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Ágrip 
Á Góðkynja einstofna mótefnahækkun (e. monoclonal gammopathy of undetermined 
significance, MGUS) er einkennalaust ástand orsakað af uppsöfnun einstofna 
mótefnaframleiðandi frumna í beinmerg. Klínískt mikilvægi MGUS felst fyrst og fremst í 
því að það er forstig mergæxlis og skyldra sjúkdóma. Núgildandi leiðbeininagar 
ráðleggja eftirfylgd með einstaklingum með MGUS til að greina þróun þess yfir í 
illkynja sjúkdóma. Gagnsemi þessarar eftirfylgdar og þess að greina MGUS hefur þó 
ekki verið að fullu sönnuð en talsverðar vísbendingar eru um að með því að greina 
þróun MGUS yfir í illkynja sjúkdóma snemma megi grípa fyrr inn í og þannig bæta 
horfur í þeim sjúkdómum talsvert. Kerfisbundin skimun fyrir MGUS gæti verið leið til að 
auka aðgengi að slíkri snemmbúinni meðferð en ekki liggja fyrir neinar rannsóknir á 
slíkri skimun. Til viðbótar við að vera forstig illkynja sjúkdóma hefur MGUS verið tengt 
fjölda annarra sjúkdóma. Fyrri rannsóknir eru þó líklega nokkuð bjagaðar og enn er því 
óljóst hvaða sjúkdóma MGUS tengist raunverulega og hvaða klínísku þýðingu þær 
sjúkdómstengingar hafa. 

Markmið þessarar ritgerðar er að skýra klínískt mikilvægi MGUS, einkum með tilliti til 
sjúkdóma sem ekki eru illkynja. Ætlunin er að nota nýja aðferðarfræðilega nálgun sem 
getur stórbætt skilning okkar á MGUS og sjúkdómum sem því tengjast. 

Rigerðin byggir á fjórum greinum. Í grein I og II eru tengsl MGUS við úttaugamein og 
beinbrot skoðuð í sænskum gagnagrunni og öðruvísi aðferðarfræðilegri nálgun beitt á 
það gagnasett en áður hefur verið gert. Seinni tvær greinarnar byggja á rannsókninni 
Blóðskimun til bjargar. Rannsóknin er lýðgrunduð skimunarrannsókn fyrir MGUS og 
slembiröðuð rannsókn á eftirfylgd með það að markmiði að kanna gagnsemi og 
skaðsemi þess að skima fyrir MGUS. Rannsókninni og hönnun hennar er ítarlega lýst í 
grein III. Í grein IV eru gögn rannsóknarinnar notuð til að rannsaka tengsl MGUS og 
COVID-19 í því óbjagaða þýði einstaklinga með MGUS sem greinast með skimun í 
Blóðskimun til bjargar. 

Í grein I og II sýna niðurstöðurnar að MGUS tengist úttaugameini og beinbrotum. Auk 
þess benda niðurstöðurnar til þess að úttaugamein sé ein af a.m.k. þremur orsökum 
beinbrota í MGUS samhliða ógreindum mergæxlis beinasjúkdómi og MGUS 
beinasjúkdómi. Í grein III er öflun þátttakenda í Blóðskimun til bjargar lýst en alls skráðu 
80,759 Íslendingar sig í rannsóknina. Í grein IV sáust nokkuð óvænt engin tengsl milli 
MGUS og tíðni eða alvarleika COVID-19. 

Niðurstöðurnar benda til að MGUS hafi klínískt mikilvægi. Það er bæði forstig illkynja 
sjúkdóma og tengist líklega öðrum sjúkdómum líka. Einnig staðfesta niðurstöðurnar fyrri 



 

grun um að eldri rannsóknir hafi byggt á bjöguðum þýðum sem hafa gefið okkur 
skakka mynd af umfangi tengsla MGUS við sjúkdóma og sýna glögglega mikilvægi 
þessi að rannsaka þessi tengsl innan skimaðra þýða eins og í Blóðskimun til bjargar. 
Slíkar rannsóknir eru nauðsynlegar til að skýra raunverulegt klínískt mikilvægi MGUS og 
með því betrumbæta eftirfylgd einstaklinga með MGUS og þannig vonandi horfur 
þeirra. 

 

Lykilorð:  

Góðkynja einstofna móefnahækkun, Faraldsfræði, Tengslarannsóknir sjúkdóma, 
Skimun, Lýðgrundaðar rannsóknir. 
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Abstract 
Monoclonal gammopathy of undetermined significance (MGUS) is an asymptomatic 
disorder caused by the accumulation of monoclonal immunoglobulin secreting cells in 
the bone marrow. The main clinical implication of MGUS is that it’s the precursor of 
multiple myeloma (MM) and related disorders. Current guidelines recommend 
indefinite follow-up of individuals with MGUS in order to detect MGUS progression. 
The benefits of this follow-up and of detecting MGUS have not been sufficiently studied 
but recent evidence has suggested that the detection of MGUS provides opportunities 
of early treatment in MM and related disorder at an asymptomatic stage and that such 
early treatment can significantly improve outcomes. Systematic screening may provide a 
means to vastly expand the availability of early treatment but has not been sufficiently 
studied. MGUS may also have other clinical significance with multiple studies 
associating the asymptomatic disorder with a wide range of non-malignant disorders. 
However, previous studies have been heavily afflicted by bias and the extent of these 
associations and their clinical relevance is not clear. 

The aim of this thesis is to further clarify the clinical significance of MGUS with an 
emphasis on the association of MGUS and non-malignant disease and to demonstrate 
methodologies that can significantly improve our understanding of this asymptomatic 
precursor disorder and its clinical significance.  

Four papers are presented. The first two papers apply alternative study designs and 
statistical methods to registry-based data on MGUS from Sweden to study the 
relationship between MGUS and peripheral neuropathy (PN) and fractures. The latter 
two papers pertain to the Iceland screens, treats, or prevents multiple myeloma study 
(iStopMM), a population-based screening study with the aim of gathering a population-
based cohort of individuals screened for MGUS and to assess the benefits and harms of 
such screening in a clinical trial. The study is described in detail in paper three and the 
fourth paper demonstrates the opportunities to found in studying MGUS disease 
associations within the screened cohort of iStopMM by assessing the relationship of 
MGUS and coronavirus disease 2019 (COVID-19).  

In paper I and II, MGUS was found to be associated with PN and fractures. Based on 
the findings we hypothesized that PN is one of, at least, three causes of fractures in 
MGUS alongside undetected MM bone disease and MGUS inherent bone disease. In 
paper III, the recruitment of iStopMM is described with around 54% of eligible 
Icelanders (n=80,759) signing up to participate in the study. In paper IV, MGUS was 
unexpectedly not found to be associated with increased incidence or severity of 
COVID-19. 
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In conclusion, MGUS has clinical significance by being the precursor of MM and 
related disorders and by leading to non-malignant complications. The findings of this 
thesis confirm that previous studies have been afflicted by significant bias. Further 
studies, particularly within screened cohorts like that of iStopMM, are needed to further 
clarify the clinical significance of MGUS and to focus and improve care of individuals 
with MGUS. 

 

Keywords:  

Monoclonal gammopathy of undetermined significance (MGUS), Epidemiology, 
Disease association studies, Screening, Population-based studies 
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1 Introduction 
Monoclonal gammopathy of undetermined significance (MGUS) is the asymptomatic 
precursor of multiple myeloma and related disorders. The benefits of detecting and 
following individuals with MGUS have not been fully elucidated with the current, 
limited, evidence indicating that detection of MGUS can lead to early intervention and 
improved outcomes in multiple myeloma. The promise of such early detection and early 
intervention might be better realized by utilizing systematic screening for MGUS. 
Although asymptomatic, MGUS has been associated with various both malignant and 
non-malignant disorders. However, because of the asymptomatic nature of MGUS, 
disease association studies are usually heavily afflicted by bias and the extent of these 
disease associations and their clinical relevance is therefore unclear. This thesis is 
based on four papers seeking to better clarify the significance of MGUS, particularly its 
association with non-malignant disease.  

The introduction of the thesis is in four chapters. The first chapter describes the 
definition of monoclonal gammopathies, their detection, and some important 
symptomatic monoclonal gammopathies. The second chapter describes MGUS, its 
epidemiology and clinical follow-up in detail, including a discussion on smoldering 
multiple myeloma. In the third chapter, the rationale for population-based screening for 
MGUS is discussed and the key limitations of our current knowledge needed to be 
bridged in order to apply such screening in the real world. In the fourth chapter, the 
association of MGUS and a number of non-malignant disorders will be discussed and 
some of the key limitations of previous studies detailed.  

1.1 Monoclonal gammopathies 

The distinction between monoclonal and polyclonal gammopathy was first determined 
by Jan Gösta Waldenström who presented his findings in 1961 in the Harvey lecture 
series. He described patients with narrow bands of hypergammaglobulinemia on serum 
protein electrophoresis (SPEP) as having monoclonal gammopathy and those with a 
broad band of hypergammaglobulinemia as having polyclonal gammopathy. 1 These 
two entities represent the presence of elevated levels of immunoglobulins in the serum. 
These Y-shaped proteins are normally produced in response to the activation of the 
humoral immune system, usually during infection.2 
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Figure 1.1 Jan Gösta Waldenström. 
Image source: Wikimedia commons 

Immunoglobulins are made up of heavy chains 
of 5 types, A, D, E, G, and M, and light chains 
of either kappa or lambda types. These heavy- 
and light chains give rise to the classification of 
immunoglobulins into IgA, IgD, IgE, IgG, and 
IgM of either kappa or lambda type. Normally, 
the tips of the Y, termed the variable region, 
can have multiple permutations and can have 
affinity to virtually any epitope.3 This immense 
repertoire of immunoglobulins is produced by 
B-cells and mainly one of their terminal 
offspring, plasma cells, that through various 
mechanisms undergo scrambling of the DNA 
coding for the variable region of the 
immunoglobulin. This gives rise to multiple B 
cell clones that each produced their own 

version of immunoglobulins. Proliferation of 
these B cells and maturation to plasma cells 
due to infection or other strong antigen 

stimulation, for example autoimmunity, therefore gives rise to a wide array of different 
immunoglobulins that are seen as wide bands on SPEP and because they arise from 
multiple slightly different clones, this is termed polyclonal gammopathy.2 

In contrast, monoclonal gammopathy is caused by the production of identical 
immunoglobulins by a population of immunoglobulin-producing cells originating from 
the same clone. Because these immunoglobulins are identical, they have the same 
molecular weight and charge giving rise to the narrow band on SPEP described by Dr. 
Waldenström.1 These monoclonal cell populations underlying the monoclonal 
gammopathy are virtually always malignant cells of the humoral immune system that 
have stepped outside their normal function and either present as overt malignancy or 
are precursors to malignancies.ref These malignancies rise from the humoral immune 
system and include multiple myeloma, Waldenström’s macroglobulinemia, amyloidosis, 
and precursors to those diseases as well as a multitude of rare syndromes.4 Rarely, 
monoclonal gammopathy can be caused by autoimmunity and some chronic infections 
including hepatitis C.5  
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Figure 1.3: Examples of a normal serum protein electrophoresis (SPEP) pattern (A) 
and an abnormal SPEP pattern with a monoclonal peak in the gamma zone 
representing an IgG monoclonal immunoglobulin (B). 

Figure 1.2 The molecular structure of 
immunoglobulins. 

1.1.1  Detection of monoclonal gammopathies 

Jan Gösta Waldenström described 
monoclonal gammopathy on SPEP in 
1961.1 Although SPEP technology has 
improved since then, the principles of 
SPEP remain the same. The serum 
sample is stained for proteins and pulled 
through a gel using an nelectric current 
resulting in smaller and more negatively 
charged proteins being pulled further 
into the gel. The resulting pattern is a 
waveform representing different serum 
proteins (Figure 1.3.A). In the setting of 
monoclonal gammopathy, a discrete 
narrow waveform will appear on this 
pattern and can be detected by 
inspection representing monoclonal 
immunoglobulins often termed M proteins or paraproteins (Figure 1.3.B). In cases 
where monoclonal gammopathy is seen on SPEP, it can be confirmed and typed into 
immunoglobulin subtypes using immunofixation electrophoresis (IFE). In IFE, multiple 
serum samples are stained for the different immunoglobulins and drawn through a gel 
and the monoclonal peak can then be confirmed as monoclonal immunoglobulins and 
typed.6 
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Free light chains (FLC) are light chains not connected with heavy chains and are 
normally present in the serum.  They are detectable in the serum using a serum FLC 
assay.7 Although first believed to be waste products of immunoglobulin production, 
recent evidence has shown that FLC have various physiologic functions in the normal 
immune response.8 Monoclonal FLC are sometimes present alongside whole 
monoclonal immunoglobulins but can also be the only monoclonal protein present in a 
monoclonal gammopathy. These monoclonal FLC are rarely identified on SPEP or IFE 
but are usually identified by a skewed ratio of kappa and lambda FLC in the serum with 
the monoclonal FLC of either kappa or lambda type skewing the FLC ratio.9 

Recently, mass spectrometry-based technologies have emerged as a novel method of 
detecting M proteins and monoclonal FLC directly. The technique is based on the 
principle that immunoglobulins have differing amino acid sequences and molecular 
mass. By measuring individual immunolglobulins molecular mass, much smaller M 
protein peaks can be detected.10 The clinical utility of this technology and its place in 
routine care of individuals with monoclonal gammopathies is still unclear. Current 
recommendations recommend the use of mass spectrometry essentially as a 
replacement for IFE.11 But it may have an even greater role in assessing treatment 
response in monoclonal gammopathies.12, 13 Even further, the technology may present a 
new way to detect and diagnose monoclonal gammopathies. However, mass 
spectrometry is significantly more sensitive for monoclonal immunoglobulins, leading to 
the detection of very low levels of M proteins that have unknown clinical significance 
and are transient in most cases.14 

1.1.2  Multiple myeloma 

Multiple myeloma (MM) is the prototypal monoclonal gammopathy. It is a cancer of 
bone marrow plasma cells characterized by the presence of M proteins and its clinical 
hallmarks of hypercalcemia, renal disease, anemia, and bone disease (CRAB) or MM 
defining events (Figure 1.4).15 The underlying malignant cells are plasma cells that 
develop from less mature B-cells producing IgM, who undergo class switching and the 
M protein most commonly observed is of IgG and IgA and/or monoclonal FLCs in 
serum.15, 16 MM is the second most common hematologic malignancy with MM is the 
second most common hematological malignancy with an estimated 140,000 new cases 
worldwide and an age-standardized incidence rate of 2.1 per 100,000 and the 
incidence has been increasing in recent years due to increasing age in the population. 
The current incidence of MM has been estimated to be ~5-7 per 100,000 person years 
in the Western world17 MM is caused by the proliferation of malignant, monoclonal 
plasma cells in the bone marrow that have accrued genetic aberrations, including 
chromosomal abnormalities. No specific genetic abnormalities have however been 
identified as driver mutations in MM.18 
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Figure 1.4: Diagnostic criteria for active multiple myeloma. FLC: Free light chain; 
MRI: Magnetic resonance imaging. 

Historically, MM has carried a very poor prognosis with a median survival of 1-2 years 
after diagnosis. Prognosis improved somewhat in the latter half of the 20 th century due 
to the advent of melphalan and steroids. However, with the advent of novel therapies 
around the turn of the 21st century, survival has improved dramatically.19 

1.1.3  Waldenströms Macroglobulinemia 

Waldenströms Macroglobulinemia (WM) is a related disorder of MM caused by the 
accumulation of malignant lymphoplasmacytic lymphocytes in the bone marrow. 
Although the cell of origin for WM is not fully known it is believed to derive from B 
memory cells in most cases.20 These cells do not undergo class switching and WM is 
therefore defined by the presence of IgM M proteins in serum and infiltration of 
lymphoplasmacytic lymphocytes in the bone marrow alongside symptoms of WM which 
include lymphadenopathy and splenomegaly, anemia, neuropathy, hyperviscosity 
syndrome, cryoglobulinemia, and common symptoms of lymphomas and other 
malignancies including weight loss, fevers, and night sweats.21 The disease is 
commonly associated with a mutation in the gene MYD88 and usually has a relatively 
indolent course and often does not always require therapy at the time of diagnosis.22 
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Figure 1.5 Amyloid depositions in 
cardiac muscle, stained  using 
Congo red. Image source: 
Wikimedia commons, Nephron 

1.1.4  Amyloid light chain amyloidosis 

Amyloid light-chain amyloidosis (AL) is caused 
by abnormal folding of normally soluble light 
chains and their aggregation in organs leading 
to organ dysfunction.23 Most frequently this is 
due to the production of monoclonal lambda 
light chains and can be present alongside other 
monoclonal gammopathies including MM and 
WM but can also present in the absence of MM 
or WM symptoms. The symptoms of AL include 
cardiomyopathy, nephropathy, neuropathy, skin 
disease and more, depending on the organs 
involved. AL is a tissue diagnosis requiring a 
biopsy showing amyloid aggregates on congo 
red staining.24 This and the wide clinical 
spectrum of AL often leads to late diagnosis of 
AL and despite advances in therapy, the 
prognosis of the disease remains poor.25 

 

1.2 Monoclonal gammopathy of undetermined significance 
(MGUS) 

Monoclonal gammopathy of undetermined significance (MGUS) is the asymptomatic 
precursor condition of other advanced monoclonal gammopathies, preceding all cases 
of MM,26, 27 AL,28 and WM as well as preceding some cases of chronic lymphocytic 
leukemia (CLL) and non-Hodgkins lymphomas (NHL).29 MGUS is defined by the 
presence of M proteins in the serum or an abnormal FLC ratio in the absence of 
symptoms or biomarkers consistent with other more advanced monoclonal 
gammopathies described above.30  

It was Jan Gösta Waldenström, who first described MGUS when in 1961 he described a 
series of patients with a narrow band of hypergammaglobulinemia as having 
monoclonal proteins. Many of these patients had MM but others had no signs of overt 
malignancy and had what he called essential hypergammaglobulinemia or benign 
monoclonal gammopathy.1 The term MGUS was later coined and further defined by 
Robert A. Kyle at the Mayo Clinic in the United States who in 1978 described 241 cases 
of MGUS and showed that a significant proportion of these individuals progressed to 
more advanced disease.31 

MGUS can be further subdivided by the type of monoclonal antibody present. Non-IgM 
MGUS, the most common subtype of MGUS, precedes MM and amyloid light chain 
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Figure 1.6: Figure from Kyle et al. (2006) 
depicting the rate of monoclonal 
immunoglobulins in the residents of Olmestead 
county, MI in the US by age and sex.32  

(AL) amyloidosis.26-28 IgM MGUS is a less common and distinct disease entity from non-
IgM MGUS caused by the presence of malignant mature B lymphocytes rather than 
malignant plasma cells. As a result, IgM MGUS precedes WM, chronic lymphocytic 
leukemia (CLL), and non-Hodgkin’s lymphoma (NHL) and does not precede MM.29 
Light chain(LC) MGUS, is the most recently described subtype of MGUS. LC MGUS is 
characterized by the presence of an abnormal ratio of free kappa and lambda light 
chains without the presence of monoclonal heavy chains. Similar to non-IgM MGUS, LC 
MGUS is caused by the presence of malignant plasma cells and precedes LC MM and 
AL amyloidosis.9, 28 

1.2.1  Prevalence of MGUS 

MGUS is common in the general 
population. In 2006, the prevalence of 
MGUS was found to be 3.2% in a 
screened cohort in Olmstead County in 
Minnesota in the United States. 32 An 
Additional 1% was later detected with the 
addition of LC-MGUS in 2010,9 bringing 
the total prevalence of MGUS to 4.2% 
over the age of 50. Importantly, the 
prevalence of MGUS was found to be 
highly dependent on age and its 
prevalence increases significantly with 
age ranging from 2.2% in those aged 50-
59 years and 8.7% in those aged 80-89 
years. Additionally, males had a close to 
50% higher age-adjusted incidence of 
MGUS (Figure 1.6).32 

The prevalence of MGUS also varies considerably by ethnicity. The previously cited 
prevalence figures from Olmstead County were acquired in a population primarily of 
Scandinavian descent. However, MGUS has been estimated to be three times more 
common in black individuals than white individuals in the US33 and the prevalence of 
MGUS in men in Accra, Ghana over the age of 50 was found to be 5.84% compared 
to the age-adjusted prevalence of 2.97% in Olmstead county.34 Conversely, the 
prevalence of MGUS is significantly lower in Asian populations with 1.11% of residents 
in Beijing, China over the age of 5035 and 1.7% in an outpatient hospital-based cohort 
in India over the age of 50 having MGUS.36 

Despite being common, due to its asymptomatic nature, MGUS usually goes 
undetected. In fact, less than 10% of those who develop MM have known MGUS before 
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Table 1.1: The diagnostic criteria for MGUS, SMM, and MM with MM30,15 as well as the 
associated risk of progression for MGUS and SMM.9,29,40,41,44  

being diagnosed with MM.37-39 This makes population-based screening necessary to 
accurately estimate the prevalence of MGUS. 

1.2.2  MGUS progression 

The main clinical implication of MGUS is the risk of it developing into overt malignant 
disease, including MM, WM, AL, and NHL. Overall, the risk of progression is 0.5-1.5% 
per year.9, 29, 40, 41 However, subsets of the MGUS population have been identified that 
are at a higher and lower risk of progression. Current guidelines for MGUS follow-up 
are based on the risk criteria developed at the Mayo Clinic in the US.30 The risk score 
gives equal measure to an M protein ≥15 g/L, an abnormal FLC ratio, and non-IgG 
isotype. Individuals are classified into low, low-intermediate, high-intermediate, and 
high risk MGUS by whether they have 0-3 of these risk factors. The risk of progression 
within 20 years in these subgroups is 2, 10, 18, and  27%  respectively after 
accounting for death as a competing risk.42  
 

  

 MGUS SMM Active MM 

Criteria M protein or abnormal 

FLC ratio 

and 

No symptoms or 

markers of active MM 

BMPCs ≥ 10% 

or 

M protein ≥ 3g/dL 

and 

No symptoms or markers of 

active MM 

Hypercalcemia 

Anemia 

Renal disease 

Lytic bone lesions on CT or 

X-ray 

Or 

1 or more myeloma 

defining event* 

Progr-

ession 

0.5-1.5% per year 10% per year for 5 years 

3% per year for 5 years 

1% per year after that 

NA 

*: BMPCs ≥60%, FLC ratio ≥100, or ≥2 bone lesions or MRI. MGUS: Monoclonal gammopathy of 
undetermined significance; SMM: Smoldering multiple myeloma; MM: Multiple myeloma; FLC: Free light 
chain; BMPCs: Bone marrow plasma cells; CT: Computerized tomography. 
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A more advanced disease state on the MGUS to MM spectrum was defined in 1980 by 
Kyle and Greipp as smoldering multiple myeloma (SMM). They described 6 patients 
with bone marrow plasma cells (BMPCs) ≥10% who remained asymptomatic and stable 
for ≥5 years without therapy.43 This “disease”, which in truth is more like a risk 
category of MGUS, has since been further characterized and is currently defined as 
≥10% BMPCs or ≥30g/L of M-proteins in the absence of the clinical signs of active 
MM.30 SMM carries a significantly higher risk of progression to active MM than MGUS 
with 10% progressing every year for the first 5 years, then 3% per year the 5 years after 
that, and then 1% per year after that.44 Two separate risk stratification criteria have been 
developed to further stratify SMM patients by risk of progression. The Mayo 2/20/20 
criteria is based on measurements of M proteins, FLCs, and BMPCs while the Spanish 
criteria is based on flow cytometry results and immunoparesis. 

The underlying causes of MGUS progression have not been fully elucidated. The 
genetic changes observed in clonal cells in individuals with MGUS are similar to those 
in patients with MM, including chromosomal aberrations like IgH translocations and 
hyperdiploidy.45 Although the number of mutations increases from precursor to active 
disease and there are some specific mutations that are more common in MM than in 
MGUS, including those in the RAS and MYC genes,46, 47 the main differences seem to 
be the population size and dominance of the bone marrow.48 It is clear that cell level 
alterations and DNA mutations are not sufficient to achieve this and it has become clear 
that changes in the bone marrow microenvironment and particularly the cells of the 
immune system that reside there are one of the main drivers of MGUS progression or 
stabilization.49 

1.2.3  MGUS follow-up and treatment 

Currently, treatment is not recommended in individuals with MGUS but rather indefinite 
follow-up to detect progression, at which time treatment can be initiated.30 Although 
there are no randomized trials evaluating the benefits of this follow-up, at least three 
observational studies from Sweden and the United States have shown that a diagnosis 
of MGUS prior to MM diagnosis is associated with 13-15% improved survival with 
MM.37-39 These repeated observations may indicate that MGUS follow-up and early 
detection of MGUS progression to MM improves survival. Particularly because MM has 
been associated with a considerable diagnostic delay of 3-6 months at which time end-
organ damage may develop that is not reversible and may limit the application of 
effective therapies.50, 51 However, these findings may also, at least in part, be explained 
by lead-time bias and there is still considerable uncertainty on the benefits of MGUS 
follow-up. 

Current guidelines for the assessment and follow-up of individuals with MGUS were 
published in 2010 by the International Myeloma Working Group (IMWG).30 These 
recommendations are mostly based on expert opinion rather than clinical studies. The 
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initial assessment of individuals with MGUS is focused on ruling out active MM or 
related disorders by clinical assessment and exam as well as by basic blood testing, 
including a complete blood count, serum calcium and creatinine measurements as well 
as testing for proteinuria. Repeat SPEP and FLC assay is then recommended 3-6 months 
after the initial diagnosis of MGUS to detect those who are on a fast trajectory towards 
active disease. In those who have lowrisk MGUS, no further testing is recommended 
unless there are signs of active disease and follow-up is recommended after 2-3 years. 
In those with non-low risk MGUS bone marrow sampling and imaging of the bones is 
recommended at baseline and annual follow-up thereafter (Table 1.2).30 

 

 

  

 Low risk 
MGUS 

Non-Low risk 
MGUS 

IgM MGUS 

Criteria IgG isotype and 

M-protein <15g/L and 

Normal FLC ratio 

Non-IgG isotype 
or 

M-protein >15/L 
or 

Abnormal FLC 
ratio 

IgM isotype 

Initial 
assessment 

Clinical evaluation and blood testing. 
Repeat SPEP and FLC. 

Clinical evaluation 
and blood testing. 
Repeat SPEP and 

FLC 

Clinical evaluation 
and blood testing. 
Repeat SPEP and 

FLC 

Bone marrow 
sampling 

If clinically indicated Yes Yes 

Imaging If clinically indicated WBLDCT CT of the 
abdomen 

Follow-up In 2-3 years Annual Annual 

Table 1.2: Current guidelines for the initial assessment and follow-up for 
individuals with MGUS. MGUS: Monoclonal gammopathy of undetermined 
significance; FLC: Free light chain; SPEP: Serum protein electrophoresis; 
WBLDCT: Whole-body low-dose computeried tomography; CT: Computerized 
tomography. 
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Figure 1.7: Figure from Mateos et al. (2013) 
comparing overall survival in patients with SMM 
who receive and dont receive lenalidomide and 
dexatmethasone in a randomized trial.56 

Imaging has historically been 
mostly with plain radiographs of 
the bones to detect lytic bone 
lesions although guidelines do 
recommend computerized 
tomography (CT) of the abdomen 
in individuals with IgM MGUS. In 
2020, new guidelines for imaging 
in monoclonal gammopathies were 
published that recommend whole 
body low dose CT (WBLDCT) in 

those with non-IgM MGUS. The 
method is a more sensitive method 
to detect lytic bone lesions and it 
has rendered plain radiographs 
obsolete in the follow-up of 
individuals with MGUS. In cases of equivocal results on WBLDCT, whole-body MRI is 
recommended to detect myelomatous lesions with even greater sensitivity.52 

In those who meet the criteria for SMM, a more aggressive follow-up strategy is 
recommended.30 This includes bone marrow sampling and imaging at baseline and 
much closer follow-up every 4-6 months. Furthermore, an annual MRI is recommended 
for those with negative or inconclusive WBLDCT.52 Whether individuals with SMM 
should receive treatment has been the subject of debate but has been gaining favor in 
the last few years. The idea of treating MM early at the stage of SMM has been an 
attractive idea for some time but multiple early studies have failed to show a survival 
benefit.53-55 In 2013, Mateos and colleagues published a landmark trial comparing 
therapy with lenalidomide and dexamethasone to observation in patients with high-risk 
SMM. They found that therapy markedly improved progression free survival, but more 
importantly also found an improved overall survival benefit (Figure 1.7) in those who 
received treatment.56 These findings were further supported by Lonial and colleagues, 
who in 2020 published the results of a randomized trial of lenalidomide monotherapy 
and observation in high risk SMM. They found an improved progression-free survival 
but the trial was stopped early due to efficacy and an overall survival benefit was not 
observed during the resulting shorter study period.57 Taken together the findings 
strongly indicate that early treatment for MM at the stage of SMM can improve 
outcomes in MM and although there are some ongoing studies on the issue, many in 
the MM scientific community believe that it is time to routinely treat patients with high 
risk SMM.30, 58, 59 In fact, in 2014 an entity previously known as “ultra-high risk” SMM 
defined by BMPCs ≥60%, FLC ratio ≥100, or ≥2 bone lesions on MRI, were included 
into the definition of active MM and affected patients are considered eligible for 
treatment.15 
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Figure 1.8: US president Richard Nixon signing The 
National Cancer Act of 1971 into law in the US which 
introduced screening as one of the cornerstones of 
cancer care. Image source: National Cancer Institute 

1.3 Screening for MGUS 

Although all cases of MM are preceded by MGUS,26, 27 it is usually not recognized 
before progressing into active disease. Instead, MM patients have symptomatic end-
organ damage for a median of 3-6 months before diagnosis.50, 51 This end-organ 
damage is often irreversible and may limit the application of effective therapies at 
diagnosis of MM. Intervening at an earlier stage could, at least theoretically, prevent 
this end-organ damage and significantly improve outcomes in MM. Observational 
studies have indicated that prior knowledge of MGUS improves outcomes in MM, 
possibly due to early intervention.37-39 Further evidence has emerged from randomized 
clinical trials showing that treating asymptomatic individuals with SMM improved 
progression-free and overall survival.56, 57 However, less than 10% of MM patients have 
previously known MGUS at diagnosis, severely limiting the availability of early treatment 
in MM.37-39 This poses the question whether it may be appropriate to utilize population-
based screening for MGUS to identify those who may benefit from early treatment. No 
studies have been conducted on population-based screening for MGUS and clinical 
relevance of MGUS detected by population-based screening is not known and the 
benefits and potential harms of such screening have not been assessed. Here we’ll 
discuss cancer screening and when it is appropriate and then discuss the possibility of 
population-based screening for MGUS. 

1.3.1  Cancer screening 

Cancer screening has 
been one of the 
cornerstones of cancer 
care since the 
introduction of the “War 
on Cancer” National 
Cancer Act into law in the 
United States in 1971.60 
Cancer screening can be 
classified into two 
different categories based 
on the aims of 
screening.61 

Preventative screening aims 
to detect precursor 
conditions that may be 
treated, thereby preventing 

the development of overt malignancy. Examples of preventative cancer screening 
include screening for cervical and colorectal cancer. For these cancers, screening 
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leads to the detection of early malignant changes like cervical in situ neoplasia and 
colorectal polyps that can be removed, preventing their development into invasive 
malignancy. Early detection screening aims to detect cancer that has already developed 
at an early, most likely local, stage. Examples of early detection cancer screening are 
screening for breast, lung, and prostate cancer. In these diseases. The idea in these 
cases is that early-stage cancer is easier to treat, particularly in these solid tumors and 
that removal of a local tumor, for example by breast lumpectomy, may prevent its 
development into metastatic disease. 

Current guidelines recommend early detection screening for breast cancer in adult 
women and lung cancer in adults with a significant history of smoking as well as 
preventative cancer screening for colorectal cancer in all adults and cervical cancer in 
adult women. Additionally, early detection prostate cancer screening is recommended 
in men who have been informed about the potential benefits and harms of screening 
and prefer such screening.62 

1.3.2  When is screening appropriate? 

For cancer screening to be implemented, the benefits of screening need to outweigh 
the harms, both on an individual level and on the societal level. Although in principle, 
the benefits of cancer screening are obvious they may not always materialize, and 
screening may also carry significant harm. That is why cancer screening, particullary 
early detection cancer screening, is becoming increasingly controversial.63 

The potential harms of cancer screening can be considerable and warrant discussion. 
Firstly, cancer screening, particularly early detection cancer screening can lead to 
overdiagnosis and overtreatment through false positives and treatment of disease that 
would never have become clinically evident. For example, it has been estimated that 15-
30% of invasive ductal carcinoma in situ diagnoses in women offered screening 
represent overdiagnosis.64, 65 In the UK it has been estimated that breast cancer 
screening leads to 129 in 10,000 women (~1%) experience overdiagnosis and harm in 
order to prevent 42 deaths per 10,000 women.66 There is also considerable evidence 
of overdiagnosis in relation to prostate cancer screening with up to 50% of cases 
representing overdiagnosis.67 However, by limiting screening to younger age groups 
and by initially reacting with “watchful waiting”, that is, moving more towards 
preventative screening, the rate and associated harms of overdiagnosis can be 
significantly attenuated.68, 69 

Secondly, knowledge of early cancer or precursor conditions may lead to anxiety, a 
decreased sense of well-being, and lower quality of life. Considerable evidence has 
shown that a cancer diagnosis lowers quality of life and increases the incidence of 
psychiatric illness.70 Patients with MM for example have been found to have higher 
rates of self-harm and suicide.71 However, it may be difficult to discern the effects of the 
underlying cancer and treatments and the psychological trauma of the cancer 
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diagnosis. One way to better isolate this psychological effect is to study those that have 
a false-positive result and never undergo treatment. In the short term, false positive 
cervical cancer screening results have been associated with a decreased quality of 
life.72 However, longer term studies have shown that this effect is likely transient and 
will normalize in the longer term.73-75 

Thirdly, population-based cancer screening can lead to increased costs for society and 
increased utilization of already strained healthcare systems. For example, in one 
assessment, CT scans were estimated to be increased by 25% in England if lung cancer 
screening were to be implemented from 2 million to 2.5 million scans per year.76 
Similarly, 6.3 million screening colonoscopies were estimated to have been performed 
in 2012 in the US, of which an estimated 17-25.7% were not even indicated according 
to guidelines at the time.77 There is however, an extensive literature showing that cancer 
screening for breast, colorectal, and cervical cancer is highly cost-effective by 
decreasing the need for more extensive treatment and preventing death.78-80 However, 
many of these studies are likely to have overestimated the cost-savings of cancer 
screening by not accounting for quality of life losses and the cost of competing risks 
incurred due to screening, particularly due to prolonging life leading to more aging-
related disorders (for example dementia, cardiovascular disease, and other cancers) 
that increase healthcare costs. Despite this, most current cancer screening programs 
are either cost-saving or have acceptable costs.81 

In 1968, Wilson and Jungner, on behalf of the World Health Organization (WHO), 
developed and published a 10-item criteria for when screening for disease is 
appropriate (Table 1.3).82 The Wilson and Jungner criteria has since become an 
accepted framework to assess screening programs, including cancer screening 
programs. Although it has stood the test of time, with the advent of novel technologies, 
changing societal norms, and new healthcare standards, ten additional criteria, termed 
“emerging screening criteria” were set forth by Anderman and colleagues and 
published by the WHO (Table 1.4).83 These 20 items make up a useful framework for 
determining whether cancer screening is appropriate. 

1.3.3  Is screening appropriate in MGUS? 

Screening could detect MM and related disorders at its asymptomatic precursor state of 
MGUS vastly expanding the availability of early treatment in MM which may prevent the 
development of active MM. MGUS screening could therefore be considered a form of 
preventative screening. Most of the criteria of both the original and emerging criteria 
from the WHO on disease screening are already fulfilled in MGUS screening while 
further studies are needed to answer critical questions regarding the appropriateness of 
MGUS screening (Table 1.3). 

MGUS is a recognizable early stage in MM and related disorders that is rarely detected 
and there is an emerging accepted treatment for recognized disease, that is, high-risk 
SMM, fulfilling original criteria 2,4, and 8 as well as emerging criteria 1 and 2. 
Furthermore, the natural history of MGUS, SMM, and MM is relatively well understood 
due to previous long-term studies for example, in Olmstead county in the US.40 
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Original criteria Fulfilled in MGUS 
1. The condition sought should be an important health 

problem 
Yes 

2. There should be an accepted treatment with recognized 
disease 

Yes 

3. Facilities for diagnosis and treatment should be available Yes 
4. There should be a recognizable or early symptomatic 

stage 
Yes 

5. There should be a suitable test or examination  Yes 
6. The test should be acceptable to the population Yes 
7. The natural history of the condition, including 

development from latent to declared disease, should be 
adequately understood 

Yes 

8. There should be an agreed policy on whom to treat as 
patients 

Yes 

9. The cost of case-finding (including diagnosis and 
treatment of patients diagnosed) should be economically 
balanced in relation to possible expenditures on medical 
care as a whole 

Probably 

10. Case finding should be a continuing process and not a 
“once and for all” project 

Yes 

Emerging screening criteria83  
1. The screening program should respond to a recognized 

need 
Yes 

2. The objectives of screening should be defined at the 
outset 

Yes 

3. There should be a defined target population No 
4. There should be scientific evidence of screening 

program effectiveness 
No 

5. The program should integrate education, testing, clinical 
services, and program management 

Practical issue 

6. There should be quality assurance, with mechanisms to 
minimize potential risks of screening 

Practical issue 

7. The program should ensure informed choice, 
confidentiality, and respect for autonomy 

Practical issue 

8. The program should promote equity and access to 
screening for the entire population 

Practical issue 

9. Program evaluation should be planned from the outset Practical issue 
10. The overall benefits of screening should outweigh the 

harm 
Unknown 

Table 1.3 : The original Wilson and Jungner- and the emerging screening criteria set 
forth by the World Health Organization (WHO) and whether the crietria are fulfilled in 
MGUS.  
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Although MM is relatively rare with an incidence of ~5-7 per 100,000 person-years in 
the Western world17 it still remains a significant cause of mortality and morbidity. MM 
often leads to significant symptoms leading to decreased physical functioning and a 
considerable burden of disease for patients and their families.84 The costs of MM care 
are also significant with the average lifetime cost of myeloma therapy per patient 
recently estimated at 184,495$ in the US.85 Therefore, MM is an important health 
problem (original criterion 1) and due to the high cost of care, screening is likely to 
carry economic benefits although there have been no studies on the subject to date 
(original criteria 9). 

The screening test is a simple blood test which is acceptable to the population and 
highly repeatable (original criteria 5 and 10). SPEP and IFE are sensitive to the 
detection of M proteins that are clinically relevant and precede MM.26, 27 The FLC assay 
is also sensitive to light-chain MGUS but is an indirect measure of monoclonal FLC and 
is affected by age and kidney function.86 Furthermore, an increasing FLC ratio in the 
general, termed “kappa-drift” has been observed in some laboratories.87 The FLC assay 
may therefore not be as specific as the SPEP and IFE. However, these tests can be 
repeated with ease causing limited discomfort and very low risk of complications. 
Furthermore, treatment is not indicated in those who are not found to have SMM or MM 
limiting the harms of overdiagnosis in those who have a false-positive test. 

Some of the other criteria including emerging criteria 5, 6, 7, 8, and 9 are more 
practical and organizational and do not require scientific debate. However, important 
questions remain unanswered. Most importantly, there is currently no scientific 
evidence on the benefits and harms of screening for MGUS and the disorders it 
precedes (emerging criteria 4). It is therefore not possible to assess whether the 
benefits of screening outweigh its potential harms (emerging criteria 10). Although 
there is considerable evidence that early intervention can delay the development of 
active MM and improve survival (see chapter 1.2.3), it is not clear how these benefits 
would translate into improved outcomes for individuals diagnosed with MGUS duing 
screening. Furthermore, the harms of screening have not been sufficiently studied. 
Potential harms include overtreatment, exposure to diagnostic tests including radiation, 
and the effects of knowing about a precursor condition on psychiatric health and sense 
of wellbeing. In some healthcare systems, a diagnosis of MGUS could lead to 
significant “financial toxicity” since the costs of follow-up, diagnostic testing, and 
treament can be significant and long-term. Extensive studies are needed to answer 
these critical questions. 

Finally, no target population for screening has been defined (emerging criteria 3). This 
is of particular importance since the prevalence of MGUS is highly dependent on age 
and ethnicity. The median age at MM diagnosis is around 70 and any cancer screening 
program will therefore have to target a population that is younger than that to capture 
the majority of cases before they become overt MM. However, only 1% of MM cases 
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are diagnosed before the age of 4088, 89 and the yield of screening is likely to be very 
low. In those who are older, diagnosing a precursor disease that is unlikely to progress 
during their shorter remaining lifespan or will progress to an advanced precursor which 
treatment they may not be fit for, is likely to lead to more benefit than harm. Patients 
with MM who are of African descent have a lower median age of 66 at the time of MM 
diagnosis90 and the prevalence of MGUS is higher.34 The target population for 
screening may therefore be different in this population. Even further, a family history of 
MM is associated with a more than 2-fold risk of MM91 may therefore be needed to be 
taken into account. An integrated risk assessment including age, ethnicity, and family 
history of MM and related disorders will probably be required to identify individuals for 
whom MM screening is appropriate. Crucially, the target population should not be 
defined solely based on the prevalence of MGUS but rather based on the clinical 
significance of the MGUS that may be discovered. Screening is of no more use in a 
population with a high or low prevalence of MGUS if the utility of knowing about MGUS 
is the same for both groups, the population simply has different numbers of individuals 
with the same ratio of benefits and harms from screening. This is because screening 
itself does not carry significant risks or costs but rather the clinical testing, follow-up, 
and interventions that may follow. Furthermore, it will be important to identify and take 
into account individual preferences with regard to wanting to know about a precursor 
condition and in some cases, having the financial means to stay in long-term follow-up 
for that precursor, these priorities will differ across individuals, cultures, and healthcare 
systems. 

Taken together, there are many signs that MGUS screening could provide real benefits 
and might lead to a paradigm shift in MM care to early detection and intervention, 
preventing active disease and improving survival and quality of life. However, there are 
critical questions that remain unanswered and there is not sufficient evidence to start 
systematic population-based or targeted screening for MGUS. Current evidence is 
mostly made up of observation studies and studies of MGUS, SMM, and early MM that 
are detected clinically and their disease burden may not always represent the disease 
burder found in a screened population. The evidence is therefore lacking to impliment 
such a consequential population-based measure as screening and large, randomized 
studies are required to answer important questions that remain unanswered. 
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Figure 1.9: An illustration of some of the main non-malignant disorders that 
have been associated with MGUS. 

1.4 Disease associations of MGUS 

 

The main clinical implication of MGUS is the risk of progression to MM or related 
disorders. However, multiple studies have implicated MGUS as a possible cause of 
multiple other medical problems. In some of these cases, histopathological evidence 
has shown a role of monoclonal immunoglobulins or light chains in the pathological 
mechanisms of the disease. But in other cases, these associations are based on 
observations of co-occurence of MGUS and these disorders. When associated with 
disease, MGUS has been termed monoclonal gammopathy of clinical significance 
(MGCS).92 Importantly, MGCS and similar terms referring to specific disease 
associations of MGUS, are not diseases, but rather a concept where MGUS is viewed as 
having actual significance by causing non-malignant complications that are the actual 
underlying diagnosis. The term MGCS has particularly been applied to disorders of the 
kidney, skin, nerves, and certain rheumatological disorders with relatively clear 
associations with MGUS. However, MGUS has also been found to have more vague 
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associations with diseases like fractures,93 infections,94 and thrombosis.95 Some of these 
assocations will now be briefly discussed and the limitations of our current knowledge 
emphasized. 

1.4.1  Peripheral neuropathy 

Peripheral neuropathy (PN) is characterized by pain and/or sensory and motor deficits 
brought on by impairment of peripheral nerve function. Sub-clinical PN is common in 
the general population, especially in the elderly, where the estimated prevalence of PN 
is around 7%.96 Although there are many known causes of PN, ranging from nutritional 
deficiencies or side-effects of medications to various systemic diseases, PN is most 
commonly caused by diabetes mellitus (DM) where it is a significant contributing factor 
in DM morbidity. As a result, patients with DM are routinely screened for symptoms of 
PN.97  

A considerable portion of individuals with MGUS have been reported to develop PN. 
The prevalence of PN among individuals with MGUS varies greatly in the literature and 
has been reported to be from 3% to 70%.98-105 However, the studies to date have mostly 
been small, retrospective, or include outdated criteria for the diagnosis of MGUS. Most 
studies on the association of MGUS and PN have been performed on clinical cohorts 
where MGUS is diagnosed incidentally. In one study, including a screened MGUS 
population, using registry-based data on 605 MGUS cases in Olmsted County in 
Minnesota, the authors did not find an association between MGUS and PN.104 

Due to the high prevalence of PN and MGUS, it can be difficult in practice to ascertain 
whether MGUS is the cause of a patient’s PN. Neuropathy is more common in IgM 
MGUS than in non-IgM MGUS.106 Over 50% of PN in IgM MGUS is associated with the 
production of anti myelin-associated glycopeptide antibodies (anti-MAG). Anti-MAG 
binds to myelin on peripheral nerves leading to a relatively mild demyelinating 
neuropathy typically characterized by distal sensory and sensorimotor symptoms with 
unsteadiness and tremor.107 Other IgM MGUS PN has been associated with some other 
auto-antibodies, for example, antiganglioside GM1 and GD1b antibodies leading to 
multifocal motor neuropathy, IgM deposition in peripheral nerves, and in some cases 
no specific cause is found.107 In non-IgM MGUS PN, causality has not been as clearly 
defined. A common presentation is with symptoms and neurophysiological findings of 
chronic idiopathic demyelinating peripheral neuropathy (CIDP) with detectable M 
proteins in the serum. This may in many cases be CIDP in an individual with an 
incidental M protein but in some cases, these develop into amyloidosis, POEMS 
syndrome (polyneuropathy, organomegaly, endocrinopathy/edema, monoclonal 
protein, skin changes), or other plasma cell disorder which proved to be the underlying 
cause.108, 109 Treatment is limited to treating the underlying disorder and intravenous 
immunoglobulins or plasmapheresis in some cases.110 Importantly, PN can also be a 
feature of active advanced disease rather than MGUS. This includes Waldenströms 
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macroglobulinemia and amyloidosis as well as radiculopathy in relation to pathologic 
fractures in MM.111 

The effects of PN on clinical outcomes in MGUS have not been sufficiently studied. In 
one study from Austria, the authors found a non-significant association between PN and 
MGUS progression to active disease.102 However, this was a single-center, retrospective 
study including only 223 individuals with MGUS and 36 with PN. There are multiple 
studies linking MGUS PN to a decreased quality of life that decreases even further as 
symptoms deteriorate.112-114 PN has been associated with falls and fractures when 
associated with other disorders, this is logical since the loss of sensation, particularly 
the loss of proprioception, often leads to sensory ataxia.115 MGUS PN specifically has, 
however, not to our knowledge, previously been evaluated as a cause of falls and 
fractures.  

1.4.2  Fractures 

Bone disease is a clinical hallmark of MM but MM patients have an increased risk of 
fractures in the years preceding the diagnosis.116 Some of these fractures are likely due 
to MM-related bone disease but it is unlikely that an increased fracture risk more than 
one year before MM diagnosis is due to undetected MM bone disease. Two studies 
from the US and Sweden based on clinical population-based MGUS cohorts found that 
individuals with MGUS had an increased risk of fractures, particularly axial fractures, 
similar to MM.117, 118 These findings were further corroborated in a population-based 
study in Iceland including individuals screened for MGUS from the Age, 
Gene/Environment Susceptibility – Reykjavik study (AGES-Reykjavik). In the study, 
which was smaller than the previous studies, fracture risk was increased for males with 
MGUS and not for females, and the overall fracture risk did not reach statistical 
significance.93 

The cause of this fracture risk in MGUS has not been fully elucidated. Early studies 
showed high rates of MGUS among individuals with osteoporosis indicating that 
perhaps MGUS led to systemic bone density reduction, paving the way for local bone 
erosions, that is, lytic lesions in MM.119 However, bone density was compared between 
individuals with MGUS and controls without MGUS, as determined by screening, in the 
previously mentioned AGES-Reykjavik cohort, bone density was not found to be 
different between the two groups. Instead, bone volume was found to be greater in 
those with MGUS suggesting abnormal bone structure and architecture rather than 
decreased density as the cause.93 Furthermore, studies using high-resolution CT scans 
of the bones of individuals with MGUS have shown increased cortical porosity, 
decreased cortical and trabecular thickness, increased endocortical area, and 
decreased bone strength despite the bones being slightly larger.120, 121 Taken together 
these findings indicate that MGUS is not associated with osteoporosis but rather an 
abnormal bone architecture leading to increased fracture risk. 
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Figure 1.10: An image of the SARS-CoV-2 
virurs that causes COVID-19 taken by 
electron microscopy. Image source: 
Wikimedia commons, ANLIS - Malbrán 

 

1.4.3  Infections 

Several studies have assessed infection risk in individuals with MGUS. In a paper from 
1998, Gregersen et al observed 40 cases of bacteremia among 1,237 individuals with 
MGUS in Denmark between 1981 and 1993 and found a 2.2-fold increased risk of 
infections in this group.122 These findings were corroborated in a cohort of 605 
individuals with MGUS where an increased risk of spontaneous bacterial peritonitis, 
mycobacterium infection, and upper respiratory infection.104 In the largest population-
based study to date in Sweden, including 5,326 individuals with MGUS, these findings 
were even further validated. The authors observed a 2.2-fold risk of infections in 
general with a 2.2-fold risk of bacterial infections and 2.7 fold risk of viral infections. 
Several specific infections were observed to be associated particularly associated with 
MGUS including osteomyelitis and meningitis, but overall infection risk was higher for 
all observed infection sources in the study.94  

This increased risk of infections is likely due to the abnormal humoral and cellular 
immunity previously reported in MGUS. Measurements of normal immunoglobulins 
show hypogammaglobulinemia in up to 25% rate of individuals with MGUS32, 122 with 
the rate going being even higher in SMM.123 Additionally, differences in the T cell 
compartment have also been observed in those with MGUS compared to healthy 
controls. This immunodeficiency observed in individuals with MGUS are, however, 
milder than those observed in MM and data on immune dysfunction in MGUS are not 
as robust as that for MM.124 Furthermore, the association of infections and MGUS has 
mostly been studied in clinical cohorts with MGUS where other disorders, including 
infections, autoimmune disease, and more are likely to be selected for. The pathologic 
mechanisms of these disorders or their treatment may have affected the observed 
immune dysfunction and increased infection risk. 

In late 2019, the severe acute 
respiratory syndrome coronavirus 2 
(SARS-CoV-2) was detected for the first 
time. The virus and coronavirus disease 
2019 (COVID-19) has since become a 
global pandemic leading to at least 476 
million cases and 6.1 million deaths 
worldwide as of late March 2022.125 The 
spectrum of disease is highly variable 

from asymptomatic to severe disease 
with multi-organ failure. Various risk 
factors for severe COVID-19 have been 
identified, including comorbidities like 
cancer.126 MM has been shown to be 
associated with a particularly high risk 
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of severe COVID-19 with disease factors being drivers of severe COVID-19 risk 
including immune dysfunction, rather than treatment-related factors.127-130 Because 
similar immune dysfunction has been observed in MGUS, it is plausible that those with 
MGUS also have higher risks during the COVID-19 pandemic.131 Earlier studies are 
sparse with one cases series presenting seven COVID-19 cases in individuals with 
MGUS with one fatality.132 However, prior to the work in this thesis, no systematic data 
had been published on the matter. 

1.4.4  Renal disease 

Renal disease is one of the clinical hallmarks of MM but can also present alongside 
MGUS leading to a clinical phenomenon termed monoclonal gammopathy of renal 
significance (MGRS).133 According to the current definition by the international kidney 
and monoclonal gammopathy research group, MGRS applies to any B cell or plasma 
cell clonal lymphoproliferation with both one or more kidney lesions that are related to 
the monoclonal immunoglobulin and the underlying process not causing complications 
meeting criteria for therapy (for example MM).134 MGRS includes a very broad group of 
renal diseases with some having observable monoclonal immunoglobulins, usually light 
chains, in renal biopsies for example monoclonal fibrillary glomerulonephritis and light 
chain proximal tubulopathy. Some of the disorders included as MGRS lesions do not 
include monoclonal immunoglobulins but have been strongly linked to MGUS like C3 
glomerulopathy, where MGUS is present in up to 80% of cases over 50 years old. 
Other nephropathies have a less clear association with MGUS but have been reported 
alongside MGUS.135 

1.4.5  Other disease associations 

Various disease associations with MGUS have been reported. Thrombosis, both venous 
and arterial have been reported in cohorts from Sweden and the US.95, 136 Ocular 
manifestations of MGUS have been reported, particularly keratopathy. Although rare 
and not based on population-based data, this has given rise to the term monoclonal 
gammopathy of ocular significance.137 Cutaneous manifestations have been reported 
alongside monoclonal gammopathies, particularly cryoglobulinemia, POEMS 
syndrome, and amyloidosis, but other less clear associations have also been 
reported.138 Mortality has also been observed to be higher in those with MGUS.139, 140  

1.4.6  Methodological limiations of studying MGUS disease 
associations 

Several methodological limitations have affected studies on the disease associations of 
MGUS: 

Firstly, virtually all previous studies have been performed in clinical cohorts with MGUS 
where only a small portion of individuals with MGUS in the population have been 
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identified during the workup of other symptomatic medical problems. This will 
invariably lead to biased selection of individuals with other disorders into the MGUS 
group. In fact, individuals with clinically diagnosed MGUS have higher rates of heart 
failure, endocrine disorders, rheumatological disease, and neurological disease.141 
These disorders, their pathological mechanisms, or warranted treatments may instead 
be the reason for the observed disease association rather than a causal link with MGUS. 
Furthermore, physicians who are aware of the previous studies associating MGUS with 
various diseases may be likely to look for and diagnose MGUS in patients with 
disorders that have already been shown, possibly in biased studies, to be associated 
with MGUS. This can perpetuate a “self-fulfilling prophecy” where more recent data 
could be even more affected by this selection bias. 

Secondly, individuals with MGUS are under regular clinical observation and testing and 
may themselves be more aware of their health due to their diagnosis. Cohorts with 
MGUS may therefore be more likely to seek medical care for their symptoms and 
disease may come to light during clinical follow-up and testing, including imaging and 
blood testing, that would otherwise have gone undiagnosed leading to biased detection 
of various diseases. This is most likely to apply to asymptomatic or subclinical disorders 
and disorders that have previously been associated with MGUS. For example, this 
includes PN which is often present subclinically in the general population.96 However, 
this is not likely to apply to severe diseases like femur fractures or life-threatening 
infections. 

Thirdly, MGUS will in some cases progress to more advanced diseases whose 
symptoms may represent some of the disease associations previously reported. 
Although individuals with MGUS are under clinical observation, it is unavoidable that 
there remains some diagnostic delay between the development of these advanced 
disorders and their detection. Complications of these disorders, for example, fractures 
due to MM bone disease, infections due to immunoparesis, and PN due to WM-related 
cryoglobulinemia, may be observed in the leadup to the diagnosis of MGUS 
progression and be misclassified as a disease associated with MGUS rather than 
advanced disease. This is not always accounted for, particularly in registry studies. For 
example, in studies on fractures in MGUS, MM related fractures have not been 
excluded and may therefore have impacted the estimates for fracture risk in MGUS.117, 

118 

These limitations make it likely that previous studies on the association of MGUS and 
other disorders have provided some false associations and incorrectly estimated the risk 
of disease associated with MGUS. Even in MGCS disorders, where histopathological 
testing has proven monoclonal immunoglobulins to cause disease,92 these biases have 
probably led to overestimation of the prevalence and thereby the importance of MGCS 
in the clinical setting. They also underscore the importance of studying MGUS disease 
associations in screened cohorts with MGUS. One such disease association study was 
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performed in the screened Olmstead County cohort.104 The study included 605 
individuals with MGUS and the incidence of a multitude of diseases were evaluated. 
The authors could confirm some of the previous disease associations including MM and 
WM as well as fractures, kidney transplant, and urticaria. Interestingly, multiple 
previously reported disease associations could not be confirmed, including PN, various 
skin diseases, and thromboembolism suggesting that these previously observed 
associations were artifacts found in clinical MGUS cohorts. However, the study was 
highly explorative utilizing specific diagnostic codes rather than relevant disease 
categories and the authors adjusted for multiple testing which may have rendered the 
study underpowered to detect more subtle disease associations. Furthermore, some of 
the diagnoses associated with MGUS including uterus retroversion, inhalation of fumes, 
and “open wound, buttock” are not likely to be causally related to MGUS and suggest 
that some of the associations found may have been spurious.104 

1.4.7  MGUS screening and non-malignant disease 

As discussed in section 1.3. MGUS is associated with a multitude of clinically significant 
complications including infections, fractures, PN, renal disease, and more. Besides 
offering the opportunity to treat MM at an early stage, MGUS screening may also 
provide an opportunity to detect and treat or mitigate these complications. For example, 
balance training and physical therapy can improve symptoms and the risk of falls in 
patients with PN.142-144 Renal disease due to MGRS is one of the few underlying causes 
of chronic kidney disease where it is possible to treat the underlying cause and MGUS 
screening may also identify MGRS patients who will benefit from treatment and may 
have a lower risk of progressing to end-stage renal disease and requiring dialysis.145 

MGUS screening will also generate a novel population of individuals with screened 
MGUS who are seen in the clinic and evaluated for these reported complications of 
MGUS. By gathering such a cohort, these disease associations can be further studied 
and the true burden of these disorders assessed, leading to the optimization of MGUS 
follow-up and possibly to improved outcomes in those with MGUS. 

1.5 Summary 

MGUS is asymptomatic but carries some clinical significance. This significance is 
twofold.  

Firstly, MGUS is the precursor of MM and related disorders and by having individuals 
with MGUS under observation progression may be detected earlier and therapies 
applied to improve outcomes in these overt malignancies. Because MGUS is 
asymptomatic, most cases go undetected, severely limiting the availability of such early 
interventions. Screening for MGUS could be a simple and low-cost method of detecting 
these individuals and dramatically expand the use of early treatment in MM and related 
disorders. However, this may carry significant harms and the benefits on an individual 
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level may be limited. It is imperative to move from observational studies and studies 
including only clinically detected MGUS, SMM, and MM and related disorders to 
examine the real effect of such a consequential population-wide intervention before it is 
implemented. 

Secondly, MGUS has been associated with a multitude of non-malignant disorders 
including PN, fractures, infections, renal disease, and more. Most previous studies on 
these disease associations have severe methodological limitations and there is a 
considerable lack of clarity on which disease associations are true and which disease 
associations are strong enough to have real clinical significance in the care of 
individuals with MGUS. By clarifying these points, clinicians can focus their efforts on 
these non-malignant complications of MGUS that are of significance and apply 
therapies to treat or mitigate these complications. 

There remains a lack of clarity on the extent of the clinical significance of MGUS. This is 
mostly due to methodological issues that arise from studying an asymptomatic disorder 
like MGUS. Alternative approaches to evaluating available data or large-scale screening 
studies are needed to further elucidate the significance of MGUS and estimate the 
benefits of detecting and following individuals with MGUS. 
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2 Aims 
The overall aim of this thesis is to further clarify the clinical significance of MGUS with 
an emphasis on the association of MGUS and non-malignant disease and to 
demonstrate methodologies that can significantly improve our understanding of this 
asymptomatic precursor disorder and its clinical significance. This is done in two parts: 

In the first section, population-based registry data from Sweden is used to evaluate the 
association of MGUS and PN and fractures in paper I and paper II respectively, with 
additional emphasis on the effect of PN on MGUS progression risk and fractures. 
Alternative study designs and statistical methods are applied to an iteration of this 
dataset in which MGUS has been extensively studied previously94, 95, 118, 139, 146, 147 in 
order to gain new insight and shed further light on the clinical significance of MGUS. 

In the second section, we introduce the Iceland screens, treats, or prevents multiple 
myeloma study (iStopMM). The primary aim of the study is to assess the potential 
benefits and harms of population-based screening through performing a large-scale 
population-based screening study and a randomized controlled trial of follow-up 
strategies, including no follow-up. The extensive study design of iStopMM and the result 
of the recruitment phase of the study is described in paper III. One of the secondary 
aims of iStopMM is to generate an unbiased population-based screened cohort with 
MGUS in which disease associations can be studied with far greater confidence than 
possible previously. This methodology is demonstrated in paper IV where data from 
iStopMM is used to evaluate the risk of COVID-19 and particularly, of severe COVID-19, 
in individuals with MGUS.  
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3 Registry studies 

3.1 Swedish registry data 

3.1.1  Central registries 

Like in most Nordic countries, all residents of Sweden are assigned a unique national 
identification number at birth or immigration. Swedish residents use the number in all 
their interactions with government institutions and public services, including the 
nationwide universal healthcare system. In addition to the population registry which 
includes the national identity number, date of birth, sex, and legal residence of all 
Swedish residents, the Swedish authorities have multiple registries on health, causes of 
death, tax data, education, and more. Using the national identification number, data 
from these registries can be cross-linked with virtually complete accuracy and used for 
scientific studies. This data cross-linkage has been the foundation of many research 
studies and is the foundation of papers I and II of this thesis. The following registries 
were included in this thesis: 

1)The Swedish cancer registry: Founded in 1958, the Swedish cancer registry was one 
of the first nationwide cancer registries in the world. Since its foundation, registration 
of cancer diagnoses has been compulsory for Swedish physicians. These laws and the 
constant efforts by the staff of the registry, make the data quality of the Swedish cancer 
registry very high and diagnostic accuracy has, for example, been reported to be as 
high as 95% for multiple myeloma.148 

2)The Swedish cause of death registry: Causes of death have been registered in 
Sweden by decree of the Swedish parliament since the 18th century, but the Swedish 
cause of death registry, in its current form, was established in 1952. Registration of 
deaths and their underlying causes, as estimated by their treating physician or during 
autopsy, is mandated by law and is required before the release of the body to loved 
ones for interment. Therefore, the registry includes virtually complete data on all deaths 
in Sweden since its inception.149 

3)The Swedish National patient registry: In the 1960s, data on inpatient care started to 
be collected in Sweden in the National patient registry. In the 80s reporting became 
mandatory for all institutions in the Swedish universal healthcare system to report 
admissions to the registry and data has been considered complete since 1987. The 
registry includes diagnoses as International classification of diseases codes (ICD 
codes). Since 2001, outpatient encounters in specialty and primary care have also been 
included in the registry.150  The data quality of the Swedish national patient registry has 
been shown to be high with positive predictive values of disease ranging from 85-
95%.151 
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3.1.2  MGUS registry 

The universal Swedish healthcare system has a geographically defined specialist referral 
structure and patients with hematological disorders are typically diagnosed, treated, 
and followed at regional hematology or oncology centers that usually are affiliated with 
a university hospital. Usually, MGUS is diagnosed during workup for other medical 
problems and when the diagnosis is made, that individual is most often referred to one 
of these regional centers. Since the early 80s, the criteria for MGUS diagnosis in these 
centers in Sweden have essentially been the same as those used internationally. During 
the relevant study period of the studies included in this thesis, this has included the 
presence of M proteins <30 g/L in serum and bone marrow plasma cells <10% (if 
bone marrow examination was performed).  

From a network of these regional hematology and oncology centers in Sweden, all 
recorded cases of MGUS were registered in a central MGUS registry. Furthermore, 
cases of MGUS reported in the National patient registry and the Swedish cancer 
registry were included even though not recorded by any of the regional centers. For 
each case of MGUS, 4 controls were randomly selected from the general population 
who were alive at the date of MGUS diagnosis and matched by age, sex, and county of 
residence. In some cases, 4 controls were not available at the time of matching, 
reducing the number of matched controls to those available. The generated dataset 
constitutes the MGUS registry of individuals with MGUS and their controls used for 
papers I and II of this thesis. The registry has been described in greater detail 
elsewhere.91 

3.2 MGUS and peripheral neuropathy (paper I) - Methods 

3.2.1 Study cohort 

The aim of paper I was to evaluate the relationship between MGUS and PN in 
population-based data and compare it to the relationship between DM and PN. To do 
this we included MGUS cases and controls between 1986 and 2013 from the MGUS 
registry described above. Participants who had a diagnosis of MM or related disorders 
as recorded in the Swedish cancer registry were excluded since they did not, by 
definition, have MGUS but more advanced disease. Participants who were under 18 at 
the time of MGUS diagnosis were also excluded. Participants were enrolled and 
followed until the 31st of December 2013. 
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3.2.2 Diagnoses of peripheral neuropathy and diabetes mellitus 

Diagnoses of PN and DM were acquired from the National patient registry as ICD 9 
and 10 codes (Table 3.1). Because the precise cause of PN is often not verified in 
clinical practice, we included PN regardless of registered cause. However, we 
excluded acute inflammatory neuropathies like Guillain-Barré neuropathy. In order to 
capture more cases of PN, which often goes undetected, we also included codes for 
symptoms of neuropathy like the ICD-10 code R20.0, anesthesia of skin. However, 
these symptomatic were excluded in a sensitivity analysis. Codes for DM were chosen 
to capture as many cases of DM as possible. Furthermore, because ICD-9 only includes 
a single code for DM we chose to include all codes for DM regardless of classification 
or complications from ICD-10. 

In practice, both DM and PN develop over time, usually months or years. However, it is 
impossible to ascertain the precise date of onset of the disorders using the current 
data. Therefore, we only consider participants to have DM or PN after the date of the 
first recorded diagnosis. 

Disorder ICD-10 ICD-9 

Diabetes mellitus E10, E11, E12, E13, E14 250 

Peripheral neuropathy E10.4, E11.4, E12.4, E13.4, 
E14.4, G13.0, G60.3, G61.8, 
G61.9, G62, G63, R20.0, 
R20.1, R20.2, R20.8  

250F, 356E, 357C, 357D, 
357F, 357G, 357H,357W, 
357X, 782A  

Table 3.1: The ICD-10 and ICD-9 codes used to identify DM and PN in the study. Note 
that all sub-codes were include (for example G62 includes G62.0, G62.1 etc.). 
Italicized codes are symptomatic codes. 

3.2.3  Primary analysis 

In the primary analysis, we assessed whether MGUS was associated with PN 
development. Participants who did not have PN at diagnosis were followed from the 
date of MGUS diagnosis or, of controls, the date of MGUS for the corresponding case. 
We considered the diagnosis of PN as the endpoint and censored at death as recorded 
in the Swedish cause of death registry or at the end of follow-up. Because treatments for 
MM and related disorders often cause PN, we also censored participants at the 
diagnosis of MM and related disorders as recoded in the Swedish cancer registry or 
National patient registry. In the main analysis, we considered the whole included 
matched cohort and estimated the hazard ratio (HR) of PN between cases with MGUS 
and controls using Cox regression adjusting for age, sex, and year of inclusion.  
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Because individuals with MGUS are under regular medical surveillance, and physicians 
caring for individuals with MGUS should in general be aware of their previously 
observed increased risk of PN, there is a considerable risk of detection bias for PN 
between cases with MGUS and controls. Therefore, we further stratified the cohort by 
whether participants had a diagnosis of DM before inclusion. Patients with DM are also 
under regular medical surveillance and have a known increased risk of PN when 
compared to the general population. Therefore, physicians taking care of DM patients 
should be aware of their PN risk and many are regularly screened for PN.97 The DM 
population, therefore, serves as a more appropriate comparison than the general 
population. This stratification generated four study groups: An MGUS group that 
included those with MGUS who did not have DM, an MGUS and DM group that had 
both MGUS and DM, a DM group that had DM and not MGUS, and a Control group that 
had neither MGUS nor DM. HRs were then estimated for the four study groups with the 
control group and the DM group as the reference in two separate models using Cox 
regression, adjusting for sex, age, and year of inclusion. 

3.2.4  Secondary analysis 

In a secondary analysis, we evaluated the association of PN and MGUS progression to 
more advanced disease and death. We followed participants with MGUS from the time 
of MGUS diagnosis to progression to MM, WM, AL, or other LP both together and in 
separate analyses and to death in a separate analysis. Participants were censored at 
death, end of follow-up, or diagnosis of MGUS progression to advanced disease not 
included in the outcome of that analysis (for example diagnosis of WM in the analysis 
for MM). In the analysis assessing the association of PN and death the only censoring 
event was end of follow-up. 

We performed Cox regression to estimate the HR of MM, WM, AL, LP, any 
progression, and death while adjusting for age, sex, and year of MGUS diagnosis. 
Some participants who had PN were diagnosed after MGUS diagnosis. In these 
participants, the period leading up to PN diagnosis would be misclassified as time with 
PN. Furthermore, participants will inevitably not progress or die during this period 
since that would lead to censoring leading to immortal time bias. Therefore, we 
included PN as a time-dependent covariate where the PN binary covariate could be 
different for the same participants at different time points and their person-time with 
and without PN can be correctly accounted for.  

3.2.5  Sensitivity analysis 

Outpatient data in the National patient registry was not available until after 2001. Since 
diagnoses of PN are often made in the outpatient setting this different availability of 
data over the study period might affect the results. Therefore, we performed a 
sensitivity analysis restricting the time period to 2001-2013. In a second sensitivity 
analysis, the DM stratified primary analysis was performed with the starting date as 
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either the original date of inclusion or the date of DM diagnosis, whichever came last. 
Thirdly, we performed a sensitivity analysis where ICD-10 codes for symptoms of PN 
were excluded from the diagnosis of PN. Finally, we performed the secondary analysis 
after excluding those who developed PN after MGUS diagnosis negating the need for 
including PN as a time-dependent covariate. 

3.3 MGUS and fractures (paper II) - Methods 

3.3.1  Study cohort 

The aim of paper II was to evaluate the risk of fractures in MGUS with and untangling 
the potentially multifactorial causes of fractures in MGUS, including PN and imminent 
progression to MM and related disorders. For the study, we included participants with 
MGUS and controls matched by sex, age, and county of residence in the same manner 
as for paper I. We restricted the study period from 1999-2013. This was done because 
coding of diseases changed in 1997 to using the ICD-10 coding system and by 
restricting to this time period the coding of PN and fractures would be the same 
throughout the study period. By starting in 1999, participants had a 2-year “wash-out” 
period where PN diagnoses would most likely be recorded for all those who had PN 
before that time. 

3.3.2  Peripheral neuropathy and fracture diagnoses 

Diagnoses of PN were acquired from the National patient registry in the same manner 
as for paper I but only including ICD-10 codes. Fractures were also acquired from the 
National patient registry and were included as three types of outcomes: any fracture, 
peripheral fracture, and axial fracture. The ICD-10 codes for these outcomes are 
detailed in table 3.2. We speculated that peripheral fractures were more associated 
with falls compared to axial fractures that are more associated with MM and related 
bone disease. Therefore, we speculated that PN would have a stronger association with 
peripheral fractures and that imminent MGUS progression would be more associated 
with axial fractures. 

Outcome ICD-10 codes 

Any fracture S02, S12, S22, S32, S42, S52, S62, S72, S82, S92 

Peripheral fracture S02, S52, S62, S82, S92 

Axial fracture S12, S22, S32, S42, S72 

Table 3.2: The ICD-10 codes used to define the fracture outcomes of paper II. Note that 
all subcodes were included (S02 included S02.1, S02.2 etc.). 
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In some cases, the same fracture will be coded repeatedly in the months after the 
fracture due to transfers, readmissions, or rehabilitation. For example, if someone may 
be diagnosed with a hip fracture at a rural hospital, that patient would then be 
transferred to an orthopedic center elsewhere for an operation. That patient may then 
be transferred back to the rural hospital and then be discharged to a rehabilitation 
hospital. That same fracture would then be coded repeatedly at each of these centers. 
Furthermore, the patient may experience a complication or require further treatment 
leading to repeated registration of that same fracture. The same applies to less serious 
fractures like wrist fractures that will require repeat visits for follow-up after the fracture. 
To mitigate this issue and to correctly identify true fractures, fractures of the same body 
part as a previous fracture within 6 months were excluded.  

3.3.3  Primary analysis 

In the primary analysis, we evaluated the fracture risk associated with MGUS after 
adjustment for PN and controlling for MGUS progression. We also estimated the 
fracture risk associated with PN and the interaction of PN and MGUS. Participants were 
followed from the time of inclusion until any fracture, peripheral fracture, and axial 
fracture in three separate analyse and were censored at death, end of follow-up at the 
end of 2013, and the time of a fracture not included as an endpoint. To control for 
MGUS progression we also censored participants who progressed to MM or related 
disorders one year before the time of progression. This was done because fracture risk 
is increased considerably in the months preceding MM diagnosis and MM patients 
have been shown to have had symptoms for a median of 3-6 months before diagnosis. 
Furthermore, fractures are a common event leading to MM diagnosis.116 Therefore, it is 
not reasonable to consider the months leading up to MM or related disorders as time 
with MGUS since many already have undiagnosed advanced disease. Fractures during 
this time period are therefore likely to actually be MM related fractures. 

We hypothesized that there would be multiple important confounders that would need 
to be adjusted for in the final model. When choosing adjustment variables, we used a 
directed acyclic graph (DAG) to visualize the potential causal network of MGUS and 
fractures (Figure 3.1). We identified age, sex, year of inclusion, previous fractures, 
alcohol use, and comorbidities as potential confounders. Comorbidities can be difficult 
to capture and we are not aware of any comorbidity scores that predict fracture 
although there are scores that predict death, for example, the Charlson comorbidity 
index.152 Therefore, we did not include comorbidities in the main analysis but did 
include them in two sensitivity analyses described below. To adjust for these 
confounders, we included age, sex, year of inclusion, previous fractures in the 
preceding 2 years, and having alcohol use related ICD-10 diagnosis in a propensity 
score for MGUS and PN using multinomial logistic regression that essentially divided 
the cohort into four groups: individuals with MGUS, individuals with MGUS and PN 
(MGUS+PN), individuals with PN but without MGUS (Control+PN), and individuals with 
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Figure 3.1: A directed acyclic graph (DAG) illustrating the hypothesized causal 
structure of fractures in monoclonal gammopathy of undetermined significance 
(MGUS). 

neither PN nor MGUS (Control). We then included the generated propensity score in 
an inverse probability-weighted Cox regression model with PN as a time-dependent 
covariate and MGUS as a regular covariate as well as an interaction term for MGUS and 
PN. Schoenfeld’s global tests were used to check for proportional hazards. 

We included comorbidities, which we had identified as potential confounders, in two 
sensitivity analyses. In the first sensitivity analysis. We included all the comorbidities 
included in the Charlson comorbidity index as binary covariates in the propensity 
score. In the second sensitivity analysis, we included in the propensity score the binary 
variable of having a hospital admission lasting four days or longer in the preceding 2 
years as a general marker of frailty, comorbidity, and need of medical care. 

3.3.4  Additional analyses 

In order to further characterize the underlying causes of fractures in MGUS, we 
performed two additional analyses. First, we evaluated the risk of fractures in the year 
prior to MGUS progression, that is, the period when fracture risk may be increased due 
to undiagnosed progression to more advanced disease. We identified participants with 
MGUS who progressed to MM or related disease and then matched them by sex, age, 
and year of MGUS diagnosis (±1 year) at a ratio of 1:3 to individuals with MGUS that 
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were alive and free of progression at the same time in follow-up that progression 
happened. Logistic regression was then performed estimating odds ratios (ORs) for 
having any, peripheral, or axial fracture during the year before MGUS progression or 
the corresponding year in follow-up for those who did not progress. 

In the second additional analysis, we evaluated the long-term risk of MGUS progression 
to MM or related disorders. We hypothesized that if fractures in MGUS were associated 
with long-term progression MGUS bone disease could be a precursor to MM bone 
disease. Conversely, we hypothesized that if no increased risk of MGUS progression 
would be observed, MGUS bone disease is likely to be unrelated to MM bone disease. 
For this analysis, we identified all participants with MGUS who experienced a fracture 
and were alive, free of progression, and in follow-up one year after that fracture. We 
considered that time, one year after the fracture, as the start of follow-up. We then 
matched each of these participants to three other individuals with MGUS who were 
alive, free of progression and fracture, and in follow-up at that time by sex, age, and 
year of MGUS diagnosis. This cohort was then followed until progression of MGUS to 
MM or related disorders with censoring at death or end of follow-up. Cox proportional 
hazard regression was then used to estimate the HR of progression for those who had a 
fracture compared to those who had not had a fracture. Cases where three matched 
controls could not be identified were excluded from both analyses. 

3.4  Results and discussion 

3.4.1  MGUS and peripheral neuropathy (paper I) 

A total of 15,351 individuals with MGUS and 58,619 matched controls were identified. 
The proportion of male and female participants was relatively equal (51% vs 49%) and 
the median age of the cohort was 72 (range: 18-104). In total, 2,617 participants were 
diagnosed with PN at any time point, with half of those (n=1,301) being diagnosed with 
PN before the time of inclusion. Among individuals with MGUS, 6.5% were diagnosed 
with PN during the study period as compared to 2.8% among controls (p<0.001). 
(Table 3.3) These results confirm that a significant proportion of individuals with MGUS 
have clinically evident PN. However, since this is a registry-based study, the data 
represents recorded diagnoses (that is, the recognition) of PN in clinical practice rather 
than the true rate of PN and although the reported range of PN prevalence in MGUS is 
very wide) more recent studies, including modern MGUS definitions and clinical 
observational data rather than registry-based data, have reported PN rates of 15-20%.102 
Therefore, the rate of PN found in the study suggests under-recognition of PN in the 
real-world care of individuals with MGUS. 

In the primary analysis, after exclusion of participants with a previous diagnosis of PN, 
participants with MGUS had an increased risk of developing PN when compared to 
matched controls (HR 2.7, 95% CI: 2.4-3.1; p<0.001) (Table 3.3). Next, we stratified 
the study population into the four study groups by MGUS and DM, providing a “fairer“ 
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comparison by introducing patients with DM who are also under clinical supervision 
and at risk of PN. Rates of PN differed significantly between all study groups (MGUS 
alone: 5.3%, DM alone: 7.8%, MGUS and DM: 12.4%, Controls: 2.0%, p<0.001). 
Compared to controls, participants with MGUS alone and DM alone had an increased 
risk of PN (MGUS alone: HR 3.0, 95% CI: 2.6-3.4; p<0.001 and DM alone: HR 3.6, 
95% CI: 3.2-4.2; p < 0.001). Participants with MGUS alone had a significantly lower 
risk of PN than individuals with DM alone (MGUS alone: HR 0.8, 95% CI: 0.7-0.9; 
p=0.02). Participants with both MGUS and DM had the highest risk of PN when 
compared to controls (MGUS and DM: HR 7.5, 95% CI: 6.2-9.0; p<0.001) and had 
more than a two-fold risk of those with DM alone (MGUS and DM: HR 2.1, 95% CI: 1.7-
2.5; p<0.001) (Table 3.3 and Figure 3.2). The sensitivity analyses performed showed 
essentially the same results (data not shown). After this additional analysis we found that 
although individuals with MGUS had a lower risk of PN than individuals with DM, a 
well-recognized risk factor of PN, we found that individuals with both MGUS and DM 
had more than double the risk of PN than those with DM alone. This might suggest a 
synergistic effect of the two conditions. However, it is more likely that MGUS-associated 
PN is detected during screening for DM-associated PN in individuals with both MGUS 
and DM. From these findings, we conclude that MGUS is truly associated with excess 
risk of developing PN, contradicting previous findings that have put this into question.25 
In this non-screened population it is possible that this is due to a higher burden of 
comorbidities in those with MGUS. However, considering the patient group with DM, 
who are also more likely to have various other comorbidities including obesity,153 
cardiovascular disease,154 autoimmune disease,155 and more,  the comparison of the 
DM and DM with MGUS groups is certainly better than in previous studies and is 
probably less prone to the same biases. It is therefore our conclusion that a causal 
relationship between MGUS and PN is likely. 

Figure 3.2: A graph illustrating the cumulative hazard of peripheral neuropathy (PN) 
throughout the study period by assigned study group. The figure is figure 1 in paper 
I, see attached manuscript. 
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Table 3.3: Baseline characteristics of study participants in paper I in the original 
cohort and after additional stratification for DM as well as results of a Cox 
proportional hazard regression model of risk of PN for each group. This is table 1 in 
paper I, see attached manuscript. 
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Table 3.4: Baseline characteristics, rates and incidence of progression, and risk of 
progression to MM, WM, and AL as well as death for study participants in paper I with 
MGUS with and without PN as assessed by Cox proportional hazard regression with 
PN as a time dependent covariate. The is table 2 in paper I, see attached manuscript. 
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Figure 3.3: A graph illustrating the cumulative hazard of MGUS progression to 
MM (A), WM (B) and AL (C) over the first 10 years after inclusion by whether 
participants with MGUS had PN or not. Note that the y axis of graph A is longer 
since MM is more common than WM and AL. 

 

The 

secondary analysis included all 15,351 participants with MGUS. Those diagnosed with 
PN were more likely to be male (63% vs 51%; p<0.001) and were younger at MGUS 
diagnosis than those who did not have PN (median age of 69 years vs 73 years; 
p<0.001). A total of 1,368 participants progressed to MM, 449 progressed to WM, 
and 173 progressed to AL. PN was associated with lower risk of MM (HR=0.7; 95%CI: 
0.5-0.9; P=0.02) but was not associated with WM progression (HR=1.3; 95%CI: 0.9-
1.9; P=0.2) (Table 3.4 and Figure 3.3). In previous studies, PN has been observed to 
be more common in those with IgM MGUS106 who rarely progress to MM, but rather to 
WM and other lymphoproliferative disorders.29, 153In this study, isotype data was not 
available for the study cohort limiting the interpretation of these results. However, we 
believe that these results indicate that MGUS is unlikely to be associated with MGUS 
progression to MM or WM. This is in contrast to the only other study assessing MGUS 
progression risk associated with PN, that we are aware of, a small retrospective single-
center study including 223 people with MGUS, where a non-significant trend of 
increased progression among those with MGUS-associated PN was observed.23 
Although the mechanism of MGUS-associated PN is not fully known, in many cases anti-
myelin-associated glycopeptide (anti-MAG) or related autoantibodies are present.32,33 
Additionally, depositions of monoclonal antibodies in the myelin have also been 
observed34 possibly indicating that some affected individuals actually have amyloid 
light-chain amyloidosis (AL amyloidosis), rather than MGUS. These findings indicate that 
the mechanism of MGUS-associated PN is unrelated to progression of the underlying 
plasma cell disorder. Therefore, potential therapies for MGUS-associated PN might 
need to be directed at the underlying mechanisms of the PN rather than at the 
underlying plasma cell disorder. 
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Interestingly, PN was associated with a 2.9-fold risk of MGUS progression to AL 
(HR=2.9; 95%CI: 1.8-4.6; P<0.001). Furthermore, nine out of the 11 individuals with 
PN who progressed to AL did so within a year of MGUS diagnosis. We believe that this 
represents a diagnostic delay rather than a biological process and that most of these 
cases had AL at the time of MGUS diagnosis. Under-recognition and diagnostic delay is 
common in AL and is mostly caused by the complicated clinical picture of AL and the 
need for tissue diagnosis.156 Moreover, virtually all cases of AL are preceded by 
MGUS.28 The findings, therefore, emphasize the need for a thorough clinical evaluation 
of individuals with MGUS who have PN, especially when present at diagnosis. 

In total, 5,522 and 315 participants with MGUS with and without PN died during the 
study period translating to a mortality rate of 6.8 and 8.0 respectively. PN was 
associated with a 1.3-fold increased risk of death (HR: 1.3; 95% CI: 1.2-1.5; p<0.001). 
This could be due to excess risk of falls and fractures that is associated with PN in 
general157 or because PN can decrease mobility and lead to increased frailty and 
mortality. However, PN can be caused by a multitude of disorders that increase the risk 
of death, including chronic alcohol use, autoimmune disease, drug therapy for various 
disorders including cancers, and more.158 Therefore, we cannot conclude with 
confidence that PN is truly associated with the risk of death in individuals with MGUS. 

In conclusion, clinically evident PN was found in a significant proportion of individuals 
with MGUS (6.5%) and we concluded that PN is truly associated with MGUS. 
Additionally, our findings suggest that PN is under-recognized in the real-world clinical 
care of individuals with MGUS. PN was not associated with an increased risk of MGUS 
progression to MM and WM but was associated with a 2.9-fold risk of AL. PN has been 
shown to lead to poorer quality of life in previous studies112-114 and may lead to 
increased mortality as observed in this paper. Based on these findings, increased 
vigilance for symptoms of PN is warranted for physicians caring for individuals with 
MGUS. 

3.4.2  MGUS and fractures (paper II) 

In total, 8,395 individuals with MGUS and 30,851 matched controls were identified in 
the study period. Of those 597 and 849 individuals had PN in the MGUS and control 
groups respectively. These 39,921 participants were followed for a total of 219,834 
person-years. Participant acquisition increased over the study period. PN was 
associated with previous alcohol use (p<0.001) and a recorded fracture in the 
preceding two years (p=0.02). 

MGUS was associated with a 1.3-fold increased risk of fractures, independent of PN 
(HR: 1.29; 95% confidence interval [95% CI]: 1.21-1.37; p < 0.001). An increased risk 
was observed for both axial and peripheral fractures with slightly higher estimates 
found for axial fractures (HR 1.18 vs 1.37 for peripheral and axial fractures respectively) 
(Table 3.6). In this analysis, we excluded fractures one year before progression of 



Sæmundur Rögnvaldsson 

42 

MGUS to MM or related disorders and thereby than MGUS, for example, MM bone 
disease.  Previous studies that have not controlled for these progression-related 
fractures have estimated the risk of fractures to be higher. In one study in a similar 
cohort in Sweden, the risk increase for fractures in MGUS was estimated at 1.61 fold for 
all fractures and 2.37 fold for vertebral/pelvic fractures.118 We speculate that this 
difference is most likely due to the inclusion of fractures that are actually related to MM 
or related disorders in these previous studies. Therefore, the risk estimates in this study 
are more likely to reflect the true fracture risk increase associated with MGUS 
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. 

 

  

 

MGUS MGUS+PN  Control Control+PN 

n person years 39,559 2,263  174,844 3,168 

n individuals 8,052 597  30,423 849 

PN after inclusion (%) - 254 (43%)  - 419 (49%) 

Age (median) 71 68  70 71 

Age (range) 18-97 28-89  18-97 23-96 

Male 52% 63%  53% 62% 

Year of diagnosis 

  

 

    -1999-2003 29% 20%  28% 24% 

  -2004-2007 29% 29%  29% 29% 

  -2008-2012 43% 51%  43% 48% 

Median follow-up1 4.1 years 3.7 years  5.1 years 3.6 years 

Median potential follow-up2 4.8 years 4.1 years  5.8 years 4.1 years 

Previous alcohol use (%) 242 (3%) 31 (5%)  720 (2%) 47 (6%) 

Previous fracture (%) 428 (5%) 33 (6%)  1138 (4%) 44 (5%) 

All participants 

  

 

  All fractures (rate3) 1,402 (3.5) 89 (3.9)   4,535 (2.6)  120 (3.8)  

Peripheral fractures (rate3) 545 (1.4) 38 (1.7)  1,978 (1.1) 46 (1.5) 

Axial fractures (rate3) 887 (2.2) 54 (2.4)  2,647 (1.5) 76 (2.4) 

Males 

  

 

  All fractures (rate3) 560 (2.9) 48 (3.4)  1,718 (1.9) 60 (3.0) 

Peripheral fractures (rate3) 188 (1.0) 17 (1.2)  667 (0.7) 20 (1.0) 

Axial fractures (rate3) 383 (2.0) 32 (2.3)  1,078 (1.2) 40 (2.0) 

Females 

  

 

  All fractures (rate3) 842 (4.2) 41 (4.8)  2,817 (3.3) 60 (5.1) 

Peripheral fractures (rate3) 357 (1.8) 21 (2.5)  1,311 (1.5) 26 (2.2) 

Axial fractures (rate3) 504 (2.5) 22 (2.6)  1,569 (1.8) 36 (3.0) 

1: As evaluated by the Kaplan-Meier estimator for any outcome. 2: As evaluated by the Kaplan-Meier 
estimator for censoring events. 3: rate per 100 person years. PN: Peripheral neuropathy. MGUS: Monoclonal 
gammopathy of undetermined significance. Study participants who develop PN after inclusion are included 
in the non-PN groups until the point of PN diagnosis and are counted there as well. 

 Table 3.5: Baseline characteristics and number of fractures in paper II. This is 
table 1 in paper II, see attached manuscript. 
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Table 3.6: Calculated hazard ratios (HR) for the different fracture types in MGUS and 
PN after before and after stratification by sex in paper II. This is table 2 in paper II, 
see attached manuscript. 

 
Any fracture  Peripheral fracture  Axial fracture  

 HR (95%CI) p HR (95%CI) p HR (95%CI) p 

 
All participants  

 
 

 
 

MGUS 1.29 [1.21-1.37] <0.001 1.18 [1.08-1.30] <0.001 1.37 [1.27-1.48] <0.001 

PN 1.34 [1.16-1.55] <0.001 1.36 [1.09-1.71] 0.007 1.34 [1.12-1.61] 0.001 

 
Males  

 
 

 
 

MGUS 1.39 [1.27-1.53] <0.001 1.23 [1.05-1.44] 0.009 1.51 [1.34-1.69] <0.001 

PN 1.39 [1.14-1.69] 0.001 1.38 [0.99-1.93] 0.057 1.37 [1.07-1.75] 0.012 

 
Females  

 
 

 
 

MGUS 1.22 [1.13-1.31] <0.001 1.14 [1.02-1.28] 0.022 1.28 [1.16-1.41] <0.001 

PN 1.35 [1.10-1.65] 0.004 1.40 [1.04-1.88] 0.027 1.36 [1.04-1.77] 0.025 

We then evaluated if these “MGUS-fractures“ were associated with MGUS progression 
in the long-term. In total, 1041 individuals with fractures in MGUS and 3123 matched 
MGUS controls were included. Among these participants, 171 (4.1%) progressed to 
MM or related disorders. We found that fractures were not associated with progression 
(HR: 0.95; 95% CI: 0.66-1.36; P = 0.77).  In an additional analysis, we included all 
2,068 participants with MGUS who progressed to MM or related disorders and 6,204 
matched controls with MGUS. Those who progressed had a higher rate of fractures 
(4.2% vs 2.6%) with an estimated 1.66-fold increased risk of fractures in general (OR: 
1.66; 95% CI: 1.27-2.16; p < 0.001) which was limited to only axial fractures where the 
risk was almost double in those who progressed to MM or related disorders (OR: 1.94; 
95% CI: 1.44-2.62; P < 0.001) but an increased risk of peripheral fractures was not 
observed. These fractures are most likely due to bone disease in MM and related 
disorders which commonly affects the axial skeleton.116 
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Figure 3.4: A Kaplan-Meier graph illustrating the risk of MGUS progression in 
those who had a fracture. This is figure 1 in paper II, see attached manuscript. 

 Therefore, we show that MGUS is associated with fractures after controlling for PN and 
for fractures associated with MGUS progression. Furthermore, we show that these 
MGUS-fractures were not associated with progression of MGUS. These findings indicate 
that fracture risk in MGUS is independent of more advanced disease and that the 
underlying processes may be unrelated to the processes advancing the disease toward 
MM or other related disorders. This division between MGUS-fractures and fractures 
relating to more advanced disease is further emphasized by the anatomical distribution 
of the fractures with MGUS-fractures happening both in the peripheral and axial 
skeleton but the risk increase being exclusively in the axial skeleton for more advanced 
disease. This is supported by previous studies which have shown MGUS to be 
associated with an abnormal bone architecture.93, 120, 121 The findings of this study 
provide an epidemiological underpinning for the previously hypothesized MGUS bone 
disease which is unrelated to MM bone disease. 

PN was associated with a 1.34-fold increased risk of fractures independently of MGUS 
(HR: 1.34; 95% CI: 1.16-1.55; p < 0.001). This association was found for both 
peripheral and axial fractures with a similar risk increase being observed for both 
fracture types (1.36 and 1.34 for peripheral and axial fractures respectively). We did 
not find a significant interaction between PN and MGUS (HR: 0.90; 95% CI: 0.68-1.2; 
p=0.49). A symptom of PN is loss of balance and a tendency to fall. Furthermore, PN 
can in some cases lead to autonomic dysfunction which further increases the risk of falls 
due to orthostatic hypotension. This might lead to falls and fractures in patients with 
PN.115 This is the first study that we are aware of assessing the risk of fractures 
associated with PN in MGUS and the findings indicate that PN is a contributing factor 



Sæmundur Rögnvaldsson 

46 

to fractures in MGUS in the same way that PN would increase the risk of fractures in 
other disorders. We conclude that PN is one of the causes of fractures in MGUS. 

Both MGUS and PN were independent risk factors for fractures in both males and 
females. In a study from Iceland by Thorsteinsdottir et al. a screened cohort of 
individuals with MGUS was found to have an increased risk of fractures with the risk 
being limited to males.93 Similarly, we found males to have a higher hazard ratio for 
fractures due to MGUS than females but an increased risk was also observed in 
females. The underlying risk of fractures is considerably higher in post-menopausal 
women159 and because the hazard ratio is a relative measure a considerably higher 
absolute risk increase is needed to observe a similar relative risk increase. It is likely 
that previous findings, that were based on smaller cohorts, were underpowered to 
detect this smaller increase in relative fracture risk which we observe in this larger 
cohort. Interestingly, the hazard ratio for fractures was similar for males and females 
with PN. Because of the higher baseline risk of fractures, these findings likely indicate 
that PN leads to higher absolute fracture risk increases in females. This could be 
caused by a higher rate of osteoporosis in post-menopausal women159 making falls, 
which can be caused by PN, more likely to result in fractures. 

The most important limitation of this study is the potential confounding of comorbidities 
that may lead to both MGUS and PN development or diagnosis. We, therefore, 
included alcohol use and previous fractures as part of the propensity score in all 
analyses, but we also included comorbidities in two sensitivity analyses. In the first 
sensitivity analysis, we included the comorbidity classes of the Charlson comorbidity 
index and in the second sensitivity analysis, we included having one or more hospital 
admissions lasting four days or longer in the preceding two years as a marker of 
general frailty. Both markers of comorbidities and frailty were more common in those 
with MGUS and PN (Supplemental Table 1). The results of these sensitivity analyses 
were in the same direction and very similar to the results of the primary analysis of the 
study further strengthening the results of the study (Supplemental Table 2).   

In conclusion, we found that the causes of the increased fracture risk in MGUS to be 
multifactorial. We hypothesized that there were at least three independent causes of 
fractures driving this increased fracture risk: undetected MM bone disease, MGUS-
specific fracture due to MGUS bone disease, and PN leading to increased falls. 
Fractures are a major cause of morbidity and mortality, particularly in the elderly who 
are commonly affected by MGUS.9, 32 Based on these findings we further speculate that 
fracture risk in MGUS may be mitigated by several measures. Firstly, by detecting 
MGUS progression early and initiating treatment, MM bone disease may possibly be 
prevented. Secondly, treatment may in some cases improve PN105, 160 and 
physiotherapeutic interventions can improve balance and decrease the risk of falls in 
those who have PN.161 The findings also highlight the need for further studies on MGUS 
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inherent bone disease, its study in screened MGUS cohorts, and the uncovering of its 
causes and potential therapeutic interventions. 

3.4.3  Strengths of paper I and paper II 

The registry-based studies presented in this thesis have some strengths. Firstly, they 
include thousands of participants and matched controls. As far as we are aware, these 
are the largest studies to date on neuropathy and fractures in MGUS. Secondly, these 
registries are population-based and include whole-nation cohorts of individuals with 
MGUS with all residents of Sweden available as possible controls, making 
generalization of the study results possible in similar populations. Thirdly, data from 
participants can be linked to nationwide registries of cancer- and other medical 
diagnoses with virtually complete accuracy using a national identifying number 
assigned to all residents of Sweden at birth or immigration. Furthermore, multiple 
studies have shown that these registries have high validity.148, 149, 151 Finally, the study 
design and statistical analysis of both studies improves upon and bypasses some of the 
limitations of previous studies. In paper I, stratification of the study cohort by DM 
provides a fairer comparator than usual population controls and provides greater 
opportunities for causal speculation based on the study results. In paper II, fracture risk 
is viewed from multiple vantage points with MGUS and PN evaluated as independent 
risk factors and potential MM fractures excluded. Furthermore, the long-term prognostic 
value of fractures in MGUS and fracture risk in the period preceding MGUS 
progression were evaluated separately. This multi-faceted assessment provides greater 
validity to the study results and provides an opportunity to untangle the causes of 
fractures in MGUS. Additionally, comorbidity data was included in the analyses in 
paper II which mitigates some of the differential effects of comorbidities in individuals 
with MGUS and PN and controls. 

3.4.4  Limitations of paper I and paper II 

Both studies also have important limitations. Firstly, diagnoses of PN, DM, and 
fractures, as well as data on confounders used as covariates in statistical models, are 
acquired from registries of physician recorded diagnostic codes and there is likely 
considerable residual confounding. There are at least three different sources of this 
residual confounding: 1) The coding relies on the diagnostic skill and correct 
registration of the treating physician and the diagnosis may not always be correct. 2) 
The coded diagnoses do not express differences in disease severity which may be 
different between study groups. 3) The diagnostic codes sometimes classify diseases 
into categories that are not relevant to the study and in some cases, sub-disorders are 
not accounted for or the classification overlaps into disorders that are not relevant. 

Secondly, similarly to most other MGUS cohorts, MGUS cases were acquired from a 
registry of MGUS that is diagnosed clinically, usually in relation to workup for other 
illnesses, leading to biased selection of individuals with other medical problems into 
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the MGUS group. This could predispose the group to PN and fractures. We did 
include comorbidities in some sensitivity analyses, but it is likely that some residual 
confounding remains.  

Thirdly, individuals with MGUS are under clinical observation leading to differential 
detection of disease, including detection of subclinical PN that would not have come to 
light in controls.  

Fourthly, MGUS isotype data was not available for this cohort and some isotypes, 
especially IgM, are likely to have a higher risk of PN and the results of the study may 
not be representative of each isotype. Importantly, IgM and non-IgM MGUS represent 
related but distinct pathogenic entities with IgM MGUS most often being caused by the 
accumulation of monoclonal lymphoplasmacytic lymphocytes rather than plasma cells 
like in non-IgM MGUS. This may skew the results on the association of PN and MGUS 
progression and fracture risk may be significantly different in IgM and non-IgM MGUS.  

Finally, the Swedish population is relatively genetically and ethnically homogenous with 
most Swedes being white, limiting the generalization of these results in other non-white 
populations. 
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4 Iceland screens, treats, or prevents multiple 
myeloma (iStopMM) 

4.1 Design of iStopMM (paper III) 

The design and recruitment of the Iceland screens, treats, or prevents multiple myeloma 
(iStopMM) was described in paper III. The iStopMM study is a population-based 
screening study for MGUS and randomized controlled trial of follow-up strategies. The 
main aim of the study is to evaluate the potential benefits and harms of population-
based screening for MGUS and the disorders it precedes. Secondary aims include 
assessing diagnostic modalities and strategies of MGUS follow-up to optimize the 
clinical care of individuals with MGUS, establishing a large biobank with longitudinal 
sample collection, and to generate a large dataset with clinical, patient-reported, 
socioeconomic, and demographic data for large scale epidemiological studies. 

4.1.1  Recruitment 

All residents of Iceland born in 1975 and before who were alive on September 9th, 
2016, as registered in the Icelandic National Registry, were offered participation in the 
study. The only exclusion criteria was having a previous history of MM or related 
lymphoproliferative disorders, as registered in the Icelandic Cancer Registry. In total 
148,704 eligible individuals were contacted by mail including an information brochure 
on the study and a consent form. These letters were followed by an extensive marketing 
campaign on social and conventional media, including appearances on major television 
shows in Iceland. Through this effort, the study was introduced and explained to the 
Icelandic public. Participants could then sign up for the study by providing informed 
consent in one of three different ways. Firstly, the consent form included in the letter 
could be signed and sent to the study team. Secondly, participants could use a unique 
participation code accompanying the letter to sign up online. Finally, participants could 
use a secure internet gateway run by the Icelandic government (island.is) which is 
accessible to all Icelandic residents using electronic identification also verified and 
made secure by the Icelandic government. 
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Figure 4.1: Methods of blood sample acquisition. A and B describe passive sampling 
starting during the fall of 2016 and C describes active sampling beginning during the 
fall of 2019. 1: Reykjavik Capital Area, Akureyri, Ísafjörður, Reykjanes Peninsula, 
Akranes, Healthcare Institution of Northern Iceland, Healthcare Institution of South 
Iceland, blood banks 2: Neskaupsstaður, Healthcare institution of West Iceland, 
Healthcare Institution of East Iceland. 3: Available for all Icelandic residents. This is 
figure 1 in paper III, see attached manuscript. 

 

4.1.2 Screening 

To screen for MGUS and the disorders it precedes, serum samples had to be collected 
from participants. This was mainly done passively alongside other sampling in the 
Icelandic healthcare system, including blood banks. The study team collaborated with 
the health informatics department of Landspítali – The National University Hospital of 
Iceland (LUH) to create an electronic solution linking the id numbers of participants to 
the central laboratory system in Iceland which is used by healthcare institutions in all 
urban or semi-urban centers in Iceland covering at least 92% of the residents of 
Iceland. In these centers, it is standard practice to print stickers from the laboratory 
system for blood test vials before sampling. When stickers were printed for individuals 
during routine clinical care, blood donation, or emergency care, an extra sticker for a 
serum sample intended for the iStopMM study was also printed. For smaller institutions 
and private clinics, a manual system was developed whereby staff performing blood 
draws asked their patients whether they were participants and cross-linked serum 
samples that were due for destruction to id numbers in the study and rerouting them to 
screening within the study. Lastly, to collect more samples and to capture the 
population who did not require blood sampling as part of regular clinical care, an 
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Figure 4.2: A flowchart outlining the study design for screening and randomization 
of individuals with MGUS. This is figure 2 in paper III, see attached manuscript. 
MGUS: Monoclonal gammopathy of undetermined significance. SPEP: Serum 
protein electrophoresis. FLC: Free light chain assay. 

 

active sampling drive was initiated in late 2019 whereby participants who had not 
provided a serum sample were contacted directly and asked to come in for blood 
sampling (Figure 4.1). All samples collected were sent to the laboratory at LUH in 
Reykjavik, Iceland where the samples are aliquoted into identical sample tubes marked 
with anonymous study numbers using TC automation and aliquoter (Thermo Scientific®, 
MA, USA). These de-identifiable sample tubes are then shipped to The BindingSite 
laboratory in Birmingham, UK, for screening. SPEP is performed using capillary zone 
electrophoresis (CZE; Helena Laboratories, Texas, USA) and assays for FLC, 
immunoglobulins (IgG, IgA, IgM), and total proteins performed using Freelite® and 
Heavylite® assays are performed on an Optilite® turbidimeter (The Binding Site Group 
Ltd, Birmingham, UK). IFE is performed on samples where M-proteins are identified or 
suspected on CZE or when abnormal FLC results are found. All CZE and IFE gels are 
assessed by at least two independent experienced observers. 

4.1.3  Randomization 

Those participants who have an M protein on CZE and IFE or abnormal FLC results 
were eligible for randomization into one of three study arms. Randomization was done 
in a dynamic, non-predetermined manner, and by blocks of having an M protein 
>1.5g/dL and having LC-MGUS. Arm 1 was not informed about having MGUS but 
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Figure 4.3: A map of Iceland with the 
geographical location of blood sampling sites 
(cyan colored icons), temporary clinics (purple 
icons), and the main study clinic (red icon).  

continued to receive healthcare in the Iceland healthcare system as if they had never 
participated in the study. Arm 2 was called into the study clinic and are assessed and 
followed according to guidelines at the outset of the study based on having low or non-
low risk MGUS. Arm 3 followed a more intensive and uniform strategy of follow-up 
(Figure 4.2).  

Participants who had an M protein >3.0g/dL had SMM and FLC ratio 
(involved/uninvolved) ≥100 had MM before randomization according to current 
diagnostic criteria and were therefore excluded from the randomized study and were 
all called in for initial assessment and were referred to treatment if eligible. 
Furthermore, because those who had a previous diagnosis of MGUS could not be 
blinded to their MGUS status, they were randomized to either arm 2 or 3. 

4.1.4  Initial assessment and follow-up 

Study participants randomized to arm 
2 and 3 and those with advanced 
disease at diagnosis were seen at the 
iStopMM study clinic which has been 
established in Reykjavík, Iceland. 
Temporary clinics are also regularly 
established in Akureyri, Ísafjörður, 
Húsavík, Vestmannaeyjar, Egilsstaðir 
to improve the geographical 
coverage of the study. Individuals 
with MGUS are seen by specially 
trained study nurses and those with 

more advanced disease are seen by 
a physician. At each visit, participants 
undergo a clinical interview and 
exam and are given oral and written 
information on their diagnosis and 
prognosis. 
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Table 4.1: Clinical assessment, imaging, and laboratory studies included for participants 
in the different study arms of the iStopMM study as per protocol. Note that additional 
sampling and imaging was permitted as clinically indicated and decided at regularly 
scheduled clinical decision meetings. This is table 1 in paper III, see attached 
manuscript. 

 

 

  

Test Arm 2 – Low risk 
and LC-MGUS 

Arm 2 – Non-
low risk 

Arm 3 – All SMM and 
SWM 

MM and WM 

Physical exam1 
Blood sampling 

First visit First visit Each visit Each visit At diagnosis 

-SPEP 
-FLC assay 

Each visit Each visit Each visit Each visit At diagnosis 

-CBC First visit Each visit Each visit Each visit At diagnosis 

-Total calcium 
-Albumin 
-Creatinine 

 
First visit 

 
First visit 

 
Each visit 

 
Each visit 

 
At diagnosis 

-CRP 
-LDH 
-ß2M 

 
- 

 
- 

 
Each visit 

 
Each visit 

 
At diagnosis 

-TnT 
-pro-BNP 

-  - Annually Annually At diagnosis 

Bone marrow      

-Smear 
-Biopsy 

As clinically 
indicated 

0 months 
Except if LC 

0 and 60 
months 

Annually At diagnosis 

Urine      
-Protein dipstick First visit First visit - - - 
-UPEP If positive 

dipstick  
If positive 
dipstick  

- - - 

-Albumin/creatinine 
ratio 

- - Annually Annually At diagnosis 

ECG - - Annually Annually At diagnosis 
Imaging      
-WB-LDCT - - 0 and 60 

months in LC- 
and non-IgM 

Annually in 
LC- and non-
IgM 

At diagnosis 
of MM 

-Plain X-ray of 
bones 

As clinically 
indicated 

First visit in 
LC- and non-
IgM 

- - - 

-CT abdomen - First visit in 
IgM 

0 and 60 
months in IgM 

Annually in 
IgM 

At diagnosis 
of WM 

-MRI of bones - - - If WB-LDCT 
is normal 

- 

Follow-up Every 2-3 years Annual Annual Every 4-6 
months 

Single visit 

SMM: Smoldering Multiple Myeloma. SWM: Smoldering Waldenströms Macroglobulinemia. MM: Multiple 
myeloma. WM: Waldenströms macroglobulinemia. SPEP: Serum protein electrophoresis. FLC: Free light-chains. 
CBC: Complete blood count. CRP: C-reactive protein. LDH: Lactate dehydrogenase. ß2M: ß-2-microglobulin. 
TnT: Troponin T. pro-BPN: pro-Brain natriuretic peptide. UPEP: Urine protein electrophoresis. ECG: 
Electrocardiogram. WB-LDCT: Whole body low-dose computerized tomography. CT: Computerized tomography. 
MRI: Magnetic resonance imaging. LC: Light chain. 
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Participants in arm 2 are assessed and followed according to current guidelines. They 
are stratified by whether they have low-risk MGUS (IgG M protein <1.5g/dL and normal 
FLC ratio) or not. Repeat SPEP and FLC assay as well as basic clinical chemistry is 
performed including measurements of calcium, hemoglobin, and creatinine in all in 
arm 2 but imaging and bone marrow sampling and imaging by plain skeletal survey is 
only performed in individuals with non-low risk MGUS (non-IgG isotype, normal FLC, 
M-protein <15g/L) or when clinically indicated. Follow-up frequency is then dictated by 
risk.30 Those in arm 3 all undergo the same and more intensive assessment. This 
includes bone marrow biopsies and imaging by whole body low dose computerized 
tomography (WBLDCT) to identify lytic bone lesions. Follow-up in arm 3 is more 
uniform an all participants are seen annually. Furthermore, additional testing of blood 
cardiac markers (Troponin T (TnT) and pro-Brain natriuretic peptide (BNP)) are 
performed in arm 3 to identify AL amyloidosis. Congo red staining of bone marrow is 
performed in all cases where there is suspicion of AL amyloidosis. Computerized 
tomography (CT) of the abdomen is performed instead of other imaging in those with 
IgM MGUS in both arm 2 and arm 3. The initial assessment and follow-up of arms 2 
and 3 are further described in table 4.1. 

After each visit to the study clinic, each participant and their test results were reviewed 
at weekly clinical decision meetings attended by the principal investigator and clinic 
staff with regard to disease progression. Each case is reviewed to identify progression 
to SMM, smoldering WM (SWM), and MM and related disorders as determined by 
current diagnostic criteria.15, 30, 162 If further testing, including repeat bone marrow 
sampling and imaging, further imaging (for example magnetic resonance imaging 
(MRI) or positron emission tomography (PET)) or closer evaluation is clinically 
indicated, clinical decision meetings can order this testing. Incidental findings are 
referred to the primary care physician of the participant in question. 

Those who are diagnosed with SMM or SWM enter more intensive follow-up. This 
includes blood testing and clinical follow-up at 4-6-month intervals and annual bone 
marrow sampling and imaging. Those who develop MM or SMM that is deemed 
intermediate- or high risk according to the 2018 Mayo risk criteria (“2/20/20”) or the 
Spanish risk classification for SMM, are offered participation in a phase 2 clinical trial 
of lenalidomide and dexamethasone for intermediate-risk SMM and carfilzomib, 
lenalidomide and dexamethasone for high-risk SMM and MM. Participants with MM and 
other related more advanced disorders who are not eligible or do not want to 
participate in the clinical trial are referred to the department of hematology at LUH for 
further assessment, treatment, and follow-up. 

4.1.5 Assessment of imaging studies and bone marrow samples 

Imaging studies are independently reviewed by an experienced physician in specialty 
training and an experienced senior radiologist at LUH. The detection of lytic lesions is 
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recorded and other incidental findings are relayed to the study team who refer them to 
primary care physicians. 

Bone marrow is sampled as smears and trephine biopsies. Bone marrow smears are 
stained using hematoxylin and eosin and evaluated by two experienced senior 
hematologists at LUH and the percentage of plasma cells or lymphoplasmacytic 
lymphocytes is recorded. Trephine biopsies are stained using hematoxylin and eosin 
and stained for CD138 before being assessed by two senior hematopathologists at 
LUH. The sample with the higher percentage of plasma cells or lymphocytic lymphocyte 
infiltration at each sampling is used to guide staging, diagnosis, and follow-up. 

4.1.6  Questionnaires 

When participants registered on the study website participants were immediately asked 
to answer baseline questionnaires on depression, anxiety, and overall satisfaction with 
life (PHQ-9, GAD7, and SWLS).163-165 Those who registered by mail were asked to 
provide an e-mail address that is used to mail these same questionnaires to these 
participants at baseline. Multiple other questionnaires on various aspects of 
psychological and physical health as well as baseline information on demographics and 
socio-economic factors were also sent to participants. These questionnaires are further 
detailed in table 4.2.  

4.1.7  Registry crosslinking 

All residents of Iceland are assigned a national identification number at birth or 
immigration. This number is used to identify the person in their interaction with 
government institutions and businesses including the universal national healthcare 
system. 

Multiple national registries exist in Iceland that include healthcare-related data on 
Icelanders that can be crosslinked with virtually complete accuracy using the national 
identifier number. Some of these registries are crosslinked to all participants in the 
iStopMM study. They include: (1) The Icelandic Cancer Registry includes information on 
all cancers diagnosed in Iceland. It has been mandatory for all physicians and 
pathologists to register diagnoses of cancer since 1955 and it is virtually complete with 
high diagnostic accuracy and timeliness31; (2) The Icelandic Causes of Death Registry 
includes all deaths in Iceland including the date and the presumed causes of death. 
Registration has been mandatory since 1971; (3) The Icelandic Prescription Medicines 
Registry includes all prescriptions, in Iceland since 2002, including whether the 
prescriptions were filled or not; (4) The Icelandic Hospital Discharge Registry includes 
all inpatient admissions in Iceland from 1999 with the dates of admission and 
discharge, as well as international classification of diseases (ICD) codes for the 
diagnoses made by treating physicians. The registry also includes outpatient visits at 
hospitals, including emergency rooms since 2010; (5) The Icelandic Registry of Primary 

https://www.nature.com/articles/s41408-021-00480-w#ref-CR31
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Health Care Contacts includes all primary care visits and registered ICD-coded 
diagnoses for all primary care encounters in Iceland since 2004; (6) The Icelandic 
Central Laboratory Database comprises laboratory test results from all major clinical 
laboratories in Iceland stored in a central database since 1999, including all blood tests 
for participants prior to participation and during follow- up in the study; (7) All medical 
records at LUH, the only tertiary care medical center in Iceland and the general acute 
care hospital for the vast majority of Icelandic residents. This includes clinical notes, 
anthropometric data, written radiology and pathology reports, microbiology and 
virology test results, and all other documented clinical data. 
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Questionnaire Subject All Arm 1 and normal 
screening 

Arm 2 and 3  
and advanced disease1 

  At registration One time Annually One time Each visit 

Background       

Anthropomorphic data Weight, height 
etc. 

 x  x  

Social history2 Socioeconomic 
status 

 x  x  

Medical history3 Medical history  x  x  

Habits4 Environment  x  x  

Industrial exposure Environment  x  x  

Quality of life       

PHQ9 Depression x  x  x 

GAD-7 Anxiety x  x  x 

SWLS Quality of life x  x  x 

Other questions  Quality of life x  x  x 

SF-36 Health related 
quality of life 

  x  x 

PSS-10 Stress and 
anxiety 

  x  x 

PCL-5 (MGUS specific) PTSD from 
MGUS diagnosis 

    x 

PCL-5 (nonspecific) PTSD other   x   

Symptoms       

BPI Pain   x  x 

NSS Neuropathy   x  x 

DN4 Neuropathy   x  x 

Symptoms of PMR PMR   x  x 

Social background       

MSPSS Social support  x  x  

CD-RISC-10ICE Resilience  x  x  

ACE Childhood 
traumatic events 

 x  x  

LEC Lifetime 
traumatic events 

 x  x  

Questionnaires were not sent to participants who did not provide an email address and were not called into the study. 1: 
Including MM, WM, SMM, and SWM. 2: Employment, marital status, education, income, and residence. 3: Including 
obstetric history for women. 4: Including smoking and alcohol intake. PHQ9: Patient health questionnaire. GAD-7: 
General anxiety disorder. SWLS: Satisfaction with life scale. SF-36: 36-item short form survey. PSS-10: Perceived stress 
scale. PCL-5: Post traumatic stress disorder checklist for DSM-5. BPI: Brief pain inventory. NSS: Neuropathy symptom 
scale. DN4: Douleur neuropathique. PMR: Polymyalgia rheumatica. MSPSS: Multidimensional scale of social support. 
CD-RISC-10ICE: Connor-Davidson resilience scale. ACE: Adverse childhood events. LEC: Lifetime events checklist. 
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Table 4.2 (Previous page): Questionnaires sent to participants by email or answered at 
the study clinic. Note that all participants were asked to answer four questionnaires when 
providing informed consent electronically or if they provided an email address in their 
written consent form. This is table 2 of paper III, see attached manuscript. 

 
4.1.8 Biobanking 

Blood, bone marrow, and urine samples collected during clinical follow-up in iStopMM 
are collected and stored in the study biobank. All cell fractions are cryopreserved, and 
other samples are frozen. All samples are stored in a secure state-of-the-art robotic 
biobanking facility in Reykjavík, Iceland. The samples collected are further detailed in 
table 4.3. 

4.1.9 Study endpoints 

The primary endpoint of the study is the overall survival of individuals with MGUS 
receiving follow-up (arms 2 and 3) compared to those not receiving any follow-up 
within the study (arm 1) after 5 years of follow-up. Secondary endpoints are cause-
specific survival due to MM or other LPs, psychiatric health and well-being, and cost-
effectiveness of screening. In addition, study data will be crosslinked to registries and 
samples in the biobank providing a large dataset for future studies. Assuming that 3360 
individuals with MGUS are identified and the HR for the primary outcome is 0.81 as 
previously described139 the study has 77.2% power to reject the null hypothesis of 
HR = 1 at 5 years of follow-up and 89.3% power at 7 years of follow-up at an alpha level 
of 0.05. 

4.2 MGUS and COVID-19 (paper IV) - Methods 

4.2.1 Study cohort 

All participants in iStopMM who had been screened for MGUS before December 31st, 
2020, and were alive and free from MM and related disorders before the first 
diagnosis of COVID-19 in Iceland on February 28th, 2020 were included in the study. 
Having MGUS was determined by a detectable M protein on SPEP and/or an abnormal 
FLC ratio (kappa/lambda ratio <0.26 and lambda >26.3 g/L or a kappa/lambda ratio 
>1.65 and kappa >19.4 g/L). Sub-analyses were performed for LC-MGUS and non-LC 
MGUS (here referred to as heavy chain (HC) MGUS). 
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Table 4.3 (Previous page): Timing of sampling for biosamples collected to the 
study biobank. This is table 3 of paper III, see attached manuscript. 

 

 

Sample Arm 2 – Low risk Arm 2 – Non-low risk Arm 3 – All  

Bone marrow    

-Sorted and unsorted cells1 None 0 and 60 months 0 and 60 
months 

-Plasma None 0 and 60 months 0 and 60 
months 

Blood    

-Cell-free plasma (EDTA tube) 0 months Annually Annually 

-Plasma (Li-Hep tubes) 0 months Annually Annually 

-Serum (SST tubes) 0 months Annually Annually 

-Blood RNA (PaxGene® tube) 0 months 0 months 0 months 

-Lymphocytes (CPT tube) 0 months 0 and 60 months 0 and 60 
months 

Urine 0 months 0 months 0 months 

 SMM and SWM– 4-
month follow-up 

SMM and SWM – 6-
month follow-up 

MM and WM 

Bone marrow    

-Sorted and unsorted cells1 Annually Annually At diagnosis 

-Plasma Annually Annually At diagnosis 

Blood    

-Cell-free plasma (EDTA tube) Every 4 months Every 6 months At diagnosis 

-Plasma (Li-Hep tubes) Every 4 months Every 6 months At diagnosis 

-Serum (SST tubes) Every 4 months Every 6 months At diagnosis 

-Blood RNA (PaxGene® tube) 0 months 0 months At diagnosis 

-Lymphocytes (CPT tube) 0 and 60 months 0 and 60 months At diagnosis 

Urine Annually Annually At diagnosis 

 

 

 

  

MM: Smoldering Multiple Myeloma. SWM: Smoldering Walderströms Macroglobulinemia. MM: Multiple 
Myeloma. WM: Waldenströms Macroglobulinemia 1: Buffy coat from the bone marrow samples. Unsorted in 
IgM MGUS but stored as CD138+ and CD138- fractions using magnetic-activated cell sorting (MACS) in Non-
IgM MGUS and LC-MGUS. 
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4.2.2 COVID-19 in Iceland 

The first case of COVID-19 was diagnosed in Iceland on February 28th, 2020. Early on, 
the Icelandic authorities implemented an aggressive strategy of testing and tracing with 
targeted testing in clinical practice and open invitation population-based screening, 
random screening for SARS-CoV-2 in asymptomatic persons, and screening of traced 
contacts of those who tested positive for SARS-CoV-2. As the pandemic continued, 
random screening was discontinued as self-ordered testing with same-day results 
became available to the public. Double-screening was also performed at the border. 
This has led to Iceland having some of the highest case-capture rates found worldwide, 
especially early on.166 

All SARS-CoV-2 testing during 2020 was done by real-time quantitative polymerase 
chain reaction (qPCR) of simultaneously acquired naso- and oropharyngeal swabs. All 
those who tested positive during this period were immediately contacted by the COVID-
19 outpatient clinic at LUH and the individual enrolled into telehealth monitoring. In 
asymptomatic cases, a repeat qPCR test was performed and serum SARS-CoV-2 
antibodies were measured. Those who had COVID-19 were followed with daily phone 
calls by nurses and physicians and when clinical deterioration was detected during 
interviews, patients were called in for further in-person assessment at the COVID-19 
clinic at LUH. This comprehensive strategy of combined community and clinical care of 
patients with COVID-19 has been described in greater detail elsewhere.167 

4.2.3 Statistical analysis 

The primary exposure was MGUS as determined by M protein detectable on CZE and 
confirmed by IFE or an abnormal FLC ratio (kappa/lambda ratio <0.26 and lambda 
>26.3 g/L or a kappa/lambda ratio >1.65 and kappa >19.4 g/L). Those with MGUS 
were further subdivided into heavy chain-MGUS (HC-MGUS) and light-chain MGUS (LC-
MGUS) subgroups.  

In the first analysis, we evaluated whether there was an association between MGUS and 
testing positive for SARS-CoV-2 using a test-negative study design. Participants from the 
study cohort who had been tested at least once for SARS-CoV-2 between February 28 
and December 31, 2020, were included. Those who had at least one positive qPCR test 
for SARS-CoV-2 were considered to be infected. The association between MGUS and 
SARS-CoV-2 infection was evaluated using logistic regression adjusting for sex and 
age. 

In the second analysis, we evaluated the association between MGUS and severe 
COVID-19. Participants from the previous analysis who tested positive for SARS-CoV-2 
were included. Those who were hospitalized for other medical problems or were living 
in a nursing home at the time of testing were excluded. Participants were followed until 
discharge from telehealth monitoring or until they had developed severe COVID-19. 
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Severe COVID-19 was defined as the composite outcome of requiring an emergency 
outpatient visit, requiring hospital admission, or death (emergency outpatient visit or 
worse). Additionally, we conducted an analysis where severe COVID-19 was defined as 
hospital admission or death (hospital admission or worse). The association of MGUS 
with severe COVID-19 was assessed using logistic regression, adjusting for sex and 
age. 

Two sensitivity analyses were performed. In the first sensitivity analysis, we evaluated 
the association of MGUS and SARS-CoV-2 testing in the whole study cohort using 
logistic regression, adjusting for sex and age. In the second sensitivity analysis, we 
repeated the first analysis and included the entire study cohort regardless of whether 
the participants had been tested for SARS-CoV-2 or not. 

All analyses were carried out separately for MGUS, HC-MGUS, and LC-MGUS. When 
included as a covariate, age was modeled with a four-knot restricted cubic spline. 
Analyses were carried out in R, version 3.6.3,168 using the rms package.169 

4.3 Results and discussion 

4.3.1 Recruitment of iStopMM (paper III) 

At the time when enrollment started into the iStopMM study, 148,704 individuals were 
in the target population. During the 15 months of recruitment, 80,759 (54.3%) 
provided informed consent for participation in the study (Figure 4.4.). This high 
participation rate can be attributed to the extensive promotional efforts of the study 
team which had a considerable presence in conventional and social media during the 
enrollment period. More importantly, participation in scientific studies in Iceland has 
historically been high. Furthermore, the study design whereby participants could easily 
register for the study and did not need to schedule a blood draw for the study, may 
also have led to a higher participation rate. 

Slightly more women than men signed up for the study (54% vs 46%). There was an 
“inverted-u“ relationship between age and participation with the highest participation 
rate among those aged 60-79 (64%). Participation was lower in the younger age 
groups for  example 46% of those between 40-49 years old but lowest in those above 
90 years old (18%) (Figure 4.5). Although a majority of participants resided in the 
Capital area of Iceland (59%). The participation rate was higher in the Capital area than 
outside it (51% vs 60%) (Table 4.4). Although we find this differential participation by 
sex, age, and residence, we believe the cohort of participants in the iStopMM study to 
be representative of the Icelandic population and many other populations that would be 
eligible and willing to undergo screening for MGUS. 
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Figure 4.4: Participant enrollment over the recruitment period. The light green line 
represents the end of the pilot period and the initiation of nationwide recruitment. 
This is figure 3 from paper III, see attached manuscript. 

 In total, 548 (0.7%) participants had previously known lymphoproliferative disorders 
and were excluded and 246 (0.3%) had previously known MGUS. When enrollment for 
the study stopped on February 20th, 2018, 190,382 hospital admissions, 8,187,805 
primary healthcare visits, 10,328 cancer diagnoses, and 15,839,376 medication 
prescriptions were registered in the national healthcare-related registries in Iceland. 

With this high participation rate and representative population sample acquired during 
study enrollment, the number of participants that will be randomized is very likely to 
exceed the 3,360 assumed in the power calculations for the study. Furthermore, the 
extensive data acquired will make it possible to generate the high-quality dataset on 
MGUS or future studies on MGUS development, progression, and relationships to other 
disorders. 

The primary aim of the iStopMM study is to evaluate the benefits and harms of 
population-based screening for MGUS. In evaluating the benefits, the most important 
outcome will be overall survival but other secondary endpoints, including MM-specific 
survival and the rate of symptomatic MM and MM-related end-organ damage will also 
serve as key indicators of benefit. When assessing harms, the most important 
hypothesized harm is psychological harm from knowing about a precancerous 
condition that may never lead to disease. This may take the form of increased anxiety 
and depression, post-traumatic stress, lowered sense of well-being, and a lowered 
general quality of life. These important factors are all frequently assessed in order to 
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Figure 4.5: A figure showing the rate of participation in the iStopMM study by year of 
birth and gender. The black line represents the overall participation rate in the study.  

 

identify these harms and what subgroups of individuals may be particularly vulnerable 
to these psychological harms. Other potential harms include radiation from imaging 
and potential complications of bone marrow and bone marrow sampling which are 
rare. It is now clear, based on this high participation rate, that the iStopMM study will 
be able to answer this key question whose answer is the missing link between the 
present and a future where population-based screening for MGUS is a reality. Such 
screening has the potential to lead to a paradigm shift in the care of patients with MM 
from the treatment of individuals with end-organ disease to preemptive treatment, 
preventing such end-organ disease, with the potential to improve survival, economic 
costs of care, and most importantly, the quality of life of patients with MM 
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1: Age at the time of study initiation on September 9th 2016. 2: Urban centers with >5000 
inhabitants outside the Capital area. 3: As registered before study enrollment in the Icelandic 
Cancer Registry since 1955, Icelandic Central Laboratory Database since 1999, and a registry of 
MGUS cases at Icelandic Private Clinics 4: As recorded before study enrollment in the Icelandic 
Cancer Registry since 1955 5: As recorded in national registries at the close of study enrollment on 
February 20th 2018. 

 

 
Registered participants Target population 

n 80 759 148 704 

% females 54% 51% 

median age1 59 57 

Age range1 40-104 40-107 

Participation rate 
  

All 54% - 

Males 51% - 

Females 58% - 

Age group (male/female)1 
  

40-49 (%) 21.2% / 23.7% 27.4% / 26.0% 

50-59 (%) 27.7% / 29.9% 29.4% / 28.7% 

60-69 (%) 28.4% / 26.1% 23.4% / 22.4% 

70-79 (%) 16.6% / 14.4% 12.9% / 13.3% 

80-89 (%) 5.7% / 5.3% 6.0% / 7.8% 

>90 (%) 0.4% / 0.5% 0.9% / 1.8% 

Place of residence 
  

Reykjavik Capital Area 58.7% 62.9% 

Other urban centers2 17.5% 15.6% 

Rural 23.3% 21.1% 

Missing 0.6% 0.4% 

Known MGUS3 246 (0.3%) - 

Previous LP4 548 (0.7%) - 

Data from registries5   

n hospital admissions 190 382 - 

n primary care visits 8 187 805 - 

n cancers diagnoses 10 328 - 

n prescriptions 15 839 376 - 

 

 

 

  

Table 4.4: The age, sex, and geographical distribution of participants and the 
target population as well as available national registry data at the close of study 
recruitment. This is table 4 from paper III, see attached manuscript. 
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1: Adjusted for age and sex; MGUS: Monoclonal gammopathy of undetermined significance HC-MGUS: Heavy 
chain MGUS; LC-MGUS: Light chain MGUS; SD: Standard deviation; COVID-19: Coronavirus disease 2019; OR: 
Odds ratio; CI: Confidence interval. 

 Table 4.5: Baseline characteristics of study participants in paper IV that were tested for 
SARS-CoV-2 and the association between MGUS and a positive test result. This is table 1 
in paper IV, see attached manuscript. 

 

4.3.2  MGUS and COVID-19 (paper IV) 

 Out of the 80,759 participants who registered for the iStopMM study, 75,422 were 
screened for MGUS. At the start of the COVID-19 pandemic in Iceland on February 
28th, 2020, 1,854 participants had died and 693 had been diagnosed with MM or a 
related disorder. In total, 32,047 of those screened were tested for SARS-CoV-2 during 
the year 2020, of whom 1,754 (5.5%) had MGUS. Those who had MGUS were more 
likely to be male (50% vs 41%, p<0.001) and were older (66.3 vs 59.1 years, 
p<0.001) than those who did not have MGUS. A total of 1,100 (3.4%) participants 
tested positive for SARS- CoV-2 during the study period, including 65 individuals with 
MGUS (3.7%) (Figure 4.6).    

 No MGUS MGUS HC-MGUS LC-MGUS 

n 30,293 1,754 1140 614 

Mean age (SD) 59 (10) 66 (11) 65.9 (11) 66.9 (11) 

Men 12,283 (41%) 880 (50%) 571 (50%) 309 (50%) 

Person-years 24,882 1,431 - - 

     

SARS-CoV-2 positive 1,035 (3.4%) 65 (3.7%) 41 (3.6%) 24 (3.9%) 

OR of SARS-CoV-2 

positivity (95% CI)1 

Reference 1.05 (0.80-1.36) 1.02 (0.74-1.40) 1.11 (0.73-1.69) 
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Figure 4.6: Flowchart demonstrating the inclusion and exclusion of participants 
in paper IV. This is figure 1 in paper IV, see attached manuscript. 
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Figure 4.7: A graph illustrating the probability of 
individuals with and without MGUS of testing positive for 
SARS-CoV-2. This is figure 2 in paper 4, see attached 
manuscript. 

After adjusting for age 
and sex we did not find 
MGUS to be associated 
with risk of testing 
positive for SARS-CoV-2 
(HR: 1.05; 95% CI: 81-
1.36; p=0.72). The 
findings were similar for 
LC and HC MGUS (Table 
4.5. and Figure 4.8.). 

These findings contradict 
previous studies that have 
shown an increased risk 
of infections, including 

viral infections, in 
MGUS.94 These results 
might indicate that the 
previously observed risk 
for infections in MGUS 

does not apply specifically to COVID-19. However, a more likely explanation is to be 
found in the limitations of previous studies that included clinical cohorts with MGUS, 
where MGUS is diagnosed during workup for unrelated medical problems that may 
predispose to infections and to seeking medical care which results in the registration 
infections. Furthermore, the control groups in previous studies have not been tested for 
MGUS and a proportion of them may actually have MGUS. In contrast, this study 
includes a cohort that has been tested for MGUS and has a high rate of SARS-CoV-2 
testing (42%). Importantly, we did not find an association between MGUS and the rate 
of SARS-CoV-2 testing (Table 4.5 and Figure 4.9) and a sensitivity analysis including 
the whole cohort regardless of SARS-CoV-2 testing showed essentially the same results 
as the primary analysis. These sensitivity analyses provide further confidence in the 
study results and that detection bias did not play a significant role in the results of the 
study. It is possible that the real risk of infections in individuals with MGUS is much 
lower than previously reported and future studies using the iStopMM data will be able 
to validate or displace previous dogma about infection risk in MGUS. 

Out of the 1,100 participants who tested positive for SARS-CoV-2, 40 were hospitalized 
or residing in nursing homes at the time of testing and were excluded (Figure 4.7) from 
later analysis. Of the remaining 1,060, 56 had MGUS. During follow-up, 16 individuals 
with MGUS (29%) and 214 (21%) of those without MGUS needed emergency care at 
the COVID-19 outpatient clinic at LUH, were admitted, or died while they had COVID-
19.  After adjusting for age and sex, MGUS was not found to be associated with severe 
COVID-19 when defined as emergency outpatient visit or worse (OR: 0.99; 95%CI:  

 No MGUS MGUS HC-MGUS LC-MGUS 
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Table 4.6: The baseline characteristics and outcomes of participants in paper 4 who 
tested positive for SARS-CoV-2 and the association of MGUS and COVID-19 severity. 

 

 

 

0.52–1.91; p = 0.99) or as hospital admission or worse, (OR: 1.13; 95%CI: 0.52–
2.46; p = 0.76). The findings were similar for HC- and LC-MGUS (Table 4.6 and Figure 
4.9). These findings indicate that individuals with MGUS are not at increased risk of 
severe COVID-19. This is contrary to previous studies that have found MM to be 
associated with severe COVID-19, with disease-related factors being the most likely 
cause of the increased risk rather than treatment-related factors.127-130 Disease-related 
immune dysfunction in MM is believed to be the main driver of severe COVID-19 risk 
and previous studies have shown similar immune dysfunction in MGUS, albeit milder 
than in MM patients. This finding is therefore somewhat unexpected and highlights that 

n 1004 56 35 21 

Mean age (SD) 59 (10) 65 (11) 65 (12) 65 (10) 

Men 448 (45%) 30 (54%) 22 (63%) 8 (38%) 

Person-days 16,589 962 - - 

     

Emergency 
outpatient visit 

176 (18%) 12 (20%) 7 (20%) 5 (24%) 

Hospital admission 105 (11%) 11 (20%) 8 (23%) 3 (14%) 

Intensive care unit 
admission 

20 (2%) 3 (5%) 2 (6%) 1 (5%) 

Death 5 (1%) 0 (0%) 0 (0%) 0 (0%) 

     

Emergency 
outpatient visit or 
worse 

214 (21%) 16 (29%) 10 (29%) 6 (29%) 

OR (95% CI)1 Reference 0.99 (0.52-1.91) 0.90 (0.39-2.08) 1.10 (0.39-3.10) 

     

Hospital admission 
or worse 

106 (11%) 11 (20%) 8 (23%) 3 (14%) 

OR (95% CI)1 Reference 1.13 (0.52-2.46) 1.25 (0.49-3.19) 0.83 (0.21-3.29) 

1: Adjusted for age and sex; MGUS: Monoclonal gammopathy of undetermined significance HC-
MGUS: Heavy chain MGUS; LC-MGUS: Light chain MGUS; SD: Standard deviation; COVID-19: 
Coronavirus disease 2019; OR: Odds ratio; CI: Confidence interval. 
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Figure 4.8: A graph illustrating the probability of individuals with and without 
MGUS developing severe COVID-19 after testing positive for SARS-CoV-2. This is 
figure 3 in paper 4, see attached manuscript. 

there are stark differences between MGUS and MM and that immune dysfunction 
issignificantly less pronounced in MGUS. Alternatively, these findings could indicate 
that treatment-related factors in MM have been underestimated as risk factors for severe 
COVID-19 in previous studies and that the lack of treatment in those with MGUS serves 
as the main reason for this discordance between MGUS and MM.  

In conclusion, we found MGUS not to be associated with contracting SARS-CoV-2 or 
with severe COVID-19 once infected. MGUS is one of the most common hematological 
disorders and the results are reassuring for this patient group. It is however important 
to note that the spectrum of disease in MGUS is quite wide and those at the extreme of 
this spectrum are likely to resemble those with MM more closely. In this study, 
subpopulations with MGUS who are at increased risk of severe COVID-19 may have 
been overshadowed by those at the lower end of the MGUS spectrum. It is therefore 
reasonable to assume that there are individuals with MGUS who are more like those 
with MM who are at increased risk of COVID-19, particularly those with high-risk 
disease and detectable immune dysfunction, for example decreased uninvolved 
immunoglobulins. However, in general, individuals with MGUS appear to have the 
same risks during the COVID-19 pandemic as other individuals in society. These 
findings can inform how treating physicians counsel their patients during the COVID-19 
pandemic. 
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4.3.3 Strengths of paper III and IV 

The iStopMM study has many strengths. Firstly, the iStopMM study is the largest clinical 
trial in the field of MM to date with over 80,000 participants who have provided their 
informed consent for participation. This high participation rate has been followed by a 
very high acquisition rate of samples through a passive sampling process with samples 
from 93% (n=75,422) of participants being collected for screening. The size and 
population-based nature of the study enable the study to answer the critical questions 
regarding screening for MGUS that may lead to a paradigm shift in MM care. 
Secondly, the screened cohort that is gathered during the study is unique in that 
selection bias that may have affected previous studies on MGUS is far less likely to 
affect this cohort. Furthermore, a majority of those with MGUS are further evaluated 
providing increased granularity in data and a clearer view of the cohort and how the 
participants are distributed across the disease spectrum of MM and its precursors. 
Thirdly, data from the study is crosslinked to national registries and blood and bone 
marrow samples from participants are collected repeatedly over time and stored in a 
study biobank. This extensive healthcare-related data and biobank will generate an 
extensive dataset for epidemiological, translational, and clinical studies that will lead to 
new discoveries and validation of previous findings or clinical practice that has lacked 
high-quality data. 

These strengths are demonstrated in paper IV where this extensive dataset is 
crosslinked to high-quality data from LUH and an important and pressing question in the 
field is answered. There, the screened cohort sets the study out from previous studies 
and limits potential selection bias that is present in studies including clinical cohorts 
with MGUS. Secondly, due to the high testing rate and central registration and close 
follow-up of patients with COVID-19 in Iceland, the data on SARS-CoV-2 testing and 
COVID-19 outcomes are very robust. Finally, the study includes a large proportion of a 
whole nation’s population making the findings more generalizable to other similar 
populations. 

4.3.4 Limitations of paper III and IV 

There are important limitations to the iStopMM study. Firstly, the Icelandic population is 
highly genetically and ethnically homogenous with almost all native Icelanders being 
white. This limits the generalization of the study findings to non-white populations. This 
is particularly important in Black Americans and Africans who are at an increased risk of 
MGUS and MM. Secondly, those who are diagnosed with asymptomatic MM, 
intermediate-risk SMM, and high-risk SMM are offered early treatment usual hard 
endpoints of MGUS progression are not reliable and because SMM is a clinical, rather 
than a biological entity, some important distinctions between those who will progress to 
active disease and those who will remain with stable SMM will not be captured. Finally, 
the primary outcome of overall survival is a very ambitious outcome for a disease like 
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MGUS where only 1% progress annually to overt malignancy whose prognosis is rapidly 
improving. However, there are other clinically important endpoints, particularly 
symptomatic MM, that can be seen as meaningful improvements that may justify 
screening in lieu of observing improved overall survival with screening. 

Some specific limitations of paper IV are most notably the low number of events in the 
MGUS group, particularly mortality and admissions. This limits the choice of outcomes 
to composite measures including seeking emergency outpatient care which is not 
always in relation to the actual biological severity of COVID-19. Furthermore, this might 
leave the study underpowered to detect a modestly increased risk in those with MGUS. 
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5 Summary and conclusions 
MGUS is common in the general population and although asymptomatic, it may have 
significant clinical consequences for affected individuals. Throughout the work of this 
thesis, the aim has been to uncover the clinical significance of MGUS and the results 
have shed some light on this issue. Furthermore, the studies have pointed in some 
directions that may provide a way forward to further studies to expand on our 
understanding of the clinical significance of this asymptomatic precursor disorder. 

In the first section of the thesis, large-scale registry data on individuals diagnosed with 
MGUS in Sweden was used to gain insights into the relationship between MGUS and 
PN and fractures. One of the main limitations of this approach is the selection and 
information bias associated with the clinical diagnosis of MGUS which invariably occurs 
alongside the diagnosis of other medical problems and leads to clinical observation. In 
the first paper on the relationship between PN and MGUS, stratification by DM 
diagnosis, a disorder that leads to clinical observation, particularly for PN, was utilized 
to mitigate some of this bias leading to more confident conclusions on the association 
of MGUS and PN that would have been possible otherwise. In the second paper on the 
relationship between MGUS and fractures, a multi-faceted study design and inclusion of 
PN and important comorbidities into statistical models enabled a more nuanced 
analysis of the potential causes of fractures in MGUS. Taken together the results indicate 
that MGUS has clinical significance in that it is associated with PN and fractures. Based 
on the findings we then hypothesized that PN is one of, at least, three causes of 
fractures in MGUS alongside undetected MM bone disease and MGUS inherent bone 
disease. However, methodological limitations of studying MGUS in clinical cohorts and 
registries remain, including selection bias and residual confounding, which cast some 
doubt on the findings. 

In the second section of the thesis, iStopMM, a population-based screening study and 
randomized controlled trial of follow-up strategies, was described. The study design, 
which was described in the third paper, aims to uncover the clinical significance of 
MGUS, primarily by evaluating the benefits and harms of population-based screening 
for MGUS and clinical follow-up with the aim of detecting MGUS progression and 
applying early treatment in MM. Over 80,000 participants signed up for the study and 
75,422 samples have been collected for screening. This high participation rate and 
sampling rate will enable iStopMM to reach its aims. A secondary aim of the study is to 
generate a high-quality dataset including individuals with MGUS detected by screening 
that is not affected by the selection bias of previous studies and where MGUS-related 
information bias can be attenuated improving our understanding of the clinical 
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significance of MGUS. This was demonstrated in the fourth paper where the 
relationship between MGUS and COVID-19 was studied within the iStopMM cohort. 
MGUS was not found to be associated with contracting SARS-CoV-2 or developing 
severe COVID-19. These findings are in contrasts with previous studies that have found 
MGUS to be associated with an increased risk of infections, including viral infections. 
However, previous studies were performed within clinical cohorts and these 
unexpected findings, therefore, highlight the need to study MGUS disease associations 
in screened cohorts. Furthermore, this indicates that future studies on the iStopMM 
MGUS cohort will disprove some of the previously reported disease associations or find 
significantly attenuated risk increases associated with MGUS than previously reported. 
This would mean that the clinical significance of MGUS is less than previously believed. 

In conclusion, MGUS has clinical significance. It is the precursor of MM and related 
disorders and seems to lead to multiple non-malignant complications. Methodological 
limitations of previous studies, which are mostly caused by the asymptomatic nature of 
MGUS, are likely to have led to some false associations and the actual risk of many non-
malignant complications has probably been overestimated. One of the key results of 
iStopMM and other studies like it will be whether detection of MGUS is benifical and 
how follow-up of MGUS should be designed in order to detect MGUS progression 
effectively. Future studies should also seek to validate or disprove previously detected 
disease associations of MGUS within screened MGUS cohorts like that of iStopMM. This 
will clarify the clinical significance of MGUS and enable focused and effective care of 
those with MGUS. Hopefully, this can lead to improved outcomes in this common yet 
elusive precursor condition of still “undetermined” significance. 
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Peripheral neuropathy and monoclonal gammopathy
of undetermined significance: a population-based
study including 15,351 cases and 58,619 matched
controls

Monoclonal gammopathy of undetermined signifi-
cance (MGUS) is a common benign precursor condition
of multiple myeloma (MM) and related disorders.1,2

MGUS is considered asymptomatic but has been shown
to be associated with peripheral neuropathy (PN).3

However, the literature is unclear regarding the preva-
lence, clinical implications, and even the existence of
MGUS-associated PN.4 We therefore conducted a large
population-based study of MGUS and PN. We found PN
to be truly associated with MGUS and under-recognized
in clinical practice. Furthermore, PN was associated with
a 2.9-fold risk of a light-chain amyloidosis (AL).

We included individuals with MGUS diagnosed in
Sweden between 1986-2013, as has been described pre-
viously.5 Four controls that were alive and free of lym-
phoproliferative disease were matched to each case on
the day of MGUS diagnosis by sex, year of birth, and
county of residence. Data from Swedish national reg-
istries were cross-linked to participants using a unique
identification number.

The primary endpoint was PN as recorded in the
Swedish Patient Registry using International
Classification of Diseases (ICD) codes by Swedish physi-
cians recording their clinical diagnoses. However, under-
lying symptoms or diagnostic testing leading to PN diag-
nosis were not available. Acute inflammatory neu-
ropathies and critical care neuropathy were excluded.
Symptomatic codes were included but were excluded in
a sensitivity analysis. We assessed the prevalence of PN
in the full cohort and followed those who did not have
PN at inclusion until PN or censoring at death as recorded
in the Swedish Cause of Death Registry, lymphoprolifer-
ative disease as recorded in the Swedish Cancer Registry,
or end of follow-up. We then estimated hazard ratios
(HR) using Cox proportional hazard regression adjusting

for age, sex, and year of inclusion. PN is common in the
general population but is often undetected.6 Individuals
with MGUS, who are under medical surveillance, might
therefore have more diagnoses of a PN that might other-
wise have stayed subclinical in the control population. To
mitigate this bias, we also stratified the cohort by dia-
betes mellitus (DM) and repeated the analysis. DM
patients are under regular medical surveillance, similar to
that of patients with MGUS. Furthermore, PN is a well-
known feature of DM, and DM patients often undergo
PN screening during follow-up, presenting a more appro-
priate comparison group.

In a secondary analysis, we assessed the association of
PN and MGUS progression and death. We included all
participants with MGUS and considered PN as the expo-
sure. We then followed them until death or the diagnosis
of MM, Waldenström’s macroglobulinemia (WM), and
AL in four separate analyses while censoring at the other
endpoints or loss to follow-up. In order to prevent
immortal time bias in those participants who developed
PN after MGUS diagnosis, we included PN as a time-
dependent covariate in a Cox proportional hazard regres-
sion model. The models were adjusted for age, sex, and
year of MGUS diagnosis, as well as for DM when assess-
ing risk of death.

A total of 15,351 participants with MGUS and 58,619
matched controls were included in the study. The preva-
lence of PN was higher in participants with MGUS than
controls (6.5% vs. 2.8%) (Table 1). The reported preva-
lence of PN varies widely but more recent observational
studies estimate the prevalence at 15-20%.7 Therefore,
these findings, based on clinical diagnoses of PN, indicate
under-recognition of PN during the clinical care of indi-
viduals with MGUS.

Individuals with MGUS had 2.7-fold risk of PN com-
pared to matched controls (HR=2.7; 95% confidence
interval [95%CI]: 2.4-3.1; P<0.001). After stratification
for DM, we found MGUS and DM to be associated with
higher risk of PN as compared to controls without MGUS
and DM (MGUS alone: HR=3.0; 95%CI: 2.6-3.4; P<0.001
and DM alone: HR=3.6; 95%CI: 3.2-4.2; P<0.001).
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Table 1. Baseline characteristics of study participants in the original cohort and after additional stratification for diabetes mellitus (DM) as
well as results of a Cox proportional hazard regression model of risk of peripheral neuropathy (PN) for each group.
                                                                   Original cohort                                                              After DM stratification
                                                         MGUS                      Control             MGUS alone                DM alone          MGUS+DM             Control

N                                                                   15,351                             58,619                        12,818                              7,953                       2,533                       50,666
Median age (years)                                     73                                    72                               72                                    74                            74                             72
Age range (years)                                     18-104                             18-101                       18-104                              26-97                      26-95                      18-101
% male                                                           51%                                 51%                            50%                                 58%                         58.1                          50%
N by year of inclusion                                                                                                                                                                                                                         

1986-1995                                                  22%                                 22%                            22%                                 23%                         22%                          21%
1996-2005                                                  33%                                 33%                            33%                                 35%                         31%                          33%
2006-2013                                                  45%                                 45%                            45%                                 42%                         47%                          46%

PN                                                             996 (6.5%)                   1,644 (2.8%)              681 (5.3%)                    620 (7.8%)           315 (12.4%)           1024 (2.0%)
before MGUS/matching                  549 (55%)                      770 (47%)                376 (55%)                     310 (50%)             173 (55%)              460 (45%)
(% of PN)                                                     

Median follow-up (years)                          4.0                                   6.1                              4.1                                   6.1                           3.7                            6.1
Risk of PN in HR (95% CI)1            2.7 (2.4-3.1)***                Reference                        −                                     −                             −                              −
                                                                          −                                      −                   3.0 (2.6-3.4)***           3.6 (3.2-4.2)***   7.5 (6.3-9.1)***         Reference
                                                                           −                                      −                      0.8 (0.7-1.0)*                  Reference        2.1 (1.7-2.5)***    0.3 (0.2-0.3)***

1Adjusted for sex, age, and year of inclusion. *P<0.05, ***P<0.001, MGUS: monoclonal gammopathy of undetermined significance; HR: hazard ratio, 95% CI: 95% confidence
interval; N: number. 



MGUS was associated with a 0.8-fold risk of PN as com-
pared to DM (HR=0.8; 95%CI: 0.7-0.9, P=0.02).
Participants with MGUS and DM had a 2.1-fold risk of
PN as compared to those with DM alone (MGUS and
DM: HR= 2.1; 95%CI: 1.7-2.5; P<0.001) (Table 1 and
Figure 1). Although these findings could suggest a syner-
gistic effect of MGUS and DM, it is more likely that
excess PN caused by MGUS is being detected during DM
or MGUS follow-up in individuals with DM and MGUS
as compared to those with DM alone. These findings
indicate that PN is truly associated with MGUS, contra-
dicting previous findings that questioned this.4

In the secondary analysis, 1,368 participants pro-
gressed to MM, 449 progressed to WM, and 173 pro-
gressed to AL (Table 2). PN was associated with lower
risk of MM (HR=0.7; 95%CI: 0.5-0.9; P=0.02) but was
not associated with WM progression (HR=1.3; 95%CI:
0.9-1.9; P=0.2). PN has been shown to be more common
in IgM MGUS3 that rarely progresses to MM, but rather
to WM,8 potentially leading to selection bias.
Unfortunately, isotype data are not available for this
cohort making it difficult to interpret these results.
However, these findings could indicate that PN is unlike-
ly to be associated with increased risk of MM or WM,
suggesting that the development of PN in MGUS might
be unrelated to progression of the underlying plasma cell
disorder.

Interestingly, we found PN to be associated with a 2.9-
fold risk of MGUS progression to AL (HR=2.9; 95%CI:
1.8-4.6; P<0.001). Furthermore, we found that nine out
of the 11 individuals (82%) with PN at diagnosis who
later progressed to AL did so within a year of MGUS
diagnosis. Diagnosis of AL can be difficult, leading to
under-recognition and a delay in diagnosis of AL.9

Furthermore, virtually all cases of AL are preceded by
MGUS,10 so it is likely that these participants had AL, not
MGUS, at inclusion. These findings stress the importance

of a thorough evaluation for AL in individuals with
MGUS and PN, especially at MGUS diagnosis.

We found PN to be associated with a 1.3-fold risk of
death in MGUS (HR=1.3; 95%CI: 1.2-1.5; P<0.001).
When associated with other disorders, PN can lead to
falls and fractures11-13 which might contribute to this
increased risk of death. However, PN is also associated
with various other diseases that might lead to increased
risk of death, such as other cancers and alcohol misuse.6

Therefore, it is unclear whether this represents a causal
relationship. Further studies are needed to validate these
findings.

Our study has several strengths. We included a nation-
wide population of 15,351 MGUS cases and 58,619
matched controls diagnosed over a 28-year period. Data
were acquired with high accuracy and completeness
from well-established registries. As far as we know, this
is the largest study of MGUS-associated PN so far.
Secondly, by including clinical data from routine care, the
study provides an insight into the real-world care of indi-
viduals with MGUS. Finally, by also stratifying partici-
pants for DM, we mitigated detection bias that would
otherwise have affected the results of this type of study.

The study also has important limitations. Firstly, PN
diagnoses were acquired from diagnostic coding without
data on the underlying symptoms or diagnostic tests,
relying on detection, and accurate diagnosis of PN by
physicians. By stratifying for DM, we mitigated some of
the effects of any unequal detection and reporting of PN
in the cohort. Secondly, study participants were not
screened for MGUS, but were diagnosed during the
work-up of other medical problems, leading to biased
selection of participants with other medical problems
into the MGUS group. Furthermore, MGUS might have
been diagnosed as a result of PN. However, this applies
to all real-world MGUS populations, and individuals with
PN before MGUS diagnosis were excluded from analyses
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Figure 1. Kaplan-Meier graph illus-
trating the cumulative hazard of
peripheral neuropathy (PN) through-
out the study period by assigned
study group. MGUS: monocloncal
gammopathy of undetermined sig-
nificance; DM: diabetes mellitus.
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assessing risk of PN. Thirdly, and unfortunately,
immunoglobulin isotype data are not available for this
cohort, and some isotypes, especially IgM, might be asso-
ciated with higher risk of PN and skew the average risk
for the whole cohort so that it might not be representa-
tive for each isotype. Furthermore, this limits the inter-
pretation of analyses of progression to MM and WM.
Prospective studies including screening for MGUS and
PN are needed to validate these findings. We are current-
ly conducting a population-based screening study for
MGUS (clinincaltrials.gov identifier: NCT03327597). A sub-
study is ongoing assessing the prevalence, symptoms,
clinical impact, and associated disease factors of MGUS-
associated PN.

In conclusion, in this large population-based study,
including 15,351 MGUS individuals and 58,619 matched
controls, we found that a significant proportion of indi-
viduals with MGUS have clinically evident PN (6.5%)
and that PN is truly associated with MGUS. In addition,
our findings suggest under-recognition of PN in the real-
world care of individuals with MGUS. Interestingly, we
found PN to be associated with a 2.9-fold risk of AL and
that PN is not associated with increased risk of MM or
WM. PN was associated with increased risk of death, but
multiple confounders make it impossible to establish a
causal relationship. When associated with other disor-
ders, PN leads to falls, fractures,11-13 and lower quality of
life.14 It is, therefore, reasonable to assume that PN causes
considerable morbidity in MGUS that may go unrecog-
nized. Our findings should help increase awareness of
MGUS as a cause of PN among all clinicians and promote
closer monitoring of individuals with MGUS for symp-
toms of PN.
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Table 2. Baseline characteristics, rates and incidence of progression,
and risk of progression to MM, WM, and AL as well as death for study
participants with MGUS with and without PN as assessed by Cox
proportional hazard regression with PN as a time dependent covari-
ate.
                                                MGUS without PN        MGUS and PN

N                                                                   14,355                                996
Male                                                               51%                                 63%
Median age                                                     73                                    69
Median follow-up (years)                          4.0                                   3.0
Progressed to MM (incidence1)       1,328 (1.6)                       40 (1.0)

HR (95%CI)2                                               −                           0.7 (0.5-0.9)*
Progressed to WM (incidence1)         422 (0.5)                         27 (0.7)

HR (95%CI)2                                               −                            1.2 (0.8-1.8)
Progressed to AL (incidence1)           153 (0.2)                         21 (0.5)

HR (95%CI)2                                               −                         2.3 (1.5-3.7)***
Death (mortality rate1)                       5,522 (6.8)                      315 (8.0)

HR (95%CI)3                                               −                         1.3 (1.2-1.5)***
1Incidence per 100 person-years. 2Adjusted for sex, age, and year of inclusion.
3Adjusted for sex, age, year of inclusion, and diabetes mellitus (DM). ***P<0.001,
MGUS: monoclonal gammopathy of undetermined significance; PN: peripheral
neuropathy; MM: multiple myeloma; WM: Waldenström’s macroglobulinemia; AL:
amyloid light-chain amyloidosis; HR: hazard ratio; 95%CI: 95% confidence interval.
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Abstract
Objective: Monoclonal gammopathy of undetermined significance (MGUS) is the 
asymptomatic precursor of multiple myeloma (MM). Lytic bone lesions and fractures 
are hallmarks of MM and although there are no lytic lesions in MGUS, it has also been 
associated with fractures. The causes of fractures in MGUS are currently unclear 
but potential causes include inherent MGUS bone disease, undiagnosed MM, and 
peripheral neuropathy (PN). We therefore conducted a large population- based study 
including 8395 individuals with MGUS and 30 851 matched controls from Sweden.
Methods: Data on fractures, PN, and confounders were acquired from high- quality 
registers in Sweden.
Results: Monoclonal gammopathy of undetermined significance and PN were inde-
pendently associated with fractures (hazard ratio [HR]: 1.29; 95% confidence interval 
[95% CI]: 1.21- 1.37; P < .001 and HR: 1.34; 95% CI: 1.16- 1.55; P < .001). Imminent 
MGUS progression increased the risk of fractures (odds ratio: 1.66; 95% CI: 1.27- 
2.16; P < .001). Fractures were not associated with long- term risk of MGUS progres-
sion (HR: 1.08; 95% CI: 0.77- 1.53; P = .64).
Discussion: Based on these findings, we speculate that MGUS leads to fractures 
through at least 3 independent mechanisms: undetected MGUS progression to MM, 
MGUS inherent bone disease, and PN through falls. These findings highlight the need 
for further study of MGUS inherent bone disease and can inform further research 
into fracture prevention in MGUS.

K E Y W O R D S

bone disease, fractures, monoclonal gammopathy of undetermined significance, multiple 
myeloma, neuropathy

Plain Language Summary

What is the new aspect of your work?

People with monoclonal gammopathy of undetermined significance (MGUS), a precursor dis-
ease of multiple myeloma, have an increased risk of fractures. This study identifies potential 
underlying causes of these fractures.
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1  | INTRODUC TION

Monoclonal gammopathy of undetermined significance (MGUS) is 
the precursor condition of multiple myeloma (MM) and related dis-
orders.1,2 MGUS is defined by the presence of serum monoclonal im-
munoglobulins or an abnormal free immunoglobulin light chain ratio 
in the absence of symptoms or biomarkers of MM or more advanced 
disorders, including MM- related bone lesions and fractures.3 MGUS 
is relatively common in the general population, with a prevalence of 
4.2% in white populations over the age of 50.4,5 The main clinical 
implication of MGUS is a 1%- 1.5% risk of progression to MM and 
related disorders per year.6,7 Until progression, MGUS is often re-
ferred to as being asymptomatic. However, MGUS has been shown 
to be associated with important clinical outcomes such as peripheral 
neuropathy (PN),8 arterial and venous thrombosis,9 fractures,10- 12 
infections,13 and increased risk of death.14

Individuals with MGUS have, in several independent studies, 
been shown to have an increased risk of fractures.10- 12 However, the 
exact underlying explanation for this increased fracture risk is un-
clear and previous studies have had contradicting findings. The most 
common predisposing factor for fractures in the general population 
is osteoporosis15 and although early reports suggested that oste-
oporosis was more prevalent in MGUS,16- 18 a recent meta- analysis 
and a high- quality population- based study of bone mineral density 
in a screened MGUS population contradicted these findings.11,19 
Some authors have found MGUS to be associated with an abnor-
mal bone microarchitecture unrelated to osteoporosis and charac-
terized by increased bone volume, reduced cortical bone thickness, 
increased endocortical area, higher cortical porosity, and reduced 

bone strength.11,20,21 The clinical meaning of these microscopic 
architectural changes, however, remain unclear. Finally, since MM 
carries a significant diagnostic delay, fractures are common in the 
months preceding MM diagnosis that is caused by active MM bone 
disease.22 This may lead to an observed risk of fractures in MGUS 
that is actually caused by undetected progression to MM.

A subset of individuals with MGUS have been reported to de-
velop PN and we recently showed in a large population- based study 
with over 73 000 participants, that PN is truly associated with 
MGUS.23 PN is characterized by pain and/or sensory and motor defi-
cits brought on by impairment of peripheral nerve function.24 The 
prevalence of PN among individuals with MGUS varies greatly in 
the literature and has been reported to be from 3% to 70%.8,23,25- 31 
The role of PN in the risk for falls and fractures is well established 
in relation to several other disorders, like diabetes mellitus.32- 35 We 
speculated that PN might contribute to the fracture risk observed 
in MGUS. However, we are not aware of any studies addressing the 
role of PN in MGUS fracture risk. We were therefore motivated to 
conduct a large population- based study including 8649 individuals 
with MGUS and 31 272 matched controls to further untangle these 
potentially multifactorial causes of fractures in MGUS.

2  | METHODS

2.1 | Study cohort

Monoclonal gammopathy of undetermined significance cases diag-
nosed during clinical care in Sweden were enrolled from an MGUS 

What is the central finding of your work?

Based on our findings, we speculate that fractures in MGUS have at least three independent 
causes: the development of multiple myeloma from MGUS, microscopic bone changes in MGUS 
that are not related to multiple myeloma, and damage to the peripheral nerves (peripheral neu-
ropathy) leading to falls which has been associated with MGUS previously.

What is (or could be) the specific clinical relevance of your work?

The study identifies potential targets for interventions that might decrease the risk of fractures 
in MGUS. For example, physical therapy might decrease the fracture risk with peripheral neu-
ropathy and early detection of MGUS progression to multiple myeloma might prevent multiple 
myeloma fractures.

Significance Statement

Individuals with monoclonal gammopathy of undetermined significance (MGUS), a precursor 
to multiple myeloma, a bone marrow cancer, have an increased risk of fractures. The causes 
of these fractures are unclear. This paper identifies three independent causes of fractures in 
MGUS of which two may be clinically actionable. (a) Undetected MGUS progression to multiple 
myeloma which may be prevented by closer follow- up, (b) MGUS related peripheral neuropathy 
leading to falls which may be prevented with balance training, and (c) MGUS inherent bone 
disease which required further study. The study findings can therefore inform research into 
methods of fracture prevention in MGUS.
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registry created from the records of a network of hematology and 
oncology centers in Sweden and the Swedish Patient Registry that 
has been described previously.36,37 In order to limit the effect of 
different diagnostic coding systems, enrollment started in 1999, 
2 years after the implementation of the International Classification 
of Diseases 10 (ICD- 10) in Sweden. Enrollment stopped at the end 
of 2012. Participants who progressed from MGUS to MM or other 
lymphoproliferative disease within a year of MGUS diagnosis were 
excluded to avoid undetected malignancy. At the date of inclusion, 
4 controls from the general population that were alive and free of 
known lymphoproliferative disease at that date, were matched to 
each MGUS case by year of birth, gender, and county of residence. 
In some cases, four controls were not found, reducing the number 
to those available. Cases with no available controls were excluded. 
Data were collected for participants until death or the end of 2013, 
whichever occurred first.

2.2 | Swedish registries

Data from nationwide, central Swedish government registries were 
cross- linked to participants using the unique national registration num-
ber assigned to all residents of Sweden. The Swedish Patient Registry 
contains data on ICD coded diagnoses in the universal Swedish health-
care system as well as dates of admission and discharge.38 Since 2001, 
the registry also records outpatient encounters, including ICD diag-
noses and dates of outpatient visit, including primary care visits. The 
Swedish Cause of Death Registry comprises the dates and underlying 
causes of all deaths in Sweden.39 The Swedish Cancer Registry contains 
data on all cancers diagnosed in Sweden with registration of cancer 
cases being compulsory for Swedish physicians since 1958. For MM, 
the coverage rate has been reported to be 95%.40

2.3 | Peripheral neuropathy and fracture diagnoses

Diagnoses of PN and fractures were acquired from the Swedish 
Patient Registry using ICD- 10 codes as specified by the Swedish 
National Board of Health and Welfare (Socialstyrelsen) with the date 
of admission or outpatient visit defined as the date of diagnosis. 
PN was included regardless of registered underlying cause since 
the precise cause can, in practice, be difficult to ascertain. Acute 
inflammatory neuropathies, such as Guillain- Barré neuropathy were 
excluded. ICD- 10 diagnostic codes used for PN were E10.4, E11.4, 
E12.4, E13.4, E14.4, G13.0, G60.3, G61.8, G61.9, G62, G63, R20.0, 
R20.1, R20.2, and R20.8.

Fractures were considered the outcome in the study in three 
categories: any fractures (ICD- 10 codes: S02, S12, S22, S32, S42, 
S52, S62, S72, S82, S92), peripheral fractures (ICD- 10 codes: S02, 
S52, S62, S82, S92), and axial fractures (ICD- 10 codes: S12, S22, S32, 
S42, S72). Since the fractures may be coded repeatedly in relation 
to readmission or rehabilitation, fractures within 6 months from a 
fracture of the same body part were considered the same fracture.

2.4 | Statistical analysis

Participants were followed until their first fracture after inclusion in 
3 separate analyses for any fractures, peripheral fractures only, and 
axial fractures only. Participants were censored at death as recorded 
in the Swedish Cause of Death Registry, end of follow- up at the end 
of 2013, or at the time of a fracture not considered the outcome in 
that particular analysis. Additionally, we censored participants who 
progressed to MM or related disorders 1 year before progression as 
recorded in the Swedish Cancer Registry. To avoid immortal time bias, 
PN was included as a time- dependent covariate in all models as some 
participants developed PN after inclusion.

To adjust for potential confounders, we included age, sex, 
year of inclusion, previous fractures in the preceding 2 years, and 
having any alcohol use related ICD- 10 diagnosis into a propensity 
score for MGUS and PN using multinomial logistic regression es-
sentially dividing them into 4 groups: individuals with MGUS, in-
dividuals with MGUS and PN (MGUS + PN), individuals without 
MGUS (Control), and individuals without MGUS who have PN 
(Control + PN). Using the generated propensity score, inverse 
probability weighted Cox regression was performed with MGUS 
as a covariate and PN as a time- dependent covariate. All analy-
ses were additionally performed after stratification for sex with 
new propensity scores calculated for each stratified analysis. The 
interaction for PN and MGUS was evaluated for all analyses. All 
models were checked for proportional hazards using Schoenfeld's 
global tests.

In order to evaluate the role of MGUS progression in fracture risk, 
we performed 2 additional analyses. In the first additional analysis, 
we evaluated the fracture risk in the year prior to MGUS progres-
sion in a nested case- control study. We identified participants with 
MGUS who progressed to MM or related disorders and matched 
them to 3 individuals with MGUS that were alive and free of pro-
gression at the same time in follow- up. Matching was done by sex, 
age, and year of MGUS diagnosis (±1 year). Logistic regression was 
performed to estimate odds ratios (OR) of having any, peripheral, or 
axial fractures in the year prior to progression compared to a similar 
year without progression in the controls. In the second additional 
analysis, we evaluated the risk of progression 1 year after fracture. 
We identified all participants with MGUS who had a fracture and 
were alive, free of progression, and in follow- up 1 year after a frac-
ture. We then matched them with 3 other individuals with MGUS by 
sex and age who were alive, free of progression or fractures, and in 
follow- up at the same time in follow- up. This way age, sex, and time 
with MGUS, which may affect the risk of progression, was equally 
distributed between the groups in the analysis. We followed this 
cohort for progression to MM or related disorders. Cox regression 
was then used to estimate the hazard ratio (HR) of progression for 
those who had a fracture compared with those that did not. Cases 
where 3 matched controls could not be found were excluded in both 
analyses.

All analyses were performed in using R41 using the survival,42 sur-
vminer,43 and ipw44 packages.
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2.5 | Sensitivity analyses

In order to adjust for comorbidities, a known risk factor for frac-
tures,45 we performed 2 sensitivity analyses which included markers 
of comorbidity and general frailty into the propensity score. Firstly, 
we included previous diagnoses of the disorders included in the 
Charlson comorbidity index as binomial variables.46 Secondly, we 
included hospital admissions lasting 4 days or longer in the previous 
2 years as a general marker of frailty and need of medical care.

3  | RESULTS

A total of 8395 individuals with MGUS and 30 851 matched con-
trols were included in the study with 597 and 849 having PN be-
fore or after the time of inclusion in the MGUS and control groups, 
respectively. There were slightly more males (53%) than females. 
Participant acquisition increased over the study period (Table 1). PN 
was associated with recorded alcohol use (P < .001) and previous 
fractures (P = .02) (Table 1).

MGUS MGUS + PN Control Control + PN

n person years 39 559 2263 174 844 3168

n individuals 8052 597 30 423 849

PN after inclusion (%) — 254 (43%) — 419 (49%)

Age (median) 71 68 70 71

Age (range) 18- 97 28- 89 18- 97 23- 96

Male 52% 63% 53% 62%

Year of diagnosis

1999- 2003 29% 20% 28% 24%

2004- 2007 29% 29% 29% 29%

2008- 2012 43% 51% 43% 48%

Median follow- upa  4.1 years 3.7 years 5.1 years 3.6 years

Median potential 
follow- upb 

4.8 years 4.1 years 5.8 years 4.1 years

Previous alcohol use 
(%)

242 (3%) 31 (5%) 720 (2%) 47 (6%)

Previous fracture (%)c  428 (5%) 33 (6%) 1138 (4%) 44 (5%)

All participants

All fractures (ratec ) 1402 (3.5) 89 (3.9) 4535 (2.6) 120 (3.8)

Peripheral fractures 
(ratec )

545 (1.4) 38 (1.7) 1978 (1.1) 46 (1.5)

Axial fractures 
(ratec )

887 (2.2) 54 (2.4) 2647 (1.5) 76 (2.4)

Males

All fractures (ratec ) 560 (2.9) 48 (3.4) 1718 (1.9) 60 (3.0)

Peripheral fractures 
(ratec )

188 (1.0) 17 (1.2) 667 (0.7) 20 (1.0)

Axial fractures 
(ratec )

383 (2.0) 32 (2.3) 1078 (1.2) 40 (2.0)

Females

All fractures (ratec ) 842 (4.2) 41 (4.8) 2817 (3.3) 60 (5.1)

Peripheral fractures 
(ratec )

357 (1.8) 21 (2.5) 1311 (1.5) 26 (2.2)

Axial fractures 
(ratec )

504 (2.5) 22 (2.6) 1569 (1.8) 36 (3.0)

Note: Study participants who develop PN after inclusion are included in the non- PN groups until 
the point of PN diagnosis and are counted there as well.
Abbreviations: MGUS, monoclonal gammopathy of undetermined significance; PN, peripheral 
neuropathy.
aAs evaluated by the Kaplan- Meier estimator for any outcome.
bAs evaluated by the Kaplan- Meier estimator for censoring events.
cRate per 100 person years.

TA B L E  1   The baseline characteristics 
of the study participants and number and 
types of fractures over the study period
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Individuals with MGUS had a 1.29- fold risk of any fracture in-
dependently of PN (HR: 1.29; 95% confidence interval [95% CI]: 
1.21- 1.37; P < .001). This increased risk of any fracture was also 
observed in both males and females separately with males having 
a higher relative risk increase (males: HR: 1.39; 95% CI 1.27- 1.53; 
P < .001 and females: HR: 1.22; 95% CI: 1.13- 1.31; P < .001). The 
absolute risk increase was similar for males and females (males: 1.9 
vs 2.9 fractures per 100 person years. females: 3.3 vs 4.2 fractures 
per 100 person years). MGUS was associated with both peripheral 
and axial fractures but was more strongly associated with axial frac-
tures (peripheral: HR: 1.18; 95% CI: 1.08- 1.30 P < .001; axial: HR: 
1.37 95% CI: 1.27- 1.48; P < .001). The results were similar for males 
and females (Table 2).

Peripheral neuropathy was associated with a 1.34- fold increased 
risk of fractures independently of MGUS (HR: 1.34; 95% CI: 1.16- 
1.55; P < .001). Both males and females with PN had an increased risk 
of fractures (males: HR: 1.39; 95% CI: 1.14- 1.69; P = .001; females: 
HR: 1.35 95% CI: 1.10- 1.65; P = .004). There was no significant in-
teraction between MGUS and PN affecting the risk of fractures (HR: 
0.90; 95% CI: 0.68- 1.2; P = .49) indicating no effect modification. PN 
was associated with axial and peripheral fractures with similar risk 
increases (peripheral: HR: 1.36; 95% CI: 1.09- 1.71 P = .007; axial: 
HR: 1.34; 95% CI: 1.12- 1.61; P = .001). The results were similar for 
males and females (Table 2).

Sensitivity analyses adjusting for comorbidities showed essen-
tially the same results (data not shown).

A total of 2068 individuals who progressed from MGUS to MM 
or related disorders and 6204 matched controls were included in the 
first additional analysis. Of those, 87 (4.2%) progressing MGUS indi-
viduals and 160 (2.6%) matched controls had a fracture in the year 
observed. The risk of fractures was 1.66- fold in individuals who were 
about to progress as compared to matched controls with MGUS (OR: 
1.66; 95% CI: 1.27- 2.16; P < 0001). Their risk of peripheral fractures 

was not significantly increased (OR: 1.15; 95% CI: 0.68- 1.87; P = .60) 
but they had a 1.94- fold risk of axial fractures (OR: 1.94; 95% CI: 
1.44- 2.62; P < .001).

Into the second additional analysis, we included 1041 individ-
uals with fractures in MGUS and 3123 matched MGUS controls. 
Among these participants, 171 (4.1%) progressed to MM or related 
disorders. Fractures (more than 1 year before MGUS progression) 
were not associated with progression (HR: 0.95; 95% CI: 0.66- 1.36; 
P = .77) (Figure 1).

4  | DISCUSSION

In this large population- based study including more than 8000 MGUS 
individuals and their almost 31 000 matched controls, we found that 
MGUS and PN are 2 independent risk factors for fractures. These find-
ings indicate that PN contributes to the previously observed fracture 
risk associated with MGUS, increasing the risk of fractures by 34%. The 
risk increase associated with PN was similar for peripheral and axial 
fractures. Because individuals with PN in other studies have poorer 
balance and increased risk of falls,32- 34 we speculate that this associa-
tion of PN and falls in MGUS is caused by an increased risk of falls.

Monoclonal gammopathy of undetermined significance was as-
sociated with a 29% increased risk of fractures, even after adjusting 
for PN. Importantly, in this analysis we excluded fractures in the year 
before MGUS progression to MM or related disorders, thereby con-
trolling for increased fractures due to undetected MM bone disease. 
This period, which we found to be associated with a 66% increased 
risk of fractures has been included in previous studies which have 
described slightly higher risk estimates for fractures in MGUS than 
found in our study.10,12 Furthermore, we found that these MGUS 
fractures were not associated with progression of MGUS. These 
findings indicate that MGUS is associated with an inherent fracture 

TA B L E  2   Calculated HRs and 95% CIs of the different fracture types for MGUS and PN before and after stratification by sex

Any fracture Peripheral fracture Axial fracture

HR (95% CI) P HR (95% CI) P HR (95% CI) P

All participants

MGUS 1.29 [1.21- 1.37] <.001 1.18 [1.08- 1.30] <.001 1.37 [1.27- 1.48] <.001

PN 1.34 [1.16- 1.55] <.001 1.36 [1.09- 1.71] .007 1.34 [1.12- 1.61] .001

Males

MGUS 1.39 [1.27- 1.53] <.001 1.23 [1.05- 1.44] .009 1.51 [1.34- 1.69] <.001

PN 1.39 [1.14- 1.69] .001 1.38 [0.99- 1.93] .057 1.37 [1.07- 1.75] .012

Females

MGUS 1.22 [1.13- 1.31] <.001 1.14 [1.02- 1.28] .022 1.28 [1.16- 1.41] <.001

PN 1.35 [1.10- 1.65] .004 1.40 [1.04- 1.88] .027 1.36 [1.04- 1.77] .025

Note: All analyses were adjusted for age, year of inclusion, registered alcohol use, and any fracture in the 2 years preceding inclusion using inverse 
probability weighted Cox regression. Analyses including all participants were also adjusted for sex.
Abbreviations: 95% CI, 95% confidence interval; HR, hazard ratio; MGUS: monoclonal gammopathy of undetermined significance; PN, peripheral 
neuropathy.
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risk that is unrelated to MM bone disease or PN. This observed risk 
in MGUS may be due to the previously described changes in bone 
microarchitecture found in some individuals with MGUS.11,20,21 
Interestingly, MGUS was associated with both peripheral and axial 
fractures, albeit more strongly with axial fractures (18% vs 37%) 
while MGUS progression was only associated with axial fractures. 
This further indicates that MGUS inherent fracture risk is different 
to the fracture risk associated with MM bone disease which typically 
leads to axial fractures.22

Monoclonal gammopathy of undetermined significance and PN 
was associated with an increased risk of fractures in both males and 
females. This is in contrast with some previous studies that have 
only found an increased fracture risk in males with MGUS.11 Indeed, 
males with MGUS had a higher relative risk increase of fractures 
than females. However, due to the higher baseline risk of fractures in 
postmenopausal women,15 the increase in absolute fracture risk was 
similar. Interestingly, PN was associated with a similar relative in-
crease in fractures risk in males and females translating to a greater 
increase in absolute fracture risk for females. These findings indicate 
that PN is associated with more fractures in women than in men.

Our study has some strengths. We included a whole nation pop-
ulation with MGUS and matched controls over a 13- year period. 
Secondly, by censoring participants 1 year before progression of 
MGUS to MM and related disorders and closing study inclusion a 
year before the end of available data, we were less likely to include 
MM associated fractures. Our study therefore gives a clearer picture 
of MGUS specific fracture risk that may have been over- estimated 
in previous studies. Thirdly, the same diagnostic coding system was 
used over the whole study period and the preceding 2 years limiting 
any period effects of different classification for fractures and impor-
tantly for PN. Finally, by including alcohol use and previous fractures 

in the models as well as comorbidities in 2 different sensitivity anal-
yses, we were able to adjust for important confounders.

This study also has important limitations. Firstly, diagnoses of 
PN and fractures are acquired from physician registered diagnostic 
codes without any underlying data, therefore relying on the detec-
tion, diagnostic skill, and correct registration of these disorders by 
Swedish physicians. Secondly, isotype data for MGUS were not avail-
able. Thirdly, similar to most other MGUS cohorts, all cases of MGUS 
were diagnosed incidentally during work- up for other illnesses 
leading to selection of individuals with other medical problems that 
predispose to both PN and fractures leading to confounding. In an 
effort to minimize this bias, we adjusted for comorbidities in 2 dif-
ferent sensitivity analyses that showed essentially the same results. 
However, it is likely that some residual confounding remains. Despite 
these important limitations, we believe that due to the very specific 
nature of studying the role of PN in MGUS fracture risk it would 
be unfeasible to perform a similar study in any dataset that we are 
currently aware of.

In conclusion, in this large population- based study including 
almost 8500 individuals with MGUS and their more than 30 000 
matched controls, we found that the causes of previously observed 
increased fracture risk in MGUS are likely multifactorial. We found 
fractures in MGUS to be associated with both PN and progression, 
and that MGUS remained associated with an increased fracture risk 
after controlling for these factors. We therefore speculate that frac-
tures in MGUS have at least 3 independent causes; undetected MM 
bone disease, MGUS- specific fractures due to MGUS bone disease, 
and PN by leading to increased falls. Fractures are a major cause of 
morbidity and mortality, especially in the elderly where the preva-
lence of MGUS is high.47 Based on these findings, it might be possi-
ble to mitigate MGUS fracture risk by several measures. Firstly, by 

F I G U R E  1   A Kaplan- Meyer graph 
illustrating long- term risk of monoclonal 
gammopathy of undetermined 
significance (MGUS) progression in those 
with MGUS who had a fracture compared 
to those who did not. The time in this 
analysis starts at 1 year after the fracture 
or at the same time in MGUS follow- up for 
the corresponding controls. Note that the 
y axis is restricted to 1- 0.75 [Colour figure 
can be viewed at wileyonlinelibrary.com]



     |  143RÖGNVALDSSON et AL.

close follow- up of individuals with MGUS and early detection and in-
tervention of MGUS progression, it may be possible to prevent MM 
bone disease and associated fractures. Secondly, although there are 
few evidence- based therapies for MGUS- associated PN,48,49 physio-
therapeutic interventions may mitigate the associated fracture risk 
of PN.50 However, such interventions would need further study in 
interventional trials. Our findings also highlight the need for further 
study of MGUS inherent bone disease, its causes, detection, and po-
tential therapeutic interventions.
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Iceland screens, treats, or prevents multiple
myeloma (iStopMM): a population-based screening
study for monoclonal gammopathy of
undetermined significance and randomized
controlled trial of follow-up strategies
Sæmundur Rögnvaldsson 1, Thorvardur Jon Love1, Sigrun Thorsteinsdottir 1,2, Elín Ruth Reed1,
Jón Þórir Óskarsson 1, Íris Pétursdóttir1, Guðrún Ásta Sigurðardóttir1, Brynjar Viðarsson3, Páll Torfi Önundarson1,3,
Bjarni A. Agnarsson1,3, Margrét Sigurðardóttir3, Ingunn Þorsteinsdóttir3, Ísleifur Ólafsson3, Ásdís Rósa Þórðardóttir1,
Elías Eyþórsson3, Ásbjörn Jónsson3, Andri S. Björnsson4, Gunnar Þór Gunnarsson1,5, Runólfur Pálsson1,3,
Ólafur Skúli Indriðason1,3, Gauti Kjartan Gíslason 1, Andri Ólafsson1, Guðlaug Katrín Hákonardóttir1, Manje Brinkhuis 1,
Sara Lovísa Halldórsdóttir1, Tinna Laufey Ásgeirsdóttir6, Hlíf Steingrímsdóttir3, Ragnar Danielsen3, Inga Dröfn Wessman4,
Petros Kampanis7, Malin Hulcrantz8, Brian G. M. Durie9, Stephen Harding7, Ola Landgren 10 and
Sigurður Yngvi Kristinsson 1,3

Abstract
Monoclonal gammopathy of undetermined significance (MGUS) precedes multiple myeloma (MM). Population-based
screening for MGUS could identify candidates for early treatment in MM. Here we describe the Iceland Screens, Treats, or
Prevents Multiple Myeloma study (iStopMM), the first population-based screening study for MGUS including a
randomized trial of follow-up strategies. Icelandic residents born before 1976 were offered participation. Blood samples
are collected alongside blood sampling in the Icelandic healthcare system. Participants with MGUS are randomized to
three study arms. Arm 1 is not contacted, arm 2 follows current guidelines, and arm 3 follows a more intensive strategy.
Participants who progress are offered early treatment. Samples are collected longitudinally from arms 2 and 3 for the
study biobank. All participants repeatedly answer questionnaires on various exposures and outcomes including quality of
life and psychiatric health. National registries on health are cross-linked to all participants. Of the 148,704 individuals in
the target population, 80 759 (54.3%) provided informed consent for participation. With a very high participation rate, the
data from the iStopMM study will answer important questions on MGUS, including potentials harms and benefits of
screening. The study can lead to a paradigm shift in MM therapy towards screening and early therapy.

Introduction
Monoclonal gammopathy of undetermined significance

(MGUS) is characterized by the presence of monoclonal

immunoglobulins (M proteins) or an abnormal ratio of free
immunoglobulin light chains (FLC) in the blood1. MGUS
can be classified by the type of M proteins present. Non-
IgMMGUS is the most common type and is defined by the
presence of IgG, IgA, and rarely IgD or IgE M proteins2.
IgM MGUS is defined by the presence of IgM M proteins3.
Light-chain (LC) MGUS is defined by an abnormal
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FLC-ratio, indicating an excess of monoclonal FLCs in the
absence of M proteins4. Non-IgM MGUS and LC-MGUS
are caused by monoclonal bone marrow plasma cells
(BMPCs) and are the precursor of multiple myeloma
(MM), a malignancy of BMPCs5,6. IgM MGUS is caused by
monoclonal lymphoplasmacytic lymphocytes and is a pre-
cursor to other lymphoproliferative disorders (LP), most
notably Waldenström’s macroglobulinemia (WM), and
rarely MM3. In addition, MGUS of all types, especially LC-
MGUS, can precede amyloid light chain amyloidosis (AL)7.
Prior studies suggest a 1% annual risk of progressing from
MGUS and LC-MGUS to frank malignancy1,3,4,8.
Before progressing to MM or WM, MGUS is believed to

pass through a smoldering MM or WM phase (SMM and
SWM), which is associated with a higher disease burden
than MGUS and LC-MGUS but without MM or WM
related organ damage1. Smoldering disease carries a
higher risk of progression to active disease than MGUS.
Retrospective data from the Mayo Clinic suggest that the
risk of progression from SMM to MM is 10% per year for
the first five years9, and that the risk of progression of
SWM to WM is 60% within 10 years10.
Currently, consensus guidelines recommend indefinite

follow-up in MGUS, SMM, and SWM. However, there is
no data available from prospective studies or randomized
trials regarding optimal clinical management1,11–13. Three
recent observational studies from Sweden and the US
have consistently demonstrated that individuals with
known MGUS prior to the diagnosis of MM have 13–15%
better overall survival in MM14–16. These observations
indicate that clinical follow-up of precursor disease leads
to earlier detection and diagnosis of MM, resulting in
fewer patients presenting with symptomatic end-organ
damage at the time of MM diagnosis, which may have
contributed to the observed better overall survival.
In the clinical setting, the optimal timing of therapy in

MM has been a subject of debate. Traditionally, therapy has
been reserved for those with MM-related end-organ
damage, however, in 2014 the definition of MM was
expanded to also include myeloma-defining biomarkers in
asymptomatic individuals8. With the advent of newer, more
effective, and less toxic drugs, survival has improved dra-
matically in MM17–19. Three separate randomized con-
trolled trials starting therapy at the stage of SMM have
shown improved progression-free survival, and one study
showed superior overall survival20–22. Importantly, these
studies have shown more favorable toxicity profiles than
earlier trials23. In light of these findings some authors now
recommend early treatment in high-risk SMM24,25. How-
ever, only 2.7–6.0% of MM patients have previously iden-
tified precursor disease, which limits the implementation of
early treatment in most MM patients14,16. This raises the
question of whether population-based screening and
follow-up of MGUS could improve the outcomes in MM by

identifying candidates for early treatment. However, there is
no evidence supporting the implementation of asympto-
matic screening for MGUS, and screening is not currently
recommended. To address this question, we have launched
a population-based screening study with a subsequent
randomized controlled trial (RCT) evaluating the risks and
benefits of screening and follow-up of MGUS patients.
Here, we describe the design and recruitment of the

Iceland Screens, Treats, or Prevents Multiple Myeloma
study (iStopMM), a population-based screening study of
MGUS and the disorders it precedes and RCT of follow-up
strategies.

Methods
Approval
The study protocol, all information material, biobank,

and questionnaires were approved by the Icelandic
National Bioethics Committee (Number 16–022, date:
2016-04-26) with approval from the Icelandic Data Pro-
tection Agency. Access to national healthcare registries
has been approved by the Icelandic Directorate of Health
and the Icelandic Cancer Society. The study was pre-
registered on ClinicalTrials.gov (ClinicaTrials.gov identi-
fier: NCT03327597).

Recruitment and screening
The study’s inclusion criteria were being born in 1975

or earlier and residing in Iceland on the 9th of September
2016, as registered in the Icelandic National Registry.
Eligible individuals were invited to participate in the
iStopMM study (n= 148,711). A letter containing a
detailed information brochure and consent form was
mailed to them and an extensive campaign on social and
conventional media was launched introducing the study
to the Icelandic public. This campaign was followed by
phone calls to those who had not yet signed up for the
study. Participants could provide informed consent
through three different mechanisms: (1) returning a
signed informed consent form by mail, (2) registering
electronically using a participation code included in the
invitation letter, or (3) through a secure internet gateway
provided by the Icelandic government (island.is), which is
accessible to all residents through a secure electronic
authentication process. The only exclusion criterion was
previously known LP, other than MGUS.
After enrollment, serum samples for screening are col-

lected alongside the collection of blood during clinical
care in the universal Icelandic healthcare system, includ-
ing blood banks (Fig. 1). The study team in collaboration
with Landspítali—The National University Hospital of
Iceland (LUH), developed an electronic system linking
participant data to the central laboratory network of all
major and smaller urban healthcare institutions, which
covers at least 92% of all Icelandic residents. The system
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notifies healthcare workers to take an extra blood sample
for the study at the point of clinical blood sampling. For
smaller rural institutions and private clinics, a manual
system was developed whereby laboratory technicians
crosslink left-over samples marked for destruction to
registered participants and in some cases ask their
patients if they are participants in the study and draw an
additional sample for the study. To capture samples from
participants who do not require clinical blood sampling,
an active sampling drive was initiated after three years of
passive sample collection.
All samples are sent to the clinical laboratory at LUH in

Reykjavik, Iceland where serum is aliquoted into identical
sample tubes and assigned an anonymous study identifi-
cation number. The laboratory uses TC automation and
aliquoter (Thermo Scientific®, MA, USA) for sample
handling. Samples are then sent to The Binding Site
laboratory in Birmingham, UK where all samples are
screened for M protein by capillary zone electrophoresis
(CZE; Helena Laboratories, Texas, USA) and for FLC,
immunoglobulins (IgG, IgA, and IgM), and total protein
by Freelite® and Hevylite® assays performed on an
Optilite® turbidimeter (The Binding Site Group Ltd,
Birmingham, UK). Immunofixation electrophoresis (IFE;
Helena Laboratories, TX, USA) is performed on samples
with clear or suspected M protein bands by CZE and/or
abnormal FLC results. The CZE and IFE gels are assessed
independently by at least two experienced observers.

Randomization and study arms
Participants with an M protein or pathological FLC

results are considered eligible for the RCT and are ran-
domized into three study arms in a dynamic, non-
predetermined manner (Fig. 2). To avoid skewed dis-
tribution of high-risk MGUS and LC MGUS, randomiza-
tion is carried out by blocks of having an M protein >1.5 g/
dL and having LC-MGUS. Participants in arm 1 are not
informed of their MGUS status and continue to receive
conventional healthcare as if they had never been screened.
Arm 2 follows current guidelines for follow-up, stratified by
low and non-low risk MGUS1. Arm 3 follows a more
intensive strategy that is not risk-stratified (see below).
Participants with an M protein ≥3.0 g/dL or an FLC

ratio ≥100 are not eligible for randomization but are all
called in for evaluation since they have, by definition,
more advanced disease than MGUS1,8,10. Participants with
previously diagnosed MGUS cannot be randomized to
arm 1, as they are aware of their MGUS status, and are
thus randomized to arms 2 or 3 and will not be included
in comparisons with arm 1.

Initial assessment and follow-up
Initial assessment and follow-up of participants in arms 2

and 3 and participants diagnosed with more advanced
disease (SMM, SWM, MM, AL, or other LP) at screening is
performed in the iStopMM study clinic in Reykjavík, Ice-
land. Temporary clinics are also regularly established in

Fig. 1 Methods of blood sample acquisition. A and B describe passive sampling starting during the fall of 2016, and C describes active sampling
beginning during the fall of 2019. 1: Reykjavik Capital Area, Akureyri, Ísafjörður, Reykjanes Peninsula, Akranes, Healthcare Institution of Northern
Iceland, Healthcare Institution of South Iceland, blood banks 2: Neskaupsstaður, Healthcare institution of West Iceland, Healthcare Institution of East
Iceland. 3: Available for all Icelandic residents.
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Akureyri, Ísafjörður, Húsavík, and Egilsstaðir for complete
geographical coverage. All participants who are called into
the clinic are seen by specialized study nurses and those
with more advanced disease are also seen by a physician.
The participants undergo a clinical interview and thorough
clinical examination and are given detailed oral and written
information about their diagnosis and prognosis.
Participants in arm 2 with non-IgM MGUS or LC-

MGUS are stratified by having low-risk MGUS or not.
These participants are then followed according to guide-
lines including plain skeletal surveys and bone marrow
sampling for those with non-low risk MGUS or when
clinically indicated1. All participants in arm 3 follow an
intensive follow-up schedule regardless of risk, including
bone marrow sampling and whole-body low-dose compu-
terized tomography (WB-LDCT). Participants in arm 2 and
3 with IgM MGUS undergo a computerized tomography
(CT) of the abdomen. Diagnostics and follow-up intervals
for arms 2 and 3 are shown in Table 1. Participants with
smoldering or active disease at baseline or later are fol-
lowed according to guidelines. This includes intensive
follow-up every 4 months or sooner if clinically indicated
with annual bone marrow samples and WB-LDCT, as well
as magnetic resonance imaging (MRI) if no bone lesions
are seen on WB-LDCT. Participants who develop inter-
mediate to high-risk SMM, MM, or other related disorders
that require treatment are offered participation in a treat-
ment trial (ClinicalTrials.gov identifier: NCT03815279) or
referred to the hematology unit at LUH or Akureyri Hos-
pital for evaluation, treatment, and follow-up.
To detect AL, urine samples are tested for proteinuria in

participants visiting the study clinic. In addition,

participants in arm 3 and those with more advanced
disease are tested for cardiac markers (Table 1). Those
with significant proteinuria and decreased kidney function
of unclear etiology are referred to a nephrologist for
further evaluation. Those with abnormal cardiac markers
not explained by known comorbidities are referred to a
cardiologist for clinical evaluation and echocardiography.
Bone marrow biopsies are stained with Congo red for the
presence of amyloid fibrils in all these cases and another
testing for AL is performed as clinically indicated.
After each visit, participant’s test results and clinical

findings are thoroughly reviewed by the primary inves-
tigator and the clinic staff with respect to their disease
status and progression at regular clinical decision meet-
ings. Additional testing including repeat bone marrow
sampling, imaging, blood sampling, or clinical evaluation
is ordered as clinically indicated at or between protocol
visits. Diagnoses of SMM, MM, SWM, WM, AL, and
other LP are made according to current diagnostic
criteria1,8,26,27.

Imaging
Plain radiographs, WB-LDCT, and CT of the abdomen

are performed in LUH and Akureyri Hospital. MRI is
performed in LUH and Akureyri Hospital. All radiological
images are reviewed independently by two physicians, one
in specialty training and a senior radiologist at LUH. The
radiological assessments are blinded and any discordance
in findings is discussed and solved by the two physicians.

Bone marrow samples
Bone marrow sampling is performed by study nurses

that have been trained, both locally and in an accredited
facility in the United Kingdom (The Royal Marsden
Hospital, London, UK). Samples are collected as bone
marrow smears and as trephine biopsies. Bone marrow
smears are stained with Giemsa stain and jointly evaluated
by two senior hematologists at LUH reporting the per-
centage of BMPCs or lymphoplasmacytic lymphocytes,
lymphoid infiltrates, and sample quality. Trephine biop-
sies are stained with hematoxylin and eosin, as well as for
CD138 before being evaluated by two senior hemato-
pathologists at LUH. The sample with the higher per-
centage of BMPCs/lymphocytic infiltration at each
sampling time is used to guide follow-up.

Questionnaires
Immediately following informed consent, participants

were asked to complete questionnaires on psychiatric
symptoms (e.g., anxiety and depressive symptoms) and life
satisfaction to establish a baseline prior to screening28–30.
Throughout the study period, all participants, regardless
of screening status, are asked to complete the same
questionnaires electronically at predefined intervals, as

Fig. 2 A flowchart outlining the study design for screening and
randomization of individuals with MGUS. MGUS Monoclonal
gammopathy of undetermined significance, SPEP Serum protein
electrophoresis, FLC Free light chain assay, SMM Smoldering multiple
myeloma, MM Multiple myeloma.
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well as additional questionnaires on psychiatric health,
pain, neuropathic symptoms, and more (Table 2).
Those who visit the study clinic (arms 2 and 3, and indi-

viduals with more advanced disease) answer more extensive
questionnaires at each clinic visit and annually. Those who
are randomized to arm 1 or are screened negative continue
to receive the same annual questionnaires. One-time ques-
tionnaires, e.g., baseline characteristics, employment history,

resilience, social support, and adverse childhood experiences
are sent to all participants by email (Table 2).
Currently, 72 918 (90%) of all participants have provided

their email addresses. All non-valid email addresses are
reviewed by study staff and participants who visit the study
clinic are asked to provide a valid email. Participants
are reminded to answer the questionnaires in three
separate emails.

Table 1 Clinical assessment, imaging, and laboratory studies included for participants in the different study arms of the
iStopMM study as per protocol.

Test Arm 2–low risk and

LC-MGUS

Arm 2–non-low risk Arm 3–All SMM and SWM MM and WM

Physical exama First visit First visit Each visit Each visit At diagnosis

Blood sampling

SPEP

FLC assay

Each visit Each visit Each visit Each visit At diagnosis

CBC First visit Each visit Each visit Each visit At diagnosis

Total calcium

Albumin

Creatinine

First visit First visit Each visit Each visit At diagnosis

CRP

LDH

ß2M

– – Each visit Each visit At diagnosis

TnT

pro-BNP

– – Annually Annually At diagnosis

Bone marrow

Smear

Biopsy

As clinically indicated 0 months

Except if LC

0 and 60 months Annually At diagnosis

Urine

Protein dipstick First visit First visit – – –

UPEP If positive dipstick or if

previously abnormal

If positive dipstick or if

previously abnormal

– – –

Albumin/

creatinine ratio

– – Annually Annually At diagnosis

ECG – – Annually Annually At diagnosis

Imaging

WB-LDCT – – 0 and 60 months in LC- and

non-IgM

Annually in LC- and

non-IgM

At diagnosis of MM

Plain X-ray of bones As clinically indicated First visit in LC- and

non-IgM

– – –

CT abdomen – First visit to IgM 0 and 60 months in IgM Annually in IgM At diagnosis of WM

MRI of bones – – – As clinically indicated –

Follow-up Every 2–3 years Annual Annual Every 4–6 months Single-visit

Note that additional sampling and imaging were permitted as clinically indicated and decided at regularly scheduled clinical decision meetings.
SMM smoldering multiple myeloma, SWM smoldering Waldenströms macroglobulinemia, MM multiple myeloma, WM Waldenströms macroglobulinemia, SPEP serum
protein electrophoresis, FLC free light chains, CBC complete blood count, CRP C-reactive protein, LDH Lactate dehydrogenase, ß2M ß-2-microglobulin, TnT Troponin T,
pro-BPN pro-Brain natriuretic peptide, UPEP Urine protein electrophoresis, ECG electrocardiogram, WB-LDCT whole-body low-dose computerized tomography, CT
Computerized tomography, MRI magnetic resonance imaging, LC Light chain.
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Registry crosslinking
Several national healthcare-related registries exist in

Iceland that can be accurately crosslinked using a
government-issued national identification number. Data
from these registries are linked to all participants in the

iStopMM study at least twice each year. The following
registries are linked to the study datasets: (1) The Ice-
landic Cancer Registry includes information on all cancers
diagnosed in Iceland. It has been mandatory for all phy-
sicians and pathologists to register diagnoses of cancer

Table 2 Questionnaires sent to participants by email or answered at the study clinic.

Questionnaire Subject Validated? All Arm 1 and normal

screening

Arm 2 and 3 and

advanced diseasea

At registration One time Annually One time Each visit

Background

Anthropomorphic data Weight, height etc. NA ✓ ✓

Social historyb Socioeconomic status NA ✓ ✓

Medical historyc Medical history ✓ ✓

Habitsd Environment NA ✓ ✓

Industrial exposure Environment NA ✓ ✓

Quality of life

PHQ9 Depression Yes ✓ ✓ ✓

GAD-7 Anxiety Yes ✓ ✓ ✓

SWLS Quality of life Yes ✓ ✓ ✓

Other questions of happiness and

wellbeing

Quality of life No ✓ ✓ ✓

SF-36 Health-related quality of life Yes ✓ ✓

PSS-10 Stress and anxiety Yes ✓ ✓

PCL-5 (MGUS specific) PTSD from MGUS diagnosis Yes ✓

PCL-5 (nonspecific) PTSD other Yes ✓

Symptoms

BPI Pain Yes ✓ ✓

NSS Neuropathy Yes ✓ ✓

DN4 Neuropathy Yes ✓ ✓

Symptoms of PMR PMR No ✓ ✓

Social background

MSPSS Social support Yes ✓ ✓

CD-RISC-10ICE Resilience Yes ✓ ✓

ACE Childhood traumatic events Yes ✓ ✓

LEC Lifetime traumatic events Yes ✓ ✓

Note that all participants were asked to answer four questionnaires when providing informed consent electronically or if they provided an email address in their
written consent form.
Questionnaires were not sent to participants who did not provide an email address and were not called into the study.
PHQ9 patient health questionnaire, GAD-7 General anxiety disorder, SWLS satisfaction with life scale, SF-36 36-item short-form survey, PSS-10 perceived stress scale,
PCL-5 post-traumatic stress disorder checklist for DSM-5, BPI brief pain inventory, NSS neuropathy symptom scale, DN4 Douleur neuropathique. PMR polymyalgia
rheumatica, MSPSS Multidimensional scale of social support, CD-RISC-10ICE Connor-Davidson resilience scale. ACE adverse childhood events. LEC Lifetime events
checklist.
✓Showing the timing of the questionnaire in that row is the time/frequency assigned to that column.
aIncluding MM, WM, SMM, and SWM.
bEmployment, marital status, education, income, and residence.
cIncluding obstetric history for women.
dIncluding smoking and alcohol intake.
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since 1955 and it is virtually complete with high diag-
nostic accuracy and timeliness31; (2) The Icelandic Causes
of Death Registry includes all deaths in Iceland including
the date and the presumed causes of death. Registration
has been mandatory since 1971; (3) The Icelandic Pre-
scription Medicines Registry includes all prescriptions,
including whether the prescriptions were filled or not. in
Iceland since 2002; (4) The Icelandic Hospital Discharge
Registry includes all inpatient admissions in Iceland from
1999 with the dates of admission and discharge, as well as
international classification of diseases (ICD) codes for the
diagnoses made by treating physicians. The registry also
includes outpatient visits at hospitals, including emer-
gency rooms since 2010; (5) The Icelandic Registry of
Primary Health Care Contacts includes all primary care
visits and registered ICD-coded diagnoses for all primary
care encounters in Iceland since 2004; (6) The Icelandic
Central Laboratory Database comprises laboratory test
results from all major clinical laboratories in Iceland
stored in a central database since 1999, including all blood
tests for participants prior to participation and during
follow-up in the study; (7) All medical records at LUH, the
only tertiary care medical center in Iceland and the gen-
eral acute care hospital for the vast majority of Icelandic
residents. This includes clinical notes, anthropometric
data, written radiology and pathology reports, micro-
biology and virology test results, and all other docu-
mented clinical data.

Biobanking
Blood samples drawn at each clinic visit are biobanked

including cell-free plasma, serum, and plasma. Bone
marrow samples are collected for biobanking in parallel to
bone marrow sampling. Urine and blood in Blood-RNA
tubes (PAXgeneTM) tubes and in mononuclear cell pre-
paration tubes (BD Vacutainer® CPTTM) are collected at
sparser timepoints (Table 3). Samples are processed on-
site and aliquoted at the study laboratory in Reykjavík,
Iceland, and bone marrow samples separated into plasma
and buffy coats. The bone marrow buffy coats from non-
IgM MGUS and LC-MGUS are further separated into a
plasma cell-enriched CD138+ fraction and a CD 138−
fraction by Magnetic-activated cell sorting (MACS) using
CD138 MicroBeads and an autoMACS pro cell separator
(Miltenyi Biotec, Bergisch Gladbach, Germany). All cell
fractions are cryopreserved and stored in liquid nitrogen.
Other biobanking samples are frozen and stored in a
secure state-of-the-art robotic biobanking facility in Rey-
kjavík, Iceland, and cataloged using unique study identi-
fication numbers.

Study monitoring
A study monitor was appointed to review the study

protocol and regularly assessed the conduction of the studyTa
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for compliance with relevant good clinical practice (GCP)
principles. An independent data monitoring committee
was established including two clinicians and a statistician
that are not associated with the study. Interim analyses
assessing safety and efficacy data are performed biannually.
Additional interim analyses are scheduled when 500 sub-
jects with MGUS have been followed for 6 months and
when 100 participants with MGUS have died. When par-
ticipants who have been randomized have been followed
for five years, or if interim analysis shows a difference in the
overall survival between arm 1 compared to arms 2 and 3,
arm 1 will be discontinued. At that time the participants in
arm 1 are unblinded to their MGUS status and offered a
choice between randomization to arms 2 or 3, or clinical
follow-up in the Icelandic healthcare system.

Study endpoints
The primary endpoint of the study is the overall survival

of individuals with MGUS receiving follow-up (arms 2
and 3) compared to those not receiving any follow-up
within the study (arm 1) after 5 years of follow-up. Sec-
ondary endpoints are cause-specific survival due to MM
or other LPs, psychiatric health and well-being, and cost-
effectiveness of screening. In addition, study data will be
crosslinked to registries and samples in the biobank
providing a large dataset for future studies.
Assuming that 3360 individuals with MGUS are iden-

tified and the hazard ratio (HR) for the primary outcome
is 0.81 as previously described32 the study has 77.2%
power to reject the null hypothesis of HR= 1 at 5 years of
follow-up and 89.3% power at 7 years of follow-up at an
alpha level of 0.05.

Results
A pilot recruitment phase was started in Akranes

(population 7411) in Western Iceland on September 15th,
2016, to ensure that informational materials and pro-
cesses of recruitment functioned as planned. After minor
adjustments, the whole-nation recruitment phase com-
menced on November 15th, 2016, and continued until
February 20th, 2018.
A total of 148,704 individuals born in 1975 and earlier

resided in Iceland when enrollment started, constituting the
target population of the study. During the 15 months of
recruitment, a total of 80,759 (54.3%) individuals provided
informed consent for participation in the study (Fig. 3).
Written informed consent was provided by 26% of parti-
cipants while 74% provided informed consent electronically.
Of registered participants, 46% were male and 54%

female constituting participation rates of 51% and 58%,
respectively. Participation was highest (64%) among those
between the ages of 60–79 but was lower (46%) in those
between the ages of 40–49 and lowest (18%) among those
over the age of 90 years old. The majority of participants
(59%) were residents of the Reykjavik Capital Area with
18% and 23% of participants residing in other urban
centers (more than 5000 inhabitants) and in rural areas,
respectively. The participation rates were higher among
those not residing in the Reykjavík Capital Area (60%
versus 51% in the Reykjavík Capital Area; Table 4).
A total of 548 (0.7%) of participants had previously

known LP before enrollment and were therefore excluded
and 246 (0.3%) had previously known MGUS before
enrollment. At the close of study enrollment on February
20th, 2018, a total of 190,382 hospital admissions since

Fig. 3 Participant enrollment over the recruitment period. The light green line represents the end of the pilot period and the initiation of
nationwide recruitment.

Rögnvaldsson et al. Blood Cancer Journal ����������(2021)�11:94� Page 8 of 13

Blood Cancer Journal



1999, 8,187,805 primary health care visits since 2004,
10,328 cancer diagnoses since 1955, and 15,839,376
medication prescriptions in the national registries.

Discussion
The iStopMM study is the first nationwide population-

based, prospective screening study, and RCT among

individuals with MGUS and the disorders it precedes. A
total of 80,755 participants, 54.3% of the whole Icelandic
population, born 1975 and earlier have enrolled in the
iStopMM study. The high participation rate can be
attributed to the extensive promotional effort undertaken
in social and conventional media across Iceland where
participation in scientific studies has historically been
high33–35. In addition, using innovative solutions such as
electronic informed consent and sampling parallel to
clinical blood draws for screening, participants could
easily sign-up and did not need to schedule a blood draw
specifically for the study.
MGUS was first described as “benign gammopathy” by

Dr. Jan Waldenström in 196036 and later defined as
MGUS by Dr. Robert Kyle in 197837. Since then, screening
studies in Olmstead county2 and the National Health and
Nutrition Examination Survey in the US38,39, in Ghana40,
and the PLCO-NCI Cancer Screening Trial41 have fun-
damentally changed our understanding of MGUS and the
disorders it precedes. These studies have provided
important evidence directing the course of clinical and
basic science in the field and guided the management of
individuals with MGUS. The iStopMM study builds upon
these studies with nationwide screening and detailed
clinical assessment and follow-up of individuals with
MGUS within an RCT. Through this design, the iStopMM
study aims to evaluate the potential harms and benefits of
population-based screening while also providing evidence
for the optimal diagnostic approach and follow-up of
individuals with MGUS.
Guidelines currently recommend screening for cancers

of the breast, cervix, colon, lungs, and prostate42. Cancer
screening is controversial due to the high number of
individuals needed to be screened to improve clinical
outcomes and the high level of false-positive results that
may lead to overtreatment, a lower sense of wellbeing, and
even psychiatric illness43. In fact, a diagnosis of active
cancer, including MM, has been associated with psy-
chiatric disorders44 and suicide45,46. However, the role of
screening in these outcomes is not known and such
effects have not been shown to result from the diagnosis
of pre-cancerous conditions like MGUS47,48. All partici-
pants of the iStopMM study are closely monitored for
their psychiatric well-being using multiple psychome-
trically sound questionnaires. This will provide high-
quality evidence on the potential psychological harms of
MGUS screening that may have wider implications for
cancer screening in general. Widely accepted criteria for
when population-based disease screening is appropriate
was developed by Wilson and Jungner in 196849 and
recently expanded further50. As detailed in Table 5, most
of these criteria are already filled by MM. However, there
are still important questions that need to be answered,
most notably whether the benefits of screening outweigh

Table 4 The age, sex, and geographical distribution of
participants and the target population, as well as available
national registry data at the close of study recruitment.

Registered participants Target population

n 80,759 148,704

% females 54% 51%

median agea 59 57

Age rangea 40–104 40–107

Participation rate

All 54% –

Males 51% –

Females 58% –

Age group (male/female)a

40–49 (%) 21.2%/23.7% 27.4%/26.0%

50–59 (%) 27.7%/29.9% 29.4%/28.7%

60–69 (%) 28.4%/26.1% 23.4%/22.4%

70–79 (%) 16.6%/14.4% 12.9%/13.3%

80–89 (%) 5.7%/5.3% 6.0%/7.8%

>90 (%) 0.4%/0.5% 0.9%/1.8%

Place of residence

Reykjavik Capital Area 58.7% 62.9%

Other urban centersb 17.5% 15.6%

Rural 23.3% 21.1%

Missing 0.6% 0.4%

Known MGUSc 246 (0.3%) –

Previous LPd 548 (0.7%) –

Data from registriese

n hospital admissions 190,382 –

n primary care visits 8,187,805 –

n cancers diagnoses 10,328 –

n prescriptions 15,839,376 –

aAge at the time of study initiation on September 9th, 2016.
bUrban centers with >5000 inhabitants outside the Capital area.
cAs registered before study enrollment in the Icelandic Cancer Registry since
1955, Icelandic Central Laboratory Database since 1999. and a registry of MGUS
cases at Icelandic Private Clinics.
dAs recorded before study enrollment in the Icelandic Cancer Registry
since 1955.
eAs recorded in national registries at the close of study enrollment on February
20th, 2018.
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Table 5 Application of the Wilson and Jungner criteria and the additional recently proposed emerging criteria to
multiple myeloma.

Criteria Applies to MM? Comment

Original criteria49

The condition sought should be an important health problem Yes MM is the second most common hematological malignancy

with 31,810 new cases and 12,770 attributed deaths in 2018 in

the United States alone53

There should be an accepted treatment with recognized disease Yes Treatment for MM is widely available and international

organizations recommending specific care for MM54

Facilities for diagnosis and treatment should be available Yes This at least applies to developed countries

There should be a recognizable or early symptomatic stage Yes MGUS and SMM are clearly established entities1 and precede all

cases of MM5,6

There should be a suitable test or examination Yes SPEP, IFE, and FLC assays are sensitive and specific tests for MM

and its precursors and can easily be repeated to confirm the

diagnosis55

The test should be acceptable to the population Yes Screening is done by a blood test which is widely acceptable

The natural history of the condition, including development from

latent to declared disease, should be adequately understood

Yes Although there is still much to learn about the underlying

pathogenesis of MM, a wealth of literature on the subject

exists56. Furthermore, the natural history of MM and its

development from precursor disorders is adequately

understood with studies including decades of follow-up

available57

There should be an agreed policy on whom to treat as patients Yes Although this is currently a moving target, there are clear

guidelines on whom to treat, i.e., those with end-organ damage

or myeloma defining events. In light of recent evidence,

however, treatment might become available at even earlier

stages20,21,58. If and when such early treatment is appropriate,

there are institutions in place that will include such treatment in

their guidelines

The cost of case-finding (including diagnosis and treatment of

patients diagnosed) should be economically balanced in relation

to possible expenditures on medical care as a whole

Unknown There are currently no screening studies available for MM and its

precursor conditions and a cost-benefit analysis is not available.

This will be addressed as part of the iStopMM study

Case finding should be a continuing process and not a “once and

for all” project

Yes Since blood sampling for screening can be carried out at any

time MM screening can be a continuing process

Emerging screening criteria50

The screening program should respond to a recognized need Yes Although survival in MM has dramatically improved in recent

years17–19 the disease remains a major burden on affected

individuals and healthcare systems59

The objectives of screening should be defined at the outset Yes The objectives of screening for MM are clear: providing earlier

treatment for MM

There should be a defined target population Unknown Currently, a well-defined target population for screening does

not exist. This is addressed with regards to age, sex, and various

other measures in the iStopMM study. However, due to the

dominant white ethnicity of the Icelandic population, race

cannot be addressed in the iStopMM study. Another study, the

PROMISE study, focuses on the impact of screening in

individuals of African descent. (ClinicalTrials.gov Identifier:

NCT03689595)
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the associated harms and costs. The results of the
iStopMM study will provide answers to these outstanding
questions on whether population-based screening is
warranted in MM.
Current clinical consensus guidelines for MGUS are not

based on RCT data but rather on observational studies
and expert opinions1,11–13. By conducting an RCT of
different follow-up strategies, the iStopMM study aims to
provide high-quality evidence for the optimal follow-up in
MGUS. This includes the role of clinical assessment,
questionnaires on symptoms, imaging, blood, bone mar-
row, and urine sampling. In addition, for research pur-
poses, these clinical parameters are crosslinked to past
and future testing in the Universal Icelandic healthcare, as
well as health-related endpoints such as all cancers and
death. Furthermore, novel testing modalities like next-
generation flow cytometry of plasma cells in the blood
and bone marrow51 and their microenvironment, mass
spectrometry52, and single-cell, and germline genetics will
be utilized to investigate their role in clinical management
and to gain insight into the pathogenesis of MGUS and
the biological processes involved in its progression to
more advanced disorders. This is even further supple-
mented by the study´s extensive biobank, which includes
blood, bone marrow, and urine samples collected
repeatedly over the study period that can be retrieved at a
later date for all participants or for participants of parti-
cular interest. With this extensive dataset and biobank,
the iStopMM results will generate one of the most

complete datasets on MGUS to date, providing unique
opportunities for future studies.
The iStopMM study has some limitations. Firstly, the

study is performed in Iceland which has a highly geneti-
cally homogenous white population and generalization of
the study findings in non-white populations is somewhat
limited. Secondly, by offering early treatment the natural
history of MGUS progression to MM is affected. The
main ethical issue of the study is that participants in arm 1
are not made aware of their MGUS status. These parti-
cipants will not gain the potential benefits of screening
but will also not be exposed to the potential harms of
screening including psychological harms. These partici-
pants will continue receiving care in the universal Ice-
landic healthcare system and may be diagnosed there.
Importantly, participants with markers of advanced dis-
ease at screening are not randomized to arm 1. Arm 1 will
also be followed closely in regular interim analyses and
will be unblinded if shown to have inferior survival.
In conclusion, using a novel and innovative recruitment

methodology, including electronic informed consent and
sampling parallel to clinical blood draws, as well as social
and conventional media campaigns, over 80,000 indivi-
duals, more than half of the eligible Icelandic population,
have enrolled in the iStopMM study. By population-based
screening, follow-up of individuals with MGUS within an
RCT, and early treatment in MM, the iStopMM study will
generate large datasets and sample collections that will
impact our basic understanding of MGUS and the

Table 5 continued

Criteria Applies to MM? Comment

There should be scientific evidence of screening program

effectiveness

Unknown The objective of the iStopMM study is to provide this evidence

The program should integrate education, testing, clinical services,

and program management

Yes There are excellent patent resources available in MM and its

precursor disorders. Any screening program would be able to

fulfill this criterion

There should be quality assurance, with mechanisms to minimize

potential risks of screening

Yes This organizational issue can be solved in MM screening since

there are clear response criteria60 and accepted relevant

endpoints like survival available for MM

The program should ensure informed choice, confidentiality, and

respect for autonomy

Yes This is a practical issue that does not require scientific proof of

concept, although such proof is provided in the iStopMM trial

The program should promote equity and access to screening for

the entire population

Yes Since the cost of MM screening is relatively low and requires no

specialized equipment at the point of patient care, equity in

testing is therefore feasible. Follow-up for precursor disorders

and treatment for MM can however be expensive and could

lead to inequity in non-universal healthcare systems

Program evaluation should be planned from the outset Yes The practical issue of evaluation is possible for MM as proven by

the methodology described above

The overall benefits of screening should outweigh the harm Unknown This is the principal study objective of the iStopMM study
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disorders it precedes. Furthermore, it holds promise to
fundamentally change the paradigm of MM treatment
from late treatment in MM patients with end-organ
damage to screening and early intervention, improving
the overall survival and quality of life for patients
worldwide.
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Multiple myeloma (MM) patients have increased risk of severe coronavirus disease 2019 (COVID-19) when infected by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Monoclonal gammopathy of undetermined significance (MGUS), the precursor of
MM has been associated with immune dysfunction which may lead to severe COVID-19. No systematic data have been published
on COVID-19 in individuals with MGUS. We conducted a large population-based cohort study evaluating the risk of SARS-CoV-2
infection and severe COVID-19 among individuals with MGUS. We included 75,422 Icelanders born before 1976, who had been
screened for MGUS in the Iceland Screens Treats or Prevents Multiple Myeloma study (iStopMM). Data on SARS-CoV-2 testing and
COVID-19 severity were acquired from the Icelandic COVID-19 Study Group. Using a test-negative study design, we included 32,047
iStopMM participants who had been tested for SARS-CoV-2, of whom 1754 had MGUS. Among these participants, 1100 participants,
tested positive, 65 of whom had MGUS. Severe COVID-19 developed in 230 participants, including 16 with MGUS. MGUS was not
associated with SARS-CoV-2 infection (Odds ratio (OR): 1.05; 95% confidence interval (CI): 0.81–1.36; p= 0.72) or severe COVID-19
(OR: 0.99; 95%CI: 0.52–1.91; p= 0.99). These findings indicate that MGUS does not affect the susceptibility to SARS-CoV-2 or the
severity of COVID-19.

Blood Cancer Journal ���������(2021)�11:191� ; https://doi.org/10.1038/s41408-021-00580-7

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
was first detected in Wuhan, China in 2019 [1], and has since
developed into a global pandemic. The clinical presentation of the
associated coronavirus disease 19 (COVID-19) varies from mild
disease to multi-organ failure and death [2]. Risk factors for severe
COVID-19 have been identified, including age, male sex, and
several comorbidities including cancer [3].
Patients with multiple myeloma (MM), a malignancy of bone

marrow plasma cells, are at a particularly high risk of developing
severe illness when infected by SARS-CoV-2 [4–7]. Potential
pathobiological mechanisms have been suggested, including
immunosuppressive therapy, inherent suppression and dysregula-
tion of humoral and cellular immunity, and MM-associated kidney
disease. Currently, high disease burden, and severe hypogamma-
globulinemia have been associated with increased risk for severe
COVID-19 in MM patients, whilst treatement-related factors have
not [4–7].
The precursor condition of MM, monoclonal gammopathy of

undetermined significance (MGUS) [8, 9] is characterized by the

presence of monoclonal immunoglobulins (M proteins) or free
light chains (FLC) in the serum without MM-defining clinical or
biological markers [10]. MGUS is common, affecting 4.2% of the
general population over 50 years of age [11, 12]. MGUS has been
associated with a similar but milder inherent immune dysfunction
as MM, including significant defects in both humoral and cellular
immunity [13] and relatively high rates of hypogammaglobuline-
mia (25%) [11, 14]. Furthermore, MGUS has been associated with a
two-fold risk of bacteremia and almost three-fold risk of viral
infections [15]. MGUS has also been associated with thrombosis
[16] and kidney disease [17], both of which are features of and risk
factors for severe COVID-19 [3]. Therefore, it has been speculated
that individuals with MGUS might have an increased risk of SARS-
CoV-2 infection and severe COVID-19 [18]. In a recently reported
small (n= 7) case series of individuals with MGUS who were
infected with SARS-CoV-2, five required hospitalization and one
died [19]. However, no systematic data on MGUS and COVID-19
have been published to date.
MGUS is usually asymptomatic and is most often diagnosed

incidentally during evaluation of unrelated medical problems. This
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leads to a biased selection of individuals with other comorbidities
that may generate false associations between MGUS and various
diseases. In fact, a previous study of a screened MGUS cohort in
the US could not confirm many of the disease associations found
in clinical cohorts [20], highlighting the need to use screened
MGUS cohorts to assess the association of MGUS with other
diseases, including COVID-19.
Here, we report the first study of COVID-19 in individuals with

MGUS using data from the ongoing Iceland Screens Treats or
Prevents Multiple Myeloma study (iStopMM), which has already
screened 75,422 Icelanders for MGUS. The objective of the study
was to evaluate the risk of SARS-CoV-2 infection and severe
COVID-19 in individuals with MGUS. Based on the previous
literature we hypothesized that MGUS might increase the risk of
SARS-CoV-2 infection and severe COVID-19.

METHODS
Ethical approval
The iStopMM study, data collection for Icelandic patients with SARS-CoV-2
infection, and crosslinking of healthcare data has been approved by the
Icelandic National Bioethics Committee (VSN 16-022, date: 2016-04-26; VSN
20-078, date: 2021-05-26) with additional approval from the Icelandic Data
Protection Agency. The iStopMM study has been registered on Clinical-
Trials.gov (ClinicaTrials.gov identifier: NCT03327597).

COVID-19 in Iceland
The first case of SARS-CoV-2 infection in Iceland was diagnosed on
February 28, 2020. The Icelandic authorities implemented an aggressive
testing strategy early in the pandemic that included targeted testing based
on clinical suspicion, open invitation population screening, and random
screening for SARS-CoV-2 among asymptomatic persons [21]. As the
pandemic continued, random screening was discontinued, while self-
ordered testing with same-day results became available to all and double
screening of individuals in quarantine and persons arriving at the border
was initiated. All SARS-CoV-2 testing was done by real-time quantitative
polymerase chain reaction (qPCR) of simultaneously acquired orophar-
yngeal and nasopharyngeal swabs. Through this approach, Iceland has
consistently ranked among the nations with the highest level of testing in
the world. In total, 6,126 individuals were found to be SARS-CoV-2-positive
by qPCR in Iceland between February 28 and December 31, 2020 [22].
All SARS-CoV-2-positive individuals were centrally registered and

immediately contacted by the COVID-19 Outpatient Clinic at
Landspitali–The National University Hospital at the time of diagnosis. If
the diagnostic sample was obtained during asymptomatic screening, a
repeat qPCR test of a nasopharyngeal sample and a blood test for SARS-
CoV-2-antibodies were performed within 24 h. All persons who were
considered to have an active SARS-CoV-2 infection were isolated and
enrolled into telehealth monitoring at the COVID-19 Outpatient Clinic.
Monitoring consisted of serial telephone interviews conducted by either a
nurse or physician using a standardized data entry form. Patients
reporting concerning symptoms were evaluated at the clinic and
admitted to the hospital if needed. Patients were monitored for at least
14 days after their first positive qPCR and until they had been
asymptomatic for at least seven days. This comprehensive systematic
approach of combined community and clinical care has previously been
described in detail [23].

Study cohort
The study cohort was comprised of participants in the iStopMM study who
had been screened for MGUS before December 31, 2020 and were alive
and had not been diagnosed with MM and related disorders, including
smoldering MM requiring treatment, before February 28, 2020. iStopMM is
a population-based screening study for MGUS and randomized trial of
follow-up strategies in Iceland. All Icelanders born in 1975 (n= 148,704)
and earlier were invited to participate and 80,759 (54%) accepted and
provided informed consent between September 2016 and February 2018.
Serum samples were collected from 75,422 study participants (93%)
between September 9, 2016 and December 31 2020 and screened for
MGUS by capillary zone electrophoresis (CZE), immunofixation electro-
phoresis (IFE), and serum FLC assay. The iStopMM study design has
previously been described in detail [24].

Study design and statistical analysis
The primary exposure was MGUS as determined by M protein detectable on
CZE and confirmed by IFE or an abnormal FLC ratio (kappa/lambda ratio <0.26
and lambda >26.3 g/L or a kappa/lambda ratio >1.65 and kappa >19.4 g/L).
Those with MGUS were further subdivided into heavy chain-MGUS (HC-
MGUS) and light-chain MGUS (LC-MGUS) subgroups. All analyses were carried
out separately for MGUS, HC-MGUS, and LC-MGUS. When included as a
covariate, age was modeled with a four-knot restricted cubic spline.
In the first analysis, we evaluated whether there was an association

between MGUS and testing positive for SARS-CoV-2 using a test-negative
study design. Participants from the study cohort who had been tested at least
once for SARS-CoV-2 between February 28 and December 31, 2020, were
included. Those who had at least one positive qPCR test for SARS-CoV-2 were
considered to be infected. The association of MGUS and SARS-CoV-2 infection
was evaluated using logistic regression adjusting for sex and age.
In the second analysis, we evaluated the association between MGUS and

severe COVID-19. Participants from the previous analysis who tested
positive for SARS-CoV-2 were included. Those who were hospitalized for
other medical problems or were living in a nursing home at the time of
testing were excluded. Participants were followed until discharge from
telehealth monitoring or until they had developed severe COVID-19.
Severe COVID-19 was defined as the composite outcome of requiring an
emergency outpatient visit, requiring hospital admission, or death
(emergency outpatient visit or worse). Additionally, we conducted an
analysis where severe COVID-19 was defined as hospital admission or
death (hospital admission or worse). The association of MGUS with severe
COVID-19 was assessed using logistic regression, adjusting for sex and age.
Two sensitivity analyses were performed. In the first sensitivity analysis,

we evaluated the association of MGUS and SARS-CoV-2 testing in the
whole study cohort using logistic regression, adjusting for sex and age. In
the second sensitivity analysis, we repeated the first analysis and included
the entire study cohort regardless of whether the participants had been
tested for SARS-CoV-2 or not.
All analyses were carried out in R, version 3.6.3, using the rms package

[25]. The code used for this study and its output have been published
online at https://osf.io/kfdg9/.

RESULTS
Of the 75,422 participants who had been screened for MGUS,
1,854 had died and 693 had been diagnosed with MM and related
disorders before the study period. A total of 32,047 participants, of
whom 1,754 (5.5%) had MGUS, had been tested for SARS-CoV-2
(Fig. 1). Those who had MGUS were older (mean age 66.3 vs 59.1
years, p < 0.001) and more likely to be male (50% vs 41%, p <
0.001) than those who did not have MGUS. Of those tested, 1,100
(3.4%) were positive for SARS-CoV-2, including 65 who had MGUS.
After adjusting for sex and age, MGUS was not found to be
associated with SARS-CoV-2 infection (odds ratio (OR): 1.05; 95%
confidence interval (CI): 0.81–1.36; p= 0.72). The findings were
similar for HC- and LC-MGUS (Table 1 and Fig. 2). Sensitivity
analysis that included the whole study chort showed essentially
the same results (Supplemental Table). There was no significant
association between MGUS and the rate of SARS-CoV-2 testing
(Supplemental Table).
Among 1100 persons who tested positive for SARS-CoV-2, 40

were hospitalized for other medical problems or were residing in a
nursing home at the time of SARS-CoV-2 testing (Fig. 1). Of the
remaining 1060 cases, 56 had MGUS. During follow-up, 16 (29%)
individuals with MGUS and 214 (21%) without the disorder
developed severe COVID-19. We did not find MGUS to be
associated with severe COVID-19 when defined as emergency
outpatient visit or worse (OR: 0.99; 95%CI: 0.52–1.91; p= 0.99) or
as hospital admission or worse, (OR: 1.13; 95%CI: 0.52–2.46; p=
0.76). The findings were similar for HC- and LC-MGUS (Table 2 and
Fig. 3).

DISCUSSION
This large nationwide cohort study is the first population-based
study evaluating COVID-19 susceptibility and severity among
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persons with MGUS. Although previous authors have speculated
that MGUS may impact the risk of SARS-CoV-2 infection and
especially the risk of severe COVID-19 [18], we did not find MGUS
to be associated with contracting SARS-CoV-2 or developing
severe COVID-19 once infected.

MGUS was not associated with an increased risk of SARS-CoV-2
infection. This contradicts previous studies that have found
individuals with MGUS to have an increased risk of infections,
including viral infections [15]. This might indicate that this
increased risk of viral infections does not apply to COVID-19.

Fig. 1 Participant selection. Flowchart demonstrating the inclusion and exclusion of participants.

Table 1. Baseline characteristics of study participants tested for SARS-CoV-2 and the association between MGUS and SARS-CoV-2 infection.

No MGUS MGUS HC-MGUS LC-MGUS

n 30,293 1754 1140 614

Mean age (SD) 59 (10) 66 (11) 65.9 (11) 66.9 (11)

Men 12,283 (41%) 880 (50%) 571 (50%) 309 (50%)

Person-years 24,882 1431 – –

SARS-CoV-2-positive 1035 (3.4%) 65 (3.7%) 41 (3.6%) 24 (3.9%)

OR of SARS-CoV-2 positivity (95% CI)a Ref 1.05 (0.80-1.36) 1.02 (0.74-1.40) 1.11 (0.73-1.69)

MGUS monoclonal gammopathy of undetermined significance, HC-MGUS heavy chain MGUS, LC-MGUS light chain MGUS, SD standard deviation, COVID-19
coronavirus disease 2019, OR odds ratio, CI confidence interval, Ref reference.
a Adjusted for age and sex.
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However, these studies were based on individuals with inciden-
tally diagnosed MGUS, which may have biased the sample to
include individuals with more comorbid conditions. By contrast,
our study is based on a cohort of persons who were screened for
MGUS and underwent a high rate of SARS-CoV-2 testing (42%
being tested at least once) and no difference in the frequency of
testing between those with and without MGUS. This minimizes
the possibility of detection bias due to MGUS in this study.
Individuals with MGUS did not have an increased risk of severe

COVID-19 compared to those without MGUS. This is in contrast to
MM, which has been associated with severe COVID-19 [4–7].
Severe COVID-19 is believed to be caused by immune dysregula-
tion and hyperactivation [26]. Disease factors rather than
treatment factors in MM have been associated with severe
COVID-19 and it has been speculated that immune dysregulation
inherent in MM increases the risk of severe COVID-19 [4–7]. It is
therefore unexpected that we did not find an increased risk of
severe COVID-19 in individuals with MGUS, who have been shown
to have similar, although milder, dysregulation of humoral and
cellular immune function [13]. These findings indicate that more

severe immune dysregulation, as seen in MM, contributes to the
risk of severe COVID-19 or that the effects of treatment factors
have been underestimated in previous studies.
This study has several strengths. Firstly, the entire study

population was screened for MGUS, thereby eliminating the
selection bias present in most other MGUS cohorts where disorder
is primarily diagnosed in those who have other medical problems
and are therefore likely to have a greater burden of comorbid
conditions. Furthermore, the non-MGUS group had been tested
for MGUS removing potential false negatives from that study
group. Secondly, the comprehensive and aggressive SARS-CoV-2
testing strategy employed in Iceland has yielded a high case
capture rate compared to other nations. Thirdly, data on diagnosis
and follow-up of COVID-19 cases, which has been collected by the
same clinical team, are virtually complete, and centrally registered
for the whole nation. Finally, the study included a large number of
persons who represent a significant proportion of the nation’s

Fig. 2 Probability of testing SARS-CoV-2 positive. Probability of
individuals with or without MGUS of testing positive for SARS-COV-2
according to age, adjusted to female sex.

Table 2. Baseline characteristics of SARS-CoV-2-positive participants and the association between MGUS and severity of COVID-19.

No MGUS MGUS HC-MGUS LC-MGUS

n 1004 56 35 21

Mean age (SD) 59 (10) 65 (11) 65 (12) 65 (10)

Men 448 (45%) 30 (54%) 22 (63%) 8 (38%)

Person-days 16,589 962 – –

Emergency outpatient visit 176 (18%) 12 (20%) 7 (20%) 5 (24%)

Hospital admission 105 (11%) 11 (20%) 8 (23%) 3 (14%)

Intensive care unit admission 20 (2%) 3 (5%) 2 (6%) 1 (5%)

Death 5 (1%) 0 (0%) 0 (0%) 0 (0%)

Emergency outpatient visit or worse 214 (21%) 16 (29%) 10 (29%) 6 (29%)

OR (95% CI)a Ref 0.99 (0.52–1.91) 0.90 (0.39–2.08) 1.10 (0.39–3.10)

Hospital admission or worse 106 (11%) 11 (20%) 8 (23%) 3 (14%)

OR (95% CI)a Ref 1.13 (0.52–2.46) 1.25 (0.49–3.19) 0.83 (0.21–3.29)

MGUS monoclonal gammopathy of undetermined significance, HC-MGUS heavy chain MGUS, LC-MGUS light chain MGUS, SD standard deviation, COVID-19
Coronavirus disease 2019, OR odds ratio, CI confidence interval, Ref reference.
a Adjusted for age and sex.

Fig. 3 Probability of severe COVID-19. Probability of individuals
with or without MGUS having severe COVID-19 according to age,
adjusted to female sex. Severe COVID-19 is defined as the composite
outcome of emergency outpatient visits, hospital admission,
or death.
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population making the findings likely to be generalizable to
similar populations.
This study also has limitations. Firstly, we included individuals

based on blood testing alone which does not completely exclude
more advanced diseases than MGUS. However, those who had MM
or related disease, including smoldering MM in treatment, were
excluded. Secondly, despite being the largest study to date with
more than 75,422 participants, the number of events was relatively
low, and therefore, the study might be underpowered to detect a
modest increase in risk. Thirdly, due to the relative scarcity of
participants with MGUS and SARS-CoV-2 infection and the low
mortality from COVID-19 in Iceland, hard endpoints were too rare
for this analysis requiring the use of composite outcomes. Finally,
the Icelandic population is highly genetically homogenous and
mostly white, limiting generalization in non-white populations.
In conclusion, in this large population-based cohort study

including 75,422 individuals screened for MGUS, we did not find
MGUS to be a risk factor for contracting SARS-CoV-2 or developing
severe COVID-19. These findings are important since MGUS is the
most common precursor condition of hematological malignancy,
affecting millions of individuals worldwide [11, 12]. The findings
provide guidance for how physicians should counsel their patients
with MGUS about their risks during the COVID-19 pandemic.
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MGUS MGUS+PN Control Control+PN 

 
(N=8052) (N=597) (N=30423) (N=849) 

AIDS 11 (0.1%) 0 (0%) 6 (0%) 0 (0%) 

Cerebrovascular disease 820 (10.2%) 74 (12.4%) 2543 (8.4%) 
126 
(14.8%) 

Heart failure 728 (9.0%) 48 (8.0%) 1502 (4.9%) 70 (8.2%) 

Chronic liver disease 79 (1.0%) 6 (1.0%) 64 (0.2%) 4 (0.5%) 

Chronic lung disease 800 (9.9%) 66 (11.1%) 1918 (6.3%) 87 (10.2%) 

Connective tissue disease 498 (6.2%) 30 (5.0%) 646 (2.1%) 28 (3.3%) 

Dementia 150 (1.9%) 7 (1.2%) 485 (1.6%) 13 (1.5%) 

Diabetes mellitus 202 (2.5%) 53 (8.9%) 567 (1.9%) 
104 
(12.2%) 

Diabetes mellitus with end-
organ disease 289 (3.6%) 80 (13.4%) 726 (2.4%) 

163 
(19.2%) 

Hemiplegia or paraplegia 33 (0.4%) 8 (1.3%) 99 (0.3%) 7 (0.8%) 

Myocardial infarction 649 (8.1%) 54 (9.0%) 2198 (7.2%) 
103 
(12.1%) 

Moderate to severe liver 
disease 24 (0.3%) 2 (0.3%) 14 (0.0%) 1 (0.1%) 
Moderate to severe kidney 
disease 421 (5.2%) 43 (7.2%) 290 (1.0%) 18 (2.1%) 

Peptic ulcer disease 314 (3.9%) 25 (4.2%) 716 (2.4%) 30 (3.5%) 

Peripheral vascular disease 223 (2.8%) 23 (3.9%) 523 (1.7%) 24 (2.8%) 

Neoplasm 1219 (15.1%) 85 (14.2%) 3586 (11.8%) 
123 
(14.5%) 

Malignant neoplasm 15 (0.2%) 0 (0%) 34 (0.1%) 1 (0.1%) 

Previous admission ≥4 days 
in preceding 2 years 

2191 (27.2%) 194 (32.5%) 4128 (13.6%) 
216 
(25.4%) 

Supplemental table 1: The rate of the comorbidity classes as defined in 
the Charlson comorbidity index and the rate of previous admissions 
lasting more than four days in the two years preceding inclusion. 

MGUS: Monoclonal gammopathy of undetermined significance (MGUS); PN: Peripheral 
neuropathy; AIDS: Acquired immunodeficiency syndrome. 
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Any fracture 

 
Peripheral fracture 

 
Axial fracture 

 

 
HR (95% CI) p HR (95% CI) p HR (95% CI) p 

Adjusted for Charlson 
comorbidity index comorbidities      

All 
      

MGUS 1.25 (1.18-1.33) <0.001 1.16 (1.06-1.28) 0.002 1.32 (1.22-1.42) <0.001 

PN 1.33 (1.14-1.55) <0.001 1.34 (1.04-1.71) 0.02 1.32 (1.08-1.61) 0.007 

Males 
      

MGUS 1.33 (1.21-1.47) <0.001 1.21 (1.03-1.42) 0.02 1.42 (1.26-1.6) <0.001 

PN 1.37 (1.1-1.71) 0.005 1.31 (0.9-1.92) 0.16 1.37 (1.04-1.8) 0.023 

Females 
      

MGUS 1.2 (1.11-1.29) <0.001 1.14 (1.01-1.28) 0.03 1.24 (1.12-1.37) <0.001 

PN 1.32 (1.05-1.66) 0.02 1.36 (0.97-1.92) 0.08 1.29 (0.96-1.75) 0.1 

Adjusted for admission lasting ≥ 
4 days within 2 years      

All       

MGUS 1.26 (1.18-1.34)  <0.001 1.18 (1.08-1.3) <0.001 1.32 (1.22-1.42) <0.001 

PN 1.34 (1.15-1.55) <0.001 1.38 (1.09-1.75) 0.01 1.33 (1.1-1.62) 0.004 

Males       

MGUS 1.36 (1.24-1.5) <0.001 1.23 (1.05-1.45) 0.01 1.45 (1.29-1.63)  <0.001 

PN 1.37 (1.11-1.69) 0.003 1.4 (0.99-2) 0.06 1.32 (1.02-1.72) 0.04 

Females       

MGUS 1.19 (1.1-1.28) <0.001 1.15 (1.02-1.29) 0.02 1.22 (1.11-1.36) <0.001 

PN 1.34 (1.09-1.66) 0.006 1.41 (1.03-1.92) 0.03 
1.35 (1.02-1.79) 

0.04 

MGUS: Monoclonal gammopathy of undetermined significance; PN: Peripheral neuropathy; 
HR: Hazard ratio; 95% CI: 95% Confidence interval. 

 
Supplemental table 2: A table with the estimated hazard ratios (HR) for fractures 
in those with monoclonal gammopathy of undetermined significance (MGUS) 
and peripheral neuropathy (PN) after adjusting for comorbidities in two separate 
sensitivity analyses. 

 


