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Abstract The Maastricht Study is an extensive phenotyping
study that focuses on the etiology of type 2 diabetes (T2DM),
its classic complications, and its emerging comorbidities. The
study uses state-of-the-art imaging techniques and extensive
biobanking to determine health status in a population-based
cohort of 10,000 individuals that is enriched with T2DM
individuals. Enrollment started in November 2010 and is
anticipated to last 5-7 years. The Maastricht Study is expec-
ted to become one of the most extensive phenotyping studies
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in both the general population and T2DM participants world-
wide. The Maastricht study will specifically focus on possible
mechanisms that may explain why T2DM accelerates the
development and progression of classic complications, such
as cardiovascular disease, retinopathy, neuropathy and
nephropathy and of emerging comorbidities, such as cognitive
decline, depression, and gastrointestinal, musculoskeletal and
respiratory diseases. In addition, it will also examine the
association of these variables with quality of life and use of
health care resources. This paper describes the rationale,
overall study design, recruitment strategy and methods of
basic measurements, and gives an overview of all measure-
ments that are performed within The Maastricht Study.

Keywords Cardiovascular disease - Chronic disease -
Comorbidity - Pathophysiology - Prospective cohort study -
Study design - Type 2 diabetes

Abbreviations

AGEs Advanced glycation end products

ATC-code Anatomical therapeutic chemical
classification system

DVA Dynamic vessel analysis

ECG Electrocardiogram

EMG Electromyogram

HR-pQCT High resolution peripheral quantitative
computed tomography

IFG Impaired fasting glucose

IGT Impaired glucose tolerance

MVPA Moderate-to-vigorous physical activity

NGT Normal glucose tolerance

OCT Optical coherence tomography

OGTT Oral glucose tolerance test

T2DM Type 2 diabetes mellitus

VFA Vertebral fracture assessment
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Fig. 1 An advanced phenotyping approach is applied to all participants of The Maastricht Study. The bottom of the figure shows main categories
of determinants that are measured. The fop of the figure presents the main clinical outcomes that are studied

Introduction

Although in past decades much information has been gathered
on the pathogenetic pathways of type 2 diabetes (T2DM) and
its complications, these mechanisms are frequently studied in
isolation. Moreover, T2DM is closely associated with
numerous other comorbidities, and again, these associations
are mainly studied in isolation. In this paper we describe the
background, rationale and design of The Maastricht Study,
which aims to study the etiology and pathophysiology of type
2 diabetes (T2DM), its classic complications and its emerging
comorbidities in relation to each other by use of an extensive
phenotyping approach. Figure 1 illustrates the advanced
phenotyping approach of The Maastricht Study.

T2DM has become a major global health challenge of the
twenty first century. In 2000 the total number of T2DM was
estimated at 171 million individuals world-wide, and it is
expected to rise to 366 million in 2030 [1]. Diabetes is ranked
fifth on the scale of non-communicable diseases that cost most
(healthy) life years [2, 3]. Individuals diagnosed with T2DM
will lose 1618 quality-adjusted life-years due to diabetes [4,
5], and will die, on average, 6 years earlier than their coun-
terparts without diabetes [6]. In addition, treatment of diabetes
is costly. Of these costs 50 % is attributed to diabetes treat-
ment itself, and 50 % to the treatment of complications [7].
Although the development of new drugs and a holistic treat-
ment approach have improved diabetes care, further
improvement of the prognosis and quality of life of individuals
with T2DM remains important, as there is still much to gain.

The central pathophysiological features of T2DM are insulin
resistance and beta cell dysfunction [8—10]. Much information
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has been obtained on the genetic and (individual) environ-
mental risk factors of the disease in the past decades. However,
detailed information on the pathophysiologic mechanisms and
the interaction of risk factors is scarce. In addition, known risk
factors cannot fully explain the development of T2DM, sug-
gesting that new risk factors await discovery.

New, in-depth knowledge is urgently needed in order to
prevent the development of classic complications and the
emerging comorbidities of T2DM. In developed countries,
T2DM at least doubles the risk of cardiovascular disease, is
the leading cause of blindness, and is responsible for over
40 % of end-stage renal failure and over 60 % of non-
traumatic lower-limb amputations [11-15]. Next, there is
growing evidence that T2DM accelerates the development
and progression of other chronic diseases, in addition to the
classic complications of T2DM [6]. Mortality due to these
emerging comorbidities is about 70 % higher in T2DM
compared to individuals without T2DM [6]. Why other
chronic diseases like dementia, depression and chronic
obstructive pulmonary disease (COPD), cluster with T2DM
is unclear. Possible hypotheses are that these different
disease states are caused by common determinants (e.g.,
chronic inflammation), by features of T2DM itself (e.g.,
microvascular dysfunction), and/or affect each other by
reversed causality (i.e., the comorbid condition contributes
to the development of T2DM).

The Maastricht Study: rationale and aims

Taken together, detailed epidemiological studies combin-
ing extensive phenotyping with a focus on a broad range of
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determinants (including extensive -omics) are urgently
needed to elucidate the complex underlying pathophysiol-
ogy of T2DM and the interaction with other chronic dis-
eases. This requires not only a large population-based
subset of T2DM patients, but also a population-based
cohort of individuals without T2DM and individuals at
high risk to develop T2DM. Such studies are currently not
available and The Maastricht Study intends to fill this gap.
It aims to identify determinants of the development and
progression of (a) T2DM; (b) its classic complications
(cardiovascular disease, retinopathy, neuropathy and
nephropathy); and (c) its emerging comorbidities, such as
cognitive decline, depression, and gastrointestinal, mus-
culoskeletal and respiratory diseases. In addition, the
impact of this clustering of comorbidities on quality of life
and use of health care resources will be defined. The Ma-
astricht Study is expected to become one of the most
extensive phenotyping studies in both the general popula-
tion and T2DM participants world-wide.

Examples of in-depth phenotyping approaches

In the following paragraphs, we present four research
concepts with regard to biobanking, advanced cardiovas-
cular imaging, lifestyle and (psycho-)social factors that are
included in The Maastricht Study as examples of the type
of research that is achievable in this study.

Biobanking

Risk stratification in clinical practice is currently inefficient
because of the lack of biomarkers that can accurately
predict the development of chronic diseases and their
complications. For example, the numbers needed to treat in
cardiovascular risk management currently range from 20
for antihypertensive treatment up to 100 individuals for
statin treatment per 5 years [16, 17]. Improvement of these
figures will tremendously increase the efficiency of care. In
order to achieve this, novel biomarkers that can accurately
identify individuals at high risk are needed. Moreover,
recent technological advances in genetics, genomics, pro-
teomics, and bioinformatics offer a vast opportunity for
biomarker discovery. Therefore, extensive biobanking for
the identification of novel and innovative biomarkers is an
important feature of The Maastricht Study.

Advanced cardiovascular imaging

The increased cardiovascular risk in T2DM [18] is only
partly explained by the excess prevalence of traditional
cardiovascular risk factors, such as hypertension, dyslipi-
demia, obesity and inflammation. It is therefore likely that
other pathophysiological mechanisms are involved. We

aim to identify the early structural and functional changes
in the arterial vessel wall and heart that lead to arterial
stiffness, and diastolic and systolic dysfunction. Next, the
electrophysiology of the heart is studied comprehensively.
In addition, as microvascular dysfunction may be a major
contributor to myocardial damage and is a hall-mark fea-
ture of T2DM, we will extensively assess microcirculatory
structure and function. Investigation of this broad range of
cardiovascular biomarkers will help us to elucidate the
specific contribution of these novel markers to the devel-
opment of cardiovascular disease in individuals with and
without T2DM.

Lifestyle factors

Lifestyle factors, such as smoking, diet, and physical
activity are known to play an important role in the devel-
opment and progression of T2DM. In the past decades, the
amount of time that people spend sitting has dramatically
increased in all age groups. Although the health benefit of
participation in moderate-to-vigorous physical activity
(MVPA) has long been acknowledged [19, 20], the nega-
tive impact of co-existing sedentary time has, until
recently, been largely neglected. Recent studies have sug-
gested that sedentary behavior plays a major role in the
development and progression of cardio-metabolic condi-
tions independent of MVPA [21, 22]. Most evidence so far,
however, comes from studies with self-reported sedentary
time. Only recently a limited number of studies using
objectively measured sedentary behavior data have shown
that sedentary behavior is an important health risk factor
independent of MVPA [23-26]. The objective measure-
ment of physical activity by accelerometry will allow us to
address the following research questions: 1) do patterns of
daily activity, and in particular the amount of sedentary
time, differ across the glucose tolerance spectrum; 2) is
sedentary behavior associated with prevalence and incident
(pre)diabetes and if so, is this association independent of
MVPA; and 3) is sedentary behavior associated with the
prevalence and incidence of the classic complications and
emerging comorbidities of T2DM?

(Psycho-)social factors

In addition to biomedical and lifestyle factors, socioeco-
nomic and psychosocial factors, personality and social
networks are probably important determinants in the
development and progression of T2DM and other chronic
diseases. For example, individuals with a low SES do not
only live shorter than their better-off counterparts; they
also live a greater proportion of their lives in poor health
[27]. In addition, the prevalence of T2DM is higher in low
SES groups across many countries [28]. In The Maastricht
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Study we will be able to unravel the mechanisms under-
lying the interrelationships between (life-course) SES and
T2DM, its classic complications and subsequent quality of
life.

Materials and methods
Study design, inclusion criteria and study area

The Maastricht Study is an observational prospective
population-based cohort study enriched with T2DM indi-
viduals that aims to include 10,000 participants. Eligible
for participation are all individuals aged between 40 and
75 years and living in the southern part of the Netherlands
(municipalities Maastricht, Margraten-Eijsden, Meersen
and Valkenburg; Maastricht and Heuvelland in the prov-
ince of Limburg). The study population will be enriched
with T2DM participants for reasons of efficiency; i.e., to
increase the statistical power to identify any potential
contrasts between individuals with and without T2DM. The
Maastricht Study started with an initial survey in Novem-
ber 2010, which is anticipated to last 5-7 years. Sub-
sequent surveys are planned, conditional on funding. An
annual follow-up on disease incidence and mortality is in
progress.

The study area is defined by postal codes. Approxi-
mately 60 % of the population lives in an urban setting (the
city of Maastricht, 120,000 inhabitants, 2,088 inhabitants
per km?) and ~40 % lives in a suburban/rural setting (in
the three villages surrounding Maastricht: 17,000-24,000
inhabitants, 319-721 inhabitants per km?). The study area
encloses 82,462 inhabitants aged 40-75 years, including an
estimated 7,000 individuals with T2DM. The target popu-
lation comprises slightly more women than men (41,483
women vs. 40,979 men) and includes mainly Caucasians.
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Figure 2 illustrates the age distribution of the population as
well as the male to female ratio. Employments are mainly
in industry (20 %), business (17 %), health care (16 %)
and business services (13 %).

Recruitment strategy

Participants are recruited from mass media campaigns and
from the municipal registries (Gemeentelijke Basis Ad-
ministratie; GBA) and the regional Diabetes Patient Reg-
istry (see below) via mailings. The representation with the
source population in the study region is monitored con-
tinuously (see Fig. 3) and is aligned with postal codes.

The regional Diabetes Patient Registry is kept by the
regional association of General Practitioners (Zorg in On-
twikkeling (ZIO)) and the Maastricht University Medical
Centre. This registry includes individuals that apply to their
GP with health complaints which lead to the diagnosis of
T2DM, and individuals that are diagnosed with T2DM after
cardiovascular screening. The registry virtually includes all
T2DM individuals in primary, secondary or tertiary medical
care in the “Maastricht and Heuvelland” region.

Ethical considerations, patient information and written
informed consent

The study has been approved by the institutional medical
ethical committee (NL31329.068.10) and the Netherlands
Health Council under the Dutch “Law for Population
Studies” (Permit 131088-105234-PG). Study information
including an informed consent form is sent to all partici-
pants by mail prior to the study visits. An oral explanation
on study procedures is provided and the informed consent
form is signed. The informed consent form includes spe-
cific items on biobanking, genetic analysis, and linkage to
medical databases and important national databases like the
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Fig. 3 Recruitment process of
study participants
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municipality register, and the national database for mor-
tality follow-up. Furthermore, the informed consent form
includes a paragraph on incidental findings and the option
to refuse to be informed about any unexpected abnormal-
ities. Participants who agreed to be informed and have
incidental findings that require follow-up evaluation or
treatment are referred to appropriate specialists via their
general practitioner. Individuals that are unable to under-
stand, read, and write the Dutch language are excluded
because they cannot provide written informed consent.

Data collection

All measurements are performed by trained research
assistants during three to four 4-h visits to The Maastricht
Study research center using standardized protocols. In
principle, all procedures apply to all participants included,
unless clinically contraindicated. The full examination of
each participant finishes within a time window of
3 months. At the final examination day an exit interview
with a physician is carried out where results of the fol-
lowing measurements are communicated to the participant:
body mass index, 24 h blood pressure, glucose and cho-
lesterol levels, lung function, kidney function, ankle bra-
chial index, heart function based on ultrasound and ECG,
cognitive function, depressive symptoms, fundus photog-
raphy and hearing. In addition, the cardiovascular risk
score based on a Dutch modification of the Framingham
Risk score [29] is calculated.

representation

The collected data are filed on written forms or directly
entered into the electronic database. The written forms are
entered in duplicate into the electronic dataset to monitor
the quality of the data entry process. All questionnaires are
filled-in by participants via a web-based questionnaire
program, initially under supervision at the research center
and thereafter, if feasible, at home. Trained staff members
at the research center provide additional instructions and
assistance to participants if needed. The total amount of
time needed to fill in all questionnaires approximates 3 h.
Questionnaires are presented in eight parts of 20-30 min
each. The first two parts are filled in at the research center,
during the first site visit. The other parts are completed at
home, in between site visits. Adherence is checked at each
site visit and finally during the exit interview.

The following section describes the measurements per-
formed within The Maastricht Study. Table 1 gives an
overview of the data collection, specified according to
general and disease-specific measurements. Detailed pro-
tocols of the general measurements are presented in the
supplemental material. More advanced measurements are
mentioned briefly and will be described in subsequent
papers in more detail.

General data collection
Laboratory assessments

Fasting blood samples, two 24 h urine samples and
morning urine samples are collected for laboratory
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Table 1 General and disease-specific measurements within the Ma-

astricht Study

General measurements
Laboratory assessments

Fasting levels of glucose, total cholesterol, LDL- and HDL
cholesterol, triglycerides, albumin, creatinine, uric acid, HbAlc,
hemoglobin, hematocrit, red blood cell count, leukocyte and
platelet count, mean platelet volume

24 h urine levels of albumin, creatinine and uric acid

Spot urine levels of glucose and nitrite (dipstick), albumin,
creatinine, red blood cell and leukocyte count

Physical examination

Anthropometry: height, weight, circumference measures of
waist, hip, upper arm, calf, and wrist, and biceps, triceps,
suprailiac, and subscapular skinfold measurements and
bioelectrical impedance

Physical function and performance

6 Minutes fast walk test, timed stand chair test, submaximal
exercise capacity test by bicycle, isometric strength of arms and
legs, and hand grip strength

Medication use
Medication interview
Blood pressure

Blood pressure: office, 24-hr ambulatory and 7 days home blood
pressure

General questionnaires

Medical history, family history of diabetes and cardiovascular
disease, socioeconomic status, smoking behavior,
physical activity, alcohol consumption, quality of life,
activities of daily living, birth weight, ethnicity
and economic evaluation
Biobanking

Fasting serum, EDTA, citrated, acified citrated, heparin and
protease inhibitor containing plasma samples

EDTA whole blood sample and Paxgene tube for DNA and RNA
extraction

Two times 24 h and one spot urine samples

Serum, EDTA and citrate plasma sampled at time points 15, 30, 45,
60, 60, 90 and 120 min during OGTT

T2DM and its classic complications
Physical examinations: Type 2 diabetes
7-point oral glucose tolerance test (OGTT)

Skin autofluerescence for the assessment of advanced glycation end
products in the skin

Physical examinations: cardiovascular disease

12-leads ECG, 24 h ambulatory ECG and ankle-brachial index
Physical examinations: retinopathy

Fundusphotograpy
Physical examinations: nephropathy

Spot and 2 x 24 h urine collections to assess micro- and
macroalbuminuria, eGFR

Physical examinations: Neuropathy
Neurothesiometry

Disease specific questionnaires
Rose questionnaire, DN4, PAID and hypoglycemia

Advanced measurements
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Table 1 continued

Microvascular assessment, vascular ultrasound & applanation
tonometry, cardiac ultrasound, autonomic function test, 178
channel high resolution surface ECG, EMG assessment, ECG
guided exercise test, abdominal fat (ultrasound)

Emerging comorbidities of T2DM
Neurological diseases
Interview and physical examinations

Cognitive testing: MMSE, GIT wordlist, 15-Word Learning Test
including delayed recall and recognition, Stroop test, Concept
Shifting Test, Letter-Digit Substitution Test, Fluency test,
CAMDEX when indicated

Depression: mini interview (depression, suicide, anxiety)
Hearing check
Disease specific questionnaires

PHQ-9, GAD-7, Migraine screening questionnaire, Migraine
Disability Assessment (MIDAS) questionnaire, Hearing
Handicap Inventory for the Elderly screening questionnaire,
International Outcome Inventory for Hearing Aids, mini Tinnitus
questionnaire, and questionnaires on forgetfullness and presence
of eye disease.

Advanced measurements

Eye diseases; visual acuity, optical coherence tomography, ocular
pressure, Scheimpflug analysis, perimetry, corneal confocal
microscopy, macula pigmentation and dynamic vessel analysis

Respiratory diseases
Physical examinations

Spirometry, ambulatory sleep disordered breathing, nose and
throat swabs, collection of exhaled breath samples to analyse
volatile organic compounds

Disease specific questionnaires

American Thoracic Society (ATS-DLD78), Epworth Sleepiness
Scale, nicotine dependence and quit smoking, acute infections

Musculoskeletal diseases
Physical examinations
Symptoms and signs of arthrosis and gout in knee, hip and hands

Gout, chronic musculoskeletal pain, osteoarthritis, fractures,
osteoporosis, Champs physical activity questionnaire

Gastrointestinal diseases
Disease specific questionnaires

Gastrointestinal symptoms (PAGI-SYM), de Bristol Stool From,
Rome III criteria and Gastrointestinal Symptom Rating Scale
(GSRS)

Lifestyle and behaviour
Lifestyle specific questionnaires

Food frequency questionnaire, health behavior, intrinsic motivation for
movement, exposure and participation to interventions

Advanced measurements

Tri-axial accelerometry for 7 days, tailored health advise
(Psycho-)social factors
(Psycho-)social specific questionnaires

Socioeconomic status including education, employment, marital

status, participation, social networks by use of exchange type
name generator

Personality traits including Big Five (Goldberg) and Type D
personality (DS14)
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assessments as described in Table 1. The detailed protocols
for laboratory assessments are provided in the supplement.

Physical examination

Detailed protocols on the physical examination are provided
in the supplements. Bio-electrical impedance spectroscopy
(BIS) is used to estimate total body fat and fat free mass.

Physical function and performance

A 6-min fast walk test is conducted to assess general
physical function. Details are presented in the supplement.
Blood pressure and heart rate are measured at the start of
the test and directly and 5 min after the end of the test
(Omron 705IT, Omron, Japan). Physical function is also
measured by use of a timed stand chair test (10 repeti-
tions). Physical fitness is measured by use of an ECG-
guided sub-maximal exercise capacity test (80 % Bruce
protocol; bicycle ergometer, General Electric, Ohio,
USA). Muscle strength in the arms and legs is measured
by isometric strength tests and handgrip strength is
measured with a handgrip dynamometer (JAMAR Hy-
drolic Handdynamometer, SEHAN Corp, Korea-Biomet-
rics Europe BV, Almere, the Netherlands).

Medication use

Participants are requested to bring all medication they use
or a list from their pharmacists to the research center.
During a medication interview generic name, dose and
frequency are registered by trained staff.

Blood pressure

Blood pressure is measured in three ways: office blood
pressure, ambulatory 24-h; and 7-days home blood pres-
sure. Details about the measurements are presented in the
supplement.

General questionnaires

All participants receive an extensive web-based question-
naire in which the following items are included: medical
history, family history of diabetes and cardiovascular dis-
ease, socioeconomic status, smoking behavior, alcohol
consumption (as part of the food frequency questionnaire
(FFQ), see below), physical activity [30-33], quality of life
(SF-36 [34, 35], EuroQol 5D) [36], activities of daily living
(GARS-4) [37], birth weight and ethnicity. A short ques-
tionnaire on health consumption and productivity loss is
used for economic evaluation.

Biobanking

Blood, two 24 h urine and morning urine samples are
collected and stored at -80 degrees Celsius until use, as
described in Table 1.

Measurements on T2DM and its classic complications
Oral glucose tolerance test (OGTT)

To determine glucose metabolism, all participants (except
those who use insulin) undergo a standardized 7-point
OGTT after an overnight fast. Blood samples are taken at
baseline, and 15, 30, 45, 60, 90 and 120 min after ingestion
of a 75 g glucose drink. For safety reasons, participants
with a fasting glucose level above 11.0 mmol/l, as deter-
mined by a finger prick, do not undergo the OGTT. Glu-
cose metabolism is defined according to the WHO 2006
criteria into normal glucose tolerance (NGT), impaired
fasting glucose (IFG), impaired glucose tolerance (IGT),
and T2DM [38].

Advanced glycation end products (AGEs)

Skin autofluorescence is used to measure AGEs in the skin
(AGEreader, Diagnoptic, The Netherlands).

Electrocardiogram

A resting 12-lead electrocardiogram (ECG; Mac 5500, GE
Medical Systems, Milwaukee, Wisconsin, USA) and an
ambulatory 24-h ECG (Fysiologic ECG Services BV,
Zeist, the Netherlands) are recorded and archived
electronically.

Ankle brachial index

The Omron VP2000 (Omron, Kyoto, Japan) is used to
automatically determine ankle brachial index at the bra-
chial artery of the left and right arm, and above the left and
right ankle joint.

Fundus photography

To determine the presence of diabetic retinopathy, fundus
photography of both eyes is performed and described in
detail in the supplement.

Peripheral vibration perception
The peripheral vibration threshold is tested by use of a
Horwell Neurothesiometer (Scientific Laboratory Supplies,

Nottingham, UK). Vibration thresholds are tested 3 times
at the distal phalanx of the hallux of the right and left foot.

@ Springer



446

M. T. Schram et al.

Disease-specific questionnaires

Specific questionnaires on diabetes and diabetes compli-
cations include a modified version of the Rose Question-
naire for the diagnosis of ischemic heart pain and
intermittent claudication [39], the DN4 on neuropathic pain
[40], the PAID Questionnaire on diabetes-related emo-
tional distress [41], and a hypoglycemia questionnaire.

Advanced measurements

More advanced measures include microvascular assess-
ment by use of nailfold microscopy and skin Laser-Doppler
fluxmetry, cardiac and vascular ultrasound, applanation
tonometry, an autonomic function test, 178-leads electro-
cardiogram (ECG), an electromyogram (EMG) assessment,
an ECG-guided exercise test, and an abdominal fat mea-
surement (ultrasound).

Measurements on emerging comorbidities of T2DM
Neurological diseases

A concise battery (30 min) of cognitive tests is used cov-
ering the domains of verbal memory (Verbal Word
Learning [42], verbal intelligence (GIT word list) [43]
attention and flexibility (Stroop test) [44], executive func-
tioning (Concept Shifting test [45], fluency test [46] psy-
chomotor speed (Letter-Digit Substitution test) [47] and
general cognitive function (Mini-Mental State Examina-
tion, MMSE) [48]. When a cognitive disorder is suspected
(MMSE <24, or >1/6 core tests in clinical range), addi-
tional screening takes place using the CAMDEX-N pro-
tocol [49]. Depression, suicide and anxiety symptoms are
assessed by the Mini International Neuropsychiatric Inter-
view (MINI) [50]. Hearing loss is identified with the Sie-
mens HearCheck screener (Siemens, UK).

Disease-specific questionnaires Depressive symptoms
and anxiety are screened with the Patient Health Ques-
tionnaire-9 (PHQ-9) [51] and the Generalized Anxiety
Disorder 7-item scale (GAD-7) [52]. A migraine screening
questionnaire is offered to all participants [53], screen-
positive participants will complete a questionnaire based
on the International Headache Society diagnostic criteria
for migraine with and without aura [54]. In participants
with active migraine, i.e., one or more attacks within the
last 12 months, migraine severity will be assessed by the
Migraine Disability Assessment (MIDAS) questionnaire
[55]. Short questionnaires on hearing handicap (screening
versions of the Hearing Handicap Inventory for the Elderly
and the Hearing Handicap and Disability Inventory),
hearing aid use (International Outcome Inventory for
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Hearing Aids) and tinnitus (mini Tinnitus Questionnaire)
are completed. Finally, a 4-item questionnaire on forget-
fulness and the presence of eye diseases is included.
Advanced  measurements Extensive  ophthalmologic
assessments are performed including visual acuity, optical
coherence tomography (OCT), ocular pressure, Scheimpflug
analysis, perimetry, corneal confocal microscopy, macula
pigmentation and Dynamic Vessel Analysis (DVA).

Respiratory diseases

Lung function is assessed by spirometry (EasyOne™ spi-
rometer, NDD Medical Technologies, Zurich, Switserland)
and sleep-disordered breathing is assessed by portable
respiratory monitoring (ApneaLink™™, ResMed, USA).
Portable respiratory monitoring is a non-invasive method
for screening large groups of patients. Specific cardiopul-
monary bioparameters as oxygen saturation, respiratory
flow, pulse rate and body position are recorded. Nose and
throat swabs are taken to assess microbial burden (presence
and types of bacteria and viruses) of the airways. Exhaled
breath samples are taken to analyze volatile organic
compounds.

Disease-specific questionnaires A modified questionnaire
of the American Thoracic Society (ATS-DLD-78-A) to
assess respiratory complaints [56], the Epworth Sleepiness
Scale to assess sleep related problems [57], and question-
naires on nicotine dependence, quitting smoking and acute
infections are included.

Musculoskeletal diseases

Symptoms and signs of arthrosis and gout in knee, hip and
hands are assessed by physical examination.

Disease-specific questionnaires Questionnaires on gout,
chronic musculoskeletal pain, osteoarthritis, fractures,
osteoporosis and a modified version of the Champs phys-
ical activity questionnaire are included.

Gastrointestinal diseases

Disease-specific questionnaires Gastrointestinal symp-
toms are assessed by the following questionnaires: Patient
assessment of upper gastrointestinal symptom severity
index (PAGI-SYM) [58], Bristol Stool Form [59], Diag-
nostic Criteria for Functional Gastrointestinal Disorders
(Rome III criteria), and Gastrointestinal Symptom Rating
Scale (GSRS). The ROME III criteria are developed by the
Rome Foundation and are translated in Dutch.
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Lifestyle factors
Lifestyle specific questionnaires

Diet will be assessed by a tailor-made FFQ developed by
use of the National FFQ Tool [60]. This FFQ assesses the
intake frequency and amount of foods and nutrients for two
different purposes: (1) etiological and prognostic research,
and (2) to study determinants of dietary behavior and plan
nutrition education activities. For the first purpose, the
most important criterion for in- or excluding of foods in the
FFQ is the explained variation in intake of certain nutri-
ents, whereas for the second purpose, the contribution of
foods to the intake of nutrients is most relevant. Validation
of the FFQ against repeated 24-h recalls and biomarkers is
currently in progress and will be described in a separate
paper. Smoking and self-reported physical activity are
assessed as described above. Alcohol consumption is
assessed as part of the FFQ. Health behavior and beliefs are
assessed by use of questionnaires including the following
items: health behavior, intrinsic motivation for movement,
exposure and participation to interventions.

Advanced measurements

Physical activity is measured by use of a tri-axial accel-
erometer that provides 7 days continuous wear (ActivPal,
PAL Technologies Ltd, Glasgow, UK). For participants
who would like to change their health behavior, a com-
puter-tailored health advise program is offered. Participants
are asked to fill out questions about their behaviors with
regard to smoking, diet, physical activity, and alcohol use,
as well as their motives for these behaviors. Based on their
answers these participants receive a personalized on-line
feedback about their behaviors and how to change them if
relevant.

(Psycho-)social factors
(Psycho-)social specific questionnaires

Socioeconomic conditions are assessed by an extensive
questionnaire which includes detailed information on
marital status, educational level, occupational level,
income level, work situation, poverty, material housing
conditions, material working conditions, material neigh-
borhood conditions and social participation and autonomy
[61]. Social networks are assessed by use of an exchange
type Name Generator [62]. Personality traits are assessed
by the big five questionnaire by Goldberg [63] and the
Type D personality questionnaire (DS14) [64].

Table 2 Future plans on advanced measurements within the Maas-
tricht Study

Advanced measurements
Type 2 diabetes

Body composition (fat and lean mass) by use of total body
DXA scanning

3T MR imaging to quantify visceral, subcutaneous, hepatic and
pancreatic fat

Neurological diseases

Advanced MR imaging: Structural and functional parameters
of the brain including markers of connectivity by 3T MRI

Musculoskeletal diseases

Bone mineral density of hip and lumbar spine, and vertebral
fracture assessment (VFA) by use of DXA scanning

Bone architecture and strength of radial bone by use of high
resolution peripheral quantitative computed tomography
(HR-pQCT)

Arthrosis by use of X-ray of the knee

Work in progress

Table 2 presents the plans for additional advanced mea-
surements in The Maastricht Study that include Dual X-ray
Absorptiometry (DXA), MRI, X-ray and high resolution
peripheral quantitative computed tomography (HR-pQCT)
measurements. These measurements will be implemented
in due time, and will be described in detail in subsequent
papers.

Morbidity and mortality

Annual follow-up of disease incidence and mortality is in
progress, comprising (1) collection of information from
participants using an annual follow-up questionnaire spe-
cifically directed to chronic diseases that occurred in the
past year; (2) linking of participant data to hospital and
pharmacy records; and (3) collection of mortality data
through existing up-to-date databases from Statistics
Netherlands (CBS).

The main outcomes of the study, i.e., the incidence of
T2DM, its classic complications and its ‘emerging’
comorbidities, are classified according to the ICD-10 as
presented in Table 3.

The study region is characterized by a relatively high
morbidity and mortality rate compared to Dutch national
averages [65]. Based on these figures, it is anticipated that
the main endpoints of the study will be reached within
5-10 years of follow-up. Even though prevalence and
incidence rates of specific diseases and co-morbidities may
deviate from other parts of the Netherlands, we expect that
the etiological and pathogenic relations observed in The
Maastricht Study can be generalized to (at least) (“west-
ernized”) Caucasians. Studies with similar designs (e.g.,
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Table 3 Classic complications and emerging comorbidities of type 2
diabetes according to ICD-10 codes as main clinical outcomes of the

Maastricht Study

ICD-10 code

Classic complications of type 2 diabetes
Cardiovascular disease

Hypertension 110-15

Ischaemic heart disease 120-25

Cardiomyopathies 142-43

Arrhythmias 144, 47-49

Heart failure 150

Unspecified heart disease 151

Peripheral vascular disease 173.9, 179.2

Cerebral artery disease 161, 63, 64

Pulmonary embolism 126

Deep venous thrombosis 180.1-180.3
Retinopathy

Diabetic retinopathy H36.0
Neuropathy

Autonomic neuropathy G99.0

Diabetic polyneuropathy G63.2

Diabetic foot S91
Nephropathy

Glomerular disorders in diabetes mellitus NO08.3

Emerging comorbidities of type 2 diabetes

Neurological diseases

Cognitive decline

not applicable

Depression F32
Migraine G43.0-43.1
Hearing loss, tinnitus H90, H93.1
Eye diseases
Senile cataract H25
Diabetic cataract H28.0
Glaucoma H40.0-40.2
Macula edema H35.8
Blindness and low vision H54
Respiratory diseases
COPD J41, 42, 44
Sleep apnea G47.3
Musculoskeletal diseases
Gout M10, E79
Osteoporosis MR0-82, 84
Fractures S02,22,32,42,52,62,
72,82,92,
T02,08,10,
12,14.2,93.2
Gastrointestinal diseases
Irritable Bowel Syndrome K58
NASH, NAFLD* K76.0

NASH non-alcoholic steatoHepatitis, NAFLD non-alcoholic fatty liver

disease

@ Springer

the Rotterdam Study [66, 67] and the Hoorn Study [68,
69]) have generally supported these assumptions.

Statistical power

The vast amount of data collected within The Maastricht
Study will enable various research questions to be
addressed. For dichotomous outcomes, it will be possible
to detect a relative risk of 1.25 in the T2DM and 1.38 in
the non-diabetes subcohort if 10 % of all participants have
the relevant exposure and the 10 years incidence of the
outcome of interest is 11 % [assuming a type I error of
5 % and a type II error of 20 % (power 80 %)]. The rates
of most dichotomous and genetic exposures in The Ma-
astricht Study are expected to vary generally between 10
and 20 %.

The sample size has been calculated to allow detection
of a statistically significant modification of the effect of
exposure on outcome risk by the state of diabetes. The use
of continuous instead of dichotomous variables will
enhance the power to an important extent, as will the use of
multivariate modeling instead of stratified analysis.

Status of the study

From November 2010 until July 2013, a total of 3,000
individuals are enrolled and phenotyped in The Maastricht
Study; enrolment is currently set at 2,000 participants per
year. We expect that by the end of 2014 6,000 participants
will be enrolled. Participants highly appreciate their par-
ticipation in the Maastricht Study, as indicated by their
evaluations which score 8.5 out of 10 (n ~450).

Discussion

The Maastricht Study is a unique innovative prospective
population-based cohort study. To the best of our knowl-
edge, The Maastricht Study will be the largest prospective
cohort study worldwide that performs extensive pheno-
typing on T2DM and other chronic diseases in a population
of up to 10,000 individuals, with oversampling of T2DM
participants. Similar studies addressing T2DM, cardiovas-
cular, neurological, respiratory, musculoskeletal and gas-
trointestinal diseases using advanced imaging techniques
and extensive biobanking for detailed phenotyping and
focusing on both determinants and relevant outcomes are
currently not available. Therefore, The Maastricht Study
fills a clear niche in international research. Furthermore,
due to the relative isolation of the area under study, the
study has some unique features: (1) The population is
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relatively stable and bound to the region, i.e., most citizens
only relocate within the region or even within their
municipality. This is a tremendous advantage in prospec-
tive studies, since participants will be relatively easy to
trace after relocation. As a result, attrition due to loss to
follow-up can be minimized. (2) The population has a
homogeneous Caucasian background, which will enable
extrapolation to other Caucasian populations in the Wes-
tern world. (3) The prevalence and incidence of the main
outcome variables of the study are relatively high in the
study area when compared with other areas in the Neth-
erlands, increasing the power to study these outcomes. (4)
A wide range of differences in exposure of lifestyle and
socioeconomic factors is present in the study area, ranging
from for instance an un-healthy to a healthy lifestyle and a
low to a high education level.

The Maastricht Study has some limitations. There is vir-
tually no ethnic diversity in the study area, as nearly all
inhabitants are of Caucasian origin. Hence, results of The
Maastricht Study cannot be extrapolated to other ethnic
groups. Furthermore, during the past decades the participa-
tion rates of longitudinal cohort studies in the Netherlands
has declined. Therefore, commitment and satisfaction with
study procedures are key factors for success in the recruit-
ment and approach of participants, in order to safeguard not
only their full participation in baseline measurements, but
also their continued participation during follow-up. For
recruitment, we apply direct mailings combined with public
announcements, editorials in journals and magazines, as well
as cooperation with locally active partners, such as the local
professional soccer club in Maastricht (MVV). Reasons for
declining participation as well as participants’ satisfaction
on the measurements are monitored.
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