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Abstract: The two-dimensional (2D) cine cardiovascular magnetic resonance (CMR) technique is
the reference standard for assessing cardiac function. However, one challenge with 2D cine is that the
acquisition time for the whole cine stack is long and requires multiple breath holds, which may not be
feasible for pediatric or ill patients. Though single breath-hold multi-slice cine may address the issue, it
can only acquire low-resolution images, and hence, affect the accuracy of cardiac function assessment.
To address these challenges, a Ferumoxytol-enhanced, free breathing, isotropic high-resolution 3D
cine technique was developed. The method produces high-contrast cine images with short acquisition
times by using compressed sensing together with a manifold-based method for image denoising. This
study included fifteen patients (9.1 ± 5.6 yrs.) who were referred for clinical cardiovascular magnetic
resonance imaging (MRI) with Ferumoxytol contrast and were prescribed the 3D cine sequence. The
data was acquired on a 1.5T scanner. Statistical analysis shows that the manifold-based denoised 3D
cine can accurately measure ventricular function with no significant differences when compared to the
conventional 2D breath-hold (BH) cine. The multiplanar reconstructed images of the proposed 3D cine
method are visually comparable to the golden standard 2D BH cine method in terms of clarity, contrast,
and anatomical precision. The proposed method eliminated the need for breath holds, reduced scan
times, enabled multiplanar reconstruction within an isotropic data set, and has the potential to be used
as an effective tool to access cardiovascular conditions.
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1. Introduction

The two-dimensional (2D) cine cardiovascular magnetic resonance (CMR) technique obtains a se-
ries of 2D images in quick succession and presents them as a movie to show the heart’s motion [1]. This
method allows for the functional assessment of the heart, myocardial motion, and cardiac valves [2].
It serves as a valuable tool for quantifying both global and regional functions of the left and right ven-
tricles by measuring key parameters, including the stroke volume, ejection fraction, end-diastolic and
end-systolic volumes, and masses [3]. It is considered the reference standard for diagnosing cardiac
function [1].

Conventionally, 2D cine is used in conjunction with the balanced steady state free precession
(bSSFP) sequence [4], which is a field echo (FE) based sequence that provides high contrast between
blood and the myocardium [2]. While the bSSFP sequence has a high signal-to-noise ratio (SNR) and
creates high contrast images, it does pose some challenges. For example, the sequence is overly sensi-
tive to magnetic field inhomogeneities, thus creating image banding artifacts [2]. Another challenge of
2D cine is that the acquisition time for the whole cine stack is long and requires multiple breath holds,
which may not be feasible for pediatric or ill patients. Additionally, the extended scan time increases
the likelihood of motion-based artifacts due to an inconsistent breath-holding amplitude and bulk body
movement, thus potentially leading to slice-to-slice misregistration and errors in ventricular volume
measurements [5].

Various new techniques have aimed to overcome the challenges of 2D cine. To overcome the chal-
lenges that breath-holding presents, a free-breathing 2D cine technique has been developed [6, 7, 8].
This method increases the spatiotemporal resolution due to an increased acquisition window and the
minimization of slice misregistration. However, the challenge of 2D cine is that ventricles must be
imaged in multiple orientations because the method has anisotropic spatial resolution and can only
acquire data in a specific geometry [9]. Moreover, adjusting the plane orientations for cardiac slice
angulation requires rigorous scan planning from an expert operator [10].

A recent advancement in cardiac imaging is the introduction of 3D cine [11, 12]. This method
simplifies planning and reduces the scan time due to its isotropic spatial resolution, thus allowing for
reformatting into any plane. Moreover, 3D cine is important and valuable, as it captures the complex
anatomy of patients with congenital heart disease. This is unlike 2D cine, which has high a slice thick-
ness (e.g. 8mm) and cannot capture all of the details. However, despite its promising capabilities,
there are some drawbacks. Some studies propose acquisition within a single breath hold [13]. Due
to the short acquisition window, this method produces low spatiotemporal resolution images. Mehdi
and colleagues [10] proposed a gadolinium-enhanced 3D cine solution that used the steady state free
precession (SSFP) sequence [14] with parallel imaging and sensitivity encoding (SENSE) [15]. They
used Heart-Nav [16] to prospectively gate and track the heart’s position during free breathing. This
method provided promising results in obtaining heart function by acquiring 3D whole-heart cine im-
ages. However, the acquisition time reported in the work (average of 6 minutes) was long. This led
to some difficulties in applying the method to some patients, such as young children without general
anesthesia, who have difficulties staying still for such a long time. Another challenge is with the con-
trast agent. Gadolinium can be washed out in a short time and the 3D cine sequence is usually run
at the end of the exam. This limits the image contrast and can lower the success rate for running this
sequence.

Mathematical Biosciences and Engineering Volume 21, Issue 3, 3695–3712.



3697

In this study, we advance the field of 3D cine acquisition by employing compressed sensing [17],
thus dramatically reducing acquisition time to an average of just 3.5 minutes. This approach involves
using a high compressed sensing (CS) factor, which is a pioneering technique that allows for the rapid
capture of 3D cine data. The purpose of this work is the application of a convolutional neural network
(CNN) to denoise images from an accelerated acquisition. In other words, though they are initially
noisy due to the high CS factor, the initial images are effectively refined using a novel manifold-based
image denoising method, thus showcasing our commitment to image quality.

A major contribution of our work is the use of Ferumoxytol [18] for superior image contrast en-
hancement. This agent offers prolonged retention in the body and exhibits a higher T1 relaxivity, thus
marking a significant improvement over traditional contrast agents. Furthermore, our research pro-
vides a detailed comparison between the 3D cine images acquired using our advanced method and the
conventional 2D cine bSSFP images. By focusing on key cardiac metrics like stroke volume, ejection
fraction, end-diastolic, and end-systolic volumes, this comparison highlights the practical and clinical
benefits of our proposed 3D cine protocol, thus underlining its potential impact in medical imaging.

2. Materials and methods

2.1. Sequence and patients description

All the data in this work were collected on a 1.5T Philips scanner (Best, The Netherlands). The
Institutional Review Board (IRB) at the University of Texas Southwestern Medical Center approved
all study procedures and protocols. We used a 3D T1-weighted turbo field echo sequence for data
acquisition. The sequence parameters include the following: TE / TR = 1.06 ms / 2.3 ms, FOV (Field
of view) = 512 mm × 512 mm × 175 mm (FH [Foot-Head] × AP [Anterior-Posterior] × RL [Right-
Left]), reconstruction matrix size: 432×432×146, and flip angle = 25◦. Due to the size of the patients,
we adjusted the FOV in the RL direction. The matrix size on the third dimension was also adjusted
accordingly to keep the reconstructed voxel size in the RL direction at 1.2 mm. The acquisition used
the sagittal slice orientation, and the foldover direction was set as AP. The scanner-calculated default
turbo field echo (TFE) start-up echo was used for the acquisition. Electrocardiography (ECG) cardiac
gating was used to acquire 30 cardiac phases, and the prospective respiratory motion compensation
was based on the Heart-Nav approach proposed in [16]. The first start-up pulse was used to create the
HeartNav signal, which was then sent to the respiratory navigator process module. To speed up the
whole acquisition, the data were 4-fold undersampled, and we reconstructed the undersampled data
with compressed-sensing (vendor-supplied algorithm) to obtain the initial reconstruction.

In order to validate the Ferumoxytol-enhanced 3D cine with a manifold-based denoising frame-
work, we carried out a comprehensive retrospective study. The primary objective of this study was to
assess the feasibility and clinical applicability of this enhanced imaging technique. We selected the
data from a subset of 15 patients who were referred for clinical cardiovascular magnetic resonance
imaging (MRI) with Ferumoxytol contrast (Feraheme R©, AMAG Pharmaceuticals, Inc.). This specific
contrast agent was chosen due to its unique properties of producing strong signal enhancement, thereby
improving the visibility of vascular structures in the MRI. The cohort was selected to ensure a diverse
and representative set of patients with various congenital heart diseases. This patient group was deemed
suitable for the study, as their clinical requirements necessitated the use of advanced imaging methods.
The necessity was driven by the complexity of their cardiovascular conditions, which demanded more
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comprehensive and detailed images. The attending cardiologists, which are highly trained profession-
als with experience in managing cardiovascular disease, prescribed the 3D cine sequence for these
patients as part of their routine clinical care. The decision to use the 3D cine sequence was made based
on the individual patient requirements, aiming for optimal treatment outcomes. The raw k-space data
were saved during data acquisition for post-processing. Saving the raw data neither adds extra scan
time nor poses any additional requirements for the patients. The demographic information of the 15
patients can be found in the table in the appendix.

2.2. Manifold-based denoising

In this study, we introduce a novel method of using a manifold-based CNN denoiser to minimize
the noise in the initially reconstructed images. The core concept behind this approach is to leverage
the learning capabilities of CNNs to perform intricate patch-based denoising [19]. When employed as
a patch-based approach for image denoising, manifold learning offers several compelling motivations
that leverage the intrinsic structure of the image data. First, it exploits the geometric structure of the
data. Images naturally form manifolds in a high-dimensional space. Similar to patch-based methods,
manifold learning techniques capitalize on this structure by considering each small patch as a point
in a high-dimensional space. This approach allows for the exploration of the underlying geometric
and topological properties of the image data, which are essential for effective denoising. Moreover,
manifold learning inherently involves reducing the dimensionality of the data. By mapping high-
dimensional patches onto a lower-dimensional manifold, these methods can effectively filter out noise.
The essential structures and features of the image are preserved in the lower-dimensional space, thus
separating them from the noise.

We introduce a CNN denoiser function, denoted by Dθ : Rp2
→ R, where R represents the set of

real numbers p is a real number determining the patch size, θ represents the network parameters. In
this study, the patch size is p × p, and we have selected p = 9, which translates into a 9 × 9 patch. The
function of the denoiser, Dθ, is to intake a noisy image patch and output the value of the clean central
pixel value. Mathematically speaking,

Dθ : Rp2
→ R, Dθ(X) = x,

where X is the p × p noisy patch, and x represents the clean center pixel value. During the training
process, we want to find the optimal network parameter θ∗ following the optimization problem below:

θ∗ = arg min
θ
||Dθ(X) − x||2.

Here, the underlying assumption is that both the noisy patches and clean center pixel values are
present on some unknown high-dimensional data manifolds [20]. Consequently, the CNN denoiser
is tasked with learning a non-linear map between these two data manifolds. The architecture of the
CNN employed is a 5-layer network using the rectified linear unit (ReLU) activation function [21].
Specifically, the first four layers are convolutional layers, using 100 filters of kernel size 3 × 3 each
layer. The last layer is a fully connected layer. This type of network is particularly effective for image
denoising tasks due to its capacity to learn complex features from images. The illustration of the
manifold-based denoising framework is given in Figure 1.

However, given the unavailability of clean 3D cardiac MRI data, we used 2D cardiac cine images to
train the network. The 2D cine was acquired using the T1-TFE sequence with Ferumoxytol contrast.
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Figure 1. Illustration of the CNN denoiser Dθ. We learn a CNN which takes the noisy patch
into the network and output the clean center pixel value. We assume that both the noisy
patches and clean center pixel values are lying are some unknown high-dimensional mani-
folds. The CNN denoiser learns the function which gives the non-linear mapping between
the two manifolds.

This results in a 2D denoiser, thus implying that the denoising for the 3D cine data was performed
slice by slice. In single-coil MRI systems, the noise in the magnitude of MRI data adheres to a Rician
distribution. Additionally, in areas where the SNR is high, the noise that follows a Rician distribution
can be closely estimated by a Gaussian distribution. More commonly, the noise that impacts the pixels
within an image is of a Gaussian type, which disrupts the pixels containing information in a consistent
manner across the image. Therefore, we used the Gaussian noise model in this work. To train the net-
work, we simulated various noise conditions by manually adding Gaussian white noise with standard
deviations ranging from 5 to 30, in increments of 5, into four types of cardiac cine: short-axis cine,
two-chamber cine, four-chamber cine, and axial stack cine. The training data were gathered from 10
patients (different than the patients for 3D cine denoising). Each patient had about 500 2D images
for the training, and the image size depended on the patient’s size. We used overlapped patches while
generating the patches. A vendor-provided denoising method was used during the 2D cine acquisition;
hence, we regard the 2D cine images as clean images, with the clean center pixel values originating
from these images. During the training phase, the noisy patches were input into the network, and the
output was compared to the true clean center pixel value using the mean-square-error (MSE).

Following the training phase, we utilized the denoiser to eliminate noise from the initially recon-
structed 3D cine images, thus yielding the final 3D cine. This approach highlights a significant leap
forward in image reconstruction and denoising, thereby promising a substantial potential for improving
the quality and precision of 3D cardiac MRI examinations.

2.3. Image analysis

In this study, our aim was to evaluate and compare the effectiveness of the proposed 3D cine method
against the conventional 2D bSSFP cine method. Our evaluation focused on various critical ventric-

Mathematical Biosciences and Engineering Volume 21, Issue 3, 3695–3712.



3700

ular function parameters, including stroke volume (SV), ejection fraction (EF), end-diastolic volume
(EDV), and end-systolic volume (ESV).

To execute this comparison, we analyzed images from both imaging methods. The 3D cine im-
ages were processed using Arterys, which is a cloud-based medical imaging platform. The platform
provides an advanced visualization tool capable of multiplanar reconstruction, thereby enabling the
transformation of the 3D cine data into multiple views: short-axis, 2-chamber, 3-chamber, and 4-
chamber views. This transformation is facilitated by identifying the cardiac valves, which are critical
anatomical landmarks.

These multiplanar reconstructed images serve as a robust foundation for the quantification of cardiac
function. To achieve this quantification, the left and right ventricles are first identified and manually
segmented in the short-axis view. This crucial step requires a high level of precision, as the accuracy
of the segmentation can directly impact the final calculation of the cardiac function parameters.

After the successful segmentation of the ventricles, the Arterys platform can then compute the SV,
EF, EDV, and ESV for each ventricle. These parameters provide a comprehensive assessment of cardiac
function.

The calculated values provide critical insights into the functional status of the heart, thus aiding
clinicians in making an accurate diagnosis and treatment plan. Therefore, the comparison of these
parameters between the 3D cine method and the conventional 2D cine bSSFP method offers valuable
information on the effectiveness and potential advantages of the proposed 3D cine imaging technique.

Additionally, we analyzed the SNR for the images before and after the manifold-based denoising to
illustrate the effectiveness of the proposed denoising algorithm. The SNR is calculated as follows:

SNR = 20 log
µ

σ
,

where µ is the mean intensity value of the selected region in the region of interest, and σ is the standard
deviation of the intensity value of a selected noisy region.

2.4. Statistical analysis

In this study, we utilized a variety of statistical analyses to quantify the accuracy of the proposed 3D
cine method when calculating ventricular measurements, compared with the standard 2D cine bSSFP
method.

Paired T -tests [22] were performed for each of the measurements. We conducted T -tests for each
cardiac function parameter (stroke volume, ejection fraction, end-diastolic, and end-systolic volumes)
and evaluated the p-values to test whether any differences in measurements between the two methods
were statistically significant.

Additionally, we calculated R2 values [23] for each of the measurements. In our context, the R2

values indicate the proportion of the variability in ventricular measurements that can be explained by
the 3D cine method.

Additionally, a Bland-Altman analysis [24] was conducted to assess the level of agreement between
the 2D cine bSSFP method and the proposed 3D cine method.

These statistical analyses provide a robust framework for evaluating the accuracy and reliability
of the proposed 3D cine method, thus offering insights into how this new method compares with the
standard 2D cine bSSFP method in terms of both statistical significance and clinical relevance.
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3. Results

3.1. Illustration of the denoising

In this section, we demonstrate the denoising capability of the proposed method through the visu-
alization of results. We selected representative images from two patients to exhibit the effectiveness of
the method, as shown in Figure 2. Additionally, the signal intensity profiles were used to illustrate the
denoising. We chose one dataset to showcase this, selecting both end-diastolic and end-systolic phases
before and after denoising, as displayed in Figure 3. From the plots, it is evident that after the denois-
ing, the signal intensity profiles become smoother, thus indicating the effectiveness of the denoising.
Movies to illustrate the denoising can also be found in the Supplemental material.

Observation of the figure indicates a significant improvement in the image quality following the de-
noising process. Most notably, the noise within the blood pool region is substantially suppressed. This
suppression is of a particular significance, since the noise in this area often obstructs the visualization
of critical cardiac structures, thus hindering the accurate assessment of cardiovascular health.

For example, in the case of patient 1, the image prior to denoising shows the aortic valve as some-
what blurred due to the noise. This blurring can make it challenging for clinicians to accurately assess
the valve’s structure and function. However, after applying the denoising technique, the aortic valve
becomes clear, thus enabling a much more precise evaluation. Similarly, other areas such as the liver
region and the spine also exhibit substantial improvements in clarity post-denoising. Previously, noise
in these regions may have obscured anatomical details or pathological changes. By applying our de-
noising method, we can see these regions with greater clarity, thus enhancing the potential diagnostic
value of the images.

The improved image quality is further demonstrated by the quantitative results. In Table ??, we
compare the SNR of the heart, liver, spine, and lung region before and after denoising.

Overall, the results illustrated in the figure and table highlight the potential of our proposed method
to improve the quality of 3D cine images. By significantly reducing noise, particularly in critical
regions such as the blood pool, we enhance the visibility of essential structures and thereby contribute
to more accurate diagnoses and improved patient outcomes.

Table 1. SNR comparison between the initial reconstruction and after the manifold-based
denoising. From the table, we can see that SNR has been improved in those important regions
after performing the denoising algorithm. Unit of SNR: dB.

Heart Liver Spine Lung
Initial

Reconstruction
46.69 36.16 38.97 18.73

After
Denoising

51.55 40.66 43.19 22.29

3.2. Case report using 3D cine

In this section, we demonstrate the effectiveness of the 3D cine technique with manifold denoising
in the diagnosis and treatment of congenital heart defects (CHD). To demonstrate its utility, we present
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Figure 2. Illustration of the denoising. The results of the denoising from 2 patients in the
figure. The denoising algorithm can suppress the noise in the initial reconstructed images
and produce clean images.

images from two patients with complex CHDs, thus exhibiting vastly differing coronary anatomies.
As depicted in Figure 4, the images of the first patient display an {S,L,L} transposition of the great

arteries, a large inlet ventricular septal defect, and subpulmonary stenosis. These abnormalities result
in an unconventional coronary structure, as visible in the multiplanar reconstructed (MPR) images. In
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contrast, the second patient has Fontan anatomy and hypoplastic right heart syndrome. Despite the
complex underlying anatomy, the coronary image for this patient shows normal coronary structures.

Figure 3. Illustration of the denoising using signal intensity profile. One middle sagittal
slice chosen from one dataset was used for illustration. We chose both end-diastolic and
end-systolic phases before and after denoising to show in the figure. From the plots, we can
see that after the denoising, the signal intensity profiles were getting smoother, indicating the
effectiveness of the denoising.

To further illustrate the potential of the proposed technique, we also present representative images
with different views from two additional patients in Figure 5. The first patient was diagnosed with
Tetralogy of Fallot, which is a congenital cardiac malformation, and has undergone a transannular
patch repair. The presented images label important anatomical structures, thus demonstrating that
our method can clearly delineate these structures and providing enough diagnostic information for
clinicians to make informed decisions. The second patient has a particularly unique cardiac anatomy,
resulting from heterotaxy, dextrocardia, a complex single ventricle with severely unbalanced right
dominant atrioventricular canal, aortic atresia, and a common atrioventricular valve. Moreover, the
patient underwent a 20 mm extracardiac fenestrated Fontan procedure, which was situated on the left
side. Despite the unusual cardiac anatomy, our method has successfully visualized some of the critical
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Figure 4. Two cases are chosen to showcase the coronary artery origins and proximal-course
on 3D Cine images. Patient 1 has abnormal coronary artery origin whereas patient 2 has
normal coronary structures.

structures and the Fontan pathway.
This section emphasizes the powerful capabilities of the proposed 3D cine method with manifold

denoising to facilitate the understanding and management of complex congenital heart diseases. By
providing clear, accurate visualizations of unique anatomical structures and postoperative conditions,
this method can significantly assist clinicians in diagnosing, monitoring, and treating these conditions.

3.3. Visual comparison with 2D CINE using Multiplanar Reformatting (MPR)

In this section, we present a visual comparison between the images obtained from our proposed 3D
cine with manifold denoising technique and those obtained using the traditional 2D breath-hold (BH)
cine method. To facilitate this comparison, we employed MPR to derive three distinct views from our
3D cine images: the short-axis view, the four-chamber view, and the two-chamber view. These three
views provide comprehensive visual information about different aspects of the heart’s structure and
function.

We compared these 3D cine-derived views with the corresponding views obtained from 2D BH cine,
at both the end-diastolic phase and the end-systolic phase, as shown in Figure 6. Upon comparison, we
observe that our proposed 3D cine technique is capable of producing visually comparable results to the
traditional 2D BH cine method. The images obtained using 3D cine exhibit similar clarity, contrast, and
anatomical precision to those produced using 2D BH cine, thus suggesting that our proposed method
can effectively match the gold standard in terms of the visual quality. This indicates that 3D cine with
manifold denoising could potentially serve as an effective alternative to traditional 2D BH cine for
capturing and analyzing cardiac images.
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Figure 5. Showcase of 3D cine. two cases are chosen here, one is a tetralogy of Fallot patient
status post transannular patch repair and another one is a Fontan patient with very unusual
heart anatomy. Important structures are labeled in the images.

3.4. Quantitative comparison with 2D CINE

In this section, we present a quantitative comparison between the 3D cine images obtained using
our proposed method and the conventional 2D cine bSSFP images, focusing on measurements of the
left and right ventricles. This comparison was conducted to illustrate the potential applications of the
proposed 3D cine protocol in clinical cardiology. The results of this comparative analysis are presented
in Table 2 and Figure 7.

Table 2 compares the key volumetric parameters – stroke volume, ejection fraction, end-diastolic
volume, and end-systolic volume – obtained from both the 3D cine and 2D cine bSSFP methods. The
statistical analysis shows that there are no significant differences between the measurements derived
from the two methods, as indicated by the p-values reported in the table, all of which were greater than
0.05. Furthermore, the R2 values indicate that a large proportion of the variability in the ventricular
measurements can be explained by the 3D cine method, thus corroborating its potential as a reliable

Mathematical Biosciences and Engineering Volume 21, Issue 3, 3695–3712.



3706

Figure 6. visual comparison between the images obtained from our proposed 3D cine with
manifold denoising technique and those obtained using the traditional 2D BH cine method.
We compared these 3D cine-derived views with the corresponding views obtained from 2D
BH cine, at both the end-diastolic phase and the end-systolic phase.

alternative to the traditional 2D cine bSSFP technique.
To further quantify the degree of agreement between the ventricular measurements derived from

the 3D and 2D cine sequences, we conducted a Bland-Altman analysis. The results of this analysis
are presented as Bland-Altman plots in Figure 7. In these plots, the solid line represents the average
difference, or bias, between the two methods. The specific numerical values for these mean differences
are also detailed in Table 2.

The mean differences are found to be very close to zero, thus indicating a minimal bias between
the 2D and 3D cine methods. The dotted lines on the Bland-Altman plots denote the 95% confidence
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Table 2. Comparison of ventricular measurements for the proposed 3D cine method and
the conventional 2D cine bSSFP (N = 15). Abbreviations: LVEF, left ventricular ejection
fraction; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; RVEF,
right ventricular ejection fraction. Values are mean ± standard deviation.

Left Ventricle Right Ventricle

LVEF (%) EDV (ml) ESV (ml) SV (ml) RVEF (%) EDV (ml) ESV (ml) SV (ml)

2D Cine
(bSSFP)

54.0±7.8 92.5±55.7 43.7±34.0 48.7±28.1 50.0±14.1 137.4±1023.6 76.9±77.0 60.5±42.5

3D Cine
(SSFP)

54.6±9.2 93.4±55.4 43.7±32.0 48.5±26.9 49.9±15.7 137.1±102.1 78.7±81.7 58.4±41.2

Mean
Difference
(3D-2D)

0.6±2.2 0.9±2.8 -0.03±3.5 -0.2±2.7 0.2±5.0 -0.3±6.3 1.9±10.8 -2.1±7.0

Mean %
difference
(3D-2D)

3.6±4.2 3.9±3.7 4.9±3.6 5.8±4.6 9.1±9.6 4.4±6.4 10.2±10.0 11.1±11.2

p value 0.362 0.275 0.980 0.756 0.915 0. 897 0.598 0.376
R2 value 0.960 0.997 0.992 0.992 0.902 0.996 0.985 0.973

interval, representing ± 1.96 standard deviations from the mean bias. The narrowness of these confi-
dence intervals in Figure 7 suggests a high degree of agreement between the 2D cine bSSFP and the
proposed 3D cine methods.

Collectively, these results highlight the potential of our proposed 3D cine protocol as a reliable and
accurate tool for ventricular measurements, thus matching the established 2D cine bSSFP method in
both precision and reliability.

4. Discussion

In this work, we studied Ferumoxytol-enhanced 3D cine with manifold-based denoising, which
is a promising technique that has the potential to significantly advance the field of cardiovascular
MRI. This technique leverages the superior contrast offered by Ferumoxytol, which is a type of iron
oxide nanoparticle used as a contrast agent in MRI, in combination with 3D cine MRI to obtain high-
resolution, dynamic images of the cardiovascular system.

One of the key advantages of this technique is that it does not require patients to hold their breath
during the procedure, thus making it more comfortable for those who have difficulty holding their
breath. This can be particularly beneficial for individuals with respiratory or cardiovascular issues,
who may find traditional methods challenging.

Our results show that this technique is not only feasible, but also comparable to the conventional 2D
breath-hold cine bSSFP method, which is considered the reference standard for ventricular measure-
ments. Statistical analyses, including T -tests, R2 calculations, and Bland-Altman analyses, all support
this finding, with no significant differences between the two methods. These findings are in line with
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Figure 7. Bland-Altman plots comparing left and right ventricular (LV, RV) measurements
for proposed 3D cine method and conventional 2D cine bSSFP. The solid line indicates the
mean difference (bias) and the dashed lines show ± 1.96 standard deviations of the mean
difference.

the existing results shown in [10]. Both our work and theirs demonstrate that 3D cine is reliable in
assessing ventricular function. Distinguishing ourselves from [10], we proposed to use Ferumoxy-
tol contrast and a high compressed sensing factor alongside a manifold-based denoising algorithm to
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reduce the scan time and enhance the visibility of the images. With the cleaner images, not only ven-
tricular function can be obtained, but also the dynamics of the whole heart can be clearly visualized.
In other words, the cleaner images provide comprehensive 3D information about the heart, including
intricate structures and abnormal anatomy, which are critical for planning surgical or interventional
procedures.

However, it should be noted that although the manifold-based denoising framework is powerful,
its performance depends on the quality of the training data used. The potential for variations in noise
profiles across different scanning environments, scanner types, and patient groups calls for a diverse
and representative training set to ensure the robustness of the denoising network. Additionally, the
current denoising framework performed slice-by-slice denoising due to the lack of 3D training data for
3D denoiser training. In the future, an unsupervised 3D denoiser might provide an alternative solution
for the denoising of the 3D cine without requiring clean 3D training images.

The Ferumoxytol-enhanced 3D cine with manifold-based denoising presents the potential to of-
fer improved image quality, patient comfort, and diagnostic accuracy. Future studies are needed to
optimize and validate this technique in broader clinical settings and populations.

5. Conclusion

A Ferumoxytol-enhanced free breathing 3D cine sequence was developed. The method produced
high-contrast cine images with short acquisition times by using compressed sensing alongside a
manifold-based method for image denoising. The technique can accurately measure ventricular func-
tion with no significant differences compared to the conventional 2D breath-hold cine bSSFP method.
Additionally, the multiplanar reconstructed images of the proposed 3D cine method were visually
comparable to the golden standard 2D BH cine method in terms of clarity, contrast, and anatomical
precision. The proposed method eliminates the need for breath holds, reduces scan times, enables mul-
tiplanar reconstruction within an isotropic data set, and has the potential to be used as an effective tool
in the assessment of cardiovascular conditions.
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Appendix

Patient Age Sex Diagnosis
Subject 1 2 yo F Pulmonary stenosis status post pulmonary valvuloplasty
Subject 2 9 yo M Ebstein anomoly status post tricuspid valve replacement
Subject 3 14 yo F pulmonary atresia with intact septum, hypoplastic RV, and coronary sinusoids
Subject 4 12 yo F ToF status post transannular patch repair
Subject 5 6 yo F {S, D, D} DORV, mitral atresia, pulmonary atresia
Subject 6 7 yo M HLHS status post Glenn anastomosis
Subject 7 8 yo M DILV status post Fontan
Subject 8 13 yo M DORV with doubly committed VSD, d-TGA
Subject 9 16 yo F Pulmonary atresia with intact ventricular septum
Subject 10 13 yo M {S, L, L} TGA large inlet VSD closed with AVV tissue
Subject 11 10 mo F {S, D, D} DORV, remote VSD
Subject 12 19 mo M {S, L, D} DORV, subpulmonary VSD
Subject 13 12 yo M HLHS
Subject 14 20 yo M Ebstein anomaly
Subject 15 13 yo M ToF status post transannular patch repair

Deidentified patient information. Abbreviations: HLHS: Hypoplastic Left Heart Syndrome;
DORV: Double Outlet Right Ventricle; ASD: Atrial Septal Defect; VSD: Ventricular septal
defect; DILV: Double inlet left ventricle; DORV: Double outlet of right ventricle; d-TGA:
Dextro-Transposition of the great arteries; ToF: Tetralogy of Fallot.
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