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Introduction: Intravascular ultrasound (IVUS) is a useful adjunct to guide percutaneous coronary intervention
(PCI). Correlating IVUS images with angiographic findings can be challenging. We evaluated the utility of a
novel co-registration system for IVUS and coronary angiography.
Methods and results: A 3-D virtual catheter trajectory was constructed from separate angiographic imaging runs
using bespoke software. Intravascular ultrasound images were obtained using a commercially available mechan-
ical rotational transducer with motorized pullback. Co-registration of ultrasound and angiographic images was
then performed retrospectively based on the length of pullback, the 3-D trajectory and the start position of the
catheter. Validation was performed in a spherical phantom model and in vivo in the coronary circulation of pa-
tients undergoing coronary angiography and intravascular imaging for clinical purposes. 111 paired angiographic
and IVUS runs were performed in 3 phantom models. The differences between the reference length and the length
measured on the 3D reconstructed path was —0.01 4 0.40 mm. Intra-observer variability was 0.4%.
We enrolled 25 patients in 3 European hospitals and performed 35 co-registration attempts with an 86% success rate.
71 landmarks were selected by the first operator, 68 by the second. Differences between angiographic and IVUS land-
marks were —0.22 4 0.72 mm and 0.05 4 1.01 mm, respectively. Inter-observer variability was 0.23 £ 0.63 mm.
Conclusion: We present a novel method for the co-registration of IVUS and coronary angiographic images. This system
performed well in a phantom model and using images obtained from the human coronary circulation.
Classifications: Innovation, intravascular ultrasound, other technique

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

[1,2]. Intravascular ultrasound (IVUS) allows detailed visualization of
the arterial wall and is useful in delineating culprit lesions, moderate

Although coronary angiography remains the gold standard for the
assessment of coronary artery diseases (CAD), it only shows a projected
shadow of the coronary lumen unable to provide reliable information
on plaque vulnerability or to address the true extent of atherosclerosis

Abbreviations: 2-D, Two dimensional; 3-D, Three dimensional; CAD, Coronary artery
disease; ECG, Electrocardiogram; OCT, Optical Coherence Tomography; PCI,
percutaneous coronary intervention; QCA, quantitative coronary analysis; SD, standard
deviation; IVUS, intravascular ultrasound.

* Conflicts of interest: T Slots is employed by Pie Medical Imaging. All other authors re-
port no conflicts of interest.
* Corresponding author at: UMONS, Faculté de Médecine et de Pharmacie, Service de
Cardiologie, Avenue Maistriau, 25, 7000 Mons, Belgium.
E-mail address: Stephane.CARLIER@umons.ac.be (S.G. Carlier).

https://doi.org/10.1016/j.carrev.2018.10.024
1553-8389/© 2018 Elsevier Inc. All rights reserved.

plaque and stent under expansion [3]. These two imaging modalities
are complementary for optimal guidance of percutaneous coronary in-
tervention (PCI). However, difficulties correlating important IVUS find-
ings to angiographic images limit the routine use of IVUS during PCI.
Angiography/IVUS co-registration methods aim to make vessel map-
ping easier. Currently available co-registration methods have several
disadvantages [4-9]: manual indication of common anatomical posi-
tions in both modalities and contrast filled angiographic projections
are needed. For others, excessive X-ray exposure comes from real-
time angiographic tracking of the imaging transducer position neces-
sary during pullback. We present the first multicenter evaluation of a
new co-registration of IVUS and angiograms using the 3D catheter
path of the imaging wire [10].
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Fig. 1. The phantom sphere with three catheters of different lengths.

2. Methods

In summary, our method is based on a 3D vessel centerline gener-
ated from two separate angiogram runs obtained with the IVUS catheter
in place. One run uses contrast to serve as a roadmap and the other does
not require contrast. In both angiograms, the 2D path of the catheter is
marked, starting at the IVUS transducer. Co-registration is then possible
knowing the true length in the 3D angiogram and the position of the
first IVUS frame.

We initially performed an off-line validation in a phantom to assess
the accuracy of the 3D reconstruction. After obtaining feasibility data,
we performed real time co-registration in patients.

2.1. Phantom validation

Our phantom consisted of a sphere with three catheters placed
around it. Each catheter was marked every 10 mm and had a total
length of 30, 90 and 174 mm (Fig. 1). The phantom was placed under
an X-ray system (Siemens Axiom Artis®) and several angiographic pro-
jections recorded. Thereafter 3D reconstructions of each catheter were
obtained using several combinations of projections (Fig. 2). A single op-
erator, blinded to the real catheter lengths, performed measurements of
the distance between landmarks. Measurements were repeated by the
same operator four weeks apart. The two data sets were measured
using the IV-LINQ co-registration system (Pie medical, Maastricht, NL).
We compared the actual catheter length with the measured length to
determine the accuracy of 3D reconstruction.

2.2. Clinical validation
 Co-registration technique [10]

Co-registration using the 3D catheter path of the imaging catheter is
as simple as ABCD, as described previously by Carlier et al. [10]:

A. Advancing imaging catheter.

B. Biplane or two angiograms (preferably orthogonal, at least 30°
apart) are acquired during breath holding with the vessel of in-
terest placed in the isocenter.

C. Contrast injection in one of the angiograms used as the roadmap
image. Angiograms are sent via DICOM to the co-registration
workstation.

D. Digital transfer of the motorized IVUS pullback streamed real-
time to the co-registration workstation.

Fig. 2. Example of 3D reconstruction of phantom. Two projections at least 30° apart are selected (A and B). The catheter path is marked in the two projections beginning on a same distal

reference. Panel C and D shows the 3D reconstruction of the catheter path.
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Fig. 3. Steps for 3D angiographic reconstruction of the IVUS catheter: two angiograms are acquired at least 30° apart (A and B). Only one angiogram is filled with contrast (A). The user
indicates the IVUS tip and marks further the catheter path in the two projections. Panel C shows the 3D reconstructed IVUS catheter path.

In both angiograms the user indicates the 2D path of the catheter
starting at the imaging tip in end-diastolic frames. Thereafter the system
automatically calculates the true 3D catheter path length without
foreshortening or out-of-plane magnification. IVUS co-registration is
then based on the starting point of the trajectory that will be matched
to the first recorded IVUS frame. From this starting point, a distance
mapping algorithm co-registers each IVUS frame with the 3D catheter
path (Figs. 3-4). Offline processing is also possible using an IVUS pull-
back recorded in a DICOM file.

« Study population

We enrolled 25 patients in three European hospitals (UZ Brussels-
Belgium, Royal Infirmary of Edinburgh-UK and Hospital Clinico
Universitario San Carlos, Madrid-Spain). The study population included
all comers, undergoing clinically indicated coronary angiography and
IVUS. All patients provided written informed consent for storage and
use of patient data. Systems used were Siemens Axiom Artis®, Philips

Frame3312

Pullback length: 67.4 mm

Allura®, GE Discovery® in combination with Boston Scientific iLAB 2.7®
or Polaris®. All IVUS studies were performed with a Boston Scientific
Opticross™ 40 MHz coronary imaging catheter using a motorized pull-
back speed of 0.5 mm/s.

* Data analysis

A central corelab evaluation in the University of Mons (UMONS),
Belgium assessed the offline accuracy of the co-registration, using
CAAS Workstation 7.2.1 IV-LINQ software (Pie Medical Imaging,
Maastricht, The Netherlands). Side branches or visible stent edges
were first located on angiograms, the exact location was then marked
on the IVUS run. Thereafter we measured the mismatch length
between angiographic and IVUS locations of these preselected land-
marks (Fig. 5). Two operators blinded to the other's results performed
the analysis. Quantitative coronary analysis (QCA) was performed
with the CAAS Workstation 8.0 (Pie Medical Imaging, Maastricht, the
Netherlands).

Frame718

12

Frame1973

Fig. 4. Example of co-registration on the right coronary artery. Distal reference corresponding to the position of the IVUS tip before starting pullback is marked in pink, which will be
matched to the first recorded IVUS frame. From this starting point, each I[VUS frame is located on the angiogram in real time: (1) distal stent edge, (2) side branch, (3) heavy calcified
plaque. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3D path length: 913 mm

Fig. 5. Example of side branches selection. A: Diagonal is marked on angiogram (landmark 1). B: Diagonal is bookmarked on IVUS (landmark 2 on panel C). C: Mismatch between the two

landmarks is then calculated.

2.3. Statistical analysis
* Phantom validation

Differences between the measured length on the 3D reconstructed
phantom path and the real catheter length were expressed as
mean =+ standard deviation (sd). Intraobserver variability was assessed
using a Bland Altman plot.

* Clinical validation

Mismatch between IVUS and angiographic landmarks was
expressed as mean + sd. The ANOVA test was used to look for a correla-
tion between mismatch and the distance of the landmark from the dis-
tal reference (IVUS tip) (Statistical analysis was performed using IBM
SPSS Statistics 20®). Interobserver variability was assessed using a
Bland Altman plot.

3. Results
3.1. Phantom validation

We obtained 37 paired angiograms of the phantom and used a total
of 111 3D reconstructions of the three catheters. For these recordings,
no IVUS was performed nor co-registration. The mean + sd difference
between the reference length and the one measured on the 3D
reconstructed path was —0.01 4 0.4 mm. The intra-observer variability
was 0.4%.

3.2. Clinical validation

Twenty-five patients were included and 35 co-registration attempts
were performed without any clinical complications. Patient characteris-
tics: average age 66-years (21 to 91), with 80% male. The majority of in-
terrogated vessels were the LAD (52%) or RCA (32%), with less
LCx (12%) and ramus (4%). Five attempts were excluded, giving an
86% success rate. In 3 cases, the two angiographic projections were inap-
propriate for a 3D reconstruction of the coronary segment of interest

and we noticed in 2 other cases that the position of the IVUS probe
was different in the two angiographic projections, compared to land-
marks such as a side branch, due to inadvertent probe shifting between

25 patients

35 Co-registration
attempts

3 cases excluded for
inappropiate
acquisition of

angiograms

2 cases excluded for
IVUS probe shifting

3 cases excluded due to
— absence of clear
landmarks

Final analysis : 27

cases

Fig. 6. Clinical validation: the study design.
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the two angiograms. An additional three cases were excluded from the
analysis due to the absence of clear landmarks to map (Fig. 6). Vessels of
interest were the left anterior descending artery in 17 cases, the right
coronary artery in seven and the left circumflex in three. All lesions
were de novo lesions. Reference diameter by QCA was 2.69 +
0.54 mm, lesion length 13.1 & 6.7ranging from 3 to 33 mm, with an
average diameter stenosis of 38 + 25%. Average time to perform co-
registration from loading the angiograms until co-registration was less
than 1 min. Seventy-one landmarks were selected by the first operator,
68 by the second in IVUS pullbacks of up to 100+ mm. The position of
these landmarks ranged from 2 to 98 mm from the start of the IVUS
pullback (mean + sd = 39.7 4 21.7 mm). Fig. 7 demonstrates the mis-
match between IVUS and angiographic mapping in function of the posi-
tion of the landmarks from the start of the IVUS pullback. The bias on
this mismatch was not correlated to the distance between the chosen
landmark and the distal reference (p = 0.99). Differences between an-
giographic and IVUS landmarks were —0.22 + 0.72 mm and 0.05 +
1.01 mm respectively for observer 1 and 2. After pooling the common
landmarks analysed by the two operators, we observed a low inter-
observer variability: mean + sd (obs 1-obs 2) = 0.23 4+ 0.63 mm as
demonstrated on Fig. 8.

4. Discussion

We present the results of a novel method for co-registration of cor-
onary angiographic and IVUS images based on generation of a virtual
3D catheter path within the coronary circulation. Using this technique,
we observed successful co-registration in over 85% of cases with a
good accuracy.

The limitations of coronary angiography in assessing the true extend of
atherosclerosis is well recognised. Several studies demonstrated that the vi-
sual interpretation of angiograms is often associated with a misjudgement
of plaque severity [1,11-13]. Intravascular ultrasound offers detailed cross
sectional views of the arterial wall, helping the cardiologist choose the
correct stent size based on accurate assessment of luminal and vessel
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dimensions, lesion length and volume of plaque burden. Although not a
universal finding, a number of studies have demonstrated improved out-
comes with IVUS guided PCl, particularly in the era of drug eluting stents
[14-17], essentially related to a lower rate of target lesion revascularisation
[18,19]. Despite this, IVUS remains underused in almost all cardiovascular
catheterisation laboratories worldwide because of cost constraints but
also due to the difficulties locating IVUS findings in the angiogram.

The aim of co-registration methods is to combine the accurate and
valuable information provided by IVUS with the usual interpretation of
the coronary tree as presented by angiography. Several studies propose
different concepts for co-registration of angiography and IVUS or other
intravascular imaging modalities. Sonka's group [4,5] and Slager et al.
[8,9] proposed accurate methods to locate IVUS images along a 3D recon-
structed vessel, with an exact [IVUS images orientation allowing calcula-
tion of shear stress and other hemodynamic studies. However, these
methods require a long post processing analysis unsuitable for daily use
during PCI procedures. An alternative approach was described by Tu &
al [6] who reported a good co-registration accuracy (mean registration
error 0.03 4 0.45 mm, measured in 22 patients and a total of 56 land-
marks). Nonetheless their co-registration technique requires two con-
trast angiograms and manual labelling of landmarks. This presumes the
presence of identifiable side branches or stent edges, which is not always
the case. Other proposed techniques are based on tracking the imaging
tip under ECG triggered fluoroscopy [7], and even though satisfactory re-
sults have been reported (median registration error below 1.5 mm), the
radiation exposure concerns are a major limiting factor for an eventual
wider use. St Jude Medical offers an angiography-OCT co-registration
but to date no studies regarding its accuracy have been published. A re-
cent randomized study of 200 patients evaluating stent implantation
guided by this automated coregistration of OCT and angiography did
not reduce geographical miss defined as edge dissection or significant re-
sidual disease either by angiography or OCT [20].

The aforementioned methods are therefore either complex and de-
mand heavy workflow or require excessive radiation exposure or con-
trast use. This paper evaluates a new co-registration method that aims

° °
° °
°
° °
50 60 70 80 90 100
o o °
° °

Distance from start of IVUS pullback (mm)

Fig. 7. Absolute angiogram/IVUS measured mismatch in function of the position of the landmark from the start of the IVUS pullback.



780 K. Houissa et al. / Cardiovascular Revascularization Medicine 20 (2019) 775-781

15

Difference between 2 observers angiographic/IVUS mismatch (mm)
°
°
.
°
°
.
°
°

-1.5

-2

Mean of 2 observers angiographic/IVUS mismatch (mm)

Fig. 8. Bland Altman plot of the inter-observer variability on absolute angiogram/IVUS measured mismatch.

to transcend the previously described weaknesses by proposing a sim-
plified work flow with no need for additional X-ray exposure or contrast
injection. The primary results demonstrate the feasibility of this tech-
nique. However, some limitations must be mentioned:

1. Angiogram acquisitions must be performed strictly in the isocenter
otherwise 3D reconstruction and therefore co-registration will be
distorted. Currently developments are ongoing to allow the use of
non-isocenteric angiograms.

2. The catheter tip is used as reference, which supposes that any dis-
placement of the catheter between angiograms acquisitions and
IVUS run or any speed variations due to breathing or important
cardiac motion may skew co-registration accuracy.

3. The track length is calculated according to the known automated
pullback speed. This limits the usage of manual pullback.

4. This study enrolled a limited number of patients and used only
one IVUS system and one IVUS probe type (Boston Scientific
Opticross™) for all cases. It is plausible that this technique may
be less accurate with other IVUS systems.

5. Conclusion

This first multicenter clinical evaluation of a new angiography/IVUS
co-registration method demonstrates that it is accurate and robust
when acquisitions guidelines are fulfilled. Upcoming studies will ex-
plore its feasibility with other IVUS system and ongoing technical devel-
opments may facilitate non-isocentric angiographic acquisitions.
Further clinical studies must evaluate the real impact on improving
PCI results, which remains the final aim of all co-registration methods.

Impact on daily practice
Co-registration of angiography and IVUS potentially simplifies PCI by

allowing easier identification of appropriate landing zones as well
aiding in the choice of more accurate stent size and lengths. This system

minimises both radiation and contrast exposure reducing the risks to
patients undergoing IVUS guided PCI. The impact of this system on im-
proving PCI results still needs to be evaluated.
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