykjavik Study entry, the participants provided retrospective
information on dietary habits during adolescence (14-19 years old) and midlife
(40-50 years old), as well as information on current dietary habits using an FFQ.
The FFQ included a total of 63 questions, 16 from the adolescent period, 17 from
the midlife period, and 30 from the late life period. The questions represented
common food and food groups from these periods such as fish (total fish intake,
fish in salad or as topping, and salted or smoked fish intake), fish oil, meat (total
meat intake and salted or smoked meat), milk and milk products, fruit,
vegetables, rye bread and flatbread, blood or liver sausage, oatmeal and muesli,
potatoes, and whole wheat bread. There were additional questions on for
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example cake, cookies, pastry, and candy in the late life questionnaire, but in the
current studies we only used foods and food groups that were included in the
questionnaire from all three life stages, except for whole wheat bread (midlife and
late life only) as it was relatively uncommon in Iceland until the middle of the 20™
century [124].

The participants reported frequency of intake during each time period
using the following response categories for fish, fish in salad or as topping on
bread, meat, milk and milk products, fruit, vegetables, rye bread and flatbread,
blood or liver sausage, oatmeal and muesli, potatoes, and whole wheat bread:
never, less than once a week, 1-2 times a week, 3-4 times a week, 5-6 times a
week, daily, and more than once a day. For fish oil the categories were the same
except for the last option: more than once a day. The categories for salted or
smoked meat and salted or smoked fish were: never, less than once a month, 1-
3 times a month, 1-2 times a week, 3-6 times a week, and daily or more often.

The FFQ included three questions on fish consumption; fish as a main
meal (including salted or smoked fish), fish in salad or as topping on bread, and
salted or smoked fish. Weekly intake of fish as a main meal and fish in salad or
as topping on bread was converted into total fish portions per week. The weekly
intake of these foods was converted to daily intake. Never was converted to zero
per day, less than once a week to 0.07 per day, 1-2 times per week to 0.21 per
day, 3-4 times per week to 0.5 per day, 5-6 times per week to 0.79 per day, daily
to once per day, and more than once a day to 1.5 per day. Based on an average
portion in a nationwide survey [125] a standard portion of fish was estimated to
be 150 g and for fish in salad or as topping on bread it was 40 g, the number of
portions of fish in salad or as topping of a fish meal was therefore calculated as
0.27 (40/150). The daily estimate of fish in salad or as topping on bread was
therefore multiplied with 0.27 and computed with the daily estimated intake of fish
meals. The total outcome was multiplied with seven to get total portions per week
[126].

Assessing the validity of a questionnaire is essential before studying the
relationship between diet and health-related outcomes. The AGES FFQ has
been validated for midlife and late life periods [127, 128], whereas the adolescent
intake cannot be directly validated as there are no available data on individual
food intake from this period in the participant's lives. However, there is a
household survey on average intake from 1939 that shows similar distribution of
intake according to residence in rural and coastal fishing areas as found in the
present study [129, 130].

For validation of midlife diet, dietary data from the 1990 Icelandic National
Dietary Survey was used. A total of 174 survey participants who completed the
midlife AGES FFQ had also completed the national survey in 1990 and the
validity was then assessed by comparing answers of the FFQ to dietary data
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from the national survey [127]. For men, all questions were found acceptable (p
<0.05) to rank individuals according to intake (r = 0.26-0.53) except fruit (r =
0.18), rye bread and flat bread (r = 0.15), and vegetables (r = 0.15). For women,
all questions, except question on rye bread and flat bread (r = 0.07), whole wheat
bread (r = 0.05), and vegetables (r = 0.08), were found acceptable to rank
individuals according to intake (r = 0.21-0.56). Validation of intake of fish in a
salad or as topping on bread, salted or smoked meat, and salted or smoked fish
could not be assessed since as information from the two methods could not be
compared [127].

For current dietary habits a subsample (n = 128) of participants in a study
focusing on the effects of training and food supplements on various health-
related factors was used [131]. The subjects were healthy individuals aged 65
years and older. Participants answered the AGES FFQ and subsequently filled
out a 3-day weighed food record within 2 weeks. The validity was assessed by
comparing the answers of the FFQ to the weighed food records [128]. For men,
guestions on potatoes, fruit, vegetables, oatmeal and muesli, milk, and fish oil
were found suitable to rank individuals according to intake (r = 0.33-0.51) but
guestions on meat meal, fish meal, fish in salad or as topping on bread, blood or
liver sausage, rye bread and flat bread, and whole wheat bread were not found to
be correlated to the reference method (r = 0.05-0.23). For women, all questions
were found acceptable to rank individuals according to intake (r = 0.28-0.48),
except for meat (r = 0.11), fish meal (r = -0.02), and potatoes (r = 0.01). The
validity of intake of salted or smoked meat and salted or smoked fish could not
be assessed since methods could not be compared [128].

3.2.3 Extraction of dietary patterns — Study Il

For study lll, PCA was used to extract dietary patterns from the adolescent FFQ.
This empirically derived method identifies dietary variables (patterns), based on
foods that tend to be commonly consumed (or avoided) together by the same
person [99, 132]. New linear factors (patterns) are made, and a score for each
pattern for every person in the dataset is calculated by assigning weights to their
frequency of use of each food [99]. The score calculated for each person
indicates his or her adherence to the pattern, and the higher the adherence, the
more closely the person’s diet conforms to that particular pattern. The correlation
coefficients defining the dietary pattern are called factor loadings and represent
the correlation between each input variable (foods or food groups) and the
extracted dietary pattern. A positive factor loading indicates that the
corresponding foods or food groups are positively correlated with the dietary
pattern, whereas negative factor loadings indicate an inverse correlation. The
number of patterns generated in a dataset can vary. The first pattern explains the
greatest between-person variation and then the variation diminishes rapidly in the
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next patterns. Usually only two or three patterns provide groupings that have
intuitive meaning [99].

For our study the number of patterns to retain was based on interpretability of
the eigenvalues and the scree plot. The eigenvalues represent the amount of
variation each pattern accounts for and if a pattern has a low eigenvalue, then it
contributes little to the explanation of variances and has little intuitive meaning.
The scree plot plots the eigenvalues for each pattern, and often one or more
breaks in the plots are identified and used as indicator for how many patterns
should be retained.

A total of 13 patterns emerged. Four patterns had an eigenvalue greater than
one; the first had an eigenvalue of 2.5, the second had 1.8, the third had 1.15,
and the fourth had 1.09. A clear break in the scree plot was noticed after the
second pattern and therefore the first two patterns were retained. Table 1 shows
the two extracted patterns, including the factor loading coefficient between the
foods and the extracted pattern. The first pattern was characterized by high
consumption of salted or smoked meat, salted or smoked fish, blood or liver
sausage, rye bread, milk and milk products, oatmeal, and potatoes. This type of
diet was common during the early 20" century, particularly in the rural areas of
Iceland, therefore the pattern was labelled “Traditional early 20" century diet”.
The second pattern was characterized by high intake of fruit, vegetables, and fish
on bread or in salad and was thus labelled “Healthy diet” (Table 1).

Table 1 Factor loading coefficients between the food groups and the extracted
patterns

Dietary pattern Food Factor loading Cumulative variance
coefficient explained (%)
Traditional early 20™" century diet ~ Salted/smoked meat 0.78 19
Salted/smoked fish 0.73
Blood sausage/liver sausage 0.59
Rye bread 0.47
Milk & milk products 0.42
Oatmeal 0.35
Potatoes 0.30
Healthy diet Fruit 0.77 33
Vegetables 0.76
Fish on bread or in salad 0.64

Factor loadings are correlation coefficients between input variables (foods) and the extracted
patterns. Food groups are sorted by size of loading coefficients. For simplicity food groups with
factor loadings between 0.30 and -0.30 are not listed.

3.3 Outcome ascertainment and follow-up

MGUS cases were identified during the years of 2013-2014 using a conventional
agarose-gel SPEP. A 0.5 mL serum sample, collected at AGES-Reykjavik Study
entry (2002-2006), was shipped to the Multiple Myeloma Research Laboratory at
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the National Cancer Institute in the United States, where protein assays were
performed. Samples with an equivocal or definite M-protein present on SPEP
were then subjected to serum protein immunofixation for confirmation and typing
of the M-protein [11]. MGUS cases were defined as having M-protein bands
visible on SPEP and an M-protein concentration below 30 g/L [52]. To identify
LC-MGUS cases, serum FLC assay was performed on all samples [59]. The
criteria for LC-MGUS was having no M-protein band visible on SPEP, a
pathological FLC ratio (<0.26 or >1.65) in combination with an increased
concentration of the light chain involved (f-kappa >19.4 mg/L and f-lambda >26.3
mg/L) [133].

Cases of multiple myeloma and other lymphoproliferative diseases (Hodgkin’s
and non-Hodgkin’s lymphoma, Waldenstrém’s macroglobulinemia, lymphoid
leukemia, chronic lymphocytic leukemia, and acute lymphoblastic leukemia) were
found through linkage with the nationwide Icelandic Cancer Registry. The registry
has very high diagnostic accuracy and completeness (99%) and is in accordance
with internationally accepted standards [134]. The participants were followed
from AGES-Reykjavik Study entry date (March 2002-February 2006) to March
2014.

3.4 Other covariates

Information on potential confounders were retrieved both from the AGES-
Reykjavik Study and the Reykjavik Study. From the AGES-Reykjavik Study we
retrieved information on age, sex, lifetime (20-65 years old) physical activity
(never/rarely/occasionally, moderate/high), and education (primary/secondary,
college, university). Information on midlife BMI and early life residency (capital
area, sea-side village, rural area, combination of sea-side village and rural area)
was retrieved from the Reykjavik Study. Classification of early life residency has
been previously published [130].

3.5 Exclusion from analysis

A total of 5,764 individuals were enrolled in the AGES-Reykjavik Study during the
years of 2002-2006. We excluded 40 (0.7%) individuals from analysis in our
study, 21 due to previous lymphoproliferative diseases, 16 due to missing blood
sample, one had a missing consent form, and one had an M-protein
concentration above the limit for MGUS and therefore fulfilling the criteria for
smoldering multiple myeloma. One individual was excluded from the progression
analysis in paper | and Il due to zero follow-up days.
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3.6 Statistical analysis

3.6.1 Study |

Logistic regression was used to estimate the association between the 11 obesity
markers and MGUS and LC-MGUS and the results presented as odds ratios
(OR) with 95% confidence interval (95% CI). Analysis was performed for both
MGUS and LC-MGUS and adjustment was made for age and sex in a
multivariable analysis. We additionally adjusted for height in models were height
is not considered in the exposure variable, such as weight, waist circumference,
and CT measures. As height did not affect the estimates it was not included in
the final models.

The association between history of obesity from midlife to late life (AGES-
Reykjavik Study entry) and MGUS and LC-MGUS was additionally tested by
cross-classifying individuals according to their BMI status from these two time
points. Individuals with low midlife BMI (<25 kg/mz) and low BMI in late life were
the reference group for increase in BMI, decrease in BMI, and high BMI (=
30kg/m®) at both these time points. Logistic regression, using the cross-
classification of BMI as exposure, was performed, adjusting for age and sex.

Cox proportional-hazard regression was used to test whether the obesity
markers were risk factors for progression from MGUS or LC-MGUS to multiple
myeloma and other lymphoproliferative diseases and results presented as
hazard ratios (HR) with 95% CI’s. Adjustment was made for age and sex.

All statistical analysis were performed in R version 3.1.2 [135].

3.6.2 Study ll

We used logistic regression to test the association between 12 foods or food
groups from the adolescent period and 13 from the midlife period and MGUS and
LC-MGUS. Results are presented as OR’s with 95% Cl’s. For each type of food
or food group, participants were grouped according to their frequency of intake or
portions per week (total fish consumption only). Each type of food or food group
was analyzed in an age and sex adjusted model (Model 1) and additionally in a
fully adjusted model where all the foods and food groups were simultaneously
added to the model, including age and sex (Model 2). An additional adjustment
was made for physical activity and midlife BMI, but since the adjustment did not
affect our results, they were not included in the final models of the study.

We additionally cross-classified the adolescent and midlife intake by
combining individuals with low intake at both time points and used them as a
reference group for increase in intake, decrease in intake, and constant high
intake during these two time points. We then used logistic regression to test the
association between the cross-classified categories of intake and MGUS and LC-
MGUS combined. In these models we adjusted for age and sex.
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Cox proportional hazard regression was used to test whether late life diet was
a risk factor for progression from MGUS or LC-MGUS to multiple myeloma or
other lymphoproliferative diseases. Due to few cases of multiple myeloma, we
analyzed MGUS and LC-MGUS together. Results are presented as HR’s with
95% ClI's. All models were adjusted for sex and age. We further adjusted our
models for BMI and physical activity and we tested the association in a model
where all the foods were simultaneously added to one model. Due to few
numbers of cases and therefore low statistical power, and no effect on results,
these analyses were not included in the study. All analysis were performed in R
version 3.3.3 [135].

3.6.3 Study Il

PCA was used to identify dietary patterns. Eigenvalues and scree plot were used
to determine how many dietary patterns to extract, as described in chapter 3.2.3.
After creating linear variables for the extracted dietary patterns, that represent
each subjects’ adherence to each pattern, we divided the patterns into tertiles.
Logistic regression was used to test the association between the mid and highest
tertile of adherence and MGUS and LC-MGUS, using the lowest tertile as a
reference. We also tested for linear trends by converting the tertiles of adherence
into an ordered variable. The results are presented as OR’s with 95% ClI’s and p-
value for trend. Adjustment was made for age, sex, lifetime physical activity (20-
65 years), education, residency, and midlife BMI.
All analysis were performed in R version 3.4.0 [135].

3.7 Sensitivity analysis

We found the prevalence of LC-MGUS to be substantially higher in our cohort
(4.8%) than previously reported (0.8-0.9%) [54, 55], with an unusual excess of
kappa-restricted cases (96%). Although we have an aged population (mean age
77 years), the difference is substantial. To address this discrepancy, and perhaps
a possible over-diagnosis, we evaluated the effect of using a different cut-off for
the involved light-chains. We found that the distribution of log-transformed kappa
and lambda resembled the normal distribution and we therefore moved the cut-
off to the 97.5" percentile. As the 97.5" percentile was at 40 mg/L for both
kappa and lambda (was before 19.4 mg/L and 26.3 mg/L, respectively) we
modified the definition accordingly, although using the same pathological FLC
ratio of <0.26 and >1.65 as previously published [133]. We then performed an
additional sensitivity analysis on the associations between obesity, diet, and
dietary pattern and LC-MGUS in papers |, Il, and lll, using the same statistical
methods and by including the same covariates as described above.
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4 Results and discussion

A total of 5,764 participated in the AGES-Reykjavik Study during the years of
2002-2006, thereof 5,725 were included in our analysis (Figure 5), 3,306 (58%)
individuals were women and 2,419 were men. The mean age was 77 years
(range 66-98). MGUS was identified in 300 (5.2%) subjects, of which 159
(53.0%) were of subtype IgG, 81 (27.0%) were IgM, 27 (9.0%) were IgA, 1
(0.3%) was IgD, and 32 (10.7%) were biclonal. LC-MGUS was identified in 275
(4.8%) subjects, of which 96% were kappa cases. Using the modified definition of
LC-MGUS resulted in 52 cases (0.9%), of which 79% were kappa cases. As
previous studies have reported [11], we found the prevalence of MGUS to
increase with age, it was 5.4% in those older than 70 years old and 7.9% in those
older than 85 years old (Table 2). We also found that men were more likely
affected than women (Table 2).

AGES Study

population
N = 5,764

Excluded [ ¥
n=39
Available for
analysis
N =5,725
Sensitivity analysis

LC-MGUS

LC-MGUS
n=275 n=52

¥ _ . S ¥
LP MM LP MM LP
n=9 n=1 n=2 n=1 n=2
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n=1 ——
MM
n=17

Figure 5 Flowchart of study participants and number of participants affected
by MGUS and progression

By cross linking the AGES-Reykjavik Study cohort to the Icelandic Cancer
Registry we found that 18 participants progressed to multiple myeloma, of which
one from LC-MGUS during a median follow-up of 8 years. Additionally, 11
progressed to other lymphoproliferative diseases (Hodgkin’s, and non-Hodgkin’s
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lymphoma, Waldenstrém's macroglobulinemia, lymphoid leukemia, chronic
lymphocytic leukemia, and acute lymphoblastic leukemia), of which two from LC-
MGUS. Furthermore, the individuals diagnosed as having LC-MGUS and
progressed to multiple myeloma and other related disease were captured with
the modified LC-MGUS definition (Figure 5).

Table 2 Prevalence of MGUS by age and gender

Men Women Total
number/total number (%)
70 years and older  150/2,222 (6.8) 129/2,952 (4.4) 279/5,174 (5.4)
85 years and older  26/256 (10.2) 23/361 (6.4) 49/617 (7.9)
Total 159/2,419 (6.6) 141/3,306 (4.3) 300/5,725 (5.2)

4.1 Obesity and monoclonal gammopathies

4.1.1 Obesity and monoclonal gammopathy of undetermined
significance

In study | we asked the question whether obesity was a risk factor for MGUS or
progression from MGUS to multiple myeloma. We found no association between
the 11 tested obesity markers and MGUS or LC-MGUS (see Table 2 in paper I),
both in our primary analysis and sensitivity analysis, where we used a modified
definition of LC-MGUS. Additionally, by cross-classifying midlife BMI and late life
BMI we aimed to test whether history of obesity was a risk factor for MGUS and
LC-MGUS but found no associations (see Table 3 in paper I). Previous studies
have suggested that the positive association found between BMI and multiple
myeloma is explained by an increased risk of MGUS, which in turn puts
individuals at risk for developing multiple myeloma [69] but our analyses do not
confirm this. To date, three studies have examined the role of obesity in the
etiology of MGUS, with conflicting results; one reported no association between
BMI and MGUS, although a positive trend was suggested [65], the second
reported a positive association in women [69], whereas the third found no
association after adjusting for number of lab tests prior to MGUS diagnoses [68].
Since MGUS is usually not screened for, like we do in our study, but identified
incidentally through work-up for another unrelated iliness, a detection bias may
have accounted for the previously reported risk of obesity on MGUS. LC-MGUS
is a relatively newly discovered disease and its development and progression is
not yet known, however, one study has shown that the risk is increased in first
degree relatives of multiple myeloma probands [136].

The dispersion of midlife BMI was very clustered around the mean (25.2
kg/m®) (Figure 6). Resulting in limited power to categorize BMI according to
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commonly accepted classification; underweight (<18.5 kg/m?), normal weight
(18.5-24.9 kg/m?), overweight (25.0-29.9 kg/m?), and obesity (230.0 kg/m?) [137].
Approximately 90% of the participants where categorized as either normal weight
or overweight, and roughly 9% as overweight and 1% as underweight. Thus, for
our analysis in study |, we used the overweight category as cut-off for the upper
level of BMI when analyzing the association with MGUS and LC-MGUS.

20 10 0 50
Midlife BMI

Figure 6 Distribution of midlife BMI

For this thesis we additionally performed an analysis using the commonly
accepted classification of midlife BMI, although the underweight category was
combined with the normal weight category, and tested its association with
MGUS. The results indicated a positive association between the obese category
(BMI 230kg/m2) and MGUS (Table 3). Similar results were found for LC-MGUS,
although not statistically significant.

Table 3 Association between MGUS and midlife BMI using the standard
classification

MGUS LC-MGUS
n (%) OR (95%CI) ptrend n (%) OR (95% CI) p trend
Midlife BMI
<25 139 (46.6) Ref. 128 (46.7) Ref.
25-29.9 123 (41.3) 1.06 (0.82-1.37) 115 (42.0) 1.03 (0.79-1.34)
230 36 (12.1) 1.53 (1.05-2.25) 0.03 31 (11.3) 1.42(0.94-2.13) 0.10
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4.1.2 Obesity and progression to multiple myeloma and other
lymphoproliferative diseases

The overweight category was also used as cut-off for both midlife and baseline
BMI when testing the association with risk of progression to multiple myeloma
and related diseases. For that analysis subjects with MGUS and LC-MGUS were
combined due to lack of statistical power caused by low number of cases of
multiple myeloma and related diseases. We found that high midlife BMI was
associated with increased risk of progression from MGUS/LC-MGUS to multiple
myeloma and other lymphoproliferative diseases (Table 4), other measures on
obesity were not found to be associated with progression (see Table 4 in paper

).

Table 4 Body mass index and risk of multiple myeloma
and other lymphoproliferative diseases (LP)

Multiple myeloma and other LP

n HR 95% CI
Baseline BMI
<25.0 8 Ref. Ref.
225.0 21 1.30 0.57-2.94
Midlife BMI
<25.0 8 Ref. Ref.
225.0 21 2.66 1.17-6.05

The association was not explained by known risk factors for progression such as
MGUS subtype, M-protein concentration, or FLC ratio as these factors were
equally distributed across midlife BMI categories. BMI has consistently been
found to be associated with increased risk of multiple myeloma, irrespective of
sex, geographical region, assessment of weight and height, follow-up time, or
age [40, 138]. Our results are in line with recent studies by Chang et al. (2017)
and Veld et al. (2016) that conclude that both overweight and obese individuals
with MGUS are at increased risk of progressing [83] and that patients with
multiple myeloma have higher abdominal fat and higher fat metabolic activity
compared with patients with MGUS [82]. We thus speculate whether the
observed risk of multiple myeloma in individuals with obesity is due to increased
risk of progression from MGUS, rather than increased risk of MGUS. Our results
are limited by low number of cases, however, the consistently high estimate both
when multiple myeloma was analyzed with and without other lymphoproliferative
diseases, strengthens the notion that obesity plays a role in MGUS progression.
Our results also indicate that obesity might be the first modifiable risk factor for
progression from MGUS to multiple myeloma.
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In our cohort, none of the exposures measured at study baseline, at time of
MGUS screening, were associated with progression from MGUS to multiple
myeloma and other lymphoproliferative diseases. We do have an elderly
population, with a mean age of 77 years and a range of 66-98 years, and we do
not know for how long MGUS had been present in our subjects before entering
the study. This is true for most studies on MGUS since it is difficult to determine
the true incidence due to the asymptomatic nature of the disease. According to a
US-based screening study by Therneau at al., when first recognized, MGUS has
possibly been present in an undetected state for a median duration of over 10
years. The authors also estimate that 56% of women and 55% of men over the
age of 70 years have had MGUS for over 10 years when first recognized,
including 28% and 31%, respectively, for over 20 years [139]. The mean age of
individuals with MGUS in our cohort is 79 years, ranging from 66-97 years, and
we can expect, based on the results by Therneau et al., that a large proportion of
our subjects have had the condition for over 20 years. For that reason, the onset
of MGUS was possibly closer in time to the midlife BMI assessment than the late
life assessments, indicating that in a screened population with high mean age,
assessments closer to the true onset of MGUS might be a better indicator for
progression than assessment at screening.

4.2 Dietary habits and monoclonal gammopathies

4.2.1 Main findings of study Il and study IlI

In study Il and 11l we tested whether diet was associated with MGUS, LC-MGUS,
or progression to multiple myeloma and other lymphoproliferative diseases. In
study Il we focused on single food analyses from three different periods;
adolescence (14-19 years), midlife (40-50 years), and late life (at AGES study
entry) and in study Il we used factor analysis to identify dietary patterns from the
adolescent period to use as exposure variable. The main findings of study Il and
Il were that adolescent and late life fruit intake were inversely associated with
MGUS and progression to multiple myeloma and other lymphoproliferative
diseases (OR = 0.62, 95% CI 0.41-0.95 and HR = 0.45, 95% CI 0.21-0.96,
respectively). Midlife intake of whole wheat bread was inversely associated with
MGUS (OR = 0.75, 95% 0.57-0.99), and the Traditional early 20th century diet
was inversely associated with both MGUS and LC-MGUS (Table 6). Lastly, fish
was unexpectedly not associated with MGUS, LC-MGUS, or progression.

4.2.2 Changes in dietary habits

The participants in the AGES-Reykjavik Study were born during the years of
1907 to 1935 and at study entry, during the years of 2002 to 2006, they gave
retrospective information on commonly eaten food from the adolescent and
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midlife periods. Due to the limited infrastructure in Iceland during the early 20"
century, many regions were relatively isolated. There was a considerable
variation in diet across the country and the diet was characterized by locally
produced foods available on site [129, 130], although there was a considerable
importation from Denmark, especially on rye, barley, and oats [124]. In the rural
areas consumption of salted or smoked meat and fish, milk and milk products,
and rye bread was very high, but very little consumption of fruit was noticed. Fish
and fish oil were most commonly consumed in the sea villages and in the capital
area. We also see in our data how the dietary habits shifted throughout the
period (Table 5).

Table 5 Dietary habits of participants from three different time

periods
Adolescence Midlife Late life
n (%) n (%) n (%)
Fish
< 2 portions p/w 2,574 (48.8) 633 (12.0) 1,431 (27.1)
> 2 portions p/w 2,696 (51.2) 4,646 (88.0) 3,851 (72.9)
Fish oil
less than weekly 2,527 (47.7) 2,046 (38.7) 1,566 (29.6)
weekly or more 2,773 (52.3) 3,247 (61.2) 3,725 (70.4)

Salted/smoked fish*
3 times a month or less 2,452 (46.5) 3,589 (67.8) 5,047 (95.2)

once p/w or more 2,824 (53.5) 1,704 (32.2) 254 (4.8)
Meat

2 times p/w or less 1,883 (35.6) 2,008 (37.9) 1,966 (37.0)

3 times p/w or more 3,408 (64.4) 3,289 (62.1) 3,344 (63.0)

Salted/smoked meat*
3 times a month or less 3,452 (65.3) 3,899 (73.7) 5,010 (94.4)

Once a week or more 1,832 (34.7) 1,393 (26.3) 295 (5.6)
Milk and milk products

less than daily 1,202 (22.7) 2.146 (40.6) 2,672 (50.4)

daily 4,102(77.3) 3,143 (59.4) 2.629 (49.6)
Fruit

2 times p/w or less 4,535 (85.8) 3,637 (68.7) 1,466 (27.6)

3 times p/w or more 753 (14.2) 1,657 (31.3) 3,840 (72.4)
Vegetables

2 times p/w or less 3,911 (73.9) 3,425 (64.8) 2,760 (52.0)

3 times p/w or more 1,381 (26.1) 1,858 (35.2) 2,543 (48.0)
Rye bread/flatbread

less than daily 2,742 (51.9) 3,615 (68.2) 2,374 (44.9)

daily 2,539 (48.1) 1,686 (31.8) 2,918 (55.1)
Sausagel/liver

less than weekly 1,394 (26.3) 2,557 (48.3) 1,336 (25.2)

weekly or more 3,908 (73.7) 2,742 (51.7) 3.961 (74.8)
Oatmeal/musli

2 times p/w or less 2,377 (44.3) 3,197 (60.5) 2,767 (52.1)

3 times p/w or more 2,940 (55.7) 2,091 (39.5) 2,542 (47.9)
Potatoes

less than daily 543 (10.3) 830 (15.7) 2,134 (40.2)

daily 4,750 (89.7) 4,469 (84.3) 3,173 (59.8)
Whole wheat bread

4 times p/w or less 1,677 (31.7) 1,346 (25.4)

5 times p/w or more 3,609 (68.3) 3,953 (74.6)

*Due to limited power, different cut-off for salted/smoked fish and
salted/smoked meat (once a month or more) was used when
analyzing late life intake and risk of progression to multiple myeloma
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According to Icelandic national surveys the fish intake of Icelanders decreases
drastically during the 20" century, although it was still very high by international
comparison [124, 125, 129]. That is however, not reflected in our data as we see
in increase throughout our period. Two reasons might explain the discrepancy;
firstly, the aging of the population under study, those who had high fish intake as
teenagers still had high intake throughout life, and secondly, during the World
War Il British forces occupied the country and with them came employment and
income and people started moving from the countryside to the towns, especially
Reykjavik and thereby possibly increasing the intake of our participants [124]. As
a result of both increase in domestically produced vegetables and increased
importation of both vegetables and fruit during the 20" century [124] we notice a
dramatic increase in intake of fruit and vegetables throughout the period (Table
5). We additionally notice a decrease in consumption of the food commonly
eaten in the rural areas such as salted or smoked fish and meat (Table 5),
possibly due to the previously mentioned changes in the nation’s residency.

4.2.3 Diet and monoclonal gammopathy of undetermined
significance

In study Il we tested the association between MGUS and 12 different foods and
food groups from the adolescent period and 13 from the midlife period. Whole
wheat bread intake was not assessed in the adolescent FFQ due to limited
availability during the early 20" century in Iceland [124]. We found an inverse
association between midlife whole wheat bread intake and adolescent fruit intake
and MGUS (OR = 0.75, 95% CI 0.57-0.99 and OR = 0.62, 95% CI 0.41-0.95,
respectively), other foods from the adolescent and midlife periods were not found
to be associated with MGUS (see Table 2 and Table 3 in paper Il). However, we
did not find the Healthy diet, that includes fruit, to be associated with MGUS in
study lll, as we expected based on the results from study Il (Table 6). However,
we found the Traditional early 20" century diet to be inversely associated with
MGUS (Table 6). Some of the food components in the Traditional pattern have
previously been found to increase the risk of various types of cancer, such as red
and processed meat [16]. Therefore, these results were somewhat surprising.
None of individual food components in the Traditional pattern were found to be
associated with MGUS in study Il. Thus, it seems, that the combined effect of the
dietary pattern is more powerful than its individual components. The biological
mechanism for these findings is unknown, the pattern might primarily be an
indication of old traditional habits in Iceland in general, suggesting an effect of
environmental or behavioral factor on MGUS pathogenesis. When interpreting
these findings, we found that 56% of those growing up in the rural area of
Iceland, mostly farmers, were in the highest tertile of adherence to that pattern,
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but only 20% and 29% of those living in the Reykjavik capital area and the sea
villages, respectively. Adjusting for residency did not affect our results, we
therefore speculate whether residency is a proxy for some other risk factors,
such as physical activity. However, adjusting for physical activity did not change
the results. Nevertheless, farming required a lot of physical strength, which is not
captured within the physical activity question included in the AGES-Reykjavik
Study, but this population could reflect a physically healthy population that could
affect disease outcome.

Table 6 Association between dietary patterns from the adolescent period and its
indvidual food components and MGUS and LC-MGUS

Dietary pattern All MGUS MGUS LC-MGUS
OR (95% Cl) OR (95% Cl) OR (95% Cl)

Traditional early 20" century diet* 0.67 (0.53-0.85) 0.68 (0.50-0.93) 0.67 (0.49-0.92)
Salted/smoked meat 0.99 (0.97-1.01) 0.82(0.61-1.11) 0.95(0.97-1.29)
Salted/smoked fish 0.99 (0.97-1.01) 0.95 (0.71-1.26) 0.89 (0.66-1.21)
Blood sausagel/liver sausage 0.99 (0.97-1.01) 0.86 (0.64-1.18) 0.86 (0.62-1.19)
Rye bread 1.00 (0.98-1.01) 0.94 (0.71-1.23) 1.00 (0.75-1.34)
Milk & milk products 0.99 (0.97-1.01) 0.91(0.67-1.24) 0.85(0.61-1.19)
Oatmeal 1.00 (0.98-1.02) 1.09 (0.83-1.44) 0.93 (0.70-1.24)
Potatoes 0.99 (0.96-1.02) 0.81 (0.55-1.20) 1.04 (0.67-1.63)
Healthy diet* 0.92 (0.73-1.16) 1.20 (0.88-1.59) 0.67 (0.48-0.94)
Fruit 0.98 (0.95-1.00) 0.62 (0.41-0.95) 0.84 (0.54-1.32)
Vegetables 1.00 (0.98-1.02) 1.17 (0.87-1.57) 0.80 (0.57-1.13)
Fish on bread or in salad 0.98 (0.96-1.01) 0.96 (0.60-1.51) 0.68 (0.39-1.20)

*Highest tertile of intake compared to the lowest tertile. Models are adjusted for age and
sex, and the individual food components are additionally adjusted for all the other food
items.

4.2.4 Diet and light chain monoclonal gammopathy of
undetermined significance

As described above the prevalence of LC-MGUS was much higher in our cohort
than has been previously reported [54, 55]. Although the population has high
mean age, the difference is substantial. We therefore performed a sensitivity
analysis on the association with diet using a modified definition of LC-MGUS. In
the primary analysis in study Il we found that adolescent fish intake was
positively associated with LC-MGUS (OR = 1.39, 95% CI 1.06-1.83), which was
not confirmed in the sensitivity analysis. Other foods from the adolescent period
were not found to be associated with LC-MGUS (see Table 2 in paper I1). In
study Il we found that the both the Traditional and the Healthy diet was inversely
associated with LC-MGUS (Table 6). The association with the Traditional diet
was confirmed in our sensitivity analysis, but not the association with the Healthy
diet. Other inconsistencies between the primary and sensitivity analysis were
also noticed. The reason for the attenuated associations could be due to loss of
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power in our analysis as the number of LC-MGUS cases dropped from 275 to 52,
and it is therefore hard to draw conclusions from these results. None of the foods
from midlife was found to be associated with LC-MGUS (see Table 3 in paper II).

4.2.5 Late life diet and progression

When analyzing the 13 food items from the late life period we found, based on
small number of cases, that fruit intake reduced the risk of progressing from
MGUS to multiple myeloma and other lymphoproliferative diseases (HR = 0.45,
95% CI 0.21-0.96). That is consistent with the findings from the adolescent
period, although we did not see the same from the midlife period. The literature
regarding the role of fruit in the etiology of multiple myeloma is limited, reporting
no association [17, 20-22]. However, there are major methodological differences
between these studies and ours that could explain the discrepancy. The potential
biological mechanism behind the association could be the anti-carcinogenic
effect of vitamins C [140], although the cancer-preventive effect of vitamin C has
been a subject of controversy ever since suggested in the 1930s [141]. Other
foods from the late life period were not found to be associated with risk of
progressing from MGUS/LC-MGUS to multiple myeloma and other
lymphoproliferative diseases (see Table 4 in paper ).

4.3 Methodological issues

The goal of most epidemiological studies is to attain precise and valid estimate of
the frequency of a disease or of the association between a possible cause and
an occurrence of a disease. Errors in the estimate are traditionally classified as
either random or systematic. Random error is often linked with chance or random
variation and is derived from errors in sampling and measurements and
biological variation. Systematic errors in epidemiology are often referred to as
biases and are traditionally split in three categories; selection bias, information
bias, and confounding. The opposite of random error is precision and the
opposite of systematic error is validity [142]. The validity of a study is often
separated into external validity and internal validity. External validity represents
the generalizability of a study and how the results pertain to people outside the
study population. Internal validity refers to how well an experiment is done. It
represents the causal relationship between the subject variables and how the
results pertain to the members of the source population [142]. When designing
an epidemiological study, it is important to try to reduce both systematic and
random of errors so that the estimate can be as precise and valid as possible. In
our studies we used population-based data to test the association between
possible risk factors for MGUS and progression to multiple myeloma and related
diseases. As for most cohort studies, our results are subjected to bias that could
potentially affect precision and both internal and external validity.
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4.3.1 Selection bias

Selection bias results from the procedure that is used to select study participants
and from factors that influence participation. As a result, the relation between the
exposure and outcome of interest is different for those who participate in the
study than for those who were eligible for the study [142]. Our study is possibly
subjected to selection bias. Even though the cohort is population-based it is
possible that those who agreed to participate differ from those who did not
participate. Firstly, those who participated in the original Reykjavik Study might
vary in the sense that they possibly represent a population that is healthier than
the population under observation. Even though the participants did not self-
volunteer but were chosen randomly from the population under study, those who
consented to participated might be more health conscious, and therefore have
more favorable distribution of risk factors. Secondly, those who were eligible for
the AGES-Reykjavik Study were the previous participants of the Reykjavik Study.
When the AGES-Reykjavik Study was initiated a large fraction of the participants
were deceased and the cohort might therefore include healthy individuals,
resulting in a survival bias. The effect estimate for our exposures could therefore
be attenuated. Although selection bias mainly addresses internal validity of a
study, survival bias can influence the generalizability (i.e. external validity) of the
study.

4.3.2 Information bias

Information bias occurs after the subjects to be compared have been identified.
The bias is caused by an error in the measurements of the needed information
and is a threat to internal validity [142]. MGUS is asymptomatic and is most often
diagnosed by chance during clinical work-up of other unrelated illnesses,
therefore detection bias is common when studying both risk factors and
progression or survival of MGUS subjects. Detection bias can cause MGUS
patients to have unfavorable distribution of risk factors or co-morbidities, factors
that lead up to the MGUS diagnosis, compared non-MGUS subjects. However,
this bias can be avoided by screening for MGUS, as we do in our study.
Misclassification of exposure (or outcome) affects most epidemiological studies.
Misclassification can be either differential or non-differential. Differential
misclassification can happen when status of exposure is collected after the
disease of interest has occurred, the exposure is then classified differently for
those with and without the disease. This type of misclassification can either
exaggerate or underestimate an association and is often referred to as recall
bias. With non-differential misclassification the exposure is misclassified, but the
misclassification does not depend on disease status and the bias is therefore in
the direction of the null value [142, 143]. However, one can only assume non-
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differential misclassification on binary exposure variables, and when collapsing
continuous or categorical variables into fewer categories the misclassification can
be changed from non-differential to differential [142]. Dietary data in the AGES-
Reykjavik Study cohort was collected using an interview administered FFQ.
Participants had to recall the most commonly eaten foods in Iceland during their
adolescence and midlife periods and give information on current intake. Our
data is therefore subjected to misclassification. However, since our participants
did not know their disease statues (presence or absence of MGUS) during
dietary assessment the misclassification is most likely non-differential.
Nevertheless, the bias could have been pushed away from the null value when
collapsing intake categories during statistical analysis. It can be challenging
recalling dietary intake many decades back in time. Nevertheless, a study on
food related memory concluded that memory of foods does not necessarily
decline over time [144]. Recalling many decades back in time can be just as
accurate as more recent memory, especially with regards to foods eaten daily or
very rarely. When it comes to studies with the aim to test for example whether
groups with higher intake are more likely to get a specific disease than those with
lower intake, then it is the ranking within the cohort that is important. Equal over-
or underreporting (non-differential misclassification) should not affect results.
[144]. The diet of Icelanders during the first half of the 20" century was simple
with little variability [124], which should make recalling easier and less sensitive
to bias. Another type of information bias that might be present in our data is a
result of a biased follow-up time in the progression analysis. We do not know the
true time of MGUS onset. The follow-up starts at screening (AGES-Reykjavik
Study entry) and ends at diagnosis of multiple myeloma or of other
lymphoproliferative diseases, but MGUS has most likely been present in most of
our MGUS patients for a period of time [139], particularly in the older subjects,
that might result in shorter follow-up time. But since prevalence of both MGUS
and multiple myeloma and related diseases increases with age then adjusting for
age should reduce the effect of this bias.

4.3.3 Confounding

Rothman defines confounding as “confusion, or mixing, of effects: the effects of
the exposure is mixed together with the effect of another variable, leading to
bias” [143]. To be considered a confounder the variable must be associated both
with the exposure and outcome under study, but it must not be affected by the
exposure or the disease, in particular it cannot be in the causal pathway between
the exposure and the outcome [142, 143]. Confounding can only be addressed if
information on the confounding variable has been collected. The AGES-
Reykjavik Study data collection was extensive and included collection of multiple
health related variables and one of its main objective was to explore the role of
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behavioral and environmental factors on diseases that manifest late in life [112].
As stated in chapter 3.6 we considered potential confounder in our analysis.
MGUS and multiple myeloma and related diseases are highly dependent on age
and sex and therefore these factors were included in all our models. In study |,
on the association between obesity and MGUS and MGUS progression, we
additionally tested the confounding effect of height in models where height is not
considered in the exposure variable, such as weight, waist circumference, and
CT measures. Height was not included in the final model as it had no effect on
the estimates. In study Il we additionally tested the confounding effect of BMI and
physical activity in the association between different foods or food groups and
MGUS and MGUS progression. Both factors are not obvious confounders. They
are both associated with the exposure, but not necessarily the outcome. We had,
for example, previously found that BMI was not associated with MGUS, and there
is no solid evidence with regards to physical activity. Both factors were not found
to confound the association and were therefore not included in final models. In
study Il we got results that were surprising with no obvious biological
mechanism. We tried to find a possible explanation for the observed association,
by additionally adjusting for BMI, physical activity, education, and residency,
without any obvious result. We therefore reported results from both models, age-
adjusted and fully adjusted. Family history of lymphoproliferative diseases is a
possible confounder that we were unable to account for in our analysis due to
lack of information. Family history is associated with increased risk of MGUS and
multiple myeloma [13, 67] and it is possibly also associated with the exposures
as relatives of patients with such diseases may be more health conscious and
more likely to take positive and favorable health related decisions. That could
have influenced our estimates.

4.3.4 Multiple testing

Multiple testing arises when statistical analysis involves multiple statistical tests
among numerous exposures and outcomes. To analyze each association the CI
is usually set at 95%, which means that if we test 100 associations, we should
expect five to miss target on the true value [142]. This type of error is called a
type | error (coming about a significant result by pure chance, false positive). A
common method to account for multiple comparison is the Bonferroni method.
The Bonferroni correction is a conservative test that, although protects from type
| error, is vulnerable to type Il errors (failing to reject the null hypothesis when
you should in fact reject the null hypothesis, false negative) [142]. Study Il is
particularly vulnerable to type | error and we cannot rule out the option that our
results are due to chance. Since little is known on the association between our
exposure (diet) and outcome (MGUS and multiple myeloma), study Il can be
considered a hypothesis-generating study. That is when a researcher explores a
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set of data searching for associations (risk factors) and then afterwards proposes
a hypothesis to be tested in subsequent studies [145]. The nature of our study
was to seek risk factors for MGUS and MGUS progression and by adjusting for
multiple comparison we would risk missing out on possible risk factors (type I
error). So, it was important for the interpretation of the findings to not adjust for
multiple comparison, and risk type Il error. Additionally, as Rothman states, study
data are not random facts but real observations and should not be punished by
missing out on essential findings [146].

4.3.5 Validation of the diet

As discussed in chapter 3.2.2 on validation, the FFQ has been validated for the
midlife and late life periods, showing acceptable validation for most food items,
but not all [127, 128]. Adolescent diet has not and cannot be validated. However,
it shows similar distribution of intake between types of residency, i.e. rural,
seaside and capital area, as did a household study from 1939 [129, 130], the
time when most of our participants were adolescents. The reasons for lack of
validity of some of the food items in late life are possibly the inability of the
reference method (3-day food record) to adequately reflect intake of foods that
are consumed infrequently. Also, there may be lack of intake distribution for
some items. Due to those reasons, and due to the hypothesis-generating nature
of the study, we did not eliminate any food items from our analysis that lacked
validity based on these reference methods.

The cut-offs for upper intake of food consumption were chosen based on
intake distribution. Considering that the same cut-off could be used for all three
time periods for consistency and comparison of each food item. However, due to
dramatic changes in dietary habits of Icelanders during the 20" century this was
not possible for all food items. Intake of salted or smoked fish and meat dropped
drastically and therefore the same cut-off could not be used. For the adolescent
and midlife periods, the cut-off was at once a week, but for the late life period it
was at once a month.

4.3.6 Strengths of the study

The major strength of our studies is the population-based cohort design of the
AGES-Reykjavik Study cohort, with extensive information on covariates. The use
of the nationwide Cancer Registry to identify cases of multiple myeloma and
other lymphoproliferative diseases is additionally a major strength. It ensures
detailed and valid assessment of our outcome with virtually complete follow-up
as it has high diagnostic accuracy and completeness (99%) [134] and all
participants had equal access to the public health care system at study entry.
Screening for MGUS adds to the strength of our study. The interpretation of the
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SPEP was performed by two lab experts blinded to all demographics of the study
participants. As stated above, MGUS is usually discovered by chance during
clinical work-up of other causes that can bias the association with possible risk
factors. We used various and precise measures to assess obesity. BMI is a
limited measure as it does not take into consideration the difference between
lean and fat mass, although it highly correlated with the other measures (r = 0.37-
0.95) and has been shown to have similar ability to predict diseases [116].
Nonetheless, by using multiple methods deals with possible limitations of single
method use. The consistency in the findings throughout the assessment methods
also strengthens our findings. The utilization of validated FFQ were majority of
the questions (although with some exceptions) was found suitable to rank
individuals according to intake is a strength. The ability to study dietary intake
throughout the lifespan is a major strength. Studying early life exposure poses
some challenges but is very important since many diseases manifest early in life.
The literature is limited with regards to lifetime dietary intake and association with
late life health outcomes and we believe our study is unique in that aspect.
Lastly, the use of empirically derived method (PCA) to identify dietary patterns in
study lll, as a complementary approach to single food analysis, gives better
understanding of the complex association between diet and MGUS and MGUS
progression.
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5 Summary and conclusions

Three studies form the foundation of this theses, all using data from the
population-based Age, Gene/Environment Susceptibility-Reykjavik — Study
(N=5,764). The aim of study | was firstly, to explore the association between
various obesity markers and MGUS and secondly, to analyze its effect on risk of
progressing from MGUS to multiple myeloma and related diseases. We found
that obesity was not associated with MGUS but was a risk factor for progression.
Indicating that the previously observed associations between obesity and
multiple myeloma is due to its effect on progression from MGUS rather than
affecting MGUS onset. The aim of study Il was to identify diet related risk factors
for MGUS and progression from MGUS to multiple myeloma and related
diseases, using a validated FFQ from three different time periods (adolescence,
midlife, and late life). Limited literature exists on the association to guide
hypothesis; therefore, all foods were tested within a hypothesis-generating study.
We found that adolescent fruit intake and midlife whole wheat bread intake were
inversely associated with MGUS and that late life fruit intake reduced risk of
progressing from MGUS to multiple myeloma and related diseases. The aim of
study Il was to analyze if empirically derived dietary patterns from the adolescent
period were associated with MGUS. To our surprise, we found that a Traditional
diet from the early 20" century, characterized by high intake of salted or smoked
meat and fish, blood or liver sausage, rye bread, milk and milk products, oatmeal,
and potatoes was inversely associated with MGUS. The second and third studies
indicate a possible role of diet or diet related proxy in myelomagenesis.

This thesis highlights the potential role of behavioral and environmental
factors in myelomagenesis and indicate that the risk of multiple myeloma can be
modified by taking favorable lifestyle related decisions. Our population-based
data suggest that the previously observed association between obesity and
multiple myeloma is due to its effect on MGUS progression, and our study is
unique in that aspect as it disentangles the associations between MGUS and
multiple myeloma with regards to possible risk factors within the same study. Diet
has up until now not been strongly linked with multiple myeloma, but our studies
indicate a possible effect of diet on MGUS and multiple myeloma and raises
questions that need to be further studied within large-scale population-based
cohort design.
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6 Future studies

Our data provide important evidence for the role of obesity and diet in
myelomagenesis, but we remain cautious in our interpretation. Causal inference
cannot be made from these studies alone and more studies are needed,
especially with regards to diet. Firstly, to explore possible biological and genetic
mechanism for our results, and secondly, to test possible hypothesis that can be
generated from our findings, such as the effect of fruit on MGUS and MGUS
progression. Our study population consists of a relatively isolated population,
with very distinct dietary habits, therefore, the challenges of studying complex
multicultural diet were limited. However, that could affect generalizability of our
findings. Additionally, due to the low prevalence of multiple myeloma a larger
population size is needed to confirm our findings. The findings from all three
studies need to be substantiated by obtaining more detailed information on
dietary intake and other lifestyle related factors, preferably within a screened
prospective study design. As mentioned previously, when screening for MGUS a
less biased inference can be made with regards to possible risk factors for
MGUS and progression to multiple myeloma. Recently a prospective population-
based screening study for MGUS was initiated in Iceland (iStopMM). All residents
of Iceland born in 1975 or earlier were invited to participate in the study (N =
120,000) and health data will be collected at regular intervals. Studying possible
lifestyle-related risk factors, for MGUS progression specifically, within such a
large-scale study could give valuable information with regards to modifiable risk
factors for multiple myeloma.
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* Obesity is not associ-
ated with MGUS or
LC-MGUS.

* High body mass index
during midlife is asso-
ciated with increased
risk of progressing from
MGUS and LC-MGUS
to MM and other LP
diseases.

All multiple myeloma (MM) cases are preceded by the premalignant state monoclonal
gammopathy of undetermined significance (MGUS). Results from previous studies show a
positive association between obesity and MM; however, the association between obesity and
MGUS is controversial. The aims were to determine (1) if obesity is associated with an
increased risk of MGUS and light-chain MGUS (LC-MGUS) and (2) whether obesity is
associated with a higher risk of progression to MM and other lymphoproliferative (LP)
diseases. Data from the population-based Age, Gene/Environment Susceptibility—Reykjavik
Study (N = 5764) were used. We performed serum protein electrophoresis and serum free
light-chain assay on all subjects to identify MGUS and LC-MGUS cases. We included 11
different measures on current and previous obesity in our analysis. Logistic regression and
Cox proportional-hazard regression were used to analyze the associations. A total of

300 (5.2%) MGUS and 275 (4.8%) LC-MGUS cases were identified. During a median follow-up
of 8 years, 18 had progressed to MM and 11 to other LP diseases. We found no association
between the 11 obesity markers and MGUS or LC-MGUS (odds ratios 0.81 to 1.15 for all 11
variables in both conditions). Interestingly, we found that high midlife body mass index
increased risk of progression to MM and other LP diseases (hazard ratio, 2.66; 95% confidence
interval, 1.17-6.05). To conclude, obesity was not associated with MGUS. However, we found
overweight/obesity to be a risk factor for progression from MGUS to MM and other LP
diseases, suggesting that obesity plays a role in the transformation of MGUS to MM.

Introduction

Overweight and obesity have consistently been recognized as risk factors for many common
cancers."™ The World Health Organization (WHO) recently concluded that there is now
sufficient evidence for the effect of weight on 13 types of cancers, including multiple myeloma
(MM).>® MM is a chronic B-cell disorder characterized by a monoclonal proliferation of plasma
cells in the bone marrow.” All cases of MM are preceded by the premalignant state monoclonal
gammopathy of undetermined significance (MGUS),%° which is an asymptomatic condition
characterized by the presence of an M-protein in serum without evidence of MM or other
lymphoproliferative (LP) diseases.'® The prevalence of MGUS increases with age and is reported
to be found in ~5% of individuals older than 70 years.'' The average risk of progression from
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MGUS to MM is estimated to be 1% per year.'*"? Light-chain MGUS
(LC-MGUS) has recently been described as a precursor condition to
light-chain MM.'*'® LC-MGUS is defined as an abnormal free light-
chain (FLC) ratio with no expression of heavy chains, along with an
increased concentration of the light chain involved, and its prevalence
has been estimated to be 0.7% to 0.8%."*'®

The etiology of MGUS and LC-MGUS s to a large extent unknown.
However, researchers have found higher risk of MGUS among
males,"" blacks,'®'” those with family history of MGUS and related
diseases,'® and those with prior personal and family history of
immune-related conditions.'®?° Obesity has been identified as a risk
factor for MM, with®?"?2 2 meta-analyses finding a 10% to 20%
increased risk of MM for a 5 kg/m? increase in body mass index
(BMI).2"22 However, BMI is a limited measurement as it does not
provide information on fat distribution, which is of importance as many
of the complications associated with obesity have been shown to be
closely related to abdominal obesity.2*?* A recent pooled analysis of
20 prospective studies found that waist circumference is a risk factor
for MM mortality and that BMI in early adulthood plays an important
role later in life regarding MM mortality, particularly in women.?® In
addition, a recent cross-sectional study (n = 72) found that patients
recently diagnosed with MM had higher abdominal fat compared with
patients with MGUS, indicating that this parameter might serve as a
biomarker for progression from MGUS to MM.?®

The biological mechanisms through which obesity might influence
MM etiology are not yet established. Suggested mechanisms are
effects of interleukin-6 (IL-6), insulin-like growth factor 1, and
adiponectin. IL-6 is directly associated with obesity, ~15% to 35%
of total IL-6 is produced by adipose tissue, and IL-6 is a growth
factor in MM.?” Obesity can lead to elevated levels of bioavailable
insulin-like growth factor 1, which may increase MM cell proliferation
and inhibit apoptosis.?® Additionally, levels of adiponectin are lower
in obese individuals,?® and a recent study showed that higher levels
of adiponectin lowered the risk of MM as well as progression from
MGUS to MM.%!

To date, only 2 studies on the association between obesity and
MGUS have been conducted. A study from the United States
based on 60 cases found a twofold increased risk of MGUS in
obese (BMI >30 kg/m?) vs nonobese women.3? Another screening
study from the United States, based on 365 cases of MGUS
identified through the National Health and Nutritional Examination
Survey, did not find an association.?® Both studies relied only on
BMI as a marker for obesity. However, obesity is an outcome of
many different factors, both physiological and behavioral, and could
therefore be a proxy for these factors that might independently have
an effect on MGUS risk. The association between obesity and
LC-MGUS has, to our knowledge, not been studied.

The aim of this study was to analyze the association between 11
different obesity assessment methods and MGUS and LC-MGUS
using data from a large population-based cohort, and, furthermore,
to analyze if obesity is a risk factor for progression from MGUS or
LC-MGUS to MM and other LP diseases.

Methods

Study population

This study is based on participants from the Age, Gene/
Environment Susceptibility-Reykjavik Study (AGES-RS), which is
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a continuation of the population-based Reykjavik Study.®* The
Reykjavik Study began recruiting in 1967 a sample of more than
30 000 residents of Reykjavik born in 1907 to 1935. In 2002, the
AGES-RS started recruiting 5764 of the surviving members. A
detailed description of the study and data collection has been
published previously.®*

All participants in the AGES-RS signed an informed consent form,
and the study was approved by the Icelandic National Bioethics
Committee (VSN-00-063-V35), the lcelandic Data Protection
Authority, and the Institutional Review Board of the National
Institute on Aging in the USA.

Material and measures

A 0.5-mL aliquot from the serum collected at AGES-RS study
baseline (2002-2006) was obtained for each study subject. Each
sample tube was labeled only with the participant’'s coded ID
number and the specimen collection year. All specimens were
shipped on dry ice to the Multiple Myeloma Research Laboratory at
the National Cancer Institute, where protein assays were
performed. To identify MGUS cases in the AGES-RS cohort, we
performed conventional agarose-gel serum protein electrophoresis
(SPEP) for all subjects (Helena Laboratories, Beaumont, TX).
Samples with an equivocal or definite M-protein present on SPEP
were subjected to serum protein immunofixation for confirmation
and typing of the M-protein."" Serum FLC assay (FREELITE; The
Binding Site Ltd., Birmingham, UK) was performed on all samples.®®
All testing and interpretations were done by 2 individuals (R.C. and
D.B.) blinded to all demographics and other details pertaining to the
samples being tested. The results were merged with the data from
the original AGES-RS cohort.

MGUS cases were defined as having 1 or several M-protein bands
on SPEP and an M-protein concentration <30 g/L.°® The criteria
for LC-MGUS were having no M-protein band visible on SPEP and
a pathological FLC ratio (<0.26 or >1.65) on FLC analysis in
combination with an increased concentration of the light chain
concerned (f-k >19.4 mg/L, f-\ >26.3 mg/L).%”

We included 11 different measures on obesity in our analysis.
Baseline measures were weight (kg), BMI (kg/m?), percent body fat
(%), fat (kg), total body fat (cm?), visceral fat (cm?), subcutaneous
fat (cm?), and 2 versions of abdominal circumference (cm). We also
included self-reported lifetime maximum weight and measured
midlife BMI (obtained from the Reykjavik Study data). Weight was
measured using a digital scale, and height was measured using a
stadiometer. Both measures were performed multiple times, and
mean numbers found. Percent body fat and fat were calculated from
bioelectric impedance (Xitron Hydra ECF/ICF Bio-Impedance
Spectrum Analyzer), a commonly used method for estimating body
composition. Computed tomography (CT) imaging of the abdomen
at the level of the L4/L5 vertebrae was performed to calculate total
body fat, visceral fat, subcutaneous fat, and abdominal circumfer-
ence.®* Abdominal circumference was also conventionally mea-
sured®® multiple times, and a mean number found. Midlife BMI was
calculated from weight and height measured at enroliment into the
Reykjavik Study. The mean age of participants at Reykjavik Study
entry was 53.3 years for women and 52.1 years for men.®°

A total of 5764 persons were enrolled in AGES-RS. A total of
39 (0.7%) were excluded from analysis in this study, 21 subjects
because of previous LP diseases, 16 because of missing blood
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Table 1. Characteristics of the study participants

Without MGUS, MGUS, LC-MGUS, MM, MM and other LP diseases,
Characteristics n = 5150 (93.9%) n = 300 (5.2%) n = 275 (4.8%) n =18 (3.1%)* n = 29 (5.1%)*
Sex, n (%)

Female 3046 (59.1) 141 (47.0) 119 (43.3) 10 (55.6) 14 (48.3)
Male 2104 (40.9) 159 (53.0) 156 (56.7) 8 (44.4) 15 (51.7)
Mean age (range), y 76.8 (66-98) 78.3 (67-93) 79.4 (66-97) 77.8 (69-87) 77.4 (68-87)

BMI, mean (SD), kg/m? 27.0 (4.5) 26.7 (4.1) 27.0 (4.5) 27.1 (2.4) 26.5 (2.8)
BMI, % (n)

<25.0 1716 (34.0) 101 (34.1) 93 (34.2) 5 (27.8) 8 (27.6)

25.0-29.9 2222 (43.6) 146 (49.3) 121 (44.4) 10 (55.6) 18 (62.1)

=30.0 1154 (22.7) 49 (16.6) 58 (21.3) 3(16.7) 3(10.3)
BMI midlife, mean (SD), kg/m? 25.2 (3.6) 255 (3.7) 25.6 (3.8) 26.2 (2.7) 26.2 (3.2)
BMI midlife, n (%)

<25 2686 (52.4) 139 (46.7) 128 (46.7) 5(27.8) 8 (27.6)

=25 2442 (47.6) 159 (53.3) 146 (53.3) 13 (72.2) 21 (72.4)
Weight, mean (SD), kg 75.3 (1.7) 75.4 (14.2) 76.4 (15.6) 77.2 (13.5) 76.8 (13.7)
Max weight, mean (SD), kg 80.7 (15.5) 82.4 (15.2) 83.1 (16.1) 85.4 (13.7) 85.7 (13.8)
Percent body fat (BIA), mean (SD), % 29.0 (7.9) 26.8 (8.4) 26.9 (7.7) 28.7 (7.6) 26.8 (7.9)
Fat (BIA), mean (SD), kg 22.0 (7.9) 20.5 (7.9) 20.7 (7.4) 22.7 (6.7) 20.6 (7.1)
Total body fat (CT), mean (SD), cm? 494.3 (167.0) 482.5 (166.5) 495.6 (173.7) 509.0 (130.0) 4785 (151.5)
Visceral fat (CT), mean (SD), cm? 171.9 (79.5) 174.8 (85.1) 187.5 (86.9) 178.6 (91.4) 174.1 (92.4)
Subcutaneous fat (CT), mean (SD), cm?® 257.3 (112.1) 241.0 (108.4) 238.6 (108.4) 261.1 (99.8) 237.1 (100.5)
Waist circumference (CT), mean (SD), cm 125.8 (14.0) 125.7 (13.4) 126.5 (14.2) 127.8 (11.8) 125.4 (13.3)
Waist circumference, mean (SD), cm 100.8 (12.1) 100.8 (11.2) 101.6 (11.5) 103.8 (9.2) 101.5 (9.9)

Missing values are 65 for BMI, 25 for midlife BMI, 57 for weight, 479 for maximum weight, 1666 for percent body fat and fat, 449 for the CT variables (total body fat, visceral fat,

subcutaneous fat, and CT waist circumference), and 53 for waist circumference.
BIA, bioelectrical impedance analysis; SD, standard deviation.
*Proportion of cases that progressed from MGUS or LC-MGUS.

sample available for analysis, 1 subject had a missing consent form,
and 1 subject had an M-protein concentration above the limit for
MGUS and therefore fulfilling the criteria for smoldering MM. One
subject was excluded from the progression analysis only because of
zero follow-up days. Cases of MM and other LP diseases were found
by cross-linking the AGES-RS data with the lcelandic Cancer
Registry. The Icelandic Cancer Registry is in accordance with
internationally accepted standards as it has high diagnostic accuracy
and completeness (999%).*° End of follow-up was March 2014.

Statistical analysis

Logistic regression was used to estimate the association between
MGUS and LC-MGUS and the 11 obesity markers, and the results
are presented as odds ratios (ORs) with 95% confidence intervals
(95% Cls). Analyses were performed for both MGUS and LC-MGUS
separately and together. Adjustment was made for age and sex in a
multivariable analysis. Adjusting for height in multivariable models
where height is not taken into account in the measurement, such as
weight, waist circumference, and CT measures, did not affect the
estimates and was therefore not included in the analysis. To test
whether history of obesity had an effect on risk of MGUS/LC-MGUS,
individuals were grouped in accordance to their midlife BMI and BMI
at AGES-RS entry. Individuals with low midlife BMI and low BMI at
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AGES-RS entry were the referent group for groups with an increase
in BMI, decrease in BMI, and constantly high BMI between these 2
time points. Cox proportional-hazard regression was used to test
whether obesity was a risk factor for progression to MM or other LP
diseases. Analyses were performed in R version 3.1.2.*'

Results

A total of 5725 subjects were included in our analysis, with a mean
age of 77 years (range 66-98). In the sample, 3306 (58%)
individuals were women and 2419 were men. MGUS was identified
in 300 (5.2%) subjects and LC-MGUS in 275 (4.8%) subjects
(Table 1). Of the 300 MGUS patients, the lg isotype was
immunoglobulin G (IgG) in 159 (53%) patients, IgA in 27 (9%),
IgM in 81 (27%), IgD in 1 (0.3%), and biclonal in 32 (10.7%). During
a median follow-up of 8 years, a total of 18 individuals progressed to
MM (17 of these from MGUS and 1 from LC-MGUS), and 11
individuals progressed to other LP diseases such as Hodgkin and
non-Hodgkin lymphoma, Waldenstrém’s macroglobulinemia, leuke-
mia, chronic lymphocytic leukemia, and acute lymphocytic leukemia
(2 of these from LC-MGUS).

No association was found between the 11 obesity markers and
MGUS or LC-MGUS (Table 2). Additionally, BMI history was not
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Table 2. ORs and 95% Cls for association between obesity and
MGUS and LC-MGUS

Table 3. Joint effect of midlife BMI and baseline BMI on
MGUS/LC-MGUS

MGUS LC-MGUS Joint BMI categories MGUS/LC-MGUS, n (%) OR  95% CI
n OR  95%Cl n OR  95%Cl Low midlife BMI, low current BMI 149 (27.8) Ref. Ref.
Baseline BMI Low midlife BMI, medium current BMI 99 (21.0) 0.99 0.98-1.01
<25 101 Ref. Ref. 93 Ref. Ref. Low midlife BMI, high current BMI 16 (3.8) 1.00  0.97-1.04
25-29.9 146 114 088149 121 107 081-1.41 High midlife BMI, low current BMI 45 (5.9) 1.03  1.00-1.04
=30 49 081 057116 58 114 081-161 High midlife BMI, medium current BMI 166 (22.6) 1.02  1.00-1.04
Midlife BMI High midlife BMI, high current BMI 91 (19.0) 099 0.98-1.01
<25 139 Ref. Ref. 128 Ref. Ret. Results were obtained with logistic regression. Low midlife BMI, <25 kg/m?; high midiife
=05 159 115 0090145 146 110 0.86-1.41 BMI, =25 kg/m?; low current BMI, <25 kg/m?; medium current BMI, 25-29.9 kg/m?; high
current BMI, =30 kg/m?.
Weight 206 097 091-1.05 272 1.04 0.96-1.12
Max weight 266 1.03 0961.11 240 1.02  094-1.10
Percent body fat (BIA) 192 095 080-1.13 174 115 0.96-1.39 . . . . . .
— 199 004 076146 174 110 088436 Additionally, we did not find history of obesity or weight change to
have an effect on MGUS/LC-MGUS. Interestingly, we found that
Total body fat (CT) 269 100 099-1.00 242 1.00 1.00-1.01 high BMI, measured at midlife, was associated with an increased
Visceral fat (CT) 269 1.00 098101 242 101  1.00-1.02 risk of progression to MM and other LP diseases.
Subcutaneous fat (CT) 269 100 099-1.01 242 1.00  0.99-1.01 We found no association between any of the 11 obesity measures
Waist circumference (CT) 269 1.00 0.94-1.06 242 1.05 0.99-1.13 and MGUS or LC-MGUS. Previous|y’ on|y 2 studies have examined
Waist circumference 296 097 089107 272 102 093112 the association between MGUS and obesity, with conflicting

Results were obtained with multinomial logistic regression. ORs for continuous variables
are per SD increase.

Ref., reference group.

associated with MGUS and LC-MGUS when joint effects of midlife
BMI and BMI at study entry were examined, either when MGUS and
LC-MGUS were analyzed together (Table 3) or separately (data not
shown). Finally, based on a small number of cases, a nonsignificant
increased risk of progression (hazard ratio [HR], 2.64; 95% CI,
0.93-7.48) from MGUS/LC-MGUS to MM was found with high
midlife BMI (>25 kg/mQ). When other LP cases were combined
with MM cases, the risk was statistically significantly increased (HR,
2.66; 95% CI, 1.17-6.05) (Table 4). There was no difference in
distribution of known risk factors for MGUS progression (isotype,
M-protein concentration, or FLC ratio) between individuals with low
(<25 kg/m?) and high (=25 kg/m?) BMI (data not shown).

Sensitivity analysis

Given the unusually high prevalence of LC-MGUS in our cohort (4.8%),
with a high prevalence of k cases (96%), we performed an additional
sensitivity analysis. As the distribution of log-transformed k and X values
resembled the normal distribution, we evaluated the effect of using the
97.5th percentile as a cutoff for normal values for the involved light-
chain. Using a definition of LC-MGUS as a pathological FLC ratio
of <0.26 and >1.65, in combination with an increased concentration
of >40.0 mg/L of the light-chain involved, resulted in 52 LC-MGUS
cases (0.9%), of which 41 were k and 11 were \. Results from the
sensitivity analysis confirmed previous findings (data not shown).

Discussion

In this large population-based screening study on 5725 subjects,
we found that obesity is not associated with MGUS or LC-MGUS.
This was true independent of various obesity assessment tech-
niques, including BIA, CT scans, and other anthropometric
measurements such as height, weight, and waist circumference.
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results.3%%® Our results are in line with the population-based National
Health and Nutritional Examination Survey study (N = 12482;
MGUS cases, 365) that found that BMI did not have an effect
on MGUS risk® whereas the Southern Community study
(N = 1996; MGUS cases, 60) found a twofold increased risk
of MGUS in obese (BMI >30 kg/m? vs nonobese women.??
Differences in the nature of the cohorts such as the cohort size, and
age, sex, and race distribution, as well as differences in recruitment of
participants, might explain the discrepancy between the studies. It
has been suggested that the increased risk of MM with increasing
BMI?223 is explained by an increased risk of MGUS, which in turn
puts individuals at risk for developing MM.32 Our findings do not
confirm this. LC-MGUS is a newly defined disorder, and factors that
influence the development of the condition and its progression are
largely unknown. This is the first study to date to examine the
association with obesity.

Our results suggest that high BMI during midlife is associated with an
increased risk of progression from MGUS/LC-MGUS to MM and
other LP diseases later in life. This was not explained by known risk
factors for progression. Previous studies have indicated that obesity
might have a role in the etiology of MM.2"22252¢ Recent pooled
analysis of 20 prospective studies found that waist circumference is a
risk factor for MM mortality and that BMI in early adulthood plays an
important role in myelomagenesis.?® Additionally, on the basis of the
available data, WHO recently concluded that there now is sufficient
evidence behind the association between body fatness and MM.® To
date, only 1 study has examined the role of obesity in the progression
of MGUS to MM. A study on a cohort of US veterans within the
Veterans Health Administration system found an increased risk of MM
to be associated with both overweight (HR, 1.55; 95% Cl, 1.16-2.06)
and obesity (HR, 1.98; 95% Cl, 1.47-2.68) at MGUS diagnosis.*?
We thus speculate that the observed risk of MM in individuals with
obesity is not because of increased risk of MGUS, but rather that they
have similar MGUS prevalence but a higher risk of progression.

Although our results are limited by the small number of cases and
should be interpreted with caution, the consistently high risk
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Table 4. HRs and 95% Cls for obesity and risk of progression from
MGUS to MM and other LP diseases

MM and other LP

MM diseases
n HR 95% CI n HR 95% CI

Baseline BMI

<25.0 5 Ref. Ref. 8 Ref. Ref.

=25.0 13 1.33 0.47-3.75 21 1.30 0.57-2.94
Midlife BMI

<25.0 5 Ref. Ref. 8 Ref. Ref.

=25.0 13 2.64 0.93-7.48 21 2.66 1.17-6.05
Weight 18 1.10 0.84-1.44 29 1.04 0.84-1.29
Max weight 18 1.16 0.88-1.54 29 1.15 0.93-1.43
Percent body fat (BIA) 10 1.54 0.35-6.86 19 0.96 0.88-1.05
Fat (BIA) 10 1.92 0.81-4.57 19 0.79 0.29-2.13
Total body fat (CT) 17 1.00 098-1.02 28 1.00  0.98-1.01
Visceral fat (CT) 17 1.00 0.96-1.05 28 0.99 0.95-1.03
Subcutaneous fat (CT) 17 1.01 0.97-1.04 28 0.99 0.96-1.02
Waist circumference (CT) 17 1.01 0.97-1.04 28 0.96 0.79-1.16
Waist circumference 18 1.16 0.82-1.64 29 1.00 0.75-1.33

Results were obtained with Cox proportional hazard regression. HRs for continuous
variables are per SD increase.

estimate both when MM was analyzed with and without other LP
diseases in our main analysis and sensitivity analysis, and a recent
study on the role of obesity in MGUS progression,*? strengthens the
notion that obesity plays a role in myelomagenesis and is possibly the
first identified modifiable risk factor for progression of MGUS to MM.
We did not find body weight or body composition at study baseline in
MGUS/LC-MGUS cases to be risk factors for progression to MM and
other LP diseases. The induction time for MM and other LP diseases is
long, and we do not have information on how long each individual has
met the criteria for MGUS/LC-MGUS before developing MM or other
LP diseases. A US-based screening study on a clinical cohort
concluded that when first clinically recognized, MGUS has likely been
present in an undetected state for a median duration of >10 years,43
and the interval from diagnosis of MGUS to diagnosis of MM or
related diseases ranges from 1 to 32 years (median, 10.4 years)
according to a follow-up study on 241 MGUS patients at Mayo
Clinic.** Based on these results and the high mean age of the
population under study (77 years), it is possible that body weight and
composition at time of MGUS/LC-MGUS diagnosis is not a reliable
indicator for MM progression, as earlier life physique might be.

A major strength of this study is the design as this is a population-
based screened cohort study with high internal and external validity.
Another major strength is the use of various and precise measures to
assess obesity. BMI is a limited measure as it does not give
information on fat distribution and does not distinguish between lean
and fat mass; however, studies have shown that BMI is highly
correlated with other more precise measures of body composition
and fat distribution and has been shown to be at least approximately
equivalent in the ability to predict diseases.*®> We found in our data
that the obesity measures were highly correlated (r = 0.37-0.95), but
the lack of an acceptable gold standard for measuring body fatness
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makes it difficult to use only 1 measure. Using multiple markers for
late-life body fatness deals with the limitations that pertain to each
measure and strengthens our findings. An additional strength is the
consistency in the findings throughout the assessment methods.

Some limitations need to be kept in mind when interpreting the
results. Although this is a screened study, a selection bias might be
present. The mean age is high (77 years), and therefore, the cohort
might represent a selection of the population that is healthier than the
general population. Additionally, Iceland has an exclusively white
population, and in view of previous findings regarding MGUS
variance across ethnic groups,'®28 our results may not be applicable
to other races. As we do not have bone marrow samples from our
participants, we cannot therefore truly distinguish what could be
considered as smoldering MM. Missing data highly influence the
number of cases in our BIA models, mainly in our progression
analysis; these results should therefore be interpreted with caution.
A low number of cases that progressed could mean that we had
insufficient statistical power, which might affect our results.

In conclusion, in this Icelandic population-based cohort study,
obesity is not associated with MGUS or LC-MGUS. However,
based on 29 cases that progressed to MM or other LP diseases
later in life, our study found midlife obesity to be a risk factor for
progression among individuals diagnosed with MGUS/LC-MGUS.
This study provides evidence that obesity might be the first
modifiable risk factor for MGUS/LC-MGUS progression, but more
studies, both large-scale population-based studies and clinical
trials, are needed for better understanding of the etiology of MGUS/
LC-MGUS and MM.
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Abstract

The etiology of monoclonal gammopathy of undetermined significance (MGUS), the precur-
sor state of multiple myeloma (MM), is mostly unknown and no studies have been con-
ducted on the effect of diet on MGUS or progression from MGUS to MM. We aimed to
explore the association between common foods and MGUS and progression to MM. Data
from the population-based AGES Study (N = 5,764) were utilized. Food frequency question-
naire was used to assess dietary intake during adolescence, midlife, and late life. Serum
protein electrophoresis and serum free light-chain assay was performed to identify MGUS
(n=300) and LC-MGUS cases (n = 275). We cross linked our data with the Icelandic Cancer
Registry to find cases of MM in the study group. We found that intake of fruit at least three
times per week during adolescence was associated with lower risk of MGUS when com-
pared to lower fruit consumption (OR = 0.62, 95% CI 0.41-0.95). We additionally found that
intake of fruit at least three times per week during the late life period was associated with
decreased risk of progressing from MGUS to MM (HR = 0.34, 95% CI 0.13-0.89) when com-
pared to lower intake. Adolescent intake of fruit may reduce risk of MGUS, whereas fruit
intake after MGUS onset may reduce risk of progressing to MM. Our findings suggest that
diet might alter the risk of developing MGUS and progression to MM.

Introduction

All cases of the plasma cell malignancy multiple myeloma (MM) are preceded by monoclonal
gammopathy of undetermined significance (MGUS) [1, 2], a premalignant asymptomatic
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condition characterized by the presence of an M-protein in serum or by abnormal ratio
between the free light-chains kappa and lambda (light-chain MGUS), without indication of
MM or other lymphoproliferative (LP) diseases [3-5]. The prevalence of MGUS is approxi-
mately 5% in those older than 70 years and increases with age [6]. It is estimated that average
risk of progression from MGUS to MM is approximately 1% per year [7, 8]. Light-chain
MGUS (LC-MGUS) has been described as a precursor to light-chain MM, with a prevalence of
0.7-0.8% [4, 5].

As previously reported, the etiology of MGUS and LC-MGUS is mostly unknown [9]. How-
ever, studies have reported a higher risk of MGUS among males [6], black race [10, 11], in
individuals with family history of MGUS and related diseases [12], in individuals with previous
personal or family history of immune-related conditions [13, 14], and recently in those who
have been largely exposed to Agent Orange, an herbicide and defoliant chemical [15]. The lit-
erature on the etiology of MM is more extensive. An elevated risk of MM has been found to be
associated with low occupation-based socioeconomic status, income, education [16], and high
body mass index (BMI) [9, 17, 18]. The International Agency for Research on Cancer has
recently concluded, that there is now adequate evidence behind the association between body
weight and MM [19]. We have recently shown that high BMI, measured during midlife (~50
years old), was associated with an increased risk of progressing from MGUS to MM and other
LP diseases later in life, suggesting that exposures that originate during the midlife period, and
perhaps earlier in life, play a role in the pathogenesis of MM and related diseases diagnosed
later in life [9]. Since obesity has various underlying causes this indicates that lifestyle-related
factors, such as diet, are important risk factors for MM. However, epidemiological evidence on
the effect of diet on MM is scarce and the results are inconclusive [20-24]. The strongest evi-
dence exists for fish intake, where inverse association has been reported in few case-control
studies [21, 24-26], two of which reported dose-response relationship [21, 25]. No studies, to
our knowledge, on the association between diet and MGUS or LC-MGUS have been con-
ducted. Additionally, MGUS has been detected in individuals as young as 10-19 years old
[27], emphasizing the importance of studying the effect of early and midlife exposures on
MGUS. Many of the residential regions in Iceland were relatively isolated during the first half
of the 20" century. Due to that, there was a considerable variation in diet across the country.
The inhabitants’ diets was largely limited to locally produced food available on side such as fish
in sea villages and livestock at the farm [28]. Availability of fruit and vegetables was limited
due to unfavorable weather conditions and limited import. Iceland is therefore an ideal forum
for dietary research due to extremes in intake of common food groups. During the second half
of the 20'" century the diet became more westernized [29].

As all MM cases first go through the MGUS stage it is important to disentangle these associ-
ations with the objective to identify separate risk factors for MGUS, LC-MGUS, and progres-
sion to MM. The overarching aim of this study was therefore to analyze the association
between diet throughout the lifespan and risk of MGUS and LC-MGUS using population-
based data. Secondly, we aimed to analyze whether diet was a risk factor for progression to
MM and other LP diseases in individuals with MGUS or LC-MGUS.

Materials and methods
Study population

For this study we used data from the Age, Gene/Environment Susceptibility-Reykjavik Study
(AGES Study). The AGES Study is a continuation of the population-based Reykjavik Study,
initiated in 1967 when all residents, born 1907-1935, of the Reykjavik metropolitan area were
invited to participate in a prospective cohort study with the objective of examining risk factors
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for cardiovascular diseases. A total of 71% (n = 19,350) of the invited residents consented to
participate during the years of 1967-1996 [30-32]. Of the 11,549 Reykjavik Study cohort mem-
bers still alive in March 2002, when the AGES Study was initiated, 8,030 individuals were ran-
domly chosen to take part in the study. By 2006, when the study ended, 5,764 (71.8%) had
participated. Detailed description of the study and collection of data has been previously pub-
lished [32], however in short, data were collected during three separate examinations using
standardized protocols. The first visit included e.g. blood draw, anthropometry, electrocardi-
ography, and extensive questionnaire including e.g. health history, lifestyle practices, and food
history. The second examination included imaging protocols and the third examination
included e.g. dementia assessments and vision screening [32].

At study entry the participants signed an informed consent form. The study was approved
by the Icelandic Data Protection Authority, the Icelandic National Bioethics Committee
(VSN-00-063-V35), and the Institutional Review Board of the National Institute on Aging in
the USA.

Dietary habits across the lifespan

At AGES Study entry the participants provided retrospective information on dietary habits
during adolescence (14-19 years old) and midlife (40-50 years old), as well as information on
current dietary habits using a food frequency questionnaire. The questionnaire included a
total of 63 questions (16 from the adolescent period, 17 from the midlife period, and 30 from
the late life period) regarding intake of common foods and food groups i.e. total fish intake
(and additional question on salted or smoked fish), fish oil, total meat intake (and additional
question on salted or smoked meat), milk and milk products, fruit, vegetables (excluding pota-
toes), rye bread and flatbread, blood or liver sausage, oatmeal and muesli, potatoes, and whole
wheat bread. Only foods and food groups that were included in the questionnaire from all
three life stages were used for this study, except for whole wheat bread (midlife and late life
only). The participants reported frequency of intake in each time period using the following
response categories for meat, milk and milk products, fruit, vegetables, rye bread and flatbread,
blood or liver sausage, oatmeal and muesli, potatoes, and whole wheat bread: never, less than
once a week, 1-2 times a week, 3-4 times a week, 5-6 times a week, daily, and more than once a
day. For fish oil the categories were the same except for: more than once a day. The categories
for salted and smoked meat and fish were: never, less than once a month, 1-3 times a month, 1-
2 times a week, 3-6 times a week, and daily or more often. The food frequency questionnaire
included three questions on fish consumption; frequency of consumption of fish in salad or as
topping on bread, fish as main meal (including salted or smoked fish), and consumption of
salted or smoked fish separately. Weekly intake of fish meals and fish in salad or as topping
was combined into one variable and the daily total intake was converted into total fish portions
per week, as has been previously described [33]. The validation study of the midlife diet took
advantage of available data from a detailed nutrition study performed 18 years previously,
using dietary history and the present diet was validated using a 3-day dietary history as a refer-
ence method. The AGES food frequency questionnaire was found suitable to rank individuals
by their intake for most food groups from the midlife and late period [34, 35].

Ascertainment of outcomes

As previously described [9, 36], a conventional agarose-gel serum protein electrophoresis
(SPEP) was performed in 2013-2014 on all subjects from the AGES Study cohort to identify
MGUS cases. A 0.5 mL serum sample, collected at study entry (2002-2006), was obtained for
each study subject and samples with an equivocal or definite M-protein present on SPEP were
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then subjected to serum protein immunofixation for conformation and typing of the M-pro-
tein [6]. Serum free light chain (FLC) assay was performed on all samples [37]. The sensitivity
and specificity of the laboratory tests have been previously published [38]. All testing was done
by individuals blinded to all demographics and other details related to the samples.

MGUS cases were defined as having M-protein bands (detectable on SPEP or immunofixa-
tion) and an elevated M-protein concentration (<30g/L) [39]. LC-MGUS cases were defined
as having no visible M-protein, a pathological FLC ratio (<0.26 or >1.65) on FLC analysis,
and an increased free light-chain concentration (f-kappa >19.4 mg/L, f-lambda >26.3 mg/L)
[40]. We ascertained MM diagnosis and diagnosis of other LP diseases through linkage with
the nationwide Icelandic Cancer Registry [41]. The start date of follow-up was at AGES Study
entry (March 2002-February 2006) until March 2014.

Exclusion from analysis

For this study we excluded a total of 40 (0.7%) subjects from analysis, 21 due to previous LP
diseases, 16 due to missing blood sample, one due to absent consent form, and one subject had
high M-protein concentration at baseline and therefore fulfilled criteria for smoldering MM.
One subject was additionally excluded from the progression analysis due to lack of follow-up.
Our analyses include individuals responding to the dietary questions, ranging from 5,270 to
5,304 from the adolescent period, from 5,279 to 5,301 from the midlife period, and from 507-
511 from the late life period, depending on the question.

Statistical analysis

A total of 12 food items were analyzed for the adolescent period and 13 for both midlife
and the late life period. Logistic regression was used to estimate odds ratios (OR) and 95%
confidence intervals (95% CI) for MGUS and LC-MGUS according to adolescent and
midlife diet. For each type of food or food group, participants were grouped according to
their frequency of intake or portions per week (total fish consumption only). Each type of
food or food group was analyzed in an age and sex adjusted model (Model 1) and addi-
tionally in a fully adjusted model where all the foods and food groups were simultaneously
added to one model, including age and sex (Model 2). An additional adjustment was
made for physical activity and BMI measured in midlife in the adolescent and midlife
models, and since the adjustment did not affect our results physical activity and BMI were
omitted from the models. Additionally, we cross-classified the intake from the adolescent
and midlife periods by combining individuals with low adolescent intake and low midlife
intake for each type of food and set them as a reference group for low and high, high and
low, and high and high intake at these time periods. We then used logistic regression to
test the association between the cross-classified categories of intake and MGUS and
LC-MGUS combined. Models were adjusted for age and sex.

Cox proportional hazard regression was used to test whether diet at study entry was a asso-
ciated with progression from MGUS/LC-MGUS to MM or other LP diseases. For this analysis
only individuals with MGUS and LC-MGUS were used, and due to few cases of MM and other
LP disease they were not analyzed separately. Results are presented as hazard ratios (HR) with
95% CI. All models were adjusted for sex and age at AGES Study entry. We further adjusted
our models for BMI and physical activity and we tested the association in a model where all
the foods were simultaneously added to one model. Due to few number of cases and therefore
low statistical power, and no effect on results, these analyses were not included in our results.
All analyses were performed in R version 3.3.3.[42]
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Sensitivity analysis

As described in detail previously [9, 36], we had an unusually high prevalence of LC-MGUS in
our cohort (4.8%), mainly due to a high prevalence of kappa cases (96%). The distribution of
log-transformed kappa and lambda values was found to resembled the normal distribution,
and therefore the cut-off for the involved chains was moved to the 97.5™ percentile. A defini-
tion of LC-MGUS as a pathological FLC-ratio of < 0.26 and > 1.65, in combination with an
increased concentration of more than 40.0 mg/L of the light-chain involved was used to per-
form sensitivity analysis on the association between diet and MGUS/LC-MGUS.

Results

The mean age of participants was 77 years (range 66-98) at study baseline. MGUS and
LC-MGUS was identified in 300 (5.2%) and 275 (4.8%) subjects, respectively (Table 1). Using
the modified definition of LC-MGUS resulted in 52 cases. By cross linking the AGES Study
cohort to the Icelandic Cancer Registry we found that 18 participants progressed to MM, of
which one from LC-MGUS during a median follow-up of 8 years. Additionally, 11 progressed
to other LP diseases (Hodgkin’s, Non-Hodgkin’s lymphoma, Waldenstrom’s macroglobuline-
mia, lymphoid leukemia, chronic lymphocytic leukemia, and acute lymphocytic leukemia), of
which two from LC-MGUS.

Adolescent intake

We found, in Model 2, that intake of fruit at least three times per week during the adolescent period
was associated with lower risk of MGUS when compared intake less than three times per week

(OR = 0.62, 95% CI 0.41-0.95). Consumption of other food items during that period was not asso-
ciated with MGUS (Table 2). Additionally, we found that intake of fish at least two times per week
was associated with higher risk of LC-MGUS (OR = 1.33, 95% CI 1.02-1.73) when compared to
intake less than two times per week. Adolescent consumption of other foods was not associated
with LC-MGUS (Table 2). In our sensitivity analysis we did not find any association between fish
intake and risk of LC-MGUS in Model 2 as we did in our primary analysis. No association was
found between consumption of other food items and LC-MGUS in our sensitivity analysis.

Midlife intake

We found in Model 2 that intake of whole wheat bread at least five times per week was associ-
ated with lower risk of MGUS (OR = 0.75, 95% CI 0.57-0.99) when compared to participants

Table 1. Characteristics of study participants at AGES study entry.

Without MGUS
n = 5,150 (90.0%)

Gender, n. (%)

MGUS
n =300 (5.2%)

LC-MGUS MM LP
n =275 (4.8%) n=18 (3.1%)" n=11(5.1%)"

Female 3,046 (59.1) 141 (47.0) 119 (43.3) 10 (55.6) 13 (46.4)
Male 2,104 (40.9) 159 (53.0) 156 (56.7) 8 (44.4) 15 (53.6)
Mean age, years (range) 76.8 (66-98) 78.3 (67-93) 79.4 (66-97) 77.8 (69-87) 77.5 (68-87)
BMI, kg/mZ (mean) 27.0 26.7 27.0 27.2 26.5
BMI midlife, kg/m2 (mean) 25.2 25.5 25.6 26.2 26.2

*Proportion of cases that progressed from MGUS or LC-MGUS.
Abbreviations: MGUS—Monoclonal gammopathy of undetermined significance, LC-MGUS—Light chain monoclonal gammopathy of undetermined significance, MM

—Multiple myeloma, LP—Other lymphoproliferative diseases.

https://doi.org/10.1371/journal.pone.0206047.t001
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Table 2. The association between diet in adolescence and MGUS and LC-MGUS.

Model 1a Model 2b
No MGUS MGUS LC-MGUS |MGUS LC-MGUS MGUS LC-MGUS
n (%) n (%) n (%) OR 95%CI OR | 95% CI OR 95%CI OR |95% CI

Fish

< 2 portions p/w 2,335(49.1) | 140 (52.2) | 99 (40.7) 1.00 1.00 1.00 1.00

> 2 portions p/w 2,424 (50.9) 128 (47.8) 144 (59.3) 0.85 0.66-1.09 1.33 1.02-1.73 0.88 0.68-1.14 1.39 1.06-1.83
Fish oil

less than weekly 2,280 (47.6) | 119 (44.4) |128(52.7) | 1.00 1.00 1.00 1.00

weekly or more 2,509 (52.4) 149 (55.6) 115 (47.3) 1.13 0.88-1.45 0.82 0.63-1.06 1.14 0.89-1.48 0.87 0.66-1.14
Salted fish

3timesamonthorless | 2,210 (46.4) | 128 (47.8) |114(46.9) | 1.00 1.00 1.00 1.00

once p/w or more 2,555 (53.6) 140 (52.2) 129 (53.1) 0.85 0.66-1.10 |0.84 | 0.64-1.09 0.95 0.71-1.26 0.89 0.66-1.21
Meat

2 times p/w or less 1,689 (35.3) | 103 (38.6) |91 (37.6) 1.00 1.00 1.00 1.00

3 times p/w or more 3,093 (64.7) | 164(61.4) |151(62.4) 0.87 0.67-1.12 | 0.89 |0.68-1.17 |0.89 0.68-1.15 | 0.86 | 0.62-1.14
Smoked/salted meat

3 times a month or less | 3,111 (65.2) 184 (68.7) 157 (64.9) 1.00 1.00 1.00 1.00

Once a week or more 1,663 (34.8) 84 (31.3) 85 (35.1) 0.79 0.60-1.03 0.90 0.68-1.18 0.82 0.61-1.10 0.94 0.69-1.28
Milk and milk products

less than daily 1,074 (22.4) | 65(243) | 63 (25.9) 1.00 1.00 1.00 1.00

daily 3,719 (77.6) 203 (75.7) 180 (74.1) 0.87 0.65-1.17 | 0.79 0.59-1.07 | 0.91 0.67-1.24 0.85 0.62-1.17
Fruit

2 times p/w or less 4,077 (85.3) | 241(89.9) |217(89.7) | 1.00 1.00 1.00 1.00

3 times p/w or more 701 (14.7) 27 (10.1) 25 (10.3) 0.71 0.47-1.06 |0.75 0.49-1.15 0.62 0.41-0.95 0.81 0.52-1.26
Vegetables

2 times p/w or less 3,517 (735) | 197(73.8) |197(81.1) | 1.00 1.00 1.00 1.00

3 times p/w or more 1,265 (26.5) 70 (26.2) 46 (18.9) 1.06 0.80-1.41 0.71 0.51-0.99 1.17 0.87-1.57 0.78 0.55-1.10
Rye bread/flatbread

less than daily 2,481 (52.0) | 141(52.6) |120(49.4) |1.00 1.00 1.00 1.00

daily 2,289 (48.0) 127 (47.4) 123 (50.6) 0.88 0.68-1.14 |0.94 |0.72-1.22 0.94 0.71-1.23 1.00 0.75-1.34
Sausage/liver

less than weekly 1,252 (26.1) | 74 (27.6) 68 (28.0) 1.00 1.00 1.00 1.00

weekly or more 3,539(73.9) | 194(72.4) |175(72.0) 0.84 0.63-1.11 |0.78 |0.58-1.04 | 0.86 0.65-1.18 | 0.85 | 0.61-1.18
Oatmeal/muesli

2 times p/w or less 2,119 (44.4) 110 (41.4) 108 (44.6) 1.00 1.00 1.00 1.00

3 times p/w or more 2,650 (55.7) 156 (58.6) 134 (55.4) 1.02 0.79-1.31 0.84 | 0.64-1.09 1.09 0.83-1.44 | 0.93 0.70-1.24
Potatoes

less than daily 483 (10.1) 35(13.1) | 25(10.3) 1.00 1.00 1.00 1.00

daily 4,300 (89.9) 233 (86.9) 217 (89.7) 0.76 0.52-1.10 | 0.99 0.64-1.51 0.81 0.55-1.20 1.04 |0.67-1.63

*Adjusted for age and sex.
"Adjusted for age, sex and the other food groups.
Abbreviations: MGUS—Monoclonal gammopathy of undetermined significance, LC-MGUS—Light chain monoclonal gammopathy of undetermined significance, OR

—Odds ratio, CI—confidence interval

https://doi.org/10.1371/journal.pone.0206047.t002

with intake of less than five times per week. Intake of other foods from midlife was not associ-
ated with MGUS (Table 3). Midlife intake of the tested food items was not associated with
LC-MGUS (Table 3). In our sensitivity analysis we found in Model 2 that midlife intake of
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Table 3. The association between midlife diet and MGUS and LC-MGUS.

Model 1a Model 2b
No MGUS MGUS LC-MGUS |MGUS LC-MGUS MGUS LC-MGUS
n (%) n (%) n (%) OR 95%CI OR |95% CI OR 95%CI OR | 95% CI

Fish

< 2 portions p/w 565 (11.8) 35(13.1) | 33(13.6) 1.00 1.00 1.00 1.00

> 2 portions p/w 4,204 (88.2) 233 (86.9) 209 (86.4) 0.84 0.58-1.22 | 0.77 0.52-1.13 0.87 0.59-1.28 0.80 0.54-1.19
Fish oil

less than weekly 1,852 (38.7) |97(363) |97 (39.9) 1.00 1.00 1.00 1.00

weekly or more 2,931 (61.3) 170 (63.7) 146 (60.1) 1.09 0.84-1.41 0.94 |0.72-1.23 1.10 0.84-1.44 |0.95 0.72-1.25
Salted fish

3 timesamonthorless | 3,241 (67.8) | 187(69.8) |161(66.3) | 1.00 1.00 1.00 1.00

once p/w or more 1,541 (32.2) 81 (30.2) 82 (33.7) 0.81 0.62-1.07 | 0.91 0.67-1.20 0.82 0.60-1.13 0.90 0.65-1.25
Meat

2 times p/w or less 1,809 (37.8) | 106 (39.6) | 93(38.3) 1.00 1.00 1.00 1.00

3 times p/w or more 2,977 (62.2) | 162(60.4) | 150 (61.7) 0.94 0.73-1.21 |1.03 |0.78-1.35 |0.93 0.72-1.21 | 1.00 |0.76-1.32
Smoked/salted meat

3 times a month or less | 3,530 (73.8) 199 (74.3) | 170(70.2) 1.00 1.00 1.00 1.00

Once a week or more 1,252 (26.2) 69 (25.7) 72 (29.8) 0.89 0.67-1.18 1.05 0.79-1.40 0.95 0.68-1.32 1.12 0.80-1.56
Milk and milk products

less than daily 1,957 (40.9) |99 (37.1) |90 (37.2) 1.00 1.00 1.00 1.00

daily 2,823 (59.1) 168 (62.9) 152 (62.8) 1.11 0.86-1.43 1.08 0.82-1.41 1.17 0.89-1.53 1.15 0.87-1.53
Fruit

2 times p/w or less 3,271 (68.4) | 185(69.0) | 181(74.5) | 1.00 1.00 1.00 1.00

3 times p/w or more 1,512 (31.6) 83 (31.0) 62 (25.5) 1.10 0.84-1.44 |0.88 0.65-1.19 1.19 0.87-1.62 0.84 |0.60-1.18
Vegetables

2 times p/w or less 3,081 (64.6) | 182(68.2) | 162(66.7) |1.00 1.00 1.00 1.00

3 times p/w or more 1,692 (35.4) 85 (31.8) 81(33.3) 0.92 0.70-1.20 1.02 0.77-1.34 0.84 0.62-1.14 1.11 0.81-1.52
Rye bread/flatbread

less than daily 3,264 (68.1) | 185(69.0) | 166 (68.3) | 1.00 1.00 1.00 1.00

daily 1,526 (31.9) | 83 (31.0) 77 (31.7) 0.86 0.66-1.13 | 0.83 |0.62-.1.10 | 0.91 0.68-1.22 | 0.84 |0.62-1.15
S; ge/liver

less than weekly 2,322(48.5) |123(45.9) |112(46.1) 1.00 1.00 1.00 1.00

weekly or more 2,466 (51.5) | 145(54.1) |131(53.9) 1.05 0.82-1.35 | 1.00 |0.77-1.30 | 1.07 0.82-1.39 | 1.00 |0.76-1.33
Oatmeal/muesli

2 times p/w or less 2,910 (60.9) 147 (55.1) | 140 (57.9) 1.00 1.00 1.00 1.00

3 times p/w or more 1,869 (39.1) 120 (44.9) 102 (42.1) 1.18 0.92-1.52 1.01 0.77-1.31 1.27 0.94-1.60 1.05 0.80-1.40
Potatoes

less than daily 742 (15.5) 48(17.9) | 40(16.5) 1.00 1.00 1.00 1.00

daily 4,046 (84.5) 220 (82.1) 203 (83.5) 0.80 0.58-1.11 0.86 |0.60-1.22 0.82 0.58-1.16 |0.88 0.61-1.28
‘Whole wheat bread

4 times p/w or less 1,489 (31.2) | 101(38.1) |87 (36.1) 1.00 1.00 1.00 1.00

5 times p/w or more 3,291 (68.8) 164 (61.9) 154 (63.9) 0.76 0.59-0.98 |0.83 0.64-1.09 0.75 0.57-0.99 0.86 0.64-1.15

*Adjusted for age and sex.

"Adjusted for age, sex and the other food groups.

Abbreviations: MGUS—Monoclonal gammopathy of undetermined significance, LC-MGUS—Light chain monoclonal gammopathy of undetermined significance, OR
—Qdds ratio, CI—confidence interval.

https://doi.org/10.1371/journal.pone.0206047.t003
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meat at least three times per week and daily intake of rye bread and flatbread was associated
with lower risk of LC-MGUS (OR = 0.44, 95% CI 0.23-0.84 and OR = 0.32, 95% CI 0.14-0.78,
respectively) when compared to lower intake. No association was found between consumption
of other food items from the midlife periods and LC-MGUS in our sensitivity analysis.

Cross-classification across two time points

Looking at both the adolescent and midlife period together, no association was found between
any of the food items and MGUS/LC-MGUS (S1 Table). However, in our sensitivity analysis
(S2 Table) we found that daily intake of rye bread and flatbread and potatoes during both the
adolescent and midlife periods was associated with lower risk of MGUS/LC-MGUS when
compared to less than daily intake at both periods (OR = 0.70, 95% CI 0.55-0.95 and

OR = 0.63, 95% CI 0.45-0.96, respectively).

Progression to multiple myeloma and other lymphoproliferative diseases

We found, in a sex and age adjusted model, that fruit intake at least three times per week was
inversely associated with risk of progression to MM (HR = 0.34, 95% CI 0.13-0.89) when com-
pared to intake less than three times per week. The association remained statistically signifi-
cant when cases of other LP diseases were combined with MM cases (HR = 0.45, 95% CI 0.21—
0.96). Intake of other food items was not associated with risk of progression to MM and other
LP diseases (Table 4). Similar results were found when analyzing risk of progression in MGUS
cases only.

Discussion

In this population-based study we found, using a food frequency questionnaire for evaluation
of dietary intake during three separate time periods, that food intake may affect risk of MGUS,
and specifically that intake of fruit at least three times per week during adolescence and midlife
intake of whole wheat bread at least five times per week, was associated with lower risk of
MGUS when compared to lower intakes. Additionally, we found, albeit based on few cases,
that late life intake of fruit at least three times per week in individuals with MGUS or
LC-MGUES was associated with lower risk of progressing to MM and other LP diseases. Adjust-
ing for BMI and physical activity did not change the results. These findings suggest that dietary
habits might influence the etiology of MGUS and progression to MM and other LP diseases.
We found that intake of fruit at least three times per week during the adolescent period was
inversely associated with risk of MGUS later in life when compared to lower intake, and, based
on a small number of cases, we found that late life intake of fruit at least three times per week
in patients with MGUS or LC-MGUS was associated with lower risk of progression. The find-
ings are in accordance with other studies consistently showing high intake of fruit and other
plant foods to be inversely associated with different types of cancer [43, 44]. A review of find-
ings from the European Prospective Investigation into Cancer and Nutrition (EPIC) from
2014 reported an inverse association between fruit intake and cancer risk at some sites [43].
The literature regarding fruit and risk of MM is scarce. To date, only two studies have exam-
ined the role of fruit in the etiology of MM. Both are US-based case-control studies on adults
already diagnosed with MM, with no association reported [21, 23]. Major differences in the
amount (intake levels) and time of exposure (period of life) and time of assessment (exposure
assessed after MM diagnosis) could explain the discrepancy with regards to our study. A
potential biologic mechanism for our finding is perhaps the anti-carcinogenic effect of vitamin
C as it traps free radicals and protects against oxidation [45]. Nevertheless, very few partici-
pants reported daily or more than daily fruit intake in present study. Therefore, the cut-off for
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Table 4. The association between late life diet and risk of progression from MGUS and LC-MGUS to multiple myeloma and other lymphoproliferative di

phop

Total Multiple Multiple myeloma Multiple Multiple myeloma
myeloma and other LP myeloma * and other LP*
n (%) n (%) n (%) HR 95%CI HR 95% CI

Fish

< 2 portions p/w 149 (29.2) 7 (41.2) 10 (35.7) 1.00 1.00

> 2 portions p/w 361 (70.8) 10 (58.8) 18 (64.3) 0.62 0.24-1.64 0.77 0.35-1.67
Fish oil

less than weekly 152 (29.9) 6(35.3) 9(32.1) 1.00 1.00

weekly or more 357 (70.1) 11 (64.7) 19 (64.9) 0.81 0.30-2.22 0.91 0.41-2.03
Salted fish

less than once a month 371(72.7) 13 (76.5) 21 (75.0) 1.00 1.00

once a month or more 139 (27.3) 4(23.5) 7 (25.0) 0.95 0.30-2.95 1.00 0.42-2.39
Meat

2 times p/w or less 186 (36.4) 5(29.4) 6(21.4) 1.00 1.00

3 times p/w or more 325 (63.6) 12 (70.6) 22 (78.6) 1.47 0.51-4.21 2.18 0.88-5.41
Smoked/salted meat

less than once a month 341 (66.7) 14 (82.4) 20 (71.4) 1.00 1.00

once a month or more 170 (33.3) 3(17.6) 8(28.6) 0.47 0.13-1.68 0.84 0.36-1.96
Milk and milk products

less than daily 223 (43.7) 8 (47.1) 10 (35.7) 1.00 1.00

daily 287 (56.3) 9 (52.9) 18 (64.3) 0.96 0.37-2.50 1.56 0.72-3.39
Fruits

2 times p/w or less 151 (29.5) 9(52.9) 13 (46.4) 1.00 1.00

3 times p/w or more 360 (70.5) 8 (47.1) 15 (53.6) 0.34 0.13-0.89 0.45 0.21-0.96
Vegetables

2 times p/w or less 270 (52.9) 11 (64.7) 16 (57.1) 1.00 1.00

3 times p/w or more 240 (47.1) 6 (35.3) 12 (42.9) 0.54 0.20-1.49 0.78 0.36-1.67
Rye bread/flatbread

2 times p/w or less 225 (44.4) 10 (58.8) 15 (53.6) 1.00 1.00

3 times p/w or more 282 (55.6) 7 (41.2) 13 (46.4) 0.57 0.22-1.52 0.70 0.33-1.48
S; ge/liver

never 111 (21.8) 3(17.6) 6(21.4) 1.00 1.00

ever 398(78.2) 14 (82.4) 22(78.6) 1.40 0.40-4.88 1.07 0.43-2.64
Oatmeal/muesli

2 times p/w or less 265 (51.9) 9 (52.9) 17 (60.7) 1.00 1.00

3 times p/w or more 246 (48.1) 8 (47.1) 11(39.3) 0.96 0.36-2.51 0.69 0.32-1.50
Potatoes

less than daily 220 (43.1) 7 (41.2) 12 (42.9) 1.00 1.00

daily 290 (56.9) 10 (58.8) 16 (57.1) 1.12 0.42-2.96 1.04 0.49-2.20
‘Whole wheat bread

4 times p/w or less 130 (25.5) 4(23.5) 4(14.3) 1.00 1.00

5 times p/w or more 380 (74.5) 13 (76.5) 24 (85.7) 1.02 0.33-3.15 1.93 0.66-5.56

*Models adjusted for age and sex.
Abbreviations: MGUS—Monoclonal gammopathy of undetermined significance, LC-MGUS-Light chain monoclonal gammopathy of undetermined significance, LP-
lymphoproliferative, OR—Odds ratio, CI—confidence interval.

https://doi.org/10.1371/journal.pone.0206047.t004

high intake of fruit in our study was three times per week or more. This would normally be
considered low intake, but due to the low frequency of fruit consumption the cut-off could not
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be higher. The beneficial threshold for both risk of MGUS and progression to MM may there-
fore be low. Since access to fruit was limited in Iceland, especially during the adolescent period
for this population and in rural areas, it is possible that fruit intake was an indicator of higher
social status or overall healthier life-style, and therefore the higher intake individuals were at
lower risk for multiple health outcomes, including MGUS and MM.

Interestingly, we did not find an association between intakes of fish and fish liver oil and
MGUS or progression to MM. Although not significant, the point estimates in the progression
analysis were in the same direction as previous studies on the association between fish intake
and risk of MM have reported. A few case-control studies have reported an inverse association
between fish intake and risk of MM [21, 24-26], including two that have found a dose-
response relationship [21, 25]. Both of these studies report much lower fish intake than
reported in our study. A suggested mechanism for the association is the cancer preventive
effect of the polyunsaturated omega-3 essential fatty acid (n-3) [46]. Fish intake is a common
indicator for social status [47]. However, for the Icelandic population, fish was widely available
and the diet was characterized by a very high fish intake. Due to the high intake we do not
have a non-exposed reference group in our fish intake analysis. Although our population has a
uniquely high intake of fish, the most common types were lean fish, low in n-3. Nevertheless,
the Icelandic population has high levels of the marine derived n-3 in both diet and plasma,
even those with low intake of fish liver oil, a common supplement in Iceland, rich in n-3.[48]
Therefore, we cannot rule out the option that a possible beneficial threshold of n-3 might
already have been reached by our low intake fish and fish liver oil reference groups. Another
reason for not finding an association between fish consumption and MM in our study could
be the lack of a reference group in the study that did not consume fish.

We found that intake of whole wheat bread at least five time per week was inversely associ-
ated with MGUS when compared to lower intake. To date, only one study has analyzed the
association between whole grain intake and risk of MM. A case-control study based on 120
MM cases below the age of 75 years reported that high intake of whole grain foods was
inversely associated with MM risk in women (OR = 0.5, p < 0.05) but not in men [49]. Poten-
tial mechanisms that could mediate the effect of whole grains on MM risk have not been suffi-
ciently explored. However, whole grains have been suggested to have positive effects on long-
term insulin secretion [50] which could be of importance regarding MM since increased avail-
ability of IGF-1 can increase MM cell proliferation and prevent apoptosis [51].

We found inconsistency in LC-MGUS risk between our primary and sensitivity analyses
when analyzing associations with fish, meat, and rye bread and flatbread intake and addition-
ally when analyzing the association between rye bread and flatbread and potatoes and MGUS
(MGUS and LC-combined) in our cross-classification analysis. The prevalence of LC-MGUS
was 4.8% in our cohort, which is considerably higher than has been noted in previous studies
[4, 5]. Although this is an elderly population the difference is substantial. It is therefore difficult
to draw conclusions from the results.

The strength of our study is the well-established population-based cohort design with lim-
ited threat to both internal and external validity. Another major strength is the ability to study
dietary intake throughout the lifespan, as studying early life exposures is challenging yet also
important since many diseases originate early in life. Few studies have been able to provide
data on adolescent or midlife diet combined with detailed ascertainment of later life health
outcomes and we believe our study is unique in that aspect. Additionally, a major strength is
the utilization of a validated food frequency questionnaire since majority of the questions had
an acceptable correlation and the questionnaire was found suitable to rank individuals by their
intake for most food groups when compared to a reference method [34, 35].
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The mean age of our study population is 77 years and our cohort might represent a selec-
tion of participants that are healthier than the general population. Participants had to recall
their dietary habits many decades back in time which could result in a misclassification of
intake. Although, a previous study showed that food-related memory from childhood can be
as accurate as from current diet, particularly for foods items eaten daily or rarely [52]. How-
ever, participants did not know their MGUS status at the time of questioning, and we therefore
assume that the misclassification is non-differential. We did not have data on family history of
hematologic cancers or information on total energy intake and were therefore unable to adjust
for these factors. We do not know the true time of MGUS onset and therefore a misclassifica-
tion of follow-up times could be present in our progression analysis, however, the prevalence
of MGUS increases with age and by adjusting all our models for age we try to reduce the effect
of this misclassification. Another limitation is lack of correlation to the reference method for
midlife and late life intake of few food groups when the questionnaire was validated, possibly
due to the inability of the food record used as reference method to adequately reflect individual
intake of food items that are consumed less than four times a week [34, 35]. Validating early
diet does pose great challenges and it is expected that such studies are unable to follow ideal
procedures. Interpretation of our results are therefore limited by the results of the validation
studies. Adolescent diet has not and cannot be validated, however, the data show similar fre-
quency of intake according to residence in rural and coastal fishing areas, as documented in an
Icelandic household study from 1939 [28, 53]. We cannot truly distinguish what could be
smoldering multiple myeloma as we do not have bone marrow samples. Lastly, we cannot rule
out the option that our findings are due to chance. Some of our results from the adolescent
and midlife periods are limited by few number of MGUS or LC-MGUS cases in some catego-
ries, our progression analyses are additionally limited by few number of cases. Little is known
about the relationship between diet and MGUS/LC-MGUS and progression to MM and this
study can therefore be considered a hypothesis-generating study. Adjusting for multiple com-
parison is thought of as an insurance policy against mistakenly rejecting a null hypothesis,
given that the null hypothesis is correct [54]. Due to the number of tests performed in the
study the chances of rejecting a null hypothesis and obtaining positive results is high. However,
the nature of our study is to seek potential risk factors for MGUS/LC-MGUS and progression
to MM and we did not adjust for multiple testing in order not to increase the risk of missing
out on possible risk factors.

To conclude, in this population-based screening study we found that high intake of fruit
during the adolescent period and whole wheat bread during the midlife period may reduce the
risk of MGUS later in life and that high fruit intake in late life may reduce the risk of progress-
ing from MGUS/LC-MGUS to MM. Our findings suggest that food intake might alter the risk
of developing MGUS and progressing to MM. Future studies should focus on clarifying the
possible role of dietary habits in the pathogenesis of MGUS and MM.
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Abstract

Background: Few studies on the association between diet and multiple myeloma
have been conducted and the results have been inconclusive. We recently found that
diet is associated with the premalignant state, monoclonal gammopathy of
undetermined significance (MGUS). The aim of this study was to examine whether
dietary patterns in adolescence are associated with MGUS.

Methods: This study was based on participants from the AGES Reykjavik Study (N =
5,764). The participants were born during the years of 1907-1935 and during the
years of 2002-2006 they gave retrospective information on frequency of intake of
common food items in adolescence (14 - 19 years). Principal component analysis
was used to extract dietary patterns and the participants were ranked according to
their adherence to each pattern extracted. All participants were screened for MGUS
at study entry.

Results: A total of 300 (5.2%) MGUS cases and 275 (4.8%) light-chain MGUS cases
were identified. The two dietary patterns with the highest variance was firstly a
pattern including salted/smoked meat and fish, blood or liver sausage, rye bread, and
milk (Traditional early 20™ century diet) and secondly a pattern including fruit and
vegetables (Healthy diet). High adherence to the Traditional early 20" century diet
was inversely associated with MGUS and LC-MGUS combined (odds ratio (OR) =
0.65, 95% confidence interval (Cl) 0.51-0.84) and MGUS (OR = 0.65, 95% CI 0.46-
0.91).

Conclusion: Our findings suggest that high adherence to a food pattern including
salted/smoked meat and fish, blood or liver sausage, rye bread, and milk in
adolescence is associated with decreased risk of MGUS later in life. The findings
indicate that food and nutrition intake during the vulnerable period of adolescence

might play a role in preventing the development of conditions such as MGUS.



Introduction

Monoclonal gammopathy of undetermined significance (MGUS) is a precursor

12 MGUS is an asymptomatic condition

condition preceding multiple myeloma.
characterized by the presence of an M-protein in serum or by an abnormal free light
chains (FLC) ratio, increased concentration of the involved FLC, and lack of intact
immunoglobulin (light-chain MGUS), without evidence of multiple myeloma or other
lymphoproliferative disorders.>® The prevalence of MGUS increases with age, it is
approximately 5% in those older than 70 years, and is higher in men than in women.®
The average risk of progression from MGUS to multiple myeloma is estimated to be
1% per year."’

The etiology of MGUS and light-chain MGUS (LC-MGUS) is to a large extent
unknown. Studies have found that it is more prevalent among the black race,® ° in
those with a family history of MGUS and related diseases,'® and for those with prior
personal and family history of immune-related conditions.*™ *? The impact of the
environment on MGUS has in recent times gained attention and a study from 2015
found a positive association between exposure to Agent Orange, herbicide and
defoliant chemical, and MGUS.™ Obesity has consistently been identified as a risk

1415 and the International Agency for Research on

factor for multiple myeloma,
Cancer recently concluded that there is now sufficient evidence for the association
between increased body weight and 13 types of cancers, including multiple
myeloma.’® To date, three studies on the association between obesity and MGUS
have been conducted. One found an association between obesity (BMI >30 kg/m?)
and MGUS in women,*’ while other two did not find any association.” *® However, we
recently found that high BMI during the midlife period (age 40 - 50 years) is
associated with increased risk of progressing from MGUS to multiple myeloma later
in life.®® Epidemiological evidence on the association between diet and multiple
myeloma is scarce and the results are inconclusive. The strongest evidence exists
for fish intake, where inverse association has been reported in a few case-control
studies.'®?? In a recently published study we found that intake of fruit at least three
times per week during the adolescent years (age 14 - 19 years) and whole wheat
bread at least five times per week during the midlife period was inversely associated
with MGUS when compared to lower intake, and additionally that same amount of

fruit intake after MGUS onset was inversely associated with progression to multiple



myeloma and related diseases.?® This suggests that dietary habits early in life might
play a role in the pathogenesis of multiple myeloma and related diseases. Studies
have shown that the adolescent period is a sensitive period with regard to nutrition
and cancer risk.?*?® That is consistent with migrant studies showing that it takes only
one generation to gain the cancer risk of the host country, implying that early life
environmental factors, such as diet, might play a role in cancer risk later in life.?%32
Additionally, MGUS has been detected in individuals as young as 10 - 19 years old,
% emphasizing the importance of studying the association between early life

exposures and MGUS.

Most studies to date use foods, food groups, or nutrient intakes as exposures
when analyzing the relationship between diet and diseases of interest. However,
studying dietary patterns offers a broader view of food consumption and possible
effects of the whole diet on diseases since many nutrients and other substances in
foods might act together in the development of different diseases. To better
understand the complex association between diet and risk of MGUS and LC-MGUS
we aimed to explore whether adherence to empirically derived dietary patterns from
the adolescent period (14 - 19 years) was associated with risk of these precursor

diseases later in life using data from a population-based cohort of elderly individuals.

Materials and Methods

Study population

This study is based on participants from the population-based Age,
Gene/Environment Susceptibility (AGES) Reykjavik Study (N = 5,764; born in 1907 -
1935), conducted during the years of 2002-2006 by the Icelandic Heart Association.
Detailed description of the study and collection of data has been previously
published.?* The AGES Reykjavik Study is a follow-up of the Reykjavik Study. All
men and women residing in the Reykjavik area in 1967 were invited to participate
during the years of 1967-1996. In March 2002, when the AGES Reykjavik Study was
initiated, 11,549 cohort members from the Reykjavik Study were still alive, of which
8,030 were randomly chosen and invited to participate. A total of 5,764 (71.8%)

individuals consented to participate by 2006, when the study ended. Extensive data



were collected in the study during clinical examination, including data on dietary
intake during adolescence, midlife, and current late life intake.®*

Participants signed an informed consent form and the study was approved by the
Icelandic National Bioethics Committee (VSN-00-063-V35), the Icelandic Data
Protection Authority, and the Institutional Review Board of the National Institute on
Aging in the USA. A total of 39 (0.7%) subjects were excluded from analysis in this
study, 21 due to previous lymphoproliferative disorders, 16 due to missing blood
sample, one due to missing consent form, and one subject had high M-protein
concentration at baseline and therefore fulfilled criteria for smoldering multiple

myeloma.

Dietary assessment

At study entry the participants provided retrospective information on dietary habits
during adolescence (14 - 19 years) and midlife (40 - 50 years), as well as information
on current dietary habits using a food frequency questionnaire. The questionnaire
included questions regarding frequency of intake of common foods and food groups
from each period, i.e. fish (including salted and smoked fish), fish oil, meat (including
salted and smoked meat), milk and milk products, fruit, vegetables, rye- and
flatbread, blood or liver sausage, oatmeal and muesli, and potatoes.

The questionnaire has been validated for the midlife and late life periods, and was
found suitable to rank individuals according to their intake for most food groups
included in the questionnaire.®* * For the current study information on dietary habits
during adolescence is used. As information on adolescent diet was collected
retrospectively several decades back in time, this period of the food frequency
questionnaire has not been validated. However, the participants gave information on
place of residence when growing up and their dietary data show similar frequency of
intake of different food items according to residence in rural and coastal fishing

areas, as documented in an Icelandic household dietary study from 1939.24 %"

Extraction of dietary patterns

Principal component analysis (PCA) was used to extract dietary patterns. This

method is data driven and forms new linear factors (dietary patterns) by reducing



data dimension and grouping correlated variables (food intake).®® The components
extracted by this method reflect combinations of food groups consumed by the
participants. The correlation coefficients defining the components are called factor
loadings and represent the correlation between each input variable (foods or food
groups) and the extracted components. A positive factor loading indicates that the
corresponding foods or food groups are positively correlated with the dietary pattern,
whereas negative factor loadings indicate an inverse correlation. The number of
factors to retain was based on interpretability of the variance, eigenvalues (>1.5), and
the scree plot (Supplementary figure 1). Food groups with factor loadings higher than
0.30 or lower than -0.30 were considered important for the interpretability of the
dietary patterns.39 For each pattern extracted a new variable was created, ranking
participants on their adherence to that particular pattern. A low score indicates low
adherence to the pattern and a high score indicates high adherence. The higher the

adherence, the more closely the participant’s diet conforms to that pattern.

Identification of MGUS cases

During the years of 2013-2014 serum samples from all participants, collected at
AGES Reykjavik Study entry, was shipped from Iceland to the Multiple Myeloma
Research laboratory at the National Cancer Institute in the United States, where
protein and free light chain assays were performed. MGUS cases were defined as
having M-protein bands on serum protein electrophoresis (SPEP) and an M-protein
concentration below 30 g/L (heavy chain MGUS).> Samples with an equivocal or
definite M-protein present on SPEP were then subjected to serum protein
immunofixation for conformation and typing of the M-protein.® The criteria for LC-
MGUS included no M-protein band visible on SPEP, an increased or decreased FLC
ratio (<0.26 or >1.65) in combination with an increased concentration of the involved
light chain (kappa >19.4 mg/L, lambda >26.3 mg/L).*’ All testing and interpretations
were done by individuals blinded to all demographics and other details pertaining to

the samples being tested.

Ascertainment of covariance
Information on potential confounders, such as age (continuous), gender, lifetime (20-

65 years old) physical activity (never/rarely/occasionally, moderate/high), education



(primary/secondary, college, university) collected at study entry to the AGES
Reykjavik Study was retrieved. Information on midlife body mass index (continuous)
and early life residency (capital area, sea side, country side, combination of sea and
country side) was retrieved from the Reykjavik Study. Classification of early life

residency has been described in an earlier study.*

Statistical analysis

To test the sampling adequacy and the suitability of our data for factor analysis
Bartlett's test of Sphericity (p<0.0001) and Kaiser-Mayer-Olkin test (0.71) were
performed, denoting adequate sampling size and correlation of the variables. We
used logistic regression to estimate odds ratios (OR) and 95% confidence intervals
(Cl) for MGUS and LC-MGUS according to adherence to the extracted dietary
patterns. Each dietary pattern was divided into tertiles, and the lowest third was used
as a reference category. Tests for linear trend were calculated by adding the tertiles
of the factor score as an ordered variable into the multivariate models (p trend). We
considered potential confounders and adjusted all our models for age and sex. We
furthermore adjusted for BMI, physical activity, education, and residency in the

second model. All analyses were performed in R version 3.4.0.*

Sensitivity analysis

The prevalence of LC-MGUS was unusually high in our cohort (4.8%) compared with
other published studies (0.7-0.8%),> * mostly due to a high prevalence of kappa
cases (96%). As previously described *® 2% 42 the distribution of log transformed
kappa and lambda concentration values resembled the normal distribution. The
definition of LC-MGUS was therefore modified by using the 97.5" percentile as cut-
off for normal kappa and lambda values (approx. 40.0 mg/L for both light chains), but
the same pathological FLC ratio as previously described (< 0.26 and > 1.65). The
modified definition resulted in 52 LC-MGUS cases (0.9%), whereof 41 (79%) were
kappa and 11 were lambda. Using the modified definition, a sensitivity analysis on
the association between adolescent dietary patterns and total MGUS, MGUS, and

LC-MGUS was performed, including the same covariates as previously mentioned.



Results

Of the 5,725 available for analysis, 3,306 were female (57.7%), and the mean age at
study baseline was 77 years (Table 1). A total of 575 (10.0%) MGUS cases were
identified, of which 300 (5.2%) were heavy chain MGUS and 275 (4.8%) LC-MGUS.

Dietary patterns

Four components (dietary patterns) had an eigenvalue greater than one. However,
there was a clear break in the scree plot (Supplementary figure 1) after the second
component and therefore two patterns with eigenvalues >1.5 were retained. Table 2
shows the factor loading coefficients between the food groups and the extracted
patterns and the cumulative variance explained by the patterns. The first pattern had
an eigenvalue of 2.5 and was characterized by a high consumption of salted or
smoked meat, salted or smoked fish, blood- or liver sausage, rye bread, milk and
milk products, oatmeal and potatoes. This pattern was labelled “Traditional early 20™
century diet.” The second pattern had an eigenvalue of 1.8 and was characterized by
a high consumption of fruit, vegetables, and fish on bread or in salad. This pattern

was labelled “Healthy diet.”

The Traditional early 20™ century diet

In a fully adjusted model (Table 3) a statistically significant inverse association was
found for both the mid and the highest tertile of adherence to the Traditional early
20" century diet and total MGUS (heavy chain MGUS and LC-MGUS combined) (OR
=0.75, 95% CI 0.59-0.96 and OR = 0.65, 95% CI 0.51-0.84, respectively, p for trend
= 0.001) when compared to the lowest tertile of adherence. When analyzing heavy
chain MGUS and LC-MGUS separately a statistically significant inverse association
was found between the highest tertile of adherence and heavy chain MGUS (OR =
0.65, 95% CI 0.46-0.91, p for trend 0.013), and also for both the mid and the highest
adherence and LC-MGUS (OR = 0.68, 95% CI 0.48-0.96 and OR = 0.66, 95% CI
0.46-0.94, respectively, p for trend 0.021) when compared to the lowest tertile of

adherence.



The Healthy diet

In a fully adjusted model (Table 4) a statistically significant inverse association
between the highest tertile of adherence to a Healthy diet and LC-MGUS was found
(OR = 0.62, 95% CI 0.43-0.90, p for trend = 0.012) when compared to the lowest
tertile. No association was found for total MGUS or heavy chain MGUS (Table 4).

Sensitivity analysis

With the modified LC-MGUS definition, the prevalence of LC-MGUS dropped from
4.8% (n = 275) to 0.9% (n = 52). In a fully adjusted model (Supplementary table 1)
we found that the highest adherence to the Traditional early 20" century diet was, as
before, inversely associated with total MGUS and MGUS (OR = 0.62, 95% CI 0.45-
0.85 and OR = 0.66, 95% CI 0.46-0.93, respectively). We also found a dose
response for both total MGUS and MGUS as we did in our primary analysis (p for
trend 0.003 and 0.016, respectively). We additionally found that the Traditional early
20" century diet was associated with LC-MGUS, both the mid and the highest tertile
(OR =0.37, 95% CI 0.16-0.87 and OR = 0.44, 95% CI 0.20-0.98, p for trend 0.044).
We found no association between the Healthy diet and total MGUS, heavy chain
MGUS, or LC-MGUS (supplementary table 2).

Discussion

In this population-based study, including data from 5,725 individuals, we found that
high adolescent exposure to a Traditional early 20™ century dietary pattern,
characterized by high intake of salted or smoked meat and fish, blood or liver
sausage, rye bread, milk and milk products, oatmeal, and potatoes, was associated
with a significant decreased risk of MGUS and LC-MGUS. Our findings suggest that
early life dietary intake influences the etiology of MGUS and adds to the evolving
literature on lifestyle related factors in the pathogenesis of MGUS.

We found that high adherence to the Traditional early 20" century diet was
associated with decreased risk of MGUS. These results were surprising as some of
the food components found in this pattern have been positively associated with

various types of cancer, such as red and processed meat.** In our previous study,
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we analyzed the individual food components within the same cohort and found none
of the foods included in this pattern to be associated with MGUS.?® There we found
that high adolescent intake of fruit and high midlife intake of whole grain bread was
associated with reduced risk of MGUS and that high late life intake of fruit in
individuals with MGUS or LC-MGUS reduced the risk of progressing to multiple
myeloma and other lymphoproliferative diseases. The association between this
pattern and risk of MGUS was therefore stronger than for individual food components
in the pattern, suggesting that the benefit of a combined dietary factors is stronger
than for isolated food items. Although it is a strength to analyze the diet as a whole,
one of the weaknesses is of this method is that the possible association might be due
to only one or two food components in the pattern, transferring the effect to all the
components. Also, there might be a component found in the pattern that is
associated with the outcome but is missed when the diet as a whole is analyzed, as
we see with fruit in the Healthy diet. The mechanisms for our findings are unknown,
but is maybe further evidence for the effect of environmental factors in the
pathogenesis of MGUS. Due to the relative isolation of many residential regions in
Iceland during the first half of the 20™ century, there was a considerable variation in
diet across the country. The diet was however, largely limited to locally produced
food available on site and we observe in our data that people with the highest
adherence to the Traditional early 20™ century diet are participants growing up in the
rural areas, such as farmers. However, adjusting for residency did not affect our
results. We therefore speculate whether the residency from that period is perhaps a
proxy for something else that could affect the risk, for example physical activity. The
association between physical activity and MGUS has to our knowledge not been
investigated before and results on the association between physical activity and
multiple myeloma are scarce and inconsistent.***’ A systematic review and meta-
analysis from 2014 reported a marginally significant association (risk ratio = 0.86,
95% CI 0.68-1.09) between leisure time physical activity and multiple myeloma,*®
while a recent study on three large cohorts found no association between cumulative
average physical activity and walking and risk of MM.*® We do have information on
physical activity, and adjusted for it, however, they are limited since we do not have
an estimate of physical activity at exact time of exposure, only lifetime activity from
20 - 65 years old. Although only 30% of farmers report high lifetime physical activity,

11



we do know that farming required a lot of physical strength that perhaps results in

less leisure time physical activity.

We found that high adherence to the Traditional early 20™ century diet and the
Healthy diet was inversely associated with LC-MGUS. However, these results were
not fully supported by our sensitivity analysis where we did no find the Healthy diet to
be associated with LC-MGUS. The prevalence of LC-MGUS was 4.8% in our cohort,
which is considerably higher than has been noted in previous studies.® * Although
this is an aged population the difference is substantial. The number of cases dropped
from 275 to 52 with the modified definition of LC-MGUS and the discrepancy
between the primary and sensitivity analysis with regards to the Healthy diet could be
due to a loss of power and should therefore be interpreted with caution.

The major strength of our study is the population-based cohort design and
extensive information on covariates, making adjustment for potential confounders
available. Another strength is the ability to study early life dietary exposure, although
studying early life exposures is challenging it is also very important since many
diseases originate early in life. Few studies have been able to provide data on early
life diet, combined with detailed ascertainment of later life health outcomes and we
believe our study is unique in that aspect. Additionally, using empirically derived
eating patterns in addition to analyzing each food component separately gives a
better understanding of the possible association between diet and MGUS. This
method accounts for complex interactions among nutrients and foods and has the
advantage of describing the ways that foods are combined in actual diets.

Some limitations need to be kept in mind when interpreting the results. The dietary
data are based on retrospective data collection which could result in a recall bias and
therefore a misclassification of exposure might be present. However, we consider the
potential misclassification to be non-differential since participants did not know their
MGUS status at time of questioning. Additionally, a previous study showed that food-
related memory from childhood can be as accurate as from current diet, particularly
for foods items eaten daily or rarely.*® The food frequency questionnaire has not
been validated for the adolescent period and cannot be done due to the retrospective
nature of the assessment. However, our data show similar frequency of intake of the
most commonly consumed foods from that time period as documented in an
Icelandic household study from 1938.%* 3" Additionally, a selection bias might be

present. The mean age of our population is 77 years and therefore the cohort might
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represent a selection of the population that is healthier than the general population. A
limitation of the method used is that the possible association might be due to only
one or two food components in the pattern, but the it is transferred to all the
components, and conversely, the effect of a single nutrient or food component might
be missed when analyzing the diet as a whole. We therefore use it as a
complimentary approach to our previous study on the association between single
food groups and MGUS. Lastly, we do not have bone marrow samples from our
participants and therefore cannot truly distinguish MGUS from what could be
considered as smoldering multiple myeloma.

To conclude, in this population-based study we found that high adherence to a
dietary pattern characterized by high intake of salted or smoked meat, salted or
smoked fish, blood or liver sausage, rye bread, milk and milk products, oatmeal, and
potatoes was inversely associated with MGUS. These findings indicate that food
intake during a vulnerable period with regard to nutrition, might alter the risk of
developing MGUS. Future studies should aim to clarify the possible mechanism of

diet in the pathogenesis of MGUS.
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Supplementary figure 1: Scree plot of adolescent dietary patterns
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