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Inter-Modality Feature Fusion Combining Unenhanced CT
and Ferumoxytol-Enhanced MRA for Patient-Specific Vascular
Mapping in Renal Impairment

Takegawa Yoshida, MDY, Kim-Lien Nguyen, MD¥2" Puja Shahrouki, MD?, William J.
Quinones-Baldrich, MD3, Peter F. Lawrence, MD3, J Paul Finn, MD?

1Diagnostic Cardiovascular Imaging Laboratory, Department of Radiology, David Geffen School of
Medicine at UCLA, Los Angeles, California, USA

2Division of Cardiology, David Geffen School of Medicine at UCLA and VA Greater Los Angeles
Healthcare System, Los Angeles, California, USA

SDepartment of Vascular Surgery, David Geffen School of Medicine at UCLA

Abstract

Purpose: To establish the feasibility of fusing complementary, high-contrast features from
unenhanced CT and ferumoxytol-enhanced magnetic resonance angiography (FE-MRA) for pre-
procedural vascular mapping in patients with renal impairment.

Materials and methods: In this IRB-approved and HIPAA-compliant study, fifteen consecutive
patients underwent both FE-MRA and unenhanced CT scanning, and the complementary high-
contrast features from both modalities were fused to form an integrated, multi-feature image.
Source images from CT and MR were segmented and registered. To validate the accuracy,
precision and concordance of fused images to source images, unambiguous landmarks, such as
wires from implantable medical devices (IMDs) or indwelling catheters, were marked on 3D
models of the respective modalities, followed by rigid co-registration, interactive fusion, and
fine adjustment. We then compared the positional offsets using pacing wires or catheters in the
source FE-MRA (defined as points of interests, POIs) and fused images (n=5 patients, n=247
points). Points within 3D image space were referenced to the respective modalities: x (right-left),
y (anterior-posterior), and z (cranial-caudal). The respective 3D orthogonal reference axes from
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both image sets were aligned, such that with perfect registration a given point would have the
same (X, ¥, z) component values in both sets. The 3-dimensional offsets (Ax mm, Ay mm, Az

mm) for each of the corresponding POls represent non-concordance between the source FE-MRA
and fused image. The offsets were compared using concordance correlation coefficients (CCC).
Interobserver agreement was assessed using intraclass correlation coefficients (ICC) and Bland
Altman analyses.

Results: Thirteen patients (age 76+12 years, 7 female) with aortic valve stenosis and chronic
kidney disease (CKD) and 2 patients with thoracoabdominal vascular aneurysms and CKD
underwent FE-MRA for pre-procedural vascular assessment and unenhanced CT exams were
available in all patients. No ferumoxytol-related adverse events occurred. 247 matched POls were
evaluated on the source FE-MRA and fused images. In patients with IMDs, the mean offset in
spatial position were: 0.31+0.51mm (p=0.99, Cy=1, 95% CI 0.99-0.99) for Ax, 0.27+0.69mm
(p=0.99, Cy=0.99, 95% CI 0.99-0.99) for Ay, and 0.20£0.59mm (p=1, Cp=1, 95% CI 0.99—

1.00) for Az. Interobserver agreement was excellent (ICCs >0.99). The mean difference in offset
between readers was 1.5mm.

Conclusions: Accurate 3D feature fusion is feasible, combining luminal information from
FE-MRA with vessel wall information on unenhanced CT. This framework holds promise for
combining the complementary strengths of MRI and CT to generate information-rich, multi-
feature composite vascular images, while avoiding the respective risks and limitations of both
modalities.

Table of Contents Summary

This cross-sectional retrospective study evaluated 15 patients with renal impairment and
thoraco-abdominal vascular anomalies who underwent ferumoxytol-enhanced magnetic resonance
angiography for pre-operative planning. All patients had unenhanced CT studies available. We
demonstrate the feasibility of inter-modality feature fusion of vessel wall and lumen between
unenhanced CT and ferumoxytol-enhanced magnetic resonance angiography for vascular mapping
in patients with renal impairment.

Keywords

Inter-modality; image fusion; magnetic resonance angiography; computed tomography;
ferumoxytol; vascular mapping; endovascular; transcatheter

INTRODUCTION

Whereas magnetic resonance angiography (MRA) provides excellent definition of the
perfused vascular lumen, it is less sensitive to vascular calcification and may fail to image
indwelling metal devices due to artifact.> The latter limitations can be significant for

some important clinical applications.2 For example, in candidates undergoing transcatheter
aortic valve replacement (TAVR) and endovascular aneurysm repair (EVAR), multiple
pre-procedural measurements are required to assess vascular morphology, determine the
anatomic approach, and minimize the risk of complications. Both TAVR3-5 and EVAR,6: 7
require information such as patency, dimensions and tortuosity of arterial access vessels as
well as the degree of vascular calcification. For EVAR, morphologic information such as
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thrombus and complexity of the aneurysmal sac is crucial. Quantitative measurements are
critical in determining EVAR device selection, deployment strategy, and surgical approach.
3D reconstruction after image acquisition facilitates accurate measurement of luminal
dimensions in the presence of vessel tortuosity and the geometry of complex aneurysms can
be appreciated from all points of view.8 For complex EVAR procedures using fenestrated or
branched endografts, advanced 3D reconstructions enable testing of endografts for adequate
fitting and individualized graft design and have been shown to reduce Type 1 endoleaks.®
To date, computed tomography (CT) has been preferentially used for EVAR planning even
though many vascular patients have renal impairment and may require additional iodinated
contrast in the operating theater.

Although contrast-enhanced MRA with gadolinium-based contrast agents (GBCAS) is
widely implemented for vascular assessment, ferumoxytol-enhanced MRA has been
proposed as a value-added alternative to GBCAs in patients with renal impairment.10. 11
Ferumoxytol (Feraheme®; AMAG Pharmaceuticals, Inc., Cambridge, MA) is an ultrasmall
super paramagnetic iron oxide (USPIQ) approved by the US Food and Drug Administration
(FDA) for treatment of iron deficiency anemia in patients with chronic kidney disease
(CKD) and is a potent MR angiographic agent.? 12

On the other hand, CT is exquisitely sensitive to calcium and can image a variety

of indwelling hardware devices. However, CT angiography (CTA) requires injection

of iodinated contrast agents, which are generally avoided in renal impairment due to

the attendant risk of nephrotoxicity (exacerbating or precipitating renal failure). Similar
concerns about the risk of nephrogenic systemic fibrosis (NSF) may limit the use of GBCA
in this patient population. Although the incidence of nephrotoxicity following CTA can be
up to 3.5%13 and the incidence of NSF following GBCA ranges from 1-7% with linear
gadolinium agents, the true incidence may be lower.1* We hypothesize that in patients where
ferumoxytol enhanced MRA (FE-MRA) is a suitable alternative to CTA,12 15 vascular
calcification, bony anatomy and hardware devices may be accurately referenced to perfused
luminal anatomy by fusing unenhanced CT and FE-MRA images. In a proof-of-concept
study, we aim to evaluate the feasibility of combining luminal information from FE-MRA
with vessel wall information on unenhanced CT to form an integrated, multi-feature image
for pre-procedural planning in patients with disease of the aorta or aortic valve and renal
impairment.

METHODS
Study population

This is a retrospective study, which was approved by our local Institutional Review Board
and was compliant with the Health Insurance and Portability and Accountability Act
(HIPPA). Consecutive patients who underwent both FE-MRA and unenhanced CT between
January 2015 to August 2017 for vascular mapping were included (Table 1). All participants
gave written informed consent. The patient population described in this manuscript has been
partially included in two prior manuscripts. One focused on the safety profile of ferumoxytol
as a diagnostic MR contrast agent; 6 the other assessed feasibility of FE-MRA (n=26) for
TAVR planning in the setting of renal impairment.1” Of the 26 patients from the prior TAVR
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paper,17 thirteen had available non-contrast CT studies performed previously and 5 of these
had implanted cardiac devices. The subset of 13 patients, therefore, was used for validation
of the registration algorithm described in the current work.

Image Acquisition

All patients had FE-MRI studies on a Siemens 3.0 Tesla scanner (Magnetom TIM Trio
(n=3), Magnetom Prisma Fit (n=6) or Magnetom Skyra (n=1), Siemens Medical Solutions,
Malvern, PA) or a 1.5 Tesla scanner (Magnetom TIM Avanto (n=5), Siemens Medical
Solutions, Malvern, PA) for pre-operative vascular mapping. Patients had steady state

MRA where ferumoxytol (4mg/kg) was given prior to MRI studies by slow intravenous
infusion. Physiological monitoring of blood pressure, heart rate, pulse oximetry, and ECG
was performed throughout all MRI procedures. FE-MRA involved 3D breath-held image
acquisition with a product spoiled gradient echo sequence (repetition time 2.7ms, echo time
1.0ms, flip angle 19-20°, 1.0 x 1.3 x 1.2mm in-plane spatial resolution, bandwidth 610 Hz,
6/8 partial Fourier, GRAPPA acceleration factor 4). Two overlapping stations (150-200mm)
with identical 3D spatial resolution (~1.0 x 1.2 x 1.3 mm) were acquired. Overlapping 3D
FE-MRA data were combined into a single, 650 mm extended field of view (eFOV) image
using commercial software (Image Compose, Siemens Medical Solutions, Inc).

Unenhanced CT studies were acquired on a Siemens Somatom Sensation 64 (n=7),
Somatom Sensation 16 (n=1), Somatom Force (n=4), Aquilion (n=1) and Symbia T2 (n=1),
with typical slice thickness ranging from 0.75 to 1.5 mm. CT imaging of the chest was
carried out in 9 patients, and imaging of the abdomen and pelvis in 6 patients. In 12 patients,
supero-inferior coverage on FE-MRA and CT was not the same and image fusion was
therefore limited to the overlapping anatomy (n=3 had chest /abdomen /pelvis CT, n=4 had
abdomen /pelvis CT, n=1 abdominal CT, n=7 pelvis CT).

FE-MRA and unenhanced CT volumetric data were available in the chest, abdomen, and
pelvis (n=3); in the abdomen and pelvis (n=4); in the chest only (n=7); and in the abdomen
only (n=1).

Image post-processing — Segmentation

Figure 1 outlines the framework for creating our feature fusion models. CT and FE-MRA
source images were imported into commercially available software (Mimics v. 19.0;
Materialise, Leuven, Belgium) for segmentation and rigid body image registration. To
segment the regions of interest from the background structures, appropriate Hounsfield

or grayscale signal intensity thresholds were assigned to CT or FE-MRA image datasets,
such that voxels of similar intensity ranges were considered to be of the same structure
(model-based region growing). The threshold values were set by two readers (TY, PS)

for optimal visualization of calcifications and implanted medical devices (IMDs) on CT
images, and for optimal reconstruction of enhanced blood vessels on FE-MRA images.
Masks were defined and color-coded using the semi-automatic segment tool (C&V module,
Mimics), and manually modified. Using the “Calculate 3D” (Mimics, Materialise) function,
3D triangle-based models from each CT and FE-MRA dataset were reconstructed based on
pre-defined masks (Figure 1, Online video S1).

J Vasc Surg. Author manuscript; available in PMC 2022 October 20.
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Image post-processing — Co-registration of segmented FE-MRA and CT datasets

To co-register the segmented CT and MRA datasets, we manually specified anatomic
landmarks!8 on both the segmented CT and FE-MRA 3D models using points within
Mimics. Specific landmarks varied by cases. For example, in patients with visible
calcifications involving the ascending aorta extending to the brachiocephalic artery, left
common carotid artery or left subclavian artery, we marked the respective ostia of these
branches as fiducial landmarks. Where present, we also used calcifications on the aortic
valve and the ostia of the coronary arteries, celiac artery, renal arteries, and iliac arteries
as landmarks. We then used the semi-automatic registration tools in Mimics to initiate

the co-registration, followed by manual fine adjustments after visual inspection (Figure 1,
Online video S1). The resulting co-registered datasets had corresponding spatial resolution,
orientation, and dimension; each point within the co-registered 3D imaging volume can be
described using x, y, z coordinates.19 We exported the co-registered datasets from Mimics
as DICOMs and imported them into OsiriX (OsiriX, Geneva, Switzerland) for further
validation.

Validation using intrinsic rigid landmarks

To validate the accuracy, precision and concordance of fused images, we compared the
positions of pacing wires or catheters in the original FE-MRA (defined as points of interests,
POls) and fused images (n=5 patients, n=247 points). These cases were chosen because
they produced defined and unambiguous signal changes on the respective modalities. On
FE-MRA images, IMDs produce a signal void (Figure 2, green arrows), whereas on CT

and consequently in the fused images, the dense IMDs produce high intensity pixels (Figure
2, red arrows). One reader (TY) defined the POI within 3D image space using Cartesian
coordinates referenced to the respective modalities: x (right-left), y (anterior-posterior), and
z (cranial-caudal). The respective 3D orthogonal reference axes from both image sets were
aligned and had the same zero point, such that with perfect registration a given point

would have the same (X, y, z) component values in both sets. The 3-dimensional offsets

(Ax mm, Ay mm, Az mm) for each of the corresponding points of interest were used to
quantify non-concordance between the original FE-MRA and fused image. To evaluate for
inter-observer agreement of the offsets, a second reader (PS) independently determined POls
(n=50) on FE-MRA and fused images of one patient; the offsets were compared.

Statistical analysis

MedCalc Statistical Software version 17.2 (MedCalc©, Ostend, Belgium) was used for the
statistical analyses. The offsets between two paired POls in the X, y and z dimension,

and in 3D space, were evaluated for normality using the Shapiro-Wilk test. To compare
intra-subject offsets, analysis of variance (ANOVA) and the Friedman test were used

for parametric and nonparametric data where appropriate. For inter-subject analyses, the
concordance correlation coefficient (CCC) was calculated. The CCC contains the Pearson’s
rho (p) correlation coefficient and bias correction factor (Cp), which are measures of
precision and accuracy respectively. Inter-observer agreement was assessed using intraclass
correlation coefficients (ICCs) in a two-way mixed-method model with absolute agreement

J Vasc Surg. Author manuscript; available in PMC 2022 October 20.
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and bias was assessed using Bland-Altman plots. Data are reported either as mean +
standard deviation (SD) or median and interquartile range (IQR).

RESULTS

A total of 15 patients (age 74+12 years, 8 female) with either aortic valve stenosis or aortic
aneurysm and CKD underwent FE-MRA and unenhanced CT for pre-procedural vascular
assessment from January 2015 until August 2017 (Table 1). The median time span between
the FE-MRA and unenhanced CT was 4 days (IQR 0-28 days). All patients underwent FE-
MRA without any adverse events. Of the 15 CKD patients, 3 were hemodialysis-dependent,
3 had renal transplants, and the remaining patients had estimated glomerular filtration rates
(eGFRs) ranging from 20 to 78 mL/min/1.73m2. None of the patients had a history of
allergy to iron agents. A subset of five patients who had IMDs (n=4) or femoral catheter
(n=1) was used for assessment of image fusion accuracy.

Image fusion

In all cases, 3D models of the arteries, veins and cardiac chambers were separately created
from FE-MRA for visualization of perfused luminal anatomy from an arbitrary angle.

On corresponding unenhanced CT images, vascular and valvular calcifications together

with the pacing wires or catheters were segmented and similarly converted to 3D models.
Subsequently, the entire vasculature was successfully fused with the calcifications and
pacing wires or catheters, without the need for changes in scale or form. Figures 3-6

and Online video S1-S3 show illustrative examples of fused 3D models that demonstrate

the quality of fusion images with strong visual confirmation of the locations of vascular
calcification, aneurysmal dilation and IMDs, as well as visualization of vessel tortuosity. The
segmentation time for the 15 cases ranged between 2 to 3 hours.

Offsets between intrinsic rigid landmarks and fused image models

A total of 247 matched POls were evaluated on the original FE-MRA and fused images
(Figure 7). Both inter-subject and intra-subject offsets were small. The mean inter-subject
3-dimensional POI-based offset was 0.64 + 0.92 mm (ranging from 0.05 to 5.49 mm).
Offsets for each dimension were Ax = 0.31 + 0.51 mm (ranging from 0.00 to 4.02 mm),

Ay =0.27 £ 0.69 mm (ranging from 0.00 to 4.17 mm), and Az = 0.20 £ 0.59 mm (ranging
from 0.00 to 3.98 mm) for X, Y and Z dimensions respectively. The mean Z-dimension
offset (1.85 mm) was significantly lower (p<0.05) than both X (2.08 mm) and Y (2.07 mm).
Concordance of offsets between subjects in each dimension was excellent: X, p=0.9997
(Cp=1, 95% CI 0.9996-0.9998); Y, p=0.9994 (C,=0.9999, 95% CI 0.9992-0.9995); and

Z, p=1 (Cy=1, 95% CI 0.9999-1.0000). Differences for within-subject 3D offsets were
statistically significant (P<0.01, Figure 8), but not clinically relevant (range of mean intra-
subject offsets 0.38 to 1.23 mm). Interobserver agreement for the POIs was excellent for

all dimensions on FE-MRA (X, ICC 0.9994 [95% CI 0.9989-0.9997]; Y, ICC 0.9942 [95%
C1 0.9897-0.9968]; Z ICC 0.9998 [95% CI 0.9997-0.9999]) and in fused models (X, ICC
0.9999 [95% CI 0.9999-1.0000]; Y, ICC 0.9998 (95% CI 0.9996-0.9999); Z, ICC 1 [95%
Cl 1.0000-1.0000]). The mean difference in registration offset between readers was -1.5mm

J Vasc Surg. Author manuscript; available in PMC 2022 October 20.
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(lower limit of agreement -3.84mm [95% CI -1.83 to -1.11mm]; upper limit of agreement
0.91 mm [95% CI 0.29 to 1.5mm]) with a repeatability coefficient of 3.7.

DISCUSSION

The results of our study suggest that fusion of luminal information from FE-MRA and
vessel wall information from unenhanced CT can generate highly accurate and reproducible
image integration of all relevant structures for pre-procedural vascular planning. The use

of FE-MRA with unenhanced CT is especially attractive in patients with renal impairment
where there are concerns about iodinated contrast media and GBCAs and where vascular
calcification may be florid and widespread. As the purpose of our study was to report the
feasibility of feature-based fusion imaging, the patient sample size is relatively modest.
Further, because the method for validation of the fusion offsets between vasculature and
calcifications has not been previously established, our work was limited to evaluations of the
offsets of pacemakers and catheters between original and fused images.

Inter-subject and intra-subject offsets varied, but the mean offsets in all three dimensions

(%, y, and z) and 3D offsets were not clinically relevant. These variations were related

to known challenges for inter-modality 3D-3D image registration. The method of placing
the ROIs may have been contributory. As the pacing coil and femoral catheter primarily
extend vertically, corresponding to the Z-dimension, the ROIs were consecutively marked in
axial planes for fixed slice intervals. This may explain why the offsets in the z-dimension
were significantly smaller than in the other dimensions. The inter-subject offsets could be
explained by the different shapes of the IMDs and the fact that neither the FE-MRA or
unenhanced CT acquisitions were cardiac gated and the gantry angle for CT images was not
corrected during co-registration. For the intracardiac portion of the pacing wires, therefore,
one would anticipate a real difference between the x-y configuration of the wires, depending
on where in the cardiac cycle the acquisition was centered. This error would be expected
both between the modalities and within the modalities, at different time points. The use of
pacing wires, therefore, does not reflect a best-case choice for a reference variable, but the
fact that errors were small even within this constraint is reassuring. One would expect that
this source of error would be minimal or disappear for structures that vary little over the
cardiac or respiratory cycles (for example the aorto-iliac system). Conversely, one would
expect structures that vary substantially over the respiratory or cardiac cycle (e.g. liver or
cardiac chambers) would be more susceptible to inconsistent cardiac or respiratory phase as
a source of offset error.

It should be noted that the differences between the mean offsets were in the range of 0.48

to 0.99mm, which in the current context was not clinically significant, is consistent with
prior work reporting a registration error up to 1.43mm using the root mean square method.2°
Pragmatically, the limits of acceptable registration error should be defined on case by case
basis, depending on the clinical questions. For example, fusing MR and CT images of the
coronary arteries would invoke more stringent requirements in terms of spatial and temporal
resolution than is the case for the abdominal aorta or femoral arteries. Nonetheless, the same
principles would apply, assuming acceptable image quality can be achieved.

J Vasc Surg. Author manuscript; available in PMC 2022 October 20.
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Although the registration in our study took typically less than 5 minutes, the image
segmentation was far more time consuming and will require workflow optimization
strategies for time sensitive clinical applications. However, with steady advances in image
segmentation algorithms and processing power, and with the imminent implementation of
deep learning strategies, it seems likely that the engineering bottlenecks will be short lived.

Over the past decade, the benefits and limitations of CMR and CTA have been extensively
debated. lodine or gadolinium-based contrast agents are often required for CTA and MRA
respectively, which may be problematic in patients with renal impairment because of the risk
of post-procedural renal failure or NSF.2! This is especially relevant in TAVR candidates, as
renal impairment is frequent in patients with aortic stenosis.22: 23 Ferumoxytol has unique
properties as a contrast agent for MRA as compared to GBCA, and may be a suitable
alternative to CTA in patients with renal impairment.10- 16 Recently, FE-MRA has been
proposed as a suitable, renal safe diagnostic tool for pre-TAVR assessment, where vascular
access planning can be successfully completed.1 24

There have been earlier reports of image fusion between FE-MRA and fluoroscopy,2® CT
and fluoroscopy,28 ultrasound and fluoroscopy,2” as well as contrast-enhanced coronary
CTA with perfusion gadolinium-enhanced MR.28 Our study however, is unique in proposing
a 3D-3D feature-based strategy for generating a complete, integrated, multi-parameter
vascular model from FE-MRA and unenhanced CT. This allows for augmented a priori,
pre-procedural planning with evaluation of all relevant vessels, together with vascular
calcifications, bony anatomy and IMDs as shown in Online video S1. The value of our
framework for vascular models lies not only in the advanced visualization, but also in the
non-nephrotoxic way in which the images could be acquired and with minimal radiation
from unenhanced CT exams that may already have been performed for other clinical
reasons.

An intriguing aspect of fusing CT with MR images is that the integrated images contain
more information than either modality alone, while maintaining high spatial resolution in a
readily compatible, natural-appearing display. While MR and CT images are both potentially
high resolution and volumetric, they each have well known strengths and weaknesses, which
tend to be complementary, in that they have their high-contrast sweet spots in different

parts of the tissue spectrum. The potential clearly exists to build upon the single modality
thumbprints of, for example, plaque and thrombus, by incorporating the features visible on
either the MR or CT moieties of the complex image. For now, these questions remain in the
research realm, but the clinical implications are compelling. For our study, integration of the
detailed luminal anatomy seen on FE-MRA with the vascular calcifications and IMDs seen
on unenhanced CT enabled a more confident and complete assessment of structural disease
was possible than with either modality alone. The intuitive and graphic display is appealing
to surgeons and interventionists and may inform previously unanticipated challenges or
revised approaches to procedural pathways. The clinical impact of these feature-rich datasets
will require validation in more extensive studies.

Our study has limitations. As the purpose of our study was to report the feasibility of fusion
images, the sample size is relatively modest. Further, because the method for validation of

J Vasc Surg. Author manuscript; available in PMC 2022 October 20.
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the fusion offsets between vasculature and calcifications has not been previously established,
our work was limited to evaluations of the offsets of pacemakers and catheters between
original and fused images. However, the measured accuracy of our technique was very high
and was further validated by an equally high inter-observer agreement. The spatial resolution
for our FE-MRA was sufficiently high (1.0 x 1.2 x 1.3mm) that abnormalities in mesenteric
or renal arteries can be readily appreciated. In our current study group, the FE-MRA and CT
datasets were not cardiac gated because, at the time a breath-held 3D gated MRA sequence
was not available to us and the unenhanced CT exams were performed for other indications
where gating was not necessary. Since completion of our study, we have implemented a
breath-held, gated 3D MRA technique which we now use routinely when evaluating the
thoracic aorta with ferumoxytol. Acquisition of images using 4D MRI12°: 30 may also address
the issue of cardiac gating, but was not performed in our current set of patients.

In suitable patients of a younger age group where minimization of radiation exposure
assumes even greater importance, fusion of FE-MRA with low dose unenhanced CT may be
an attractive option, as only landmarks of high attenuation are needed for successful fusion.
With minimal radiation and renal safety, the scope for inter-modality 3D feature fusion could
expand to encompass broad and as yet undefined clinical applications.

CONCLUSION

In conclusion, our study demonstrates high accuracy for complementary feature fusion

of vessel lumen from FE-MRA and vessel wall from unenhanced CT. These 3D fused
models and the framework for feature-based fusion have immediate implications for precise
anatomic localization of vascular calcification, aortic aneurysm and implantable medical
devices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ARTICLE HIGHLIGHTS
Type of Research:
Cross-sectional retrospective study
Key Findings:

Inter-modality fusion of complimentary features from unenhanced CT and ferumoxytol-
enhanced magnetic resonance angiography is feasible and offers a best-of-both-
modalities, non-nephrotoxic approach for augmented peri-operative vascular mapping
in patients with vascular disease and impaired renal function.

Take Home M essage:

Inter-modality feature fusion from unenhanced CT and ferumoxytol-enhanced magnetic
resonance angiography can be used to provide safe and comprehensive vessel wall

and lumen imaging in patients with thoraco-abdominal vascular diseases and renal
impairment.
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Fig 1.

Steps for inter-modality feature fusion with unenhanced CT and ferumoxytol-enhanced
MRA (a-d). Online video S1 shows selective feature fusion of the arterial bed (a), venous
system (b), and bony structures into an integrative 3D surface model (d).
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Fig 2.

60?year-old male patient with renal impairment, critical aortic valve stenosis and a pacing
wire in the left innominate vein, superior vena cava and right heart. Rigid registration is
based on selected features from unenhanced CT (a) and original FE-MRA (b) images. The
pacing coil seen in the unenhanced CT (a, yellow arrows) was accurately fused with the
signal void in the FE-MRA (b, green arrows) to form the fused image (c, red arrows).
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Fig 3.

FEg-MRA (a), unenhanced CT (b) and a fused 3D model (c) belonging to an 80-year-old
male with severe aortic valve stenosis and moderate renal impairment. The fused 3D
model from FE-MRA and unenhanced CT shows the entire aorta and pelvic access vessels
with atherosclerotic calcification, most severe in the iliac arteries. The calcification of the
abdominal aorta (yellow arrows) and both iliac arteries (white arrows) from the CT image
can be clearly defined on the fused 3D model (green and red arrows respectively).
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Fig 4.

A%D curved multi-planar reconstruction (MPR) of original FE-MRA () and fused image
(b), and a fused 3D model (c) belonging to a 78-year-old female with symptomatic aortic
valve stenosis, moderate renal impairment and a pacemaker, status post TAVR. The signal
void (red arrows) and an accurately fused pacing coil (green arrows) are defined on the FE-
MRA and fused image respectively. The fused 3D model demonstrates a heavily calcified
aorta, and the relationship between calcification, vasculature, pacemaker and the prosthetic
aortic valve can be clearly visualized. Online video S2 shows a 360° view of the fused 3D
model.
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Fused color 3D volume

Fused color 3D volume rendered image with Color 3D volume rendered
rendered image enhanced segmentation ferumoxytol-enhanced MRA

of the perfused aortic lumen

Fig 5.

A?‘used 3D model belonging to an 83-year-old male shows a large, predominantly fusiform
thoracoabdominal aortic aneurysm and renal impairment. The fused 3D model (posterior
view) shows the entire extent of the aortic aneurysm with atherosclerotic calcifications (a-b,
yellow regions). The aortic aneurysm and calcifications are shown extending from the top

of the thoracic aorta to the middle of the abdominal aorta. The relationship between each
anatomical structure can be more clearly defined by showing the perfused aortic lumen

(b, gray color) and the origin of the celiac trunk and superior mesenteric artery (b, red
arrows). Extensive thrombus within the aneurysm is rendered in green and was derived

from the MRA data. Ferumoxytol-enhanced MRA image (c) shows both arterial and venous
perfused anatomy (excluding the mural thrombus). Through color 3D volume rendering with
segmentation of extracted features from each modality (a-b), the desired spatial relationships
are enhanced. Online video S3 shows a 360° view of the fused 3D image (a-b).
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Fig 6.

Se%mentation of vasculature in FE-MRA from coronal view (a) and axial view (b), and
fused 3D model (c). These images belong to an 80-year-old male with severe aortic

valve stenosis and moderate renal impairment. A detailed fused 3D model of the entire
aortoiliofemoral vasculature overlaid with calcification is displayed. Vessel tortuosity,
calcific burden and morphology, as well as the presence of complex calcific atheroma could
be clearly defined and measured.
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Overlay of signal void from FE-MRA and outline of IMD from fused image
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Fig 7.

Overlay of points of interests (POIs) on original FE-MRA relative to fused image models
from one subject. The POIs from the original FE-MRA (blue circles) and fused image (green
x) from coronal and sagittal views show overlap with minimal offsets. A, anterior; /, inferior;
IMD, implanted medical devices; L, left; P, posterior; R, right; S, superior
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Fig 8.

Subject number

Box-and whisker plots comparing the offsets in original FE-MRA and fused image within
subjects (a) and between subjects (b). The upper and lower line in the box represent the
25 and 75t quartile. The middle line represents the median. The whiskers represent the
minimum and maximum values.
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The characteristics for all patients included in our study. The patients with pacemaker (subject No. 1-4) and
femoral catheter (subject No. 5) were included in a subset analysis for the evaluation of image fusion accuracy.

eGFR (mL/min/

MRI dlicethickness

CT dlicethickness

Subject Sex Age(years) 17) MRI scanner (mm) CT region (mm) IMD
1 F 66 21 Avanto 13 1,23 1 1
2 F 78 27 Avanto 13 1 1 1
3 M 69 78 Avanto 1.4 1 15 1
4 F 89 35 Avanto 13 1 1 1
5 F 46 >89 Trio TIM 13 2,3 2 2
6 F 66 18 Avanto 13 1 1 -
7 M 89 53 Prisma 1.2 2,3 0.75
8 F 76 28 Prisma 1.2 1 15 -
9 M 80 39 Prisma 1.25 1 15 -
10 M 72 54 Trio TIM 1.2 2,3 1 -
11 F 86 27 Trio TIM 1.2 1,23 2 -
12 M 71 37 Skyra 13 2,3 2 -
13 M 89 38 Prisma 14 1 3 -
14 M 79 20 Prisma 1.2 2 2 -
15 F 83 36 Prisma 13 1,23 15 -

*
CT regions: 1=chest, 2=abdomen, 3=pelvis

*ok

Implantable medical device (IMD): 1=pacemaker, 2=catheter

eGFR, estimated glomerular filtration rate; F, female; M, male
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