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plaque Aims: To assess safety and feasibility of intracoronary Magnetic Resonance (MR) Spectroscopy in living
characterization,

patients, using a self-contained MR catheter.

Methods and results: Prospective, multi-centre study in patients with stable or unstable angina that were sched-
uled for percutaneous coronary diagnostic or therapeutic catheterization. We assessed the feasibility of an intravas-
cular MR catheter, capable of analysing the arterial wall without external magnets or coils, by differentiating lipid
rich, intermediate and fibrotic areas of the atherosclerotic plaque on the basis of differential water diffusion.
Twenty-nine patients were included at 4 centres. The intracoronary MR-spectroscopy procedure was well tol-
erated; no MACE and no device related serious adverse event was observed. The MR catheter was success-
fully advanced into the lesion in 28 patients. Introduction of the MR catheter was not possible in one patient
with a tortuous proximal right coronary artery. MR data were obtained in 22 patients. According to the pre-
dominant MR pattern, lesions were classified as fibrous plaque in 4 patients, as intermediate plaque in 4
patients and as lipid-rich plaque in 8 patients. Six patients were excluded from analysis because artifacts
impeded the quality of the MR signal. Plaque type did not show a correlation with angina status (p=0.552; all
groups) or angiographic parameters, such as minimal lumen diameter and diameter stenosis.

Conclusions: This prospective, multi-centre study demonstrates for the first time that coronary artery assess-
ment of potentially vulnerable, non-flow limiting lesions using a dedicated intravascular MR catheter, free of
external magnets or coils, is feasible in clinical practice. Assessment of the coronary wall may provide impor-
tant data regarding the composition of the atherosclerotic lesion, which then could contribute to predicting
the likelihood of eventual rupture and clinical instability.
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Introduction

Acute coronary events are caused in the majority of cases by coronary
lesions with the propensity of rupture or erosion resulting in acute
thrombosis. These lesions do not necessarily present as haemody-
namically significant prior to the acute clinical event. Non-flow limiting
lesions are made ubiquitous by coronary angiography and Multislice
Computed Tomography but they are missed by non-invasive function-
al diagnostic approaches. Therefore, for non-flow limiting stenoses,
prevention of acute coronary syndromes relies on the detection of
plaque which is prone to rupture, causing coronary thrombosis.
Postmortem studies revealed several types of plaques that are at
high risk to rupture. A prominent role is being assigned to the thin
fibrous cap atheroma (TCFA). It is defined by a large lipid core, a
thin fibrous cap and increased macrophage infiltration. Similarly, in-
vivo intravascular ultrasound imaging and angioscopic observations
support the role of lipid rich plague for subsequent coronary events.
Magnetic resonance (MR) can provide detailed tissue characteriza-
tion of atherosclerotic plaques. However, it is difficult to apply MR
Spectroscopy to coronary lesions due to cardiac motion caused by
myocardial contraction and respiration. The approach presented in
this paper is novel and differs fundamentally from conventional MR
with or without intravascular coils.

A self-contained intravascular MR (IVMR) probe was designed to
obtain high-resolution MR. A recent experimental study confirmed
that catheter-based IVMR Spectroscopy can identify fibrous and
lipid-rich tissue by measuring differential water diffusion in post-
mortem aorta samples and coronary arteries!!.

The current study was performed to evaluate the safety and feasi-
bility of this novel intracoronary MR catheter in living patients.

Methods
Study design

Prospective, multicentre, open-label, observational study.

Patients

The patient cohort consisted of individuals with stable or unstable
angina that were scheduled for percutaneous coronary diagnostic
or therapeutic catheterization. Patients with post-infarct angina
(Braunwald class 1lIC), acute or chronic renal failure, or any other
severe systemic disease were excluded. Intravascular MR
Spectroscopy acquisition was performed in a native coronary artery
in a short (less than 20 mm in length), non-flow limiting lesion
(defined as <60% diameter stenosis) with no planned intervention.
Arteries with evidence of thrombus, marked calcification or tortu-
ousity, narrow lesions with a minimal lumen diameter less than
2 mm, occluded vessels and saphenous bypass grafts were exclud-
ed. The study protocol was approved by the local ethical committee
and all patients have given written informed consent.

IVMR analysis

Intravascular MR system. The intravascular MR analysis (IVMR)
system has been described in detail elsewhere. In brief, it consists
of a self contained, 5.2 F IVMR catheter (Figure 1), a catheter inter-
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Figure 1. Schematic of the intravascular MR catheter. The catheter
has an outer diameter of (5.2F). The intravascular MR probe as well
as the side balloon for stabilization is located at the tip of the
catheter. The catheter is introduced into the artery in over-the-wire
technique via a central lumen.

face unit (CIU), and an external control/display console (TopSpin
Medical Ltd., Lod, Israel) (Figure 2).

Intravascular MR Spectroscopy principles of operations. The tech-
nology is based on a self contained intravascular MR probe located
at the tip of an intravascular catheter. The probe is characterized by
strong static magnetic field gradients, in which self-diffusion of the
excited spins is the dominant spin relaxation mechanism. A diffu-
sion-weighted signal is measured from the interrogated voxel using
a Carr-Purcell-Meiboom-Gill (CPMG ) pulse train. CPMG is a MR
acquisition method with 90° phase shift in the rotating frame of ref-
erence between the 90° pulse and the subsequent 180° pulses to
reduce accumulating effects of imperfections in the 180° pulses
due to non-homogeneity of the field.

The signal decay is dependent upon self-diffusion of water mole-
cules present in the tissues that make up the artery wall. In fibrous
tissue, diffusion of water molecules in the extracellular matrix of the
intima is not significantly restricted, resulting in an apparent diffu-
sion coefficient (ADC) which is close to that of freely diffusing water.
In the presence of lipids (e.g., cholesterol and cholesterol ester in

Console
with
Display

Figure 2. Schematic representation of the intravascular MR
Spectroscopy system. It consists of a self contained IVMR catheter, a
rotator for manipulation of the catheter tip, a catheter interface unit
(CIU), and an external control/display console (Topspin Medical Ltd.,
Lod, Israel)




the necrotic core or foam cells) diffusion becomes hindered, as the
small water molecules need to diffuse between the large-radii lipid
molecules, giving rise to ADC, which is significantly lower than that
of fibrous tissue.

The spin echo decay curve is characterized by a time constant,
inversely proportional to ADC. A lipid fraction index (LFI) is generat-
ed from the spin-echo decay curve where fibrous tissue (large ADC,
short decay) corresponds to low LFI values, while lipid-rich tissues
(small ADC, long decay) correspond to high LFI values.

IVMR data acquisition. The magnetic fields generated by the probe
located at the tip of the catheter!3, create a sector-shaped field of
view (FOV) looking sideways into the artery wall. The FOV is a 60°
sector in the angular plane (lateral resolution), 2.0 mm in the longi-
tudinal plane (slice thickness) and up to 250 pm in the radial plane
(depth into the vessel wall). IVMR spectra are averaged for 2 sepa-
rate zones: a superficial, O to 100 pm luminal zone; and a deeper,
100-250 ym mural zone (Figure 3). The signal acquisition time is
51 seconds per FOV.

Mural
Zone

Luminal .
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p Ay 3
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Interrogated 1004 2504
volume

Figure 3. Schematic representation of the IVMR data acquisition. The
magnetic fields generated by the probe located at the tip of the
catheter, create a sector-shaped field of view (FOV) looking sideways
into the artery wall. The FOV is a 60° sector in the angular plane (lat-
eral resolution), 2.0 mm in the longitudinal plane (slice thickness)
and up to 250 pym in the radial plane (depth into the vessel wall).
Within this FOV, IVMR assessment is performed simultaneously in 2
separate zones: a superficial, luminal O to 100 uym zone and a deep-
er 100-250 um zone. A side balloon stabilizes the MR probe against
the vessel wall.

The subsequent data readout based on reconstruction done by the
spectrometer is instantaneous. Acquired data for each zone within
the FOV are displayed as color-coded sectors. Color-coding of the
IVMR signals is based on the LFI of the sample volume, where blue
indicates no lipids and yellow, a high lipid content.

IVMR data stratification. Postmortem studies have shown that lipid
fraction corresponds to histological tissue composition. Based on
previous data obtained from an ex-vivo model in human aortas
lesions were classified according to the predominant IVMR pattern
as fibrous plaque (<30% LFI), intermediate plaque (31-55% LFI)
and lipid-rich plaque (>55% LFI).

IVMR Spectroscopy procedure. For the IVMR procedure, the stan-
dard femoral approach was used. The IVMR catheter was intro-
duced through an 8F guiding catheter placed in the coronary
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artery orifice and advanced in over-the wire technique into the tar-
get lesion. To achieve high resolution imaging the IVMR catheter
was stabilized vis-a-vis the arterial wall by a low-pressure inflation
(1.0 atm, ~60 seconds) of a partially occlusive side-balloon and
IVMR measurement in one sector was obtained. The balloon was
deflated and the probe rotated by using a manual rotation device
in fixed increments of 120° to provide additional measurements.
A total of 3 sequential inflation/deflation cycles was performed per
lesion.

Concomitant medication

All patients were on chronic therapy with acetylsalicylic acid (100 mg
daily) and received unfractionated heparin to achieve an activated
clotting time > 300s during the procedure. Intracoronary nitrates
—isosorbide dinitrate (ISDN) or glyceryl trinitrate (NTG) according to
the local standard — were administered prior to the introduction of the
IVMR catheter in order to avoid vasospasm during imaging. Other
medication was left to the discretion of the operator.

Angiographic analysis

All angiograms were evaluated after intracoronary administration of
nitrates using commercially available software for quantitative coro-
nary angiography. The minimal lumen diameter (MLD) and the ref-
erence diameter (RD) at the site of MLD were determined on-site by
the investigators. No central analysis of the angiograms was per-
formed. The diameter stenosis (DS) was calculated from the MLD
and RD.

Study end-points

Primary study endpoint. The system safety was assessed as primary
endpoint and was defined as absence of MACE at 30 days follow-
up. MACE was defined as a composite of cardiac death, myocardial
infarction (Q wave and non-Q wave), unstable angina or sub-acute
thrombosis of the interrogated coronary artery.

Secondary study endpoints were defined as device success, inci-
dence in rise in CK-MB (above upper limit of normal at 12 to 24
hours post-procedure), and incidence of dissection, no-reflow,
acute closure and perforation in the interrogated coronary artery.
Device success was defined as ability to position the catheter across
the target lesion, to receive a signal from the vessel wall, to perform
3 rotations of the catheter and three successful balloon
inflation/deflations.

Follow-up

Clinical follow-up was performed at 24h and 30d after the proce-
dure and included angina status, laboratory testing (CK, CK-MB)
and ECG. Throughout the study, any adverse event was collected
and monitored until adequately resolved or explained.

Statistical analysis

Numerical data are presented as mean + SD unless otherwise noted.
An unpaired t-test was used to determine significant differences and
a p value of <0.05 was considered statistically significant.
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Results

Patients

A total of 29 patients of which 5 presented with unstable angina
were included. Patient demographic and angiographic data are
given in Table 1. The patient cohort showed typical age, gender and
cardiovascular risk factor distribution.

MR analysis success

The IVMR catheter was successfully advanced into the lesion in
28/29 patients. Introduction of the IVMR catheter was not possible
in one patient with a tortuous proximal right coronary artery. In
27/28 patients all three MR data acquisition cycles were complet-
ed. An example of clinical data acquisition is given in Figure 4.

IV MR data were detected in 22/28 interrogated lesions. However, in
6/22 lesions the MR signal quality was impeded by artifacts. These
data were excluded from further analysis. Reasons for IVMR failure
were artifacts caused by the guide wire or interference by ECG in the
catheterization laboratory, and low signal due to insufficient adher-
ence of the IVMR probe to the vessel wall or calcium deposition.

Figure 4. Clinical example of intracoronary IVMR imaging. a. Coronary
angiogram of the LAD. b. Position of in intravascular MR catheter in
the target lesion. The inflated side balloon hampers the distal flow of
X-ray contrast. c. Magnification shows the 2 radiopaque magnets at the
distal catheter tip (M) and the inflated side balloon (B).
d. Color-coded display of the obtained intravascular MR data. The
obtained sectors are blue, indicative for fibrous plaque.

IVMR findings

Lesions with optimal MR quality were classified according to the
predominant IVMR pattern: in 4 patients as fibrous plaque, in
another 4 as intermediate plaque, and as lipid-rich plaque in
8 patients. The lipid fraction and ADC values as well as angiograph-
ic lesion characteristics for the observed plaque types are summa-
rized in Table 2. IVMR derived plaque type did not show a correla-
tion with angina status (p=0.552, all groups) or minimal lumen
diameter and diameter stenosis (Figure 5). A comparison of the LFlI
distribution in our patient cohort with data obtained in postmortem
aortas and coronary arteries is given in Figure 6.
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Table 1. Patient and lesion characteristics, n = 29
Patients
n (%)
Male 23 (79)
Age (years) 6612
Angina status
Stable angina 17
Unstable angina
Silent ischaemia
Cardiovascular Risk Factors
Current smoking 5 (17)
Diabetes 7 (24)
IDDM 3
NIDDM 4
Hypertension 23 (79)
Dyslipidaemia 20 (69)
Positive family history of CAD 13 (45)
Cardiac history
Q wave MI 3 (10)
Non-Q wave MI 4 (14)
Prior CABG 1(3)
Prior PCI 8 (28)
LVEF (%) 60.42:+18.62
Target vessel
RCA 11
LAD 14
LCX 4
RD (mm) 3.52+0.6
MLD (mm) 2.53+0.64
DS (%) 26.3+13.4
Lesion length (mm) 11.63+8.33
Lesion type
A 21
B1 8
Morphology
Concentric 24
Eccentric 5
Thrombus 0
Calcification
TIMI flow
Baseline
Post -procedure
Multi-vessel disease 21

IDDM  insulin dependent diabetes mellitus
NIDDM non-insulin dependent diabetes mellitus
CAD coronary artery disease

MI myocardial infarction

CABG  coronary artery bypass graft

PCI percutaneous coronary intervention
LVEF  left ventricular ejection fraction

RCA right coronary artery

LAD left anterior descending coronary artery
LCx left circumflex artery

RD reference diameter

MLD minimal lumen diameter

DS diameter stenosis
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Table 2. Intravascular MR-derived plaque classification based on ADC,
LFI and angiography lesion characteristics.
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Figure 5. Intravascular MR derived plaque types vs. clinical presenta-
tion and angiographic parameters of lesion severity (n=16 subgroup
with optimal IV MR data quality)

(a) Frequency distribution of fibrous, intermediate and lipid-rich
plaques in patients presenting with unstable angina, stable angina
and asymptomatic.

(b) Intravascular MR derived plaque types vs. angiographic minimal
lumen diameter (MLD; upper portion) and diameter stenosis (lower
portion).
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Procedural safety and follow-up

The IVMR Spectroscopy procedure was safe and well tolerated.
Transient ECG changes (ST-segment elevation) during inflation of
the side balloon were observed in 10/28 patients. In one patient
IVMR data acquisition was interrupted after completion of 2 sectors
because of ischaemia that resolved immediately after deflation of
the side balloon. No MACE was observed. There was no occurrence
of spasm, dissection, acute closure or perforation. In-hospital
course was uneventful in all patients. All patients completed
30 days follow-up. There was no MACE throughout the complete
duration of the study (Table 3).

Two non-device related serious adverse events requiring hospital
admission were reported. One patient with coronary multivessel dis-
ease and insulin-dependent diabetes mellitus experienced on day
29 a hypoglycemic syncope accompanied by an episode of chest
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Fibrous Intermediate Lipid
plaque plaque plaque
(n=4) (n=4) (n=8)
IVMR Spectroscopy
ADC (10en2st) 1.6£0.4 0.8:0.2 0.6£0.1
LFI 16.3+13.3 40.8+9.6 76.4+16.4
Angiography
Target vessel
RCA 2 1 2
LAD 1 3 5
LCX 1 0 1
RD (mm) 3.79+0.32 3.80+0.73 3.39+0.72
MLD (mm) 2.70+0.48 2.45+0.63 2.65+0.79
DS (%) 28.50+14.39 30.50+9.00 22.25+12.45
Lesion length (mm) 10.75+14.17 12.30+7.17 13.137.49
Lesion type
A 4 2 6
B1 0 2 2
Morphology
Concentric 3 4 6
Eccentric 1 0 2
Thrombus 0 0 0
Calcification 0 0 0
TIMI flow
Baseline 3 3 3
Post procedure 3 3 3
Multi-vessel disease 3 3 6

ADC Apparent diffusion coefficient
LFI Lipid fraction index

Table 3. Major adverse clinical events within the follow-up period
of 30 days (n = 29)

Patients (n)
Event
Cardiac death 0
Acute MI 0
New unstable angina 0
Subacute thrombosis 0

pain and a mild rise in cardiac enzymes (CK 438 |U/I, CK-MB
86 IU/I; normal values CK <174 [U/I, CK-MB <24 1U/l or < 6% CK).
Coronary angiography, however, was unchanged with respect to the
index procedure. Another patient was readmitted at day 29 with
atypical chest pain. Ischaemia was excluded by laboratory, ECG and
stress tests. Coronary angiogram was unchanged with respect to the
index procedure.

Discussion

We are reporting for the first time the coronary application of a
novel, dedicated, intravascular MR catheter, free of external mag-
nets or cails, in clinical practice.

This “First-in-Man” study was focused on safety and performance
of the IVMR catheter system and Spectroscopy procedure. Our
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Figure 6. Box-plot presentation of the lipid fraction index (LFI) across
preclinical and clinical studies (n=16 subgroup with optimal IV MR
data quality) with the IVMR system.

main findings are (1) intracoronary IVMR Spectroscopy using a
dedicated catheter is feasible and safe in selected cases; (2) in-vivo
MR data shows a wide range of lipid fraction indexes, correspon-
ding to different degrees of lipid contents in coronary plaques.

The approach presented in this paper is novel and differs funda-
mentally from conventional MRI with or without intravascular coils.
It lessons important limitations involved in conventional MRI tech-
nigues that are based on creating the magnetic fields from outside
the patient. One of these is the relative motion of coronary arteries
with respect to gradient fields that limits the spatial resolution. In
addition, using large and expensive MRI scanners in dedicated MRI
laboratories limits their use during interventional procedures.
Using a standard interventional approach the above described
intravascular MR catheter was successfully advanced into the tar-
get lesion in 28/29 (97%) of cases. This success rate is high con-
sidering that 7 imaged lesions had a relatively narrow lumen diam-
eter of < 2mm by QCA.

Our intravascular MR observations in living patients, which are in
accordance to previously reported postmortem findings, show a
wide range of lipid fraction indexes. A comparison of lipid fraction
indexes diagnosed in postmortem coronary arteries, in postmortem
aortas and our in-vivo findings is illustrated in Figure 6. This analy-
sis confirms that a wide spectrum of lipid fraction indexes can be
diagnosed in atherosclerotic human arteries, despite obvious differ-
ences in the samples and methods.

Based on the in-vitro validation algorithms, lipid fraction index was
translated into a clinically meaningful classification ranging from
fibrotic plaque (low lipid fraction index), to intermediate plaque
(intermediate lipid fraction index), to lipid-rich plaques (high lipid
fraction index). Our intravascular MR-derived plaque classification
did not correlate with classical angiographic parameters for lesion
severity. This is in accordance with previous studies showing that
coronary angiography is only a fair predictor of subsequent coronary
events. The percentage diameter stenosis of a lesion does not pro-
vide reliable information regarding the risk for myocardial infarction
and death. A possible explanation is the systematic angiographic
underestimation of plaque extent, and the inability to distinguish
between stable and unstable plaques.

The unique information of intravascular derived MR plaque charac-
terization could enhance the arsenal of invasive diagnostic tech-
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nigues, such as angioscopy, intravascular ultrasound, palpography
and optical coherence tomography that focus on different features
of TCFA.

Limitations and future developments

This study was designed to test feasibility of a newly developed
IVMR catheter in the clinical setting. Accordingly, a number of tech-
nical issues became apparent and triggered further engineering
improvements during the duration of the study. Obvious limitations
of the current IVMR catheter are its size (5.2F), the susceptibility to
electromagnetic noise, and in some cases insufficient adherence of
the IVMR probe to the vessel wall. Proper apposition of the IVMR
catheter to the vessel wall is achieved by inflating a balloon within
the artery, which impedes coronary blood flow. The duration of data
acquisition (51 sec per sector) makes it difficult to scan multiple
lesions. Although not observed in our patient cohort, it cannot com-
pletely be excluded that balloon inflation might carry a risk of dam-
aging the arterial wall. This might be particularly problematic at a
site that is suspected to be vulnerable due to high lipid content and
thinned fibrous cap.

Intravascular MR using this probe is not a reflection of the actual
morphology of the plaque, but provides a simplified spatial repre-
sentation of its lipid-rich component as a two-dimensional sector.
One possibility for scanning the vessel circumference is to turn the
catheter within the lesion in such a way that sequentially different
sectors of the coronary artery segment are being imaged. Precise
rotation of the distal catheter tip was difficult. Limited rotational
accuracy and relatively sparse sampling of the vessel wall with the
current MR probe prevents complete interrogation of the plaque,
leaving blind spots that may contain vulnerable areas.

Recent histopathology data evaluating the circumferential distribu-
tion of the necrotic core of TCFA's has shown that vulnerable
plagues have an angular span of at least 120° in over 75% of the
cases. Therefore it may not be mandatory to sample 360°0f vessel
circumference to diagnose TCFA. In any case, further development
is anticipated to enable scanning of the complete vessel circumfer-
ence during longitudinal catheter pullback and alleviate the need
for acquiring individual sectors.

Success rate of Intracoronary IVMR Spectroscopy procedure was
76% (22/29 patients) in the clinical setting. This was lower than
expected from previous preclinical trials. Electromagnetic interfer-
ence was caused by certain instrumentation in the catheterization
laboratory such as ECG and guidewires. In these cases ECG was
replaced with IVMR compatible equipment and operators restricted
to use specific, approved guide wires.

Low signal to noise ratio (SNR) values were encountered in most of
the mural zone as well as some of the luminal zone measurements.
In consequence, the software has been changed to measure only a
modified mural zone. As a result the SNR of the mural zone
increased by a factor of 2.

This observation is important as it underlines the need for small
scale, human feasibility trials when developing innovative invasive
technologies. The problems faced were specifically related to equip-
ment in a clinical catheterization laboratory and not observed dur-
ing the extensive preclinical testing.



Currently, a new generation of IVMR catheters is under development
with smaller probe diameters that are compatible with low-profile guide
catheters, increased FOV per sensor and multiple-sensors for increas-
ing the number of data points per measurement. These improved IVMR
catheters have been developed to address some of the limitations of the
current design and will be available for larger scale clinical trials.

We demonstrate here for the first time that coronary artery assess-
ment of potentially vulnerable, non flow-limiting lesions using a ded-
icated intravascular MR catheter, free of external magnets or coils,
is feasible in clinical practice. Assessment of the coronary wall may
provide important data regarding the composition of the atheroscle-
rotic lesion, and thereby may contribute to predicting the likelihood
of eventual rupture and clinical instability.
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