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Abstract

Background: The purpose of this work is to describe the objectives and design of cardiovascular magnetic
resonance (CMR) imaging in the single center, prospective, population-based Hamburg City Health study (HCHS).
The HCHS aims at improving risk stratification for coronary artery disease (CAD), atrial fibrillation (AF) and heart
failure (HF).

Methods: The HCHS will finally include 45,000 inhabitants of the city of Hamburg (Germany) between 45 and
74 years who undergo an extensive cardiovascular evaluation and collection of biomaterials. Risk-scores for CAD, AF
and HF are used to create enriched subpopulations who are invited for CMR. A total number of approximately
12,362 subjects will undergo CMR and incident CAD, AF and HF will be assessed after 6 years follow-up. The
standard CMR protocol includes cine-CMR, T1 and T2 mapping, aortic/mitral valve flow measurements,
Late gadolinium enhancement, angiographies and measurements of aortic distensibility. A stress-perfusion scan is
added in individuals at risk for CAD. The workflow of CMR data acquisition and analyses was evaluated in a pilot
cohort of 200 unselected subjects.

Results: The obtained CMR findings in the pilot cohort agree with current reference values and demonstrate the
ability of the established workflow to accomplish the objectives of HCHS.

Conclusions: CMR in HCHS promises novel insights into major cardiovascular diseases, their subclinical precursors
and the prognostic value of novel imaging biomarkers. The HCHS database will facilitate combined analyses of
imaging, clinical and molecular data (“Radiomics”).
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Background
The Hamburg City health study
The single center, prospective, population-based cohort
Hamburg City Health study (HCHS, www.hchs.hamburg)
aims at identifying novel risk factors for major diseases
such as coronary artery disease (CAD), atrial fibrillation
(AF), heart failure (HF), dementia and stroke. HCHS will
finally include 45,000 individuals between 45 and 74 years
who undergo an extensive baseline evaluation of the car-
diovascular and neurologic system. A detailed description
of the overall study design and work flow will be published
separately. One major focus of HCHS is the incremental
prognostic value of cardiovascular magnetic resonance
(CMR), which is performed in HCHS subpopulations at
increased risk for incident CAD, AF and HF. This work
describes the rationale and design of performing CMR in
HCHS and reports the findings of a pilot-study.

CMR in population based-studies
The armamentarium of CMR ranges from cine-CMR
measurements of cardiac volumes, mass and function,
over myocardial perfusion measurements, late gadolinium
enhancement (LGE) CMR, native and post contrast T1-
and T2 mapping CMR for assessing focal and diffuse myo-
cardial injury to blood flow measurements by
velocity-encoded (VENC) CMR. Cine-CMR is currently
the reference method for quantification of cardiac vol-
umes, mass and function [1]. Stress perfusion CMR pro-
vides a superior diagnostic accuracy for relevant stenosis
of coronary arteries compared with radionuclide perfusion
imaging [2, 3]. Furthermore, LGE serves as the
semi-quantitative reference technique for depicting focal
myocardial scar [4], whereas T1 and T2 mapping tech-
niques offer a quantitative assessment of diffuse myocar-
dial injury [5]. Most importantly, proof of myocardial
fibrosis by LGE CMR was consistently found to be associ-
ated with adverse outcomes in ischemic and non-ischemic
cardiomyopathies [6, 7]. Furthermore, arterial stiffness is
an independent predictor for the development of cardio-
vascular disease and cardiovascular mortality [8] and can
be assessed non-invasively by aortic distensibility (AD)
and the pulse wave velocity (PWV) on CMR [8]. In
addition, VENC CMR enables accurate blood flow mea-
surements for a quantitative assessment of valvular heart
disease [9]. A major general strength of CMR for research
application is an excellent reproducibility of quantitative
measurements compared with other techniques, such as
echocardiography [10, 11]. CMR is therefore an attractive
instrument for population-based studies [12] and is imple-
mented in several ongoing population-based studies, such
as the UK Biobank [13], the German National Cohort [14]
and the Canadian Alliance for Healthy Hearts and Minds
cohort study (CAHHM) [15].

Coronary artery disease
Non-invasive stress testing is the key diagnostic tool in
symptomatic suspected or known, stable CAD [16, 17], but
there are only limited data supporting stress testing for
CAD risk-assessment in asymptomatic individuals [18–20].
Consequently, stress testing is currently not recommended
in asymptomatic individuals without known CAD [20, 21].
However, CMR has great potential in this context, since
stress-perfusion CMR offers a superior diagnostic accuracy
to depict myocardial ischemia compared to other
non-invasive stress tests [2, 3] and provides important prog-
nostic information [22, 23]. Moreover, LGE CMR is the
non-invasive reference technique to detect occult myocar-
dial scar, which is a strong predictor of major adverse events
and mortality [24, 25]. Thus, HCHS promises unique data
on the value of stress CMR in individuals at risk for CAD.

Atrial fibrillation
Recent studies indicate that cardiac imaging could im-
prove the prediction of AF [26, 27]. In particular, CMR is
currently used as the reference standard for measure-
ments of left atrial (LA) volumes and function [28], which
were recently found to be associated with stroke risk [29].
HCHS evaluates the potential incremental value of com-
bining well-established risk factors, novel biomarkers and
CMR measures of LA and left ventricular (LV) volumes,
mass and -function, as well as myocardial tissue compos-
ition to identify patients at risk for incident AF.

Heart failure
There is a strong need to depict individuals at risk for HF
before clinical manifestation to initiate prevention and
therapy as early as possible in advance of clinical events.
LV-ejection fraction (EF) is traditionally the most import-
ant functional cardiac parameter in HF [30, 31]. However,
the value of LVEF is limited by definition in HF with pre-
served EF (HFpEF) [31]. In HFpEF patients, LA volume
and LV mass were independent predictors of morbidity
and mortality [32], but CMR offers several tools beyond
conventional imaging in this context. In particular, tissue
characterisation by T1 mapping CMR with quantification
of native T1 and extracellular volume (ECV) is extremely
promising, due to its ability to quantify diffuse myocardial
fibrosis, which is typically undetected by LGE [33, 34] and
myocardial fibrosis is associated with an unfavourable
prognosis in several conditions [6, 7]. HCHS evaluates the
potential incremental value of combining CMR tissue
characterization with circulating biomarkers to yield an
optimized HF prediction.

Methods
General
The local ethics committee approved the HCHS. All partic-
ipants are informed explicitly on direct (such as contrast
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media), but also indirect risks (such as downstream testing)
of participating in HCHS. Written informed consent is ob-
tained in all subjects of the pilot phase and of the main
study. HCHS will finally include 45,000 participants be-
tween 45 and 74 years of age within a period of 6 years for
baseline examination. The final HCHS-population will con-
tain 50% males and 50% females. Briefly, the recruitment
pathway will be as follows: Firstly, the Residents’ Registra-
tion office of the city of Hamburg will draw a sample of
20,000 citizens from the central population register every
second year. The only pre-selection criteria will be age be-
tween 45 and 74 years and gender. Secondly, the Residents’
Registration office will send the contact data of these
20,000 potential HCHS participants to the HCHS recruit-
ment center. Thirdly, the HCHS recruitment center will
then subsequently invite these individuals without further
stratification or knowledge of clinical characteristics to par-
ticipate in the HCHS. Individuals, who agree to participate
in the HCHS are then scheduled for baseline evaluation.
All participants will be invited to at least one follow-up
visit, 6 years after the baseline visit. Baseline and follow-up
visits are performed in the HCHS study center, which is lo-
cated in a dedicated building at the University Medical
Center Hamburg-Eppendorf, Hamburg, Germany. The par-
ticipants undergo interviews and questionnaires, including
a comprehensive assessment of psychosocial, environmen-
tal and lifestyle risk factors such as nutrition, physical activ-
ity or professional life. All participants undergo spirometry,
blood-pressure measurements, an electrocardiogram, an
ultrasound of the carotid arteries, 2D- and 3D echocardiog-
raphy and cognitive testing. Furthermore, the following bio-
materials are collected, processed and stored within HCHS:
serum, plasma, blood cells (erythrocytes, peripheral mono-
nuclear cells (PBMCs), nucleic acids, including genomic
DNA (extracted from leucocytes) and RNA (extracted from
PBMCs and whole blood), urine, saliva, tonsil swab, liquid
from the interdental spaces, skin stanza for production of
induced pluripotent stem cells. Prospectively, the following
assays/measurements will be used: a) Immunological and
clinical-chemistry assays for protein-based measurements
and b) whole genome sequencing and targeted SNP geno-
typing using TaqMan assays. Further measurements will be
used on a project-specific basis.
Data from the baseline visit are used to calculate conven-

tional risk-scores for the HCHS target diseases: Individuals
at risk for CAD are identified by the ESC Euro SCORE
(Systematic COronary Risk Evaluation) > 4%, which has the
advantage that a modified version for the German popula-
tion exists [35, 36]. The CHARGE-AF score is used as the
first and best validated risk prediction algorithm for inci-
dent atrial fibrillation in the community to identify partici-
pants at intermediate or high risk (> 6%) for AF [37].
Individuals at increased risk for HF (> 3.4%) are identified
by the optimized ARIC-Heart-Failure-Prediction-Score,

which includes n-terminal pro b-type natriuretic peptide
(NT-proBNP) [38]. Participants at increased risk for CAD,
AF and/or HF are then invited for CMR in order to create
enriched CMR subpopulations.
Specific contraindications for CMR within HCHS are

defined as claustrophobia, possible pregnancy, any tattoo
on the upper side of the body, implanted cardioverter
defibrillators or pacemakers, cochlear implants, insulin
pumps or similar devices, intrauterine spirals and any
other implanted ferromagnetic material. Furthermore,
each participant is informed explicitly and in detail
about recent findings on deposition of gadolinium in the
brain after administration of gadolinium-based contrast
agents [39]. Although, gadoterate meglumine (Dotarem®,
Guerbet, Aulnay, France) seems to be safe in this con-
text in humans [39], the participants have the opportun-
ity for a conscious and informed decision on this topic.
Any reduction in estimated glomerular filtration rate
(eGFR) below 60 mL/min is regarded as a contraindica-
tion for contrast enhanced CMR within HCHS.

Study population
In HCHS, we expect 10,252 individuals with an ESC
Euro Score > 4%; 9418 with a risk score for AF > 6% and
14,502 with HF risk score > 3.4%. Assuming that 60% of
the participants accept invitation for CMR, which was
deduced from the German National Cohort [14], we ex-
pect to perform CMR in 6151; 5651 and 8701 individ-
uals at increased risk for CAD, AF and HF, respectively.
Recruitment rates will be continuously tracked and if
the recruitment rate is lower than expected, the HCHS
steering committee will decide on a potential additional
recruitment phase. Figure 1 illustrates the expected over-
lap between the three groups. Furthermore, a cohort of
1500 unselected subjects serves as a reference popula-
tion. The CMR subpopulation of HCHS will finally in-
clude approximately 12,362 subjects.

CMR protocol
CMR is exclusively performed on a dedicated 3 T scanner
(MAGNETOM™ Skyra, Siemens Healthineers, Erlangen,
Germany), which is located at the University Medical Cen-
ter Hamburg-Eppendorf, Hamburg, Germany. Three dif-
ferent CMR protocols are implemented in HCHS (Fig. 2):

� First, the standard protocol includes balanced steady
state free-precession (bSSFP) cine-CMR, native and
post-contrast T1 mapping (5b(3b)3b and
4b(1b)3b(1b)2b modified Look-Locker inversion re-
covery (MOLLI) schemes, respectively), T2 mapping
(T2 prepared, fast-low-angle shot (FLASH) se-
quence), rest perfusion (Turbo FLASH sequence)
during the first-pass of 0.15 mmol/kg gadoterate
meglumine (Dotarem®, Guerbet, Aulnay, France), an
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angiography of the thoracic vessels (volumetric in-
terpolated breath-hold examination, volumetric in-
terpolated breath-hold examination (VIBE)
sequence), 2D-cine and flow measurements of the
ascending and descending aorta at the level of the
right pulmonary artery for calculation of AD and
PWV, 2D aortic and mitral valve flow measurements
as well as LGE imaging (phase sensitive inversion re-
covery, PSIR).

� Second, a reduced non-contrast protocol is per-
formed in subjects who decline the use of gadoterate
meglumine (Fig. 2).

� Third, the stress protocol consists of the standard
protocol followed by a stress perfusion scan
(Turbo FLASH sequence) during an additional
first-pass of 0.05 mmol/kg gadoterate meglumine
1 min after the administration of 400 μg regade-
noson (Rapiscan, Pharma Solutions, London,
United Kingdom).

The CMR protocols and typical imaging parameters
are presented in Table 1 and Fig. 2.

CMR data analysis
A standardized workflow for qualitative and quantitative
image analysis was implemented in order to provide ac-
curate and reproducible data but also to ensure a stan-
dardized handling of incidental findings. In particular,
standard operating procedures (SOPs) were established
for all qualitative and quantitative items in agreement

with current Society for Cardiovascular Magnetic Reson-
ance (SCMR) recommendations [40]. A second, blinded
observer analyzes every fifths study of the main study
order to assess inter-observer variability and to maintain
stable data quality. Each CMR data set is analyzed on
the day of acquisition by a radiologist or cardiologist
with at least 2 years of CMR experience under supervi-
sion by a SCMR/European Association of Cardiovascular
Imaging (EACVI) level III approved radiologist or cardi-
ologist. All CMR data analyses will be performed using
the commercially available and established software
cvi42 (Circle Cardiovascular Imaging Inc., Calgary, Al-
berta, Canada).
The detailed workflow for CMR data analysis is as

follows:

1) Endocardial LV and right-ventricular (RV) and epi-
cardial LV contours are manually traced on end-
diastolic and end-systolic short axis cine-CMR im-
ages from base to apex including the papillary mus-
cles for calculating LV and RV volumes, mass and
function as recommended [40] (Fig. 3). LA and
right atrial (RA) volumes are calculated using the
biplane long-axis method. In addition feature track-
ing for myocardial strain analysis is performed on
cine-CMR images.

2) Myocardial T2 values are obtained on three
representative short axes (base, middle and apex) as
recently established [41].

3) Native and post-contrast T1 as well as ECV are ob-
tained from corresponding short axis maps by care-
fully drawing endo- and epicardial contours with
10% endo- and epicardial offsets to avoid contamin-
ation by blood pool or epicardial tissue as recom-
mended [5] (Fig. 4).

4) Myocardial perfusion at rest and at stress are
qualitatively assessed as recommended [40].

5) LGE images are evaluated qualitatively (Fig. 5)
and by using the semi-quantitative 5-SD thresh-
old technique in ischemic LGE and the 3-SD
threshold technique in non-ischemic LGE as rec-
ommended [40].

6) Through-plane VENC flow measurements are
analyzed for the aortic and mitral valve by
placing regions of interest (ROI) at the tip of the
aortic valve cusps and mitral valve leaflets,
respectively. An additional ROI is placed into
stationary tissue to correct for phase-offsets [40].

7) Aortic dimensions are obtained from the
angiography at the level of the aortic sinus, at
the sino-tubular junction as well as at the as-
cending and descending thoracic aorta [42].

8) Aortic distensibility (AD) is assessed from a
transverse 2D through plane phase-contrast cine

Fig. 1 Expected overlap between participants with a positive risk
score for CAD, AF and HF. Abbreviations: CAD = Coronary artery
disease, AF = atrial fibrillation, HF = heart failure
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CMR of the ascending and descending aorta at the
level of the right pulmonary artery according to the
formula: AD (1/mmHg*103) = (Amax – Amin) / Amin

x (Pmax – Pmin).

Amax and Amin represent the maximal and minimal
cross-sectional area on cine CMR images of the aorta at
the level of the right pulmonary artery and Pmax and

Pmin represent the systolic and diastolic blood
pressure [43]. PWV in the aortic arch is estimated
from the temporal difference between two blood
flow wave fronts according to the formula: PWV
(m/s) = Δx / Δt.
Δx is the distance between the ascending and descend-

ing aorta at the level of the right pulmonary artery and
Δt is the time difference between the arrival of 2

Fig. 2 CMR protocol. Blue sequences indicate native CMR, green sequences indicate the use of contrast –media and red indicates stress
perfusion. Abbreviations: FLASH = fast low angle shot, HASTE = half fourier-acquired single shot turbo spin Echo, LAX = long axis view, LGE = late
gadolinium enhancement, MOLLI = modified Look-Locker inversion recovery, PC = post-contrast, PSIR = phase sensitive inversion recovery, SAX = short
axis view, bSSFP = balanced steady state free precession, VENC = velocity encoded, VIBE = volumetric interpolated breath-hold examination, 4CH = 4
chamber view, 3CH = 3 chamber view, 2CH = 2 chamber view
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wavefronts, using the transit-time method from the corre-
sponding velocity-time curves of the ascending and de-
scending aorta [44].

Study database
All quantitative data are automatically transferred from
cvi42 into a dedicated study database. Data from quanti-
tative tissue characterization by T1 and T2 mapping as
well as LGE are exported as mean global values, but also
for 16 myocardial segments according to the American
Heart Association (AHA) model [45]. Qualitative data

are documented in highly standardized forms and trans-
ferred automatically into the study database.

Extra-cardiac incidental findings
The acquired data volume is systematically screened for
extra-cardiac incidental findings. SOPs are established
for all organs in the scanning volume with findings
categorized into three groups as “no relevant finding”,
such as singular uncomplicated renal cysts, “relevant
finding requiring elective medical assessment”, such as a
suspicious liver lesion or “relevant finding requiring

Table 1 CMR sequence parameters

Modality Pulse sequence Voxel size (mm3) FoV (mm2) TR (ms) TE (ms) FA (°) PAT

Morphology T2 HASTE 1.3 × 1.3 × 8 400 1100 90 110 2

Cine CMR bSSFP 1.6 × 1.6 × 8 340 48 1.5 80 3

Native T1 Mapping MOLLI 5b(3b)3b 1.4 × 1.4 × 8 360 281 1.1 35 2

T2 Mapping T2 prepared FLASH 1.9 × 1.9 × 8 360 207 1.3 12 2

Perfusion CMR Turbo FLASH 1.9 × 1.9 × 8 360 158 1 10 2

Angiography VIBE 1.4 × 1.4 × 5 380 3.3 1.3 9 4

Flow measurements VENC 1.8 × 1.8 × 6 340 46 2.5 20 2

AD and PWV VENC 1.2 × 1.2 × 8 300 17 2.3 20 2

LGE 2D-PSIR 1.6 × 1.6 × 8 400 700 1.2 55 2

PC T1 Mapping MOLLI 4b(1b)3b(1b)2b 1.4 × 1.4 × 8 360 361 1.1 35 2

Abbreviations: AD Aortic Distensibility, FA flip angle, FLASH fast low angle shot, FoV reconstructed field of view, HASTE Half fourier-acquired single shot turbo spin
Echo, LAX long axis view, LGE late gadolinium enhancement, MOLLI modified Look-Locker inversion recovery, PAT parallel acquisition technique, PC post-contrast,
PSIR phase sensitive inversion recovery, PWV pulse wave velocity, SAX short axis view, bSSFP balanced steady state free precession, TE echo time, TR repetition
time, VENC velocity encoded, VIBE volumetric interpolated breath-hold examination

Fig. 3 Cine CMR analysis. A typical mid-ventricular end-diastolic
short-axis slice is shown with left-ventricular endocardial (red),
papillary muscle (purple) and epicardial (green) contours as well as
right-ventricular endocardial contour (yellow)

Fig. 4 T1 mapping analysis. Endo- (red) and epicardial (green)
contours of a representative native T1 map. A 10% endo- and
epicardial offset was applied to avoid contamination by blood pool
or epicardial tissue. The yellow contour represents the blood pool
measurement for ECV calculation
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immediate medical assessment”, such as a pulmonary ar-
tery embolism. Clinical experts for the involved organs/
entities discuss all ambiguous findings in a weekly con-
ference before reporting relevant findings requiring
elective medical assessment. Participants with relevant
findings requiring immediate medical assessment are ad-
vised to present immediately at the next emergency
department.

Reporting of CMR findings
A standardized CMR report is automatically generated
which is suitable for presentation to the general practi-
tioner. In order to facilitate handling of CMR findings
for general practitioners, a simple three-step system was
implemented with a concise categorization of findings
into “normal”, “abnormal requiring elective medical
assessment” or “abnormal requiring immediate medical
assessment”.

Statistical analysis
Time-to-event methods will be used for identifying and
assessing risk factors for mortality and incidence or pro-
gression of diseases. For example, Cox proportional haz-
ards regression and its extensions will be used to
simultaneously investigate the effects of risk factors of
interest while adjusting for potential confounders. We
will employ alternative approaches like Poisson regres-
sion, which allows the incorporation of baseline mortal-
ity/incidence in the total Hamburg population or
machine learning approaches like survival random for-
ests. To quantify the improvement in risk prediction of a
novel imaging marker or group of markers over
endpoint-specific established risk factors, we will use
among others the C-index and reclassification analyses
and will assess the calibration of the models considered.
The selection of the variables to be included in a model
will be based on subject matter knowledge when pos-
sible. Newly developed risk algorithms will be tested in

Fig. 5 Example of a clinically “silent” myocardial infarction. Native mapping and contrast enhanced CMR from a subject with no history of cardiac
disease. Arrows indicate a typically ischemic, subendocardial scar on the late gadolinium enhancement (LGE) image (a) in the inferior wall. There
was no regional increase in native myocardial T1 (b), but a decrease in post-contrast T1 (c) with subsequent increase in extracellular volume
fraction (ECV) (d). The constellation of an ischemic scar without increased native T1 or T2 values was interpreted as a previous, clinically “silent”
myocardial infarction in heretofore-unknown coronary artery disease
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external cohorts to assess their generalizability. For re-
peated measurements, regression models for longitu-
dinal data will be employed, such as generalized
estimating equations, random effect models, and joint
models for longitudinal and time-to-event data.

Results
A pilot study was conducted to establish a robust and
highly standardized CMR workflow, protocols and data
analyses. In this pilot study, 200 unselected subjects
underwent CMR. Sufficient image quality for obtaining
major CMR parameters was achieved in 198 (99.0%) of
the pilot participants. One-hundred-sixty-five (82.5%)
participants accepted contrast-media application. Eight
(4.8%) of these 165 participants had myocardial scar on
LGE, including 6 participants with ischemic and 2 par-
ticipants with non-ischemic patterns. ECV was available
in 81 individuals in whom haematocrit values were ob-
tained on the same day. Median ECV was 27 (IQR 26–
29) % in these participants. Other major CMR findings
in the pilot study are presented in Table 2. Mean
inter-observer differences were 1.6 ± 5.3 mL/m2 for
LVEDVi, 0.7 ± 7.8 g/m2 for LVMi, 1.1 ± 5.0% for LVEF,
2.8 ± 9.1 mL/m2 for RVEDVi, 0.4 ± 7.7% for RVEF, 0.6 ±
2.3 mL/m2 for LAVi, 0.4 ± 0.9 ms for myocardial T2, 4.7
± 9.8 ms for native myocardial T1, respectively.

Discussion
The aim of CMR imaging in the HCHS is to improve
risk stratification for the major cardiac diseases of CAD,
AF and HF by establishing imaging biomarkers as corre-
lates for subclinical alterations of myocardial function
and/or tissue composition. In particular, the HCHS data-
base will facilitate combined analyses of imaging, clinical
and molecular data (“Radiomics”), which may ultimately
include advanced “machine-learning” algorithms. The use
of pre-selected, enriched populations for the three target
diseases constitutes one major difference compared to
other ongoing population-based cohorts such as German
National Cohort [14] and UK Biobank [13]. The potential
advantage of this deviation from traditional, unselected
population-based studies is to facilitate a better translation
of the generated HCHS risk-scores into clinical reality. It
can be expected that pre-selection will result in a higher
number of subclinical abnormalities detected by CMR at
baseline, but also in a higher incidence of target diseases
during follow-up. Ultimately, HCHS is therefore not a
conventional, purely descriptive population study, but also
shares some characteristics with clinical studies. Although
there will be no intervention, we expect that this study de-
sign will facilitate translation of our findings into clinical
routine. For example, a potential future application could
be to use CMR for identifying individuals with subclinical
disease (e.g. with myocardial fibrosis) among individuals
at risk, who may benefit from upstream therapeutic inter-
ventions. Furthermore, this study is unique in terms of ap-
plying some clinical CMR tools in a population-based
context: In particular, the application of stress CMR for
assessing myocardial ischemia constitutes a novelty in a
population-based setting. We expect that the evaluation of
stress-CMR within HCHS clarify the currently undefined
role of stress testing in the large group of asymptomatic
individuals who are at increased CAD risk [18–20]. A fur-
ther important difference compared to the majority of re-
cent population-based studies is the use of current
quantitative tools for tissue characterization, namely T1
and T2 mapping, as well as the administration of
contrast-media, which enables the detection and
characterization of subtle, occult myocardial injury by
LGE and ECV imaging. This aspect appears to be of par-
ticular importance, since unrecognized focal myocardial
scar of ischemic or non-ischemic origin on LGE images
[6, 24] or diffuse myocardial fibrosis by ECV imaging [7]
are of crucial prognostic value in a variety of scenarios.
We therefore hypothesize that the detection of subclinical,
unrecognized myocardial pathologies by CMR signifi-
cantly improve the risk stratification for CAD, AF and HF.
In the pilot study, we have established a highly stan-

dardized workflow for CMR data acquisition, analyses
and handling to maintain stable and high-quality data
throughout the HCHS. The findings in our pilot study

Table 2 Major CMR findings in the pilot-study cohort

Parameter (unit) Values

Age (years) 63 (52–69)

Male sex (n, %) 101 (51)

BMI 25 (23–27)

Heart rate (bpm) 65 (60–74)

LVEDVi (mL/m2) 66 (57–77)

LVESVi (mL/m2) 19 (15–24)

LVSVi (mL/m2) 46 (39–52)

LVMi (g/m2) 64 (55–73)

LVEF (%) 71 (66–75)

RVEDVi (mL/m2) 71 (63–86)

RVESVi (mL/m2) 29 (22–35)

RVSVi (mL/m2) 45 (36–52)

RVEF (%) 60 (55–66)

LAVi (mL/m2) 29 (23–36)

Myocardial T2 (ms) 40 (39–42)

Native myocardial T1 (ms) 1179 (1153–1207)

Abbreviations: BMI body-mass-index, LV left ventricular, RV right ventricular,
EDVi end-diastolic volume index, ESVi end-systolic volume index, SVi stroke
volume index, Mi mass index, EF ejection fraction, LA left atrial, Numbers are
median (interquartile range) for continuous and n (% of total column number)
for categorical data
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match well with current reference values in the litera-
ture: The inter-observer differences were low and similar
to recent studies [10, 11, 41]. Quantitative LV, RV and
LA measures [42] as well as native myocardial T1 and
T2 values match well with recently reported findings at
3 T [41, 42]. However, reproducibility could be different
between healthy subjects and patients with cardiovascu-
lar disease. CMR participants of the pilot study where
not preselected by the mentioned risk scores and could
therefore be healthier compared to the final study popu-
lation. Interestingly, we found myocardial scar by LGE
imaging in 4.8% of pilot subjects. This rate is a little
lower than we expect to find in the main study, since
our pilot study included unselected participants without
increased risk for CAD or HF. Turkbey et al. [24] re-
ported clinically “silent” myocardial scar in 7.9% of the
participants of a significantly older 10-year follow-up
population of the Multi Ethnic Study of Atherosclerosis
(MESA) study. Nevertheless, our findings in unselected
volunteers clearly highlight the unique ability of CMR to
reveal occult myocardial disease as a potential powerful
predictor of prognosis [24].
There are some potential limitations related to the study

design of HCHS. Firstly, there is no selection/exclusion of
ethnic groups, but participants have to be able to speak
and understand German language, which inherently intro-
duces some preselection. Secondly, the general HCHS
population will consist of 50% men and 50% women, but
gender will not be controlled in risk score positive sub-
populations, since this would distort the scores and reduce
the rates of incident target diseases at follow-up. Thus,
male gender will inevitably be more represented in our
CMR subpopulations. However, the unselected control
group of 1500 individuals, who undergo CMR independ-
ent from risk-scoring, will compensate partially for this
bias. Thirdly, the HCHS population could be not fully rep-
resentative for other parts of Germany and Europe. How-
ever, the city of Hamburg includes urban, suburban and
rural areas, so we believe that the results of HCHS can be
translated to many other metropolitan regions. Neverthe-
less, transferability is certainly a limitation of all single site
studies. Finally, some CMR parameters are notoriously
site- and setting-specific, such as myocardial T1 and T2
values. Generalizability of findings in HCHS could there-
fore be limited, since HCHS is a single-center study with a
single CMR 3 T scanner. We expect comparable ranges in
settings with the same field strengths and vendor, such as
in the German National Cohort [14], but findings in
HCHS could be non-transferable to settings with 1.5 Tesla
scanners, such as the UK Biobank [13]. One noteworthy
feature of the HCHS CMR protocol is the performance of
stress perfusion at the end of the scan after rest perfusion
and LGE imaging (“rest-first” protocol). This deviation
constitutes a compromise, which will allow us to keep a

homogeneous core data set in the entire CMR population,
but also to perform stress perfusion imaging in partici-
pants at risk for CAD in the same scan. The reason for ap-
plying a “rest-first” protocol is that ECV imaging cannot
be performed under vasodilatation stress, since
regadenoson-mediated vasodilation artificially affects the
estimated ECV [46]. Otherwise, it would have been neces-
sary to antagonize regadenoson, which is not feasible in a
population study setting. Thus, the performance of a con-
ventional “stress-first” protocol would mean waiving myo-
cardial ECV, which is one of the most promising CMR
parameters in a population context. We cannot exclude
that the performance of stress perfusion CMR to depict
myocardial ischemia could potentially be affected by the
presence of a larger amount of contrast media after LGE
imaging. However, “rest-first” protocols have been vali-
dated extensively earlier [47–49] and are currently ac-
cepted if performed with a sufficient interval between rest
and stress perfusion [17, 50].

Conclusions
CMR in HCHS promises novel insights into major car-
diac diseases, their subclinical precursors and the prog-
nostic value of novel imaging biomarkers. The HCHS
database facilitate combined analyses of imaging, clinical
and molecular data (“Radiomics”).

Abbreviations
AD: Aortic distensibility; AF: Atrial fibrillation; AHA: American Heart
Association; bSSFP: Balanced steady state free precession; CAD: Coronary
artery disease; CMR: Cardiovascular magnetic resonance; ECV: Extracellular
volume; EF: Ejection fraction; eGFR: Estimated glomerular filtration rate;
FLASH: Fast-low-angle shot; HCHS: Hamburg City Health study; HF: Heart
failure; HFpEF: Heart failure with preserved ejection fraction; LA: Left atrium/
left atrial; LGE: Late gadolinium enhancement; LV: Left ventricle/left
ventricular; MESA: Multiethnic Subclinical Atherosclerosis Study;
MOLLI: Modified Look-Locker inversion recovery; NT-proBNP: n-terminal pro b-
type natriuretic peptide; PSIR: Phase-sensitive inversion recovery; PWV: Pulse
wave velocity; RA: Right atrium/right atrial; ROI: Regions of interest; RV: Right
ventricle/right ventricular; SOP: Standard operating procedure; VENC: Velocity-
encoded; VIBE: Volumetric interpolated breath-hold examination

Acknowledgments
Siemens Healthineers (Erlangen, Germany) supports CMR imaging in the HCHS.

Funding
Not applicable (please also see Acknowledgements section).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions
All authors made substantial contributions to conception, design and
statistical analysis of the HCHS main study. SB, MA, JS, ET, EC and CS
performed CMR measurements and data analyses of the HCHS pilot phase.
All authors were actively involved in reviewing and drafting the manuscript.
All authors have approved the final version of this manuscript.

Ethics approval
The local ethics committee of Hamburg (https://www.aerztekammer-
hamburg.org/ethikkommission.html) approved the Hamburg City Health
Study (number PV5131).

Bohnen et al. Journal of Cardiovascular Magnetic Resonance  (2018) 20:68 Page 9 of 11

https://www.aerztekammer-hamburg.org/ethikkommission.html
https://www.aerztekammer-hamburg.org/ethikkommission.html


Consent for publication
All participants of HCHS will give their written informed consent of
anonymous use and publication of their data.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1University Heart Center Hamburg, Department of General and Interventional
Cardiology, University Medical Center Hamburg-Eppendorf, Martinistrasse 52,
20246 Hamburg, Germany. 2Department of Diagnostic and Interventional
Radiology and Nuclear Medicine, University Medical Center
Hamburg-Eppendorf, Martinistrasse 52, 20246 Hamburg, Germany.
3Deutsches Zentrum für Herz-Kreislauf-Forschung e. V. (German Center for
Cardiovascular Research), Partner Site Hamburg/Kiel/Lübeck, Germany,
Hamburg, Germany.

Received: 14 February 2018 Accepted: 5 September 2018

References
1. American College of Cardiology Foundation Task Force on Expert

Consensus D, Hundley WG, Bluemke DA, Finn JP, Flamm SD, Fogel MA,
et al. ACCF/ACR/AHA/NASCI/SCMR 2010 expert consensus document on
cardiovascular magnetic resonance: a report of the American College of
Cardiology Foundation task force on expert consensus documents. J Am
Coll Cardiol. 2010;55(23):2614–62.

2. Greenwood JP, Maredia N, Younger JF, Brown JM, Nixon J, Everett CC, et al.
Cardiovascular magnetic resonance and single-photon emission computed
tomography for diagnosis of coronary heart disease (CE-MARC): a
prospective trial. Lancet. 2012;379(9814):453–60.

3. Schwitter J, Wacker CM, Wilke N, Al-Saadi N, Sauer E, Huettle K, et al. MR-
IMPACT II: magnetic resonance imaging for myocardial perfusion
assessment in coronary artery disease trial: perfusion-cardiac magnetic
resonance vs. single-photon emission computed tomography for the
detection of coronary artery disease: a comparative multicentre,
multivendor trial. Eur Heart J. 2013;34(10):775–81.

4. Wagner A, Mahrholdt H, Holly TA, Elliott MD, Regenfus M, Parker M, et al.
Contrast-enhanced MRI and routine single photon emission computed
tomography (SPECT) perfusion imaging for detection of subendocardial
myocardial infarcts: an imaging study. Lancet. 2003;361(9355):374–9.

5. Messroghli DR, Moon JC, Ferreira VM, Grosse-Wortmann L, He T, Kellman P,
et al. Clinical recommendations for cardiovascular magnetic resonance
mapping of T1, T2, T2* and extracellular volume: a consensus statement by
the Society for Cardiovascular Magnetic Resonance (SCMR) endorsed by the
European Association for Cardiovascular Imaging (EACVI). J Cardiovasc
Magn Reson. 2017;19(1):75.

6. Gulati A, Jabbour A, Ismail TF, Guha K, Khwaja J, Raza S, et al. Association of
fibrosis with mortality and sudden cardiac death in patients with
nonischemic dilated cardiomyopathy. JAMA. 2013;309(9):896–908.

7. Wong TC, Piehler K, Meier CG, Testa SM, Klock AM, Aneizi AA, et al.
Association between extracellular matrix expansion quantified by
cardiovascular magnetic resonance and short-term mortality. Circulation.
2012;126(10):1206–16.

8. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
et al. Expert consensus document on arterial stiffness: methodological
issues and clinical applications. Eur Heart J. 2006;27(21):2588–605.

9. Westenberg JJ, Roes SD, Ajmone Marsan N, Binnendijk NM, Doornbos J, Bax
JJ, et al. Mitral valve and tricuspid valve blood flow: accurate quantification
with 3D velocity-encoded MR imaging with retrospective valve tracking.
Radiology. 2008;249(3):792–800.

10. Bellenger NG, Davies LC, Francis JM, Coats AJ, Pennell DJ. Reduction in sample
size for studies of remodeling in heart failure by the use of cardiovascular
magnetic resonance. J Cardiovasc Magn Reson. 2000;2(4):271–8.

11. Grothues F, Moon JC, Bellenger NG, Smith GS, Klein HU, Pennell DJ.
Interstudy reproducibility of right ventricular volumes, function, and mass
with cardiovascular magnetic resonance. Am Heart J. 2004;147(2):218–23.

12. Marwick TH, Neubauer S, Petersen SE. Use of cardiac magnetic resonance
and echocardiography in population-based studies: why, where, and when?
Circ Cardiovasc Imaging. 2013;6(4):590–6.

13. Petersen SE, Matthews PM, Bamberg F, Bluemke DA, Francis JM, Friedrich
MG, et al. Imaging in population science: cardiovascular magnetic
resonance in 100,000 participants of UK biobank - rationale, challenges and
approaches. J Cardiovasc Magn Reson. 2013;15:46.

14. Bamberg F, Kauczor HU, Weckbach S, Schlett CL, Forsting M, Ladd SC, et al.
Whole-body MR imaging in the German National Cohort: rationale, design,
and technical background. Radiology. 2015;277(1):206–20.

15. Anand SS, Tu JV, Awadalla P, Black S, Boileau C, Busseuil D, et al. Rationale,
design, and methods for Canadian alliance for healthy hearts and minds
cohort study (CAHHM) - a Pan Canadian cohort study. BMC Public Health.
2016;16:650.

16. Task Force M, Montalescot G, Sechtem U, Achenbach S, Andreotti F, Arden
C, et al. 2013 ESC guidelines on the management of stable coronary artery
disease: the task force on the management of stable coronary artery disease
of the European Society of Cardiology. Eur Heart J. 2013;34(38):2949–3003.

17. Hendel RC, Friedrich MG, Schulz-Menger J, Zemmrich C, Bengel F, Berman
DS, et al. CMR first-pass perfusion for suspected inducible myocardial
ischemia. JACC Cardiovasc Imaging. 2016;9(11):1338–48.

18. Greenland P, Alpert JS, Beller GA, Benjamin EJ, Budoff MJ, Fayad ZA, et al.
2010 ACCF/AHA guideline for assessment of cardiovascular risk in
asymptomatic adults: a report of the American College of Cardiology
Foundation/American Heart Association task force on practice guidelines. J
Am Coll Cardiol. 2010;56(25):e50–103.

19. Aktas MK, Ozduran V, Pothier CE, Lang R, Lauer MS. Global risk scores and
exercise testing for predicting all-cause mortality in a preventive medicine
program. JAMA. 2004;292(12):1462–8.

20. Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, et al.
2016 European Guidelines on cardiovascular disease prevention in clinical
practice: The Sixth Joint Task Force of the European Society of Cardiology
and Other Societies on Cardiovascular Disease Prevention in Clinical Practice
(constituted by representatives of 10 societies and by invited
experts)Developed with the special contribution of the European
Association for Cardiovascular Prevention & Rehabilitation (EACPR). Eur
Heart J. 2016;37(29):2315–81.

21. Authors/Task Force m, Windecker S, Kolh P, Alfonso F, Collet JP, Cremer
J, et al. 2014 ESC/EACTS guidelines on myocardial revascularization: the
task force on myocardial revascularization of the European Society of
Cardiology (ESC) and the European Association for Cardio-Thoracic
Surgery (EACTS)developed with the special contribution of the
European Association of Percutaneous Cardiovascular Interventions
(EAPCI). Eur Heart J. 2014;35(37):2541–619.

22. Conti CR, Bavry AA, Petersen JW. Silent ischemia: clinical relevance. J Am
Coll Cardiol. 2012;59(5):435–41.

23. Jahnke C, Nagel E, Gebker R, Kokocinski T, Kelle S, Manka R, et al.
Prognostic value of cardiac magnetic resonance stress tests: adenosine
stress perfusion and dobutamine stress wall motion imaging.
Circulation. 2007;115(13):1769–76.

24. Turkbey EB, Nacif MS, Guo M, McClelland RL, Teixeira PB, Bild DE, et al.
Prevalence and correlates of myocardial scar in a US cohort. JAMA. 2015;
314(18):1945–54.

25. Schelbert EB, Cao JJ, Sigurdsson S, Aspelund T, Kellman P, Aletras AH, et al.
Prevalence and prognosis of unrecognized myocardial infarction
determined by cardiac magnetic resonance in older adults. JAMA. 2012;
308(9):890–6.

26. Tsang TS, Barnes ME, Bailey KR, Leibson CL, Montgomery SC, Takemoto Y,
et al. Left atrial volume: important risk marker of incident atrial fibrillation in
1655 older men and women. Mayo Clin Proc. 2001;76(5):467–75.

27. Hirose T, Kawasaki M, Tanaka R, Ono K, Watanabe T, Iwama M, et al. Left
atrial function assessed by speckle tracking echocardiography as a predictor
of new-onset non-valvular atrial fibrillation: results from a prospective study
in 580 adults. Eur Heart J Cardiovasc Imaging. 2012;13(3):243–50.

28. Mor-Avi V, Yodwut C, Jenkins C, Kuhl H, Nesser HJ, Marwick TH, et al. Real-
time 3D echocardiographic quantification of left atrial volume: multicenter
study for validation with CMR. JACC Cardiovasc Imaging. 2012;5(8):769–77.

29. Inoue YY, Alissa A, Khurram IM, Fukumoto K, Habibi M, Venkatesh BA, et al.
Quantitative tissue-tracking cardiac magnetic resonance (CMR) of left atrial
deformation and the risk of stroke in patients with atrial fibrillation. J Am
Heart Assoc. 2015;4:e001844. https://doi.org/10.1161/JAHA.115.001844.

Bohnen et al. Journal of Cardiovascular Magnetic Resonance  (2018) 20:68 Page 10 of 11

https://doi.org/10.1161/JAHA.115.001844


30. Lewis EF, Moye LA, Rouleau JL, Sacks FM, Arnold JM, Warnica JW, et al.
Predictors of late development of heart failure in stable survivors of
myocardial infarction: the CARE study. J Am Coll Cardiol. 2003;42(8):1446–53.

31. Solomon SD, Anavekar N, Skali H, McMurray JJ, Swedberg K, Yusuf S, et al.
Influence of ejection fraction on cardiovascular outcomes in a broad
spectrum of heart failure patients. Circulation. 2005;112(24):3738–44.

32. Zile MR, Gottdiener JS, Hetzel SJ, McMurray JJ, Komajda M, McKelvie R, et al.
Prevalence and significance of alterations in cardiac structure and function
in patients with heart failure and a preserved ejection fraction. Circulation.
2011;124(23):2491–501.

33. Dass S, Suttie JJ, Piechnik SK, Ferreira VM, Holloway CJ, Banerjee R, et al.
Myocardial tissue characterization using magnetic resonance noncontrast t1
mapping in hypertrophic and dilated cardiomyopathy. Circ Cardiovasc
Imaging. 2012;5(6):726–33.

34. Ugander M, Oki AJ, Hsu LY, Kellman P, Greiser A, Aletras AH, et al.
Extracellular volume imaging by magnetic resonance imaging provides
insights into overt and sub-clinical myocardial pathology. Eur Heart J. 2012;
33(10):1268–78.

35. Conroy RM, Pyorala K, Fitzgerald AP, Sans S, Menotti A, De Backer G, et al.
Estimation of ten-year risk of fatal cardiovascular disease in Europe: the
SCORE project. Eur Heart J. 2003;24(11):987–1003.

36. Keil UFA, Gohlke H, Wellmann J, Hense HW. Risk stratification of
cardiovascular diseases in primary prevention—the new SCORE
Deutschland risk charts. Dtsch Arztebl. 2005;102:1808–12.

37. Alonso A, Krijthe BP, Aspelund T, Stepas KA, Pencina MJ, Moser CB, et al.
Simple risk model predicts incidence of atrial fibrillation in a racially and
geographically diverse population: the CHARGE-AF consortium. J Am Heart
Assoc. 2013;2(2):e000102.

38. Agarwal SK, Chambless LE, Ballantyne CM, Astor B, Bertoni AG, Chang PP,
et al. Prediction of incident heart failure in general practice: the
atherosclerosis risk in communities (ARIC) study. Circ Heart Failure. 2012;5(4):
422–9.

39. Gulani V, Calamante F, Shellock FG, Kanal E, Reeder SB. International Society
for Magnetic Resonance in M. gadolinium deposition in the brain: summary
of evidence and recommendations. Lancet Neurol. 2017;16(7):564–70.

40. Schulz-Menger J, Bluemke DA, Bremerich J, Flamm SD, Fogel MA, Friedrich
MG, et al. Standardized image interpretation and post processing in
cardiovascular magnetic resonance: Society for Cardiovascular Magnetic
Resonance (SCMR) board of trustees task force on standardized post
processing. J Cardiovasc Magn Reson. 2013;15:35.

41. von Knobelsdorff-Brenkenhoff F, Prothmann M, Dieringer MA, Wassmuth R,
Greiser A, Schwenke C, et al. Myocardial T1 and T2 mapping at 3 T:
reference values, influencing factors and implications. J Cardiovasc Magn
Reson. 2013;15:53.

42. Kawel-Boehm N, Maceira A, Valsangiacomo-Buechel ER, Vogel-Claussen J,
Turkbey EB, Williams R, et al. Normal values for cardiovascular magnetic
resonance in adults and children. J Cardiovasc Magn Reson. 2015;17:29.

43. Herment A, Lefort M, Kachenoura N, De Cesare A, Taviani V, Graves MJ, et al.
Automated estimation of aortic strain from steady-state free-precession and
phase contrast MR images. Magn Reson Med. 2011;65(4):986–93.

44. el SH I, Johnson KR, Miller AB, Shaffer JM, White RD. Measuring aortic pulse
wave velocity using high-field cardiovascular magnetic resonance:
comparison of techniques. J Cardiovasc Magn Reson. 2010;12:26.

45. Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK, et al.
Standardized myocardial segmentation and nomenclature for tomographic
imaging of the heart. A statement for healthcare professionals from the
cardiac imaging Committee of the Council on clinical cardiology of the
American Heart Association. Circulation. 2002;105(4):539–42.

46. Mahmod M, Piechnik SK, Levelt E, Ferreira VM, Francis JM, Lewis A, et al.
Adenosine stress native T1 mapping in severe aortic stenosis: evidence for a
role of the intravascular compartment on myocardial T1 values. J Cardiovasc
Magn Reson. 2014;16:92.

47. Al-Saadi N, Nagel E, Gross M, Bornstedt A, Schnackenburg B, Klein C, et al.
Noninvasive detection of myocardial ischemia from perfusion reserve based
on cardiovascular magnetic resonance. Circulation. 2000;101(12):1379–83.

48. Al-Saadi N, Nagel E, Gross M, Schnackenburg B, Paetsch I, Klein C, et al.
Improvement of myocardial perfusion reserve early after coronary
intervention: assessment with cardiac magnetic resonance imaging. J Am
Coll Cardiol. 2000;36(5):1557–64.

49. Barmeyer AA, Stork A, Muellerleile K, Tiburtius C, Schofer AK, Heitzer TA,
et al. Contrast-enhanced cardiac MR imaging in the detection of reduced
coronary flow velocity reserve. Radiology. 2007;243(2):377–85.

50. Kramer CM, Barkhausen J, Flamm SD, Kim RJ, Nagel E, Society for
Cardiovascular Magnetic Resonance Board of Trustees Task Force on
Standardized P. Standardized cardiovascular magnetic resonance (CMR)
protocols 2013 update. J Cardiovasc Magn Reson. 2013;15:91.

Bohnen et al. Journal of Cardiovascular Magnetic Resonance  (2018) 20:68 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	The Hamburg City health study
	CMR in population based-studies
	Coronary artery disease
	Atrial fibrillation
	Heart failure

	Methods
	General
	Study population
	CMR protocol
	CMR data analysis
	Study database
	Extra-cardiac incidental findings
	Reporting of CMR findings
	Statistical analysis

	Results
	Discussion
	Conclusions
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

