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Cardiopulmonary diseases are major causes of
death worldwide, but currently recommended strat-
egies for diagnosis and prevention may be outdated
because of recent changes in risk factor patterns.
The Swedish CArdioPulmonarybiolmage Study
(SCAPIS) combines the use of new imaging technol-
ogies, advances in large-scale ‘omics’ and epidemi-
ological analyses to extensively characterize a
Swedish cohort of 30 000 men and women aged
between 50 and 64 years. The information obtained
will be used to improve risk prediction of cardiopul-
monary diseases and optimize the ability to study
disease mechanisms. A comprehensive pilot study
in 1111 individuals, which was completed in 2012,
demonstrated the feasibility and financial and eth-
ical consequences of SCAPIS. Recruitment to the
national, multicentre study has recently started.

Keywords: cardiovascular, epidemiology, metabo-
lism, pulmonary, trial design.
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Objective

The Swedish CArdioPulmonary Biolmage Study
(SCAPIS) was initiated as a major joint national
effort in Sweden to reduce mortality and morbidity
from cardiovascular disease (CVD), chronic
obstructive pulmonary disease (COPD) and related
metabolic disorders, all of which are important
issues for public health. Its main goal was to
characterize, in terms of phenotype and environ-
mental and socio-economic influences, a Swedish
cohort of 30 000 men and women aged 50—
64 years to obtain novel information that is rele-
vant in today’s environment to identify and treat
individuals with cardiopulmonary and metabolic
diseases and to optimize the ability to investigate
disease mechanisms (see Table 1). SCAPIS capi-
talizes on the latest developments in imaging that
enable direct investigation of subclinical disease in
multiple organs and vascular beds. In addition,
innovative use of large-scale genotyping and recent
developments in metabolomics and proteomics will
facilitate the identification of new biomarkers and
mechanisms for disease.

Table 1 Principal aims of SCAPIS

To use advanced imaging methods to examine
atherosclerosis in the coronary and carotid arteries
together with information obtained by proteomics/
metabolomics/genomics technologies to improve risk
prediction for CVD

To use advanced imaging methods to examine pulmonary
tissue in combination with functional measurements
and information obtained by proteomics/metabolomics/
genomics technologies to improve diagnosis and risk
prediction for COPD

To use advanced imaging methods to examine fat
deposits together with information obtained by
proteomics/metabolomics/genomics technologies to
improve understanding of the role of obesity and
diabetes in CVD and COPD

To improve the understanding of the epidemiology of CVD
and COPD

To improve the understanding of underlying mechanisms
of disease in CVD and COPD

To evaluate the cost-effectiveness and ethics of using new
imaging methods and proteomics/metabolomics/

genomics technologies in prevention of CVD and COPD

CVD, cardiovascular disease; COPD, chronic obstructive
pulmonary disease.

Background

The recent decline in mortality and morbidity
from CVD in Western societies [1, 2] has been
mostly attributed to reductions in smoking and
plasma cholesterol levels related to lifestyle
changes in the population but also to new treat-
ments and improved management of acute myo-
cardial infarction [3, 4]. A parallel decrease in
histological features of atherosclerotic plaques
that are currently considered important for pla-
que instability has also been observed [5]. How-
ever, despite these improvements, CVD remains a
major threat to public health and accounts for
almost 40% of all deaths [6-8]. The first symptom
of coronary atherosclerosis is often sudden death
or acute coronary syndrome [9], and 75% of fatal
coronary events occur outside the hospital in
patients with first ever myocardial infarction [10,
11], indicating the importance of improving iden-
tification of asymptomatic high-risk individuals.
Furthermore, it is anticipated that the increasing
frequency of metabolic risk factors such as obes-
ity, dyslipidaemia and diabetes [12-14] will soon
offset the decline in CVD seen in recent decades
[15, 16]. Accumulating evidence indicates that
obesity, particularly with an ectopic distribution
of fat in the abdomen, muscles, liver and pericar-
dium, represents an important new risk factor
and plays a pivotal role in the development of
atherosclerosis by increasing levels of pro-athero-
sclerotic lipoproteins and inflammatory mediators
[13, 17].

Although COPD is the third most common cause of
death worldwide [18], its impact has not been fully
recognized by policy makers. Recent diagnostic
tests have identified a number of phenotypes,
indicating that COPD is not a single entity [19]. In
the industrialized world, the most important risk
factor for COPD is tobacco smoking, but environ-
mental and occupational exposure to pollutants
may also play an important role [20]; 5-10% of all
COPD cases occur in never-smokers, with the
majority of cases amongst nonsmokers occurring
in women [21]. Despite progress in the manage-
ment of COPD in recent years, the prevalence of
and mortality due to this condition remain high
[22, 23]. Many subjects live for years with COPD
both before and after diagnosis, which results in
substantial disability in the population at a high
cost to society [24]. Patients with COPD have an
increased risk of CVD independent of known CVD
risk factors, which has prompted suggestions that
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these diseases develop through similar mecha-
nisms [25-27]. Abdominal obesity has been iden-
tified as a key determinant of the association
between the metabolic syndrome and lung function
impairment [28].

With modern imaging techniques, it is now feasible
to directly visualize early preclinical signs of vas-
cular and pulmonary disease. Computed tomogra-
phy (CT) can detect and quantify fat deposits
within and around different organs [29]. High-
resolution ultrasound, magnetic resonance imag-
ing (MRI) and coronary CT angiography (CCTA) can
identify and characterize subclinical atheroscle-
rotic disease in most vascular beds [30-33]. Mul-
tidetector CT (MDCT) of the lungs can detect and
stage early signs of pulmonary disease, including
emphysema and airway wall thickening [34]. These
techniques are used in SCAPIS to obtain informa-
tion that can be applied to improve risk manage-
ment and explore disease causes. Increased
understanding of the underlying mechanisms will
facilitate and improve prevention and prediction of
prognosis, and result in novel and better-tailored
treatment of CVD, COPD and associated metabolic
diseases.

SCAPIS design

SCAPIS is designed as a prospective observational
study of a randomly selected sample from the
general population. The examinations were
selected on the basis of their ability to provide
detailed phenotypic information on subclinical
disease whilst at the same time being applicable
for use in a large study population. The design of
the study has been tested in a pilot population.

Study population

The aim was to recruit 30 000 subjects aged 50—
64 years randomly selected from the Swedish
population register. Subjects are recruited and
examinations performed at six Swedish university
hospitals (Gothenburg, Linkoping, Malmo/Lund,
Stockholm, Umea and Uppsala), each site recruit-
ing 5000 individuals from the respective munici-
pality areas. Recruitment is continuously
monitored with respect to sex and age distribution
(50-54, 55-59 and 60-64 years). Calculations of
the number of incident cases and future CVD and
COPD events based on the results from the pilot
study confirm that the size of the study allows for
relevant subgroup analyses.

Recruitment

All Swedish residents have a unique personal
identification number (PIN), which allows unbiased
and randomized recruitment from the Swedish
population register, almost complete follow-up,
and linkage to registries with information on hos-
pitalizations, living conditions and social welfare
(www.socialstyrelsen.se/statistics, www.scb.se/
en_/). Initial contact is made by sending out an
informational brochure asking the recipient to
contact the study centre via telephone, e-mail or
letter. If the centre is not contacted, the recipient is
reminded by up to three telephone calls (including
one in the evening) and finally by letter. If the
centre is contacted and the subject is willing to
participate in the study, an appointment is
arranged at the study centre. No exclusion criteria
are applied except the inability to understand
written and spoken Swedish for informed consent.
No reimbursement is provided for travel expenses
or loss of income. To improve recruitment, the
study is advertised in local newspapers and on
television. Employers in the catchment areas are
targeted to encourage study participation with paid
leave.

Virtual cohort

In parallel with the recruitment process, virtual
cohorts will be constructed consisting of register-
based census data on hospitalizations, income,
education and ethnicity in subjects aged 50—
64 years in the catchment areas. The virtual
cohorts will be used to gauge the representative-
ness of the recruited sample compared to the
background population.

Examinations and informed consent

The examinations are performed on two or three
occasions within a 2-week period dependent on
logistics at each study site. Core examinations that
are common for all sites are performed as well as
optional examinations at one or more sites depend-
ing on the local research interest (see Fig. 1).

Detailed informed consent is collected from each
participant as the first procedure on the first visit.

Questionnaires

A questionnaire, comprising 140 questions sepa-
rated into sets relating to factors central to the
research aims, has been designed to collect
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Carotid arteries (ultrasound, MRI)
Lungs (CT, spirometry)

Blood pressure

Liver steatosis (CT)

Fat depots, ECG

subcutaneous/visceral (CT)

ERuey

ST

Intra-muscular fat (CT)

Biobanking
Optional investigations

detailed information on self-reported health, family
history, medication, occupational and environmen-
tal exposure, lifestyle, psychosocial well-being,
socio-economic status and other social determi-
nants. A food-frequency questionnaire (Mini-Meal-
Q) with 35 questions is also used [35].

Biochemistry and biobank storage

A venous blood sample (100 mL) is collected from
participants after an overnight fast and is used for
immediate analysis and stored in a biobank for
later analysis (cholesterol, HDL, triglycerides, cal-
culated LDL, plasma glucose, HbAlc, high-sensi-
tivity C-reactive protein and creatinine). If plasma
glucose is >7.0 mmol L™!, a repeat sample is taken
at the second visit to establish a potential diagnosis
of diabetes [36]. Blood and spot urine samples for
biobank storage are processed in accordance with
guidelines from the Swedish Biobanking and Bio-
molecular Resources Research Infrastructure
(BBMRI.se/en/). Further details are provided in
the Supporting Information.

Anthropometry, electrocardiography, blood pres-
sure and accelerometry

Body weight is measured on a balance scale with
subjects dressed in light clothing without shoes.
Body height, waist and hip circumference are also
measured according to current recommendations
[37]. A 12-lead standard electrocardiogram is
recorded in the supine position after a rest for
5 min. Systolic and diastolic blood pressures are
measured twice in each arm with an automatic
device (Omron M10-IT, Omron Health care Co,

Ankle brachial index

Questionnaires
Blood chemistry (lipid profile, HbA1c,

plasma glucose, hsCRP, creatinine)

SCAPIS-objectives and design

Ascending aorta (CCTA)
Epicardial fat (CT)
Coronary artery calcification score (CT)

Coronary plaques (CCTA)

Fig. 1 Overview of the
information collected from the
subjects in SCAPIS. MRI,
magnetic resonance imaging;
CT, computed tomography;
CCTA, coronary computed
tomography angiography; ECG,
electrocardiogram; HbAlc,
glycated haemoglobin; hsCRP,
high-sensitivity C-reactive
protein.

Kyoto, Japan) and the mean of the measurements
used. The ankle-brachial index [38] is measured
as described in the Supporting Information.
Between visits, the participants are equipped with
an accelerometer (Actigraph Activity Monitor
GT3X-BT Actigraph, Pensacola, Florida, US) to be
worn on the hip to register ambulatory activity for
7 days.

Lung function tests

Dynamic spirometry (Jaeger MasterScreen PFT,
Carefusion, Hoechberg. Germany) is performed
according to the Burden of Obstructive Lung
Disease (BOLD) study protocol [39] to measure
forced expiratory volume in 1 s (FEV1), forced vital
capacity (FVC) and slow vital capacity. Spirometry
is performed 15 min after the inhalation of 400 ng
salbutamol. Gas diffusing capacity is measured
using a single-breath carbon monoxide diffusion
test (Jaeger MasterScreen PFT) according to Amer-
ican Thoracic Society/European Respiratory
Society recommendations [40].

Imaging carotid arteries with ultrasound and MRI

Atherosclerosis in the carotid arteries is imaged
using a standardized protocol with a Siemens
Acuson S2000 ultrasound scanner equipped with
a 9L4 linear transducer (both from Siemens,
Forchheim, Germany). The two-dimensional grey-
scale ultrasound image is analysed to determine
intima-media thickness, plaque size and number
of plaques and to differentiate between homoge-
nous and heterogeneous plaque structures and
plaques with different echogenicity [32, 41].
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Participants with moderate-to-large plaques in the
carotid arteries (plaque height exceeding 2.5 mm)
are asked to return for a third visit to undergo MRI
scanning. The MRI procedure is designed to opti-
mize imaging of the following plaque characteris-
tics: size of lipid-rich necrotic core, thickness of
fibrous cap, presence of intraplaque haemorrhage,
calcifications and plaque volume [42] (see
Supporting Information).

Imaging with CT

CT is performed using a dedicated dual-source CT
scanner equipped with a Stellar Detector (Som-
atom Definition Flash, Siemens Medical Solution,
Forchheim, Germany). A standardized sequential
image acquisition work-flow has been developed to
allow the heart, lungs and fat depots to be imaged
in one session (see Supporting Information).

Coronary arteries

The calcium content in each coronary artery is
measured and summed to produce a total coronary
artery calcification score (CACS) according to inter-
national standards [43].

Subjects without contraindications to contrast
mediareceive an intravenous beta-blocker to reduce
heart rate (preferably to below 60 beats min~!),
sublingual nitroglycerin to induce vasodilatation
and an intravenous contrast injection. CCTA is then
performed to assess lumen obstruction caused by
plaques. The morphology of calcified and noncalci-
fied plaques as well as remodelling of lumen geom-
etry can be assessed; this information is not
provided by conventional intra-arterial angiography
[31, 44]. CCTA has high inter- and intra-observer
agreement in detecting calcified plaques and greater
variability in detecting noncalcified plaques [45].

Lung tissue

Early structural changes in lung tissue are imaged
by MDCT over the full lung volume. This provides
information about airway wall thickness and
emphysema which is essential in the phenotyping
of COPD.

Fat depots

To investigate the association between disease and
fat distribution including ectopic fat accumulation,
CT is used to image epicardial, subcutaneous,
intra-abdominal, intramuscular and intrahepatic
fat deposits. The liver is also imaged using dual-
energy CT to further characterize the tissue [40]
(see Supporting Information).

Optional examinations

Each regional site is allowed to include optional
examinations that will not interfere with or affect
the core examinations but will allow each site to
expand on its own research interests. Examples
include collection of faecal samples for mapping of
the gut metagenome, sleep apnoea measurements,
three-dimensional electrophysiology, fitness test-
ing, oral glucose tolerance testing and whole-body
plethysmography.

Handling of data and images

Study data will be entered into a central database
at the study site through electronic case report
forms. Collaboration between SCAPIS and the
Western Sweden Regional Image database (Bild
och Funktionsregistret’, Gothenburg, Sweden) will
enable images generated within SCAPIS to be
available both to healthcare providers for clinical
follow-up and to research groups across Sweden.

Follow-up and use of epidemiological databases
Participants will be monitored for future events
through annual extensive register searches by
linking the unique Swedish PINs to the Swedish
National Hospital Discharge Register and the
Swedish Cause of Death Register, facilitated by
the detailed informed consent obtained at the first
visit. End-points include fatal or nonfatal myocar-
dial infarction, coronary artery bypass grafting,
percutaneous coronary interventions or death from
coronary heart disease; incident cases of stroke
defined according to World Health Organization
criteria [47] (subtypes of stroke are classified as
cerebral infarction, intracerebral haemorrhage and
subarachnoid haemorrhage); heart failure and
atrial fibrillation identified from a primary or sec-
ondary discharge diagnosis in the Swedish
National Hospital Discharge Register; respiratory
events defined as first-time hospitalization for
COPD, pneumonia and respiratory insufficiency;
and all-cause death. There will also be a question-
naire-based follow-up after 3-5 years that will
mainly focus on outcomes not captured in regis-
ters, including symptoms and diseases such as
asthma and rhinitis.

High external validity has been demonstrated for
myocardial infarction and heart failure identified
through registers [48]. To increase the quality of
reporting, local clinical events committees at each
site will adjudicate all end-points retrieved from the
Swedish National Hospital Discharge Register and
the Swedish Cause of Death Register based on the
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information from secondary searches in local hos-
pital registers. The Swedish prescribed drug regis-
ter will provide data on dispensed prescriptions.
Data from high-quality, national registers on CVD
and pulmonary disease (e.g. SWEDEHEART [49],
Riks-STROKE [50] and SWEDVASC [51]) will pro-
vide detailed information on the type of event and
interventions used. A range of other registers is
also available with detailed information, for exam-
ple, on living conditions, salary, education and
social welfare (see Supporting Information).

Ethical aspects

SCAPIS has been approved as a multicentre trial by
the ethics committee at Umea University and
adheres to the Declaration of Helsinki.

Radiation for imaging

With current imaging modalities, the dose of radi-
ation can be kept low (see pilot data). Evidence from
our pilot data indicates that SCAPIS will lead to the
early detection of many more cancers than those
caused by the additional radiation dose. In addi-
tion, multi-organ imaging will facilitate the detec-
tion of other diseases and lead to early treatment.
Furthermore, we anticipate that the large amount of
information that will result from imaging in SCAPIS
will lead to many new scientific discoveries. The
radiation safety committee at each hospital has
carefully weighed the potential benefits against the
potential harm induced by radiation exposure
(mainly radiation-induced lung cancer in the age
group considered) and deemed that the radiation
dose is justifiable for the SCAPIS population. The
SCAPIS steering committee has also considered
radiation safety (see Supporting Information).

Medication for imaging

The iodinated contrast agent used for CCTA has
the potential to cause renal damage [52], but the
frequency of contrast-induced nephropathy is
debated; very few high-quality studies have been
conducted [52-54], and from a recent large study,
it was concluded that contrast material is not
associated with increased risk [55]. No hospital-
izations for renal failure were reported in the pilot
trial. However, we will prospectively monitor renal
function in the next phase of SCAPIS, using
repeated creatinine measurements in a selected
population, to investigate the impact of iodinated
contrast agents on subtle functional changes.

Pathological findings and their consequences

Because the study design involves very detailed
phenotyping of the subjects, many potentially
relevant clinical findings related to cardiopulmo-
nary disease will be identified (see pilot data).
Established treatment strategies will exist for some
but not all of these findings [56]. Working groups
have thus been created to establish a consensus
recommendation on how to deal with the most
common clinical findings. These groups comprise
expert representatives from cardiology, oncology,
radiology and respiratory medicine from the par-
ticipating university hospitals. All subjects receive
information about potential risk factors for disease
and any findings that require further investigations
and treatment (see pilot data). All advice given is
standardized to achieve a similar follow-up at all
sites. The information is routinely accompanied by
written advice on changes to promote a healthier
lifestyle. However, subjects are clearly informed
that no information is revealed about data of
uncertain clinical value or data collected solely for
future research purposes (e.g. genetic or detailed
‘omics’ data).

Data held within the research database are con-
fidential, never revealed to any external sources
and only used in coded format. However, the
participants are informed that pathological find-
ings in need of follow-up in the healthcare system
are documented in the hospital’s ordinary patient
records. Access to this information is controlled by
the hospital and treating physicians, not the study
organization, and is normally confidential. How-
ever, an insurance company has the right to
request medical information from, or authoriza-
tion to access the medical records of, a person
who wants to take out life insurance. If data are
revealed to an insurance company, they may
affect the circumstances for obtaining life insur-
ance.

Quality assurance

Quality at all stages of SCAPIS is essential for the
safety of the participants and to obtain valid data.
Therefore, all questionnaires, examinations, man-
agement of clinical data, data handling, automated
data validation, participant information and labo-
ratory techniques are based on the established
methods and standard operating procedures
(including staff training). National or regional core
facilities are used for storing samples and images.
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Regular training sessions (three to four times per
year) are scheduled for all staff. Images for scien-
tific use will be read prospectively by the radiolo-
gists in each radiology department. Reproducibility
of these readings will be published and assured by
regular national training sessions and consensus
discussions. Core laboratories will also be used for
secondary reading of CT (fat depots, pulmonary
imaging and CCTA) and ultrasound images
(intima-media thickness and plaque size and
texture).

Study data are entered into a central database at
the study site through an electronic case report
form. Integrity of the data and efficiency of recruit-
ment will be continuously monitored by a central
data-monitoring group.

National study organization

SCAPIS is led by a steering committee comprising
representatives from and endorsed by the six
participating universities. The steering committee
has the overall scientific and fiscal responsibility
for SCAPIS. Each university representative will
organize a local steering group with competence
in cardiology, respiratory medicine and radiology.
A scientific advisory board comprising distin-
guished national and international researchers
has been appointed. After collection of data, SCA-
PIS will be open to national and international
researchers after application to and subsequent
approval by the steering committee.

SCAPIS pilot trial

The pilot trial of SCAPIS was performed in the city
of Gothenburg, Sweden, from February to Novem-
ber 2012. Its primary aims were to examine the
feasibility of the study design and to estimate the
consequences of pathological findings identified
during the examinations on clinical resources
within the public healthcare system and on the
participants from an ethical perspective. The only
difference from the design of the main study
outlined above was that participants were
recruited from areas with high versus low socio-
economic status, which allowed us to examine
participation rates and reasons for nonparticipa-
tion. In total, 1111 subjects were recruited (of 2243
invited) and all main aspects of the SCAPIS design
were tested. The planned time schedule was
adhered to, thus verifying the feasibility of exam-
ining 5000 subjects in 3 years at one site.

Participation rates

The overall participation rate was 49.5% (39.9% and
67.8% in areas of low and high socio-economic status,
respectively). Reasons for nonparticipation were as
follows: inability to make contact with the subject
(37.4%), too busy (15.7%), too sick (6.6%), language
difficulties (7.8%), miscellaneous (6.4%) and none
given (26.1%). Lack of contact and language difficul-
ties dominated in areas of low socio-economic status.

Proportion of participants with complete examinations

At least one aliquot of blood was stored and
biobanked from 99.6% of the participants, and
complete sets of samples were obtained from
93.0%. The questionnaire was completed by
97.7% of the participants, spirometry was per-
formed in 99.5% and complete sets of noncontrast
CT images were available from 98.0%. CCTA was
performed in 88.2% of the participants.

Radiation dose

The median effective radiation dose used for the
comprehensive CT imaging was 4.2 mSv, divided
between cardiac (2 mSv for CACS and CCTA com-
bined), pulmonary (2 mSv) and metabolic imaging
(0.2 mSyv). Ethical considerations for an acceptable
radiation dose are discussed in detail in the
Supporting Information.

Pathological findings and their consequences

Risk factor patterns were as expected in the
population with a high prevalence of dyslipida-
emia, hypertension and obesity (Table 2). Previous
CVD was not common (Table 2).

The study examinations led to the early diagnosis
of three malignant tumours (one hepatocellular
carcinoma and two pulmonary adenocarcinomas)
and one thoracic aortic aneurysm (6 cm wide), all
of which have been treated. As expected, the most
common incidental findings were pulmonary nod-
ules, which were managed according to recent
recommendations [57]. All participants with signif-
icant coronary stenosis in critical vascular seg-
ments (>50% lumen obstruction in the main stem
or proximal left anterior descending artery, three-
vessel disease or CACS of >400) were referred to a
cardiologist for relevant management according to
a common standardized algorithm written for
SCAPIS by a national expert group of cardiologists.
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Table 2 Baseline characteristics of participants observed in
the SCAPIS pilot trial and predicted in the future total
cohort

Predicted in

SCAPIS total SCAPIS
pilot cohort®
n=1111 n= 30 000
n (%) n
Previous CVD (MI, stroke) 27 (2.4) 750
Atrial fibrillation 27 (2.4) 750
Dyslipidaemia (total) 289 (26) 7800
Dyslipidaemia (treated) 103 (9) 2790
Hypertension (total) 370 (33) 10 200
Hypertension (treated) 249 (22) 6600
Diabetes 87 (8) 2340
Current smoking 200 (18) 5400
Obesity (BMI >30 kg m™?) 244 (22) 6600

CVD, cardiovascular disease; MI, myocardial infarction,;
BMI, body mass index.

Previous CVD, atrial fibrillation, hypertension and diabe-
tes data are based on self-reported health (questionnaire
or interview) in combination with laboratory results.
Obesity data are derived from direct measurements.
“Extrapolation of pilot data to obtain predicted number of
participants with different conditions in the total SCAPIS
cohort.

All participants with CVD risk factors and newly
diagnosed diabetes and/or hypertension were
given written recommendations for follow-up and,
if necessary, encouraged to make an appointment
with their primary healthcare provider.

Perception of risk

From an ethical perspective, the pilot trial revealed
that information on risk and the possibility of
suffering from disease was perceived very differ-
ently by individual participants. To handle this
issue, a number of changes were made to the
informed consent form and to the information
given to the participants. In addition, a research
programme has been launched within SCAPIS to
develop instruments that will increase our under-
standing of how information is perceived by and
best delivered to the participants [58].

Financial projections

The experience and results from the pilot study
allowed precise estimates of the financial costs of

running the full study at each site as well as the
resources needed from the healthcare organiza-
tions to manage detected disease.

Expected event rates calculated from SCAPIS pilot trial data

We used information (age, sex, systolic blood
pressure, HDL and cholesterol) from the CVD-free
subgroup of subjects (no prevalent stroke or
myocardial infarction) enrolled in the pilot trial
(n=1074) and calculated their future risk of CVD
using information on event rate from four different
independent risk algorithms [59-63]. We also
extracted information on incidence rate from two
separate Swedish cohort studies (see Supporting
Information). The average incidence rate from
these six values was used to calculate the number
of events expected to occur in the total SCAPIS
cohort. These estimates were then recalculated to
predict incident cases of fatal and nonfatal myo-
cardial infarction and stroke as outlined in the
Supporting Information. Based on these calcula-
tions, we predict that approximately 190 CVD
end-points will occur (i.e. incident cases of non-
fatal or fatal myocardial infarction and ischaemic
stroke) in our cohort of 30 000 subjects within a
period of 2 years. At 5 years, there will be nearly
600 events and at 10 years more than 1600
events. In addition, we predict that 120 hospital-
izations due to COPD exacerbations and up to
500 COPD exacerbations treated on an outpatient
basis will occur in our cohort of 30 000 subjects
within a period of 2 years (see Supporting Infor-
mation).

Because the incidence of CVD, COPD and related
metabolic diseases will show large variations
dependent on age and sex, socio-economic status,
presence of clinical disease and other risk factors,
the size of the study is calculated to allow for
important subgroup analyses. The number of
subjects in the total SCAPIS cohort expected to
develop different conditions is shown in Table 2.
The cross-sectional analyses at baseline will allow
direct and detailed studies of the associations
between subclinical atherosclerotic disease in the
carotid and coronary arteries and risk factors
including COPD and ectopic fat distribution.
Because the age group under study includes
individuals who are clinically healthy but with
signs of early disease, a clear advantage of cross-
sectional analyses is the minimal confounding
effects of concomitant pharmacological risk factor
treatment.
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Advantages of SCAPIS compared to other similar cohorts

Building on the tradition of early landmark popula-
tion studies such as the Framingham Heart Study
[64], several large international cohort studies have
been completed, or are ongoing or planned, focusing
on CVD and COPD [65-72]. There are also a number
of very large ongoing epidemiological initiatives that
aim to cover all disease areas and therefore are less
specific in their design [73-75]. However, the
strength of these studies is their size. Compared
with these studies, SCAPIS has the advantage that it
combines size with extensive and in-depth pheno-
typing and direct imaging of the disease process.

In a few large-scale international studies, for
example the Multi-Ethnic Study of Atherosclerosis,

the Dallas Heart Study and the Biolmage study,
extensive cardiovascular and pulmonary imaging
has been performed (Table 3) [76-78]. However,
the planned size of SCAPIS is almost three times
that of the next largest study. Further advantages
of SCAPIS include (i) it is the only study using
CCTA in the total cohort, which allows direct
visualization and quantification of plaques in the
coronary arteries; (ii) direct visualization of disease
in lung and vessels is combined with detailed
metabolic imaging of fat depots on a scale not
attempted in any other study; and (iii) an unbiased
and randomly selected sample is recruited from the
general population. Furthermore, the Swedish
identification number and registers provide advan-
tages in selection of the cohort and follow-up. In
addition, because the prevalence of smoking in

Table 3 Comparison of large population-based imaging studies

Dallas heart

MESA [76] study [77] Biolmaging [78] SCAPIS
Start 2000 2002 2008 2014
Completion 2002 2004 2009 2018
Age group (years) 45-84 18-65 Men >55-80 50-64
Women >60-80

Sample size 6814 (53% 3072 (55% 6101 (56% women) 30 000 (50% women)

women) women)
Exclusion criteria Known CVD, None Claims of CVD, None

treated cancer cancer, etc.
Population Stratified Probability Members of Random

for ethnicity sampling Humana population sample

(postal addresses);
stratified for

Health Plan;
stratified for

ethnicity ethnicity
Participation rate (%) Not Not applicable Not applicable 49
applicable (pilot data)
Imaging
Atherosclerosis
Carotid — ultrasound 6814 - 6104 30 000
Carotid — MRI - - 525 3000
Coronary artery calcium 6814 2971 6104 30 000
Coronary plaque - - 380 27 000
Pulmonary
MDCT - - - 30 000
Metabolic
Liver 6814 2971 - 30 000
Epicardial/abdominal/thigh 6814 2971 - 30 000

CVD, cardiovascular disease; MDCT, multidetector computed tomography; MRI, magnetic resonance imaging.
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Sweden is relatively low (18% in the SCAPIS pilot),
it is feasible to perform subgroup analyses on
never-smokers.

Advantages of using CT in population studies of cardiopulmonary
disease

A number of imaging modalities can be used to
visualize vascular and pulmonary disease. How-
ever, because of their invasive nature, radiation
burden or length of time required for image acqui-
sition, many of these techniques are not applicable
for use in a large population study with healthy
volunteers. There are four main reasons for the
choice of CT for imaging in SCAPIS: (i) imaging of the
coronary circulation, lungs and fat depots can be
done in the same session; (ii) fast image acquisition
allows high throughput of subjects; (iii) if contrast
media is injected, noninvasive assessment of the
coronary circulation and plaque disease is possible;
and (iv) all of the above can be achieved with
acceptable doses of radiation if the most recently
developed hardware and software are used.

CACS

CT has been used frequently in population studies
to detect coronary arterial calcifications, and CACS
has been shown to improve the identification of
individuals at high risk of CVD. In the Multi-Ethnic
Study of Atherosclerosis, CACS was a strong pre-
dictor of cardiovascular and coronary events and
improved the C statistic (equivalent to the area
under the receiver operating characteristic curve)
from 0.77 (with traditional risk factors) to 0.81
[79]. Similarly, in the Rotterdam Study, CACS
raised the C statistic for coronary events from
0.72 to 0.76 [80]. CACS has also been shown to
improve risk classification in intermediate-risk
individuals. In the Multi-Ethnic Study of Athero-
sclerosis, calcium scores reclassified 55% of inter-
mediate-risk individuals, including 16% who were
upgraded to high risk [81]. The overall net reclas-
sification improvement (NRI) was 25%. In the
Rotterdam Study, 52% of intermediate-risk indi-
viduals were reclassified, 22% to high risk and the
overall NRI was 14% [80]. Similar results were
obtained in another large population-based cohort,
the Heinz Nixdorf Recall Study [82]. Thus, the use
of CACS is an established technique for improved
risk classification. However, its use is not yet
recommended for screening of low-risk populations
and is controversial for those at intermediate risk
[83-85]. If the incremental value of CACS can be

improved by combination with new biomarkers of
disease, these recommendations may be revised.

CCTA

At present, no large population studies have pub-
lished CCTA data from a randomly selected healthy
population. Current knowledge of the prognostic
potential of CCTA comes from studies of patients
assessed with CCTA because of suspected CVD
and cardiovascular symptoms. These studies have
shown that the degree of stenosis and the extent of
coronary atherosclerosis in terms of number of
diseased vessels predict mortality [86, 87]. Several
studies using invasive angiography or CCTA have
shown that proximal are more relevant than distal
diseased segments for prognosis [87-89]. The large
multinational CONFIRM registry, comprising over
20 000 patients with suspected clinical cardiac
disease, confirmed the predictive value of segmen-
tal plaque burden beyond the degree of stenosis
[30]. By focusing only on plaques in the proximal
segments, the predictive value of CCTA could be
improved significantly; the best CCTA parameters
to improve outcome beyond clinical risk scores
were proximal segments with >50% stenosis [30].

In addition to plaque burden, CCTA-derived plaque
features that appear to identify a high-risk popula-
tion include low attenuation plaques, outward
remodelling [31] and the fTinglike sign’ that is
thought to correspond to the presence of a thin-
cap fibroatheroma [44, 90]. In a recent study, it was
shown that these signs of plaque vulnerability are
associated with future acute coronary syndrome
events even when the plaques are physiologically
nonobstructive as evidenced by a negative stress
test [44]. These studies thus indicate that coronary
plaque vulnerability is determined by factors
beyond the degree of stenosis and that CCTA-
derived information on plaque characteristics will
improve risk prediction beyond calcium scoring.

CT-derived information on coronary disease will be
combined in SCAPIS with extensive biomarker
programmes and detailed phenotyping to identify
high-risk plaque features and expand the under-
standing of plaque biology.

Possibilities for data analyses to identify gene—metabolite—disease
interactions

SCAPIS is an ideal cohort to identify gene-metab-
olite-disease interactions by combining the exten-
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sive phenotyping data with metabolomic/lipido-
mic, proteomic and genetic analyses. For example,
we will test the hypothesis that interplays between
dietary intake and genetic composition generates
metabolic signatures that in turn are likely to be
causally related to the development of myocardial
infarction. In an attempt to identify such metabolic
signatures, plasma will be analysed (by liquid
chromatography and mass spectrometry) from a
subgroup of SCAPIS participants after an overnight
fast. Using a Mendelian randomization approach
[91, 92], we will investigate whether there is a
causal association between specific metabolite
alterations and genetic variation using genome-
wide association studies and exome chip analysis.
Associations between metabolites/metabolic path-
way-related metabolite patterns and the presence
of severe coronary atherosclerosis at baseline will
also be investigated as well as the incidence of
myocardial infarction during follow-up. To test
whether such relationships are causal or only
parallel phenomena, our findings will be validated
by identifying genetic variants strongly associated
with the plasma concentration of the particular
metabolite/metabolic pathway. Such metabolite-
associated gene variants will then be tested for
association with the presence of coronary athero-
sclerosis/incidence of myocardial infarction in the
entire SCAPIS population. Gene-metabolite-dis-
ease interactions that can be validated in such a
three-stage procedure would imply a causal rela-
tionship between the metabolite/metabolite pat-
terns and the presence of disease and suggest a
potential drug and lifestyle-modifiable target for
disease prevention.

Limitations

An important aim in the recruitment process is to
ensure a reasonably high participation rate [93].
High participation rates have been increasingly
difficult to achieve in recent years, exemplified by
the steady decline in rates observed in the repeated
studies of 50-year-old men in Gothenburg, Sweden
[94]. The recruitment strategy used in the pilot
study was designed to quantify and describe the
anticipated recruitment difficulties from different
social strata. As expected, a large difference in
participation rates was seen between more and less
affluent areas in Swedish society (67% vs. 37%)
despite an overall acceptable participation rate of
49%. Financial restraints limit the study to those
who understand written and spoken Swedish. This
will mean that some immigrants are excluded, thus

limiting the generalizability of SCAPIS to these
groups in society. Nevertheless, the pilot study
clearly demonstrated substantial differences in
health associated with socio-economic status in
Swedish society. Furthermore, the pilot study
showed that subjects at risk of disease from less
affluent areas will participate in the study, albeit at
a lower level than those from affluent areas. Given
that SCAPIS will comprise 30 000 individuals, its
size will be sufficient to overcome this limitation
and allow important comparisons to be made
between social strata.

Despite the pilot study experience from Gothen-
burg showing socio-economic differences in risk
factors, we chose to recruit subjects based on a
randomized selection of participants from the
Swedish population register without stratification
for socio-economic status. The main reason for this
decision is that smaller socio-economic gradients
are anticipated at the smaller university sites
(Umea, Linképing and Uppsala) compared to the
larger cities (Stockholm, Gothenburg and Malmg).
The gradients will also be qualitatively different
between cities, making controlled stratification
impossible. In addition, the unique Swedish PIN
and availability of detailed registers (with extensive
records of hospitalizations, census information,
education, employment, sick leave, social welfare
and income) will allow us to quantify and statisti-
cally compensate for variations in participation
rate. Virtual cohorts with the same background as
those in the randomized sample will be created,
which will enable us to analyse and account for the
effects of nonparticipation on both disease and
social class.

Conclusion

SCAPIS will create a unique Swedish cohort for
studies on CVD, COPD and related metabolic
disorders at the highest international level, which
will increase knowledge of basal mechanisms and
improve risk prediction of these diseases and might
lead to more individualized, cost-effective and
better health care. Prevention of premature CVD
and COPD is a high priority worldwide, and we
anticipate that better risk discrimination will lead
to more cost-effective measures. The size and
design of SCAPIS will ensure the ability to statis-
tically account for age, sex and other confounding
factors and provide the possibility to study sub-
populations with high statistical power. The pilot
study has convincingly shown that the protocol
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with its extensive imaging is feasible, and the
planned timescale is realistic.

The creation of an extensive blood and DNA
biobank will greatly facilitate the search for new
lipid, protein and genetic biomarkers of disease.
Once established, the platform will provide the
basis for cutting-edge translational and reverse
translational research within gene-environment
interaction studies and case—control or case-—
cohort studies of mechanisms underlying CVD,
COPD and related metabolic disorders.
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