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Abstract: MRI of effective transverse relaxation rate (R2*) measurement is a reliable method for liver
iron concentration quantification. However, R2* mapping can be degraded by noise, especially in the
case of iron overload. This study aimed to develop a deep learning method for MRI R2* relaxometry
of an iron-loaded liver using a two-stage cascaded neural network. The proposed method, named
CadamNet, combines two convolutional neural networks separately designed for image denoising
and parameter mapping into a cascade framework, and the physics-based R2* decay model was
incorporated in training the mapping network to enforce data consistency further. CadamNet was
trained using simulated liver data with Rician noise, which was constructed from clinical liver
data. The performance of CadamNet was quantitatively evaluated on simulated data with varying
noise levels as well as clinical liver data and compared with the single-stage parameter mapping
network (MappingNet) and two conventional model-based R2* mapping methods. CadamNet
consistently achieved high-quality R2* maps and outperformed MappingNet at varying noise levels.
Compared with conventional R2* mapping methods, CadamNet yielded R2* maps with lower errors,
higher quality, and substantially increased efficiency. In conclusion, the proposed CadamNet enables
accurate and efficient iron-loaded liver R2* mapping, especially in the presence of severe noise.

Keywords: MR relaxometry; R2* mapping; liver iron overload; convolutional neural network;
cascade network

1. Introduction

Primary hemochromatosis (i.e., hereditary hemochromatosis) and secondary hemochro-
matosis (e.g., thalassemia, sickle cell disease, chronic liver disease, and long-term red blood
cell transfusions) result in excessive iron deposition in the body and cause structural and
functional damage to vital organs, especially the liver [1]. Accurate quantification of hepatic
iron concentration (HIC) is critical to managing and monitoring iron chelation therapy.
Magnetic resonance imaging (MRI) is commonly adopted for hepatic iron quantification
instead of liver biopsy, which is invasive and has a low inter- and intra-observer repeatabil-
ity [2,3]. MRI effective transverse relaxation rate (R2* = 1/T2*) of liver parenchyma linearly
rises with HIC and has been established as a reliable and accurate quantitative measure of
HIC in transfusion-dependent patients [4].

Due to the high scan efficiency [5] and high intercenter agreement [6], the MRI R2*
technique is widely performed for assessing HIC in clinical practice. A representative
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R2* value is typically obtained for the liver parenchyma and then transformed to HIC.
Compared with regions of interest (ROI)-based R2* quantification, which fits averaged
decay signals in ROI, R2* mapping has the ability to depict the spatial distribution of
HIC [7]. The R2* map is obtained by pixel-wise fitting multiple images at varying echo
times (TEs) to an exponential decay function using a multi-gradient recalled echo (mGRE)
sequence. However, R2* mapping is adversely affected by the presence of fat in tissue
and noise-related bias. Fat-water oscillations can be eliminated by using fat-suppression
techniques [8]. The noise level in MRI is usually quantified in terms of a signal-to-noise
ratio (SNR), a measure of signal strength relative to background noise. In scenarios of severe
liver iron overload and high magnetic field (for example, 3.0 T), the intensities of signals
in the acquired serial T2*-weighted images usually decay and thus have low SNRs [9].
Noise in T2*-weighted magnitude MR images, which can be characterized by Rician or
non-central chi distribution [10], degrades the accuracy and precision of R2* estimation
and thus might mislead clinical interpretation. It is essential to suppress the effect of noise
on R2* quantification for assessing HIC.

The effect of Rician noise includes signal bias and fluctuation. The offset model [4]
represents the signal bias by adding a constant to the mono-exponential function. In theory,
the bias caused by Rician noise depends on the intensity of the underlying truth signal.
Thus, the offset model cannot correctly address the effect of Rician noise on the decay
signal, and it tends to overestimate R2* by a factor depending on the noise level [11]. The
truncation model only fits data with high signal intensities (i.e., SNRs) to minimize the
impact of noise [12]. However, this method tends to underestimate high R2* where the
signal decays rapidly, and the SNR of remaining data after truncation is still poor [11].
The first-moment (M1NCM) and second-moment (M2NCM) noise correction models can
correctly describe the effect of Rician noise on the R2* decay signal by fitting the measured
data to the first and second moments of mono-exponential signal in the presence of Rician
noise, respectively [11]. The impact of intensity fluctuations on R2* mapping can be
reduced by filtering images before curve fitting [13]. Recently, a curve fitting method
with adaptive neighborhood regularization (PCANR) [14] was developed to improve
liver R2* mapping by incorporating noise suppression and curve fitting into a unified
regularization framework. This approach can avoid the error propagation from image
filtering to parameter mapping and generate R2* maps with significantly reduced noise
and well-preserved tiny structures. Although the above methods achieve high performance
in noise correction, the slow speed of computation is a shortcoming of them and needs to
be improved.

Recently, deep learning has been successfully applied to MR parameter mapping.
Quantitative parameter maps can be estimated from measured images through deep neural
networks. The popular U-Net has shown inspiring results in the parameter mapping
domain [15–20]. The performance of deep learning-based parameter mapping can be
further improved by incorporating regularization terms, such as total variation [16], or
incorporating data consistency terms, such as MR physical models [16–19], into the loss
function during network training. Although the training of deep networks for parameter
reconstruction is computationally intensive, the implementation of a trained network is
highly efficient. However, deep neural networks are highly nonlinear and nonconcave, and
they may yield unstable results for parameter reconstruction, especially in the presence
of perturbations, such as noise [21]. Actually, noise in MR images can also be suppressed
by using deep learning methods [22–24]. As such, we hypothesize that combined image
denoising and parameter mapping using deep learning would benefit the R2* mapping of
an iron-loaded liver, especially in the presence of severe noise for high HIC.

In this paper, we propose a novel two-stage cascade network named CadamNet for
MRI R2* mapping of an iron-loaded liver. The proposed CadamNet directly reconstructs
R2* map from multi-echo T2*-weighted images with Rician noise. CadamNet accomplishes
R2* mapping task in two stages, including the image denoising stage and the parame-
ter estimation stage, which are achieved through a denoising network and a parameter
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mapping network, respectively. An analytical biophysical model is incorporated into the
training of the parameter mapping network to enforce data and model consistency. A
mass of simulated data generated from clinical liver data is used to train the networks, the
construction of which is guided by a biophysical model. Extensive evaluation experiments
are conducted on simulated and clinical liver data. The proposed method achieves accurate
and efficient R2* mapping of an iron-loaded liver, especially in the presence of severe noise.

2. Materials and Methods
2.1. Clinical Datasets

For clinical data, we retrospectively selected 121 patients with thalassemia major
(53 females, 68 males, aged 9–66 years) with iron overload from normal to severe according
to their R2* measurements. All MRI examinations were performed using a 1.5 T Siemens
Sonata MRI scanner (Siemens Medical Solutions, Erlangen, Germany) and a 6-channel
anterior array coil combined with a 2-channel spine array coil. Axial T2*-weighted images
were acquired using a 2D spoiled gradient-echo sequence with the following parameters:
repetition time = 200 ms, number of echoes = 12, TEmin = 0.93 ms, echo spacing = 1.34 ms,
flip angle = 20◦, slice thickness = 10 mm, signal average = 1, acquisition matrix = 64 × 128,
and in-plane resolution = 3.125 × 3.125 mm2. Fat saturation was used to eliminate fat-
water oscillations [8]. The multiple TE images were acquired within a breath-hold of
approximately 13 s. The study was approved by the local institutional review board, and
informed content was obtained. In total, 121 clinical datasets with a size of 64 × 128 × 12
were acquired. The 12 channels contain data acquired at 12 TEs, respectively. One hundred
datasets were used to generate simulation data for training the proposed method, and
twenty-one datasets were used to generate simulation data for testing and also used for
in vivo assessment.

2.2. Simulation Datasets

Generally, the training of deep networks is conducted in a supervised fashion, which
needs to collect input images and corresponding ground-truth labels. However, high-
quality ground-truth R2* maps are unavailable due to the low SNR of iron-loaded liver
data. Thus, we used simulated data to train the network. The simulation data were
generated from clinical data to ensure that they reflected structural features in real liver
data. The clinical data were first denoised using the non-local means method [25] to
reduce the influence of noise on the quantification of the relaxation parameters. The signal
intensity at zero TE (S0) and R2* maps were then calculated from the denoised clinical
data using the automatic truncation method [26] with the same truncation rules. These
calculated R2* maps were used as the reference R2* maps of the simulation data. After that,
noise-free T2*-weighted images with TEs similar to that in the clinical data acquisition were
synthesized by using the mono-exponential model with parameters from the calculated S0
and R2* maps. Finally, the simulated images at multiple TEs were added with Rician noise
with varying levels. The liver parenchyma R2* values of training data were approximately
uniformly distributed over a wide range of 45 to 956 s−1. The training data were augmented
by rotating and flipping the input data to satisfy the requirement of a large number of
training samples. In addition, overlapping patches were extracted from the samples via a
fixed sliding step of eight [27]. A total of 15,200 multi-channel 2D patches with a size of
32 × 32 × 12 were generated for training. The resolution of the simulated data was the
same as the clinical data.

2.3. CadamNet Framework

The architecture of the proposed CadamNet framework is illustrated in Figure 1. This
cascade framework mainly consists of an image-denoising stage and a parameter estimation
stage. Images at different TEs are concatenated and treated as a multi-channel 2D image
input (analogous to the RGB channels in natural images). In the image denoising stage, a
denoising network recovers high-quality T2*-weighted MR images from the corresponding
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noisy MR images, and then a mapping network maps the denoised T2*-weighted images
to S0 and R2* parameter maps in the parameter estimation stage. The denoising network
and mapping network were separately trained in an end-to-end manner. The loss function
of the denoising network minimizes the pixel-wise differences between the denoised and
reference noise-free images, which is defined as:

Ldenoising = ‖Φ(Y)− X‖2
2, (1)

where Y are the noisy input T2*-weighted images, Φ is the denoising network, X is the
reference noise-free images, and ‖ ‖2 denotes the l2 norm. The denoising loss enforces
the denoising network to find the original signal from the noisy data. For the mapping
network, the mapping loss is designed as follows:

Lmapping = ‖M(U(Xdenoise))− X‖2
2, (2)

where Xdenoise = Φ(Y) represent the denoised T2*-weighted images from the denoising net-
work, U is the mapping network that computes the S0 and R2* maps given by the denoised
T2*-weighted images, Xdenoise, and M is the signal-decaying model for T2* relaxometry [16],
which is given by

S̃i = M(S0, R∗2 , TEi) = S̃0 · exp
(
−TEi · R̃∗2

)
, (3)

where S̃0 and R̃∗2 are estimated parameter maps, and TEi denotes the ith TE for acquiring an
MRI image S̃i. The mapping loss, Lmapping, ensures that T2*-weighted images synthesized
from the estimated parameter maps match the reference noise-free images.
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Figure 1. Overall architecture of the proposed CadamNet framework. Blue box: image denoising
stage, the inputs to the denoising network are 12 images (12 echo times). The outputs are 12 denoised
images. Red box: parameter estimation stage, the mapping network estimates S0 and R2* maps from
the denoised images. Green box: the losses used for network training.

Once the training process is completed, the noisy T2*-weighted images at multiple
TEs can be efficiently converted to their corresponding parameter maps (S̃0, R̃∗2) as follows:(

S̃0, R̃∗2
)
= U(Φ(Y)). (4)

The architecture of the denoising network is illustrated in Figure 2. A separable
convolutional neural network (CNN) structure, which was proposed for application to
hyperspectral image restoration [28], was adopted for image denoising. It has been shown
that separable CNN can extract more delicate features of the images by separately consid-
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ering the information of the position and channel. The key idea is to replace a standard
convolution with two separable convolutions in spatial and channel (temporal here) dimen-
sions. Convolution in the spatial dimension was independently performed in each channel
(spatial convolution), while convolution in the channel dimension was performed using a
1D kernel (temporal convolution). The denoising network was composed of eight separable
convolution layers. Each separable convolution layer contained 10 spatial convolution
kernels with a size of 3 × 3 × 1 followed by 40 temporal convolution kernels with a size
of 1 × 1 × 10, batch normalization, and ReLU [29]. The denoising network further used a
residual learning strategy to improve training efficacy and efficiency [22].
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Figure 2. The architecture of denoising network.

As shown in Figure 3, the mapping network has the same structure as the popular
2D U-Net [30] architecture but with a 12-channel input for the mGRE data and 2-channel
output for computed S0 and R2* maps. The U-Net had a symmetric structure and consisted
of an encoder network and a decoder network. The encoder extracts robust and spatial
invariant image features from the input images, while the decoder restores image details
through multilevel deconvolution. Skip connections were used to concatenate features from
the encoder to the decoder. The multi-scale structure of U-Net is effective in making use of
global information in the images. When noise-free maps are taken as training targets, the
mapping network will also have the function of noise reduction and can learn a mapping
from noisy input to noise-free output.
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the encoder and decoder, respectively.

2.4. Network Training

Both two-stage CadamNet and the single-stage mapping network (Figure 3) (denoted
as MappingNet) were trained to demonstrate the performance of networks with and
without the image denoising stage. Specifically, MappingNet outputs estimated parameter
directly maps from the noisy T2*-weighted MR images. Both networks were trained on
simulated datasets with specific noise levels (noise standard deviations ranging from 7 to 17
with an increment of two, and corresponding SNR ranging from 31 to 13) and also trained
on the dataset with a mix of noise levels (referred to as CadamNet-m and MappingNet-
m) [23]. The noise standard deviations of mixed noise levels range from 1 to 19 with a
step of two (corresponding SNRs range from 216 to 11) and are evenly proportioned. The
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SNR of each dataset was calculated as the division of the mean intensity value within a
selected ROI of liver parenchyma at the T2*-weighted image at the first TE by the noise’s
standard deviation. The Adam algorithm was used to optimize the loss function, with an
initial learning rate of 0.01, which was halved every dozen of epochs. The mini-batch size
was set to 128. All networks were trained on a GeForce TITAN X Pascal GPU (NVIDIA
Corporation, Santa Clara, CA, USA) and implemented in Python 3.6 with the Keras and a
TensorFlow backend (Google, Mountain View, CA). Training times were approximately
12 h for the CadamNet/CadamNet-m and 10 h for the MappingNet/MappingNet-m.

2.5. Evaluation Metrics

The proposed CadamNet method was compared with MappingNet, as well as two
conventional model-based methods (M1NCM [11] and PCANR [14]). It is worth noting
that PCANR is the state-of-the-art method for liver R2* mapping. The normalized root-
mean-square error (NRMSE) and structural similarity index (SSIM) [31] were employed to
evaluate the performance of these R2* mapping methods. The NRMSE considers the pixel
intensity-wise variations between reconstructed and reference R2* maps. The SSIM mea-
sures the structural similarity between reconstructed and reference R2* maps. The NRMSE
and SSIM were computed inside the whole liver region (including liver parenchyma and
vessels). The NRMSE is defined as:

NRMSE =
‖R∗2 − R̃∗2‖2,Ω

‖R∗2‖2,Ω
, (5)

where R∗2 and R̃∗2 are the reference and estimated R2* values respectively, and ‖‖ 2,Ω denotes
the l2 norm measured over the whole liver region Ω. The SSIM is defined as:

SSIM =

(
2µxµy + C1

)(
2σxy + C2

)(
µ2

x + µ2
y + C1

)(
σ2

x + σ2
y + C2

) , (6)

where x and y are the reference and reconstructed R2* maps, µx and µy are the mean values
of maps x and y, σx and σy are the standard deviation values of maps x and y, σxy is the
covariance of x and y, and C1 = (k1L)2 and C2 = (k2L)2 are variables that stabilize the
division with weak denominator, where k1 = 0.01, k2 = 0.03 and L = max(x) −min(x).

2.6. Statistical Analysis

The SciPy Python package was used for statistical analysis. A Wilcoxon signed-rank
test was performed to demonstrate the statistical difference between methods with a
significance level of p < 0.05.

3. Results
3.1. Simulated Results

Table 1 presents the average NRMSE and SSIM measures of M1NCM, PCANR, Map-
pingNet, CadamNet, MappingNet-m, and CadamNet-m on simulated testing datasets with
varying noise levels (noise standard deviations σg ranging from 7 to 17 with an increment of
two, and corresponding SNR ranging from 31 to 13). The selected noise levels are those that
can be encountered in clinical practice. The SNR of each dataset is shown under the noise’s
standard deviations in Table 1. The MappingNet and CadamNet models were trained on
datasets under a fixed noise level and tested on datasets under a noise level identical to that
in the training datasets. The performances of the deep learning-based methods in terms of
NRMSE and SSIM were significantly superior (all p < 0.05) to the conventional M1NCM
and PCANR algorithms. In all noise levels, CadamNet yielded better reconstruction perfor-
mance (all p < 0.05) than all the other three methods. When the two models were trained on
datasets with a mix of noise levels, CadamNet-m consistently outperformed (all p < 0.05)
MappingNet-m under varying noise levels. In addition, CadamNet-m obtained NRMSE
and SSIM scores comparable to those of CadamNet.
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Table 1. The NRMSE (%) and SSIM (%) measures of different methods on simulated testing datasets
with various noise standard deviations (σg).

Methods Metrics σg = 7 (SNR
= 30.95)

9 (SNR =
24.07)

11 (SNR =
19.71)

13 (SNR =
16.64)

15 (SNR =
14.46)

17 (SNR =
12.70)

M1NCM
NRMSE

SSIM
6.15 (4.00)

94.03 (7.46)
8.49 (6.26)

91.40 (10.14)
10.55 (7.69)

88.22 (12.32)
12.86 (9.98)

85.34 (14.66)
15.30 (12.14)
82.33 (16.66)

18.03 (13.81)
78.48 (18.71)

PCANR NRMSE
SSIM

5.91 (2.19)
94.55 (4.63)

7.00 (2.44)
92.68 (5.85)

7.82 (2.60)
91.12 (6.73)

8.69 (2.91)
89.18 (8.07)

9.49 (2.96)
87.81 (8.49)

10.24 (3.09)
85.91 (9.57)

MappingNet NRMSE
SSIM

4.06 (1.73)
97.40 (3.19)

4.87 (2.00)
96.35 (3.47)

5.71 (2.21)
95.50 (3.97)

6.35 (2.36)
94.63 (4.28)

6.96 (2.56)
93.53 (5.21)

8.50 (2.49)
92.40 (5.96)

CadamNet NRMSE
SSIM

3.96 (1.66)
97.60 (2.33)

4.73 (1.87)
96.64 (3.16)

5.34 (2.02)
96.05 (3.29)

6.00 (2.21)
95.00 (3.86)

6.69 (2.39)
94.03 (4.82)

7.25 (2.50)
93.09 (5.30)

MappingNet-m NRMSE
SSIM

4.20 (1.88)
97.26 (2.78)

4.93 (2.04)
96.29 (3.61)

5.60 (2.23)
95.49 (4.05)

6.25 (2.31)
94.60 (4.50)

6.97 (2.50)
93.46 (5.31)

7.57 (2.73)
92.19 (6.33)

CadamNet-m NRMSE
SSIM

4.06 (1.76)
97.48 (2.41)

4.77 (1.98)
96.55 (3.23)

5.43 (2.11)
95.79 (3.66)

6.05 (2.20)
95.02 (3.96)

6.68 (2.36)
94.05 (4.64)

7.22 (2.51)
93.00 (5.34)

Notes: Results are shown as the mean (SD) values over the testing datasets.

Figures 4 and 5 provide a visual evaluation of the results for one representative
simulated testing dataset with noise standard deviations of 9 and 15, respectively. The R2*
maps generated by the pixel-wise fitting using the M1NCM model were severely degraded
by the noise. The effect of noise was well suppressed by the PCANR, MappingNet, and
CadamNet methods. Although some small details at the right lobe of the liver became
blurred (e.g., the R2* values of the regions with extremely high iron deposition were slightly
underestimated), the CadamNet obtained the most consistent results with respect to the
reference R2* map. The quantitative results from different methods suggest that CadamNet
achieved the best performance in terms of SSIM and NRMSE.
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Figure 6 shows the R2* maps generated by CadamNet and CadamNet-m for one rep-
resentative simulated testing dataset with a noise standard deviation of 17. CadamNet was
trained using the simulated dataset with a noise standard deviation of 17, and CadamNet-m
was trained using the simulated dataset with a mix of noise levels. Both models provided
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R2* maps close to the reference. Quantitatively, these two models produced close NRMSE
and SSIM values.
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R2* map is shown in its bottom right corner, and the NRMSE is shown in the absolute difference map.
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Figure 6. R2* maps reconstructed by CadamNet and CadamNet-m for the simulated testing dataset
with Rician noise (σg = 17). It should be noted that CadamNet was trained by the simulated dataset
with a noise standard deviation of 17, while CadamNet-m was trained by the simulated dataset with
a mix of noise levels.

Scatterplots and Bland–Altman plots comparing the mean liver parenchyma R2* values
of subjects in the simulated testing dataset under high noise levels (σg = 17) from different
methods against the reference R2* values are illustrated in Figure 7. For low R2* values, all
four methods produced accurate R2* estimates. For high R2* values, M1NCM overestimated
the R2*, whereas PCANR underestimated the R2* values. Compared with M1NCM and
PCANR, deep learning methods achieved a better agreement with the reference R2* values
for liver parenchyma with narrower limits of agreement lines (the dashed lines), which
were calculated at the ± 1.96*SD of the mean differences. CadamNet achieved further
improved agreement compared with MappingNet. MappingNet yielded a mean difference
of 9.88 ± 15.36 s−1, while CadamNet yielded a smaller mean difference of 0.19 ± 7.67 s−1.
The mean liver parenchyma R2* value was obtained by averaging R2* values in all pixels
of liver parenchyma. It should be noted that the liver parenchyma region (excluding
vasculature) was manually segmented from the reference R2* map and applied to the R2*
maps estimated by different methods.
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Figure 7. Scatterplots and Bland–Altman plots for the agreement of the mean R2* values in liver
parenchyma (excluding vasculature) between the reference and the R2* maps reconstructed from
different methods. The blue dots denote the subjects in the simulated testing liver dataset (σg = 17).
The solid lines represent mean differences, and the dashed lines indicate 95% confidence intervals in
Bland–Altman plots.

3.2. Clinical Results

Experiments were conducted on 21 real human liver data to verify the effectiveness
of the proposed method on real clinical data. Figure 8 shows the results of Bland–Altman
analysis for the agreement of the mean R2* values in liver parenchyma (excluding vascula-
ture) between different methods. Due to the lack of knowledge of the exact noise levels in
the in vivo data, CadamNet and MappingNet trained with a mix of noise levels were used
for real clinical data. The approximate noise standard variances of these clinical data are
in the regions from 6.0 to 12.0, which were calculated by multiplying the mean signal in
a manually selected background ROI of all TE images with 0.80 [11]. For low R2*, these
four methods agreed well. With regard to high R2*, M1NCM produced R2*s significantly
higher than CadamNet, and PCANR produced lower R2*s than CadamNet. The R2*s from
MappingNet were slightly higher than those from CadamNet. These results are consistent
with those of the simulation study (Figure 7).

Figure 9 shows the results of different methods on four representative clinical data from
patients with normal, mild, moderate, and severe iron loads. For the normal liver, there
was no apparent difference between the R2* maps produced by the four methods. For mild,
moderate, and severe iron-overloaded livers, the R2* maps produced by the M1NCM were
apparently degraded by the noise. The PCANR, MappingNet, and CadamNet methods
all suppressed the noise effect and preserved tiny details. Compared with PCANR, deep
learning-based methods achieved a better noise suppression effect in the regions, as pointed
out by the white arrows. CadamNet slightly outperformed MappingNet in the regions, as
pointed out by the black arrows, where MappingNet led to a blurring of tiny details. The
mean R2* values of the liver parenchyma (excluding vasculature) produced by CadamNet
were slightly lower than those of MappingNet for moderate and severe iron-loaded livers.
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Figure 9. R2* maps for four representative real human liver data. The first row shows the T2*-
weighted images at the first echo time (TE = 0.93 ms). The second-to-final rows show the R2* maps
reconstructed using M1NCM, PCANR, MappingNet, and the proposed CadamNet methods. The
mean and standard deviation of R2* values in liver parenchyma (excluding vasculature) are shown
in the top-left corner of the R2* map.

4. Discussion

In this work, we proposed a deep learning method called CadamNet for R2* mapping
of an iron-loaded liver. CadamNet first employed a separable CNN to denoise the measured
multi-echo T2*-weighted images and then employed a U-Net to estimate R2* map from the
denoised data. The validation results on both simulated and clinical data demonstrated that
the two-stage CadamNet method outperformed the single-stage U-Net mapping method
and conventional model-based methods in the liver R2* mapping, especially under the
condition of high noise level and in the presence of moderate to severe iron overload.
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CadamNet can be considered a data-driven method for liver R2* mapping. Compared
with conventional model-based methods (M1NCM and PCANR), CadamNet showed
significantly improved reconstruction performance. The M1NCM method fitted the data in
a pixel-wise manner, and this resulted in noisy maps because of the lack of utilization of
neighborhood information [32]. PCANR suppressed the noisy appearance in the R2* maps
but produced oversmoothing in certain liver parenchyma regions under high noise levels.
The suboptimal performance of PCANR in certain regions may be due to the fact that
this algorithm cannot find effective temporal signals with similar underlying R2* values
for regularization, especially at high noise levels. The results showed that CadamNet
could simultaneously suppress the noise and preserve details in R2* maps. This might be
attributed to the fact that the CNN-based architecture of CadamNet can leverage the prior
spatial patterns of the signals in the images to reduce the effect of noise.

Both CadamNet and MappingNet can reduce the effect of noise on the liver R2* map-
ping because these two networks were trained to approximate a mapping from noisy serial
image patches to noise-free reference image patches synthesized from parameter maps.
Compared with pixel-based training [33], patch-based training can exploit neighboring
information and prior spatial patterns in images for noise reduction. CadamNet slightly
outperformed MappingNet in terms of NRMSE and SSIM. CadamNet and MappingNet
have nearly the same number of trainable parameters (CadamNet contained 8,766,254
parameters and MappingNet 8,633,122 parameters). The performance gap could not be
attributed to a difference in network capacity. Thus, the improved performance of two-state
CadamNet over single-stage Mapping net is related to the incorporation of the auxiliary
denoising task. The image denoising stage tries to find the real signal from the noisy images,
and it will reduce the disruption of the noise in parameter estimation and simplify the
subsequent parameter mapping problem.

The performance of deep learning-based denoising methods is related to noise lev-
els [23]. The noise level in the clinical MR images is generally unknown. Thus, it is
important to evaluate the performance of CadamNet on data with unknown noise levels.
In this study, we trained CadamNet using data with a mix of noise levels and evaluated its
performance on both simulations with varying noise levels and clinical data. The results
demonstrated that CadamNet trained with mixed noise consistently achieved performance
comparable to that of CadamNet trained using data with a specific noise level. This means
that training CadamNet using data with a mix of noise levels may be one of the potential
solutions for real clinical data applications without prior knowledge of the noise levels.

With respect to the computational cost, CadamNet was proven to be a time-efficient
method. Although the training of the network requires many hours, the prediction of a
single-slice liver R2* map can be accomplished within ~0.1 s (using a GeForce TITAN X
Pascal GPU). Compared to conventional model-based liver R2* mapping approaches that
generally take approximately 1 min (implemented using Python on a modern PC with four
cores), the proposed method achieves approximately one magnitude of acceleration.

Our current work has several limitations. First, the trained CadamNet model can
only be applied to multi-echo images with TE patterns identical to the training data. TE
sampling patterns in R2* relaxometry sequences usually vary in different scanners and/or
centers. For the application to R2* relaxometry in practice, CadamNet needs to be retrained
using data synthesized with actual TEs. Another possible solution is to incorporate the TE
information into the input and learn a TE-independent model. Second, the performance of
CadamNet was only demonstrated on datasets with spatially stationary Rician noise. For
single-coil acquisition or SENSE [34] reconstructed images from array coils, the magnitude
signal can be considered Rician distributed. However, for a multiple-coil acquisition with
sum-of-squares or GRAPPA [35] reconstruction, the magnitude signal follows a non-central
chi distribution. The variance of noise becomes position-dependent in images reconstructed
by using parallel MRI. The extension of CadamNet to spatially variable non-central chi
noise is expected in the future. Although complex data is not always available and may
be corrupted by phase errors, complex R2* fitting does not suffer bias caused by the
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nonzero mean noise and can be used to address background field variation effects in R2*
mapping [36,37]. Third, although the fat-suppression technique is a solution to eliminate
most of the lipid signal [38], another way to correct fat-water modulations is to model the
T2* decay and fat interactions simultaneously [39]. Finally, although we used separate
CNN and U-Net as the backbone networks of CadamNet, which have been validated in
denoising and parameter mapping tasks, respectively, the choice of backbone network is
unrestricted. More sophisticated network architectures, such as ConvNeXt [40] and Swin
Transformer [41], may be adopted instead to improve the performance of CadamNet in
future work. Physical constraints and experiential regularizations in conventional methods
could be incorporated into the CadamNet framework, in a way similar to the recently
developed unrolling techniques [42–45], for further improving reconstruction performance.

5. Conclusions

In conclusion, this work presents a novel deep learning method for liver R2* mapping.
The proposed two-stage CadamNet method reduces the noise effect on R2* mapping
by implementing a denoising network and a mapping network in a sequential manner.
Extensive simulated datasets constructed from clinical liver data are used to train the
networks. CadamNet demonstrated improved accuracy and efficiency over the single-stage
mapping network and conventional model-based fitting methods. The cascade framework
of CadamNet is expected to be useful for quantitative MR applications involving T1
relaxometry, diffusion, and perfusion parameter mapping.

Author Contributions: Conceptualization, Q.L., C.W. and Y.F.; Data curation, Q.L. and W.Y.; Funding
acquisition, Y.F.; Investigation, Q.L. and X.Z.; Methodology, Q.L., C.W. and Y.F.; Project administration,
Y.F.; Software, Q.L. and Z.L.; Supervision, Y.F.; Validation, Q.L. and Z.L.; Writing—original draft, Q.L.,
X.Z., W.Y., Q.F. and Y.F.; Writing—review & editing, Q.L., X.Z., W.Y., Q.F. and Y.F. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (U21A6005),
the Key-Area Research and Development Program of Guangdong Province (2018B030340001), the Na-
tional Natural Science Foundation of China (62001005, 81871349, and 61971214), the Anhui Provincial
Natural Science Foundation (2008085QH425), the Science and Technology Program of Guangdong
(2018B030333001), the Natural Science Foundation of Guangdong Province (2019A1515011513), and
the Guangdong–Hong Kong–Macao Greater Bay Area Center for Brain Science and Brain-Inspired
Intelligence Fund (2019022).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Nanfang Hospital of Southern Medical
University (protocol code: NFEC-2022-413; date of approval: 31 October 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The source code in this study is available upon reasonable request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Labranche, R.; Gilbert, G.; Cerny, M.; Vu, K.N.; Soulières, D.; Olivié, D.; Billiard, J.S.; Yokoo, T.; Tang, A. Liver Iron Quantification

with MR Imaging: A Primer for Radiologists. Radiographics 2018, 38, 392–412. [CrossRef] [PubMed]
2. Regev, A.; Berho, M.; Jeffers, L.J.; Milikowski, C.; Molina, E.G.; Pyrsopoulos, N.T.; Feng, Z.Z.; Reddy, K.R.; Schiff, E.R. Sampling

Error and Intraobserver Variation in Liver Biopsy in Patients with Chronic HCV Infection. Am. J. Gastroenterol. 2002, 97, 2614–2618.
[CrossRef] [PubMed]

3. Rockey, D.C.; Caldwell, S.H.; Goodman, Z.D.; Nelson, R.C.; Smith, A.D. Liver Biopsy. Hepatology 2009, 49, 1017–1044. [CrossRef]
[PubMed]

4. Wood, J.C.; Enriquez, C.; Ghugre, N.; Tyzka, J.M.; Carson, S.; Nelson, M.D.; Coates, T.D. MRI R2 and R2* Mapping Accurately
Estimates Hepatic Iron Concentration in Transfusion-Dependent Thalassemia and Sickle Cell Disease Patients. Blood 2005, 106,
1460–1465. [CrossRef]

http://doi.org/10.1148/rg.2018170079
http://www.ncbi.nlm.nih.gov/pubmed/29528818
http://doi.org/10.1111/j.1572-0241.2002.06038.x
http://www.ncbi.nlm.nih.gov/pubmed/12385448
http://doi.org/10.1002/hep.22742
http://www.ncbi.nlm.nih.gov/pubmed/19243014
http://doi.org/10.1182/blood-2004-10-3982


Bioengineering 2023, 10, 209 13 of 14

5. Runge, J.H.; Akkerman, E.M.; Troelstra, M.A.; Nederveen, A.J.; Beuers, U.; Stoker, J. Comparison of Clinical MRI Liver Iron
Content Measurements Using Signal Intensity Ratios, R2 and R2*. Abdom. Radiol. 2016, 41, 2123–2131. [CrossRef]

6. Kirk, P.; He, T.; Anderson, L.J.; Roughton, M.; Tanner, M.A.; Lam, W.W.M.; Au, W.Y.; Chu, W.C.W.; Chan, G.; Galanello, R.; et al.
International Reproducibility of Single Breathhold T2* MR for Cardiac and Liver Iron Assessment among Five Thalassemia
Centers. J. Magn. Reson. Imaging 2010, 32, 315–319. [CrossRef]

7. Meloni, A.; Zmyewski, H.; Rienhoff, H.Y.; Jones, A.; Pepe, A.; Lombardi, M.; Wood, J.C. Fast Approximation to Pixelwise
Relaxivity Maps: Validation in Iron Overloaded Subjects. Magn. Reson. Imaging 2013, 31, 1074–1080. [CrossRef]

8. Plaikner, M.; Kremser, C.; Zoller, H.; Jaschke, W.; Steurer, M.; Viveiros, A.; Henninger, B. Evaluation of Liver Iron Overload with
R2* Relaxometry with versus without Fat Suppression: Both Are Clinically Accurate but There Are Differences. Eur. Radiol. 2020,
30, 5826–5833. [CrossRef]

9. Anwar, M.; Wood, J.; Manwani, D.; Taragin, B.; Oyeku, S.O.; Peng, Q. Hepatic Iron Quantification on 3 Tesla (3 T) Magnetic
Resonance (MR): Technical Challenges and Solutions. Radiol. Res. Pract. 2013, 2013, 628150. [CrossRef]

10. Constantinides, C.D.; Atalar, E.; McVeigh, E.R. Signal-to-Noise Measurements in Magnitude Images from NMR Phased Arrays.
Magn. Reson. Med. 1997, 38, 852–857. [CrossRef]

11. Feng, Y.; He, T.; Gatehouse, P.D.; Li, X.; Harith Alam, M.; Pennell, D.J.; Chen, W.; Firmin, D.N. Improved MRI R2* Relaxometry of
Iron-Loaded Liver with Noise Correction. Magn. Reson. Med. 2013, 70, 1765–1774. [CrossRef]

12. Yin, X.; Shah, S.; Katsaggelos, A.K.; Larson, A.C. Improved R2* Measurement Accuracy with Absolute SNR Truncation and
Optimal Coil Combination. NMR Biomed. 2010, 23, 1127–1136. [CrossRef]

13. St Pierre, T.G.; Clark, P.R.; Chua-anusorn, W. Single Spin-Echo Proton Transverse Relaxometry of Iron-Loaded Liver. NMR Biomed.
2004, 17, 446–458. [CrossRef]

14. Wang, C.; Zhang, X.; Liu, X.; He, T.; Chen, W.; Feng, Q.; Feng, Y. Improved Liver R2* Mapping by Pixel-Wise Curve Fitting with
Adaptive Neighborhood Regularization. Magn. Reson. Med. 2018, 80, 792–801. [CrossRef]

15. Jeelani, H.; Yang, Y.; Zhou, R.; Kramer, C.M.; Salerno, M.; Weller, D.S. A Myocardial T1-Mapping Framework with Recurrent and
U-Net Convolutional Neural Networks. In Proceedings of the 2020 IEEE 17th International Symposium on Biomedical Imaging
(ISBI), Iowa City, IA, USA, 3–7 April 2020; pp. 1941–1944.

16. Liu, F.; Kijowski, R.; El Fakhri, G.; Feng, L. Magnetic Resonance Parameter Mapping Using Model-guided Self-supervised Deep
Learning. Magn. Reson. Med. 2021, 85, 3211–3226. [CrossRef]

17. Liu, F.; Feng, L.; Kijowski, R. MANTIS: Model-Augmented Neural Network with Incoherent k-Space Sampling for Efficient MR
Parameter Mapping. Magn. Reson. Med. 2019, 82, 174–188. [CrossRef]

18. Liu, F.; Kijowski, R.; Feng, L.; El Fakhri, G. High-Performance Rapid MR Parameter Mapping Using Model-Based Deep
Adversarial Learning. Magn. Reson. Imaging 2020, 74, 152–160. [CrossRef]

19. Torop, M.; Kothapalli, S.V.V.N.; Sun, Y.; Liu, J.; Kahali, S.; Yablonskiy, D.A.; Kamilov, U.S. Deep Learning Using a Biophysical
Model for Robust and Accelerated Reconstruction of Quantitative, Artifact-Free and Denoised R2* Images. Magn. Reson. Med.
2020, 84, 2932–2942. [CrossRef]

20. Siddique, N.; Sidike, P.; Elkin, C.; Devabhaktuni, V. U-Net and Its Variants for Medical Image Segmentation: Theory and
Applications. arXiv 2020, arXiv:2011.01118. [CrossRef]

21. Antun, V.; Renna, F.; Poon, C.; Adcock, B.; Hansen, A.C. On Instabilities of Deep Learning in Image Reconstruction and the
Potential Costs of AI. Proc. Natl. Acad. Sci. USA 2020, 117, 30088–30095. [CrossRef]

22. Zhang, K.; Zuo, W.; Chen, Y.; Meng, D.; Zhang, L. Beyond a Gaussian Denoiser: Residual Learning of Deep CNN for Image
Denoising. IEEE Trans. Image Process. 2017, 26, 3142–3155. [CrossRef] [PubMed]

23. Ran, M.; Hu, J.; Chen, Y.; Chen, H.; Sun, H.; Zhou, J.; Zhang, Y. Denoising of 3D Magnetic Resonance Images Using a Residual
Encoder–Decoder Wasserstein Generative Adversarial Network. Med. Image Anal. 2019, 55, 165–180. [CrossRef] [PubMed]

24. Chollet, F. Xception: Deep Learning with Depthwise Separable Convolutions. In Proceedings of the 2017 IEEE Conference on
Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21–26 July 2017; pp. 1800–1807. [CrossRef]

25. Buades, A.; Coll, B.; Morel, J.M. A Review of Image Denoising Algorithms, with a New One. Multiscale Model. Simul. 2005, 4,
490–530. [CrossRef]

26. He, T.; Zhang, J.; Carpenter, J.P.; Feng, Y.; Smith, G.C.; Pennell, D.J.; Firmin, D.N. Automated Truncation Method for Myocardial
T2* Measurement in Thalassemia. J. Magn. Reson. Imaging 2013, 37, 479–483. [CrossRef] [PubMed]

27. Dong, C.; Loy, C.C.; He, K.; Tang, X. Image Super-Resolution Using Deep Convolutional Networks. IEEE Trans. Pattern Anal.
Mach. Intell. 2016, 38, 295–307. [CrossRef]

28. Imamura, R.; Itasaka, T.; Okuda, M. Zero-Shot Hyperspectral Image Denoising With Separable Image Prior. In Proceedings of the
2019 IEEE/CVF International Conference on Computer Vision Workshop (ICCVW), Seoul, Republic of Korea, 27–28 October
2019; pp. 1416–1420.

29. Krizhevsky, A.; Sutskever, I.; Hinton, G.E. ImageNet Classification with Deep Convolutional Neural Networks. Commun. ACM
2017, 60, 84–90. [CrossRef]

30. Ronneberger, O.; Fischer, P.; Brox, T. U-Net: Convolutional Networks for Biomedical Image Segmentation. In Lecture Notes in
Computer Science (Including Subseries Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformatics); Springer: Cham,
Switzerland, 2015; Volume 9351, pp. 234–241, ISBN 9783319245737.

http://doi.org/10.1007/s00261-016-0831-7
http://doi.org/10.1002/jmri.22245
http://doi.org/10.1016/j.mri.2013.05.005
http://doi.org/10.1007/s00330-020-07010-5
http://doi.org/10.1155/2013/628150
http://doi.org/10.1002/mrm.1910380524
http://doi.org/10.1002/mrm.24607
http://doi.org/10.1002/nbm.1539
http://doi.org/10.1002/nbm.905
http://doi.org/10.1002/mrm.27071
http://doi.org/10.1002/mrm.28659
http://doi.org/10.1002/mrm.27707
http://doi.org/10.1016/j.mri.2020.09.021
http://doi.org/10.1002/mrm.28344
http://doi.org/10.1109/ACCESS.2021.3086020
http://doi.org/10.1073/pnas.1907377117
http://doi.org/10.1109/TIP.2017.2662206
http://www.ncbi.nlm.nih.gov/pubmed/28166495
http://doi.org/10.1016/j.media.2019.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31085444
http://doi.org/10.1109/CVPR.2017.195
http://doi.org/10.1137/040616024
http://doi.org/10.1002/jmri.23780
http://www.ncbi.nlm.nih.gov/pubmed/22927335
http://doi.org/10.1109/TPAMI.2015.2439281
http://doi.org/10.1145/3065386


Bioengineering 2023, 10, 209 14 of 14

31. Wang, Z.; Bovik, A.C.; Sheikh, H.R.; Simoncelli, E.P. Image Quality Assessment: From Error Visibility to Structural Similarity.
IEEE Trans. Image Process. 2004, 13, 600–612. [CrossRef]

32. Wang, C.; He, T.; Liu, X.; Zhong, S.; Chen, W.; Feng, Y. Rapid Look-up Table Method for Noise-Corrected Curve Fitting in the R2*
Mapping of Iron Loaded Liver. Magn. Reson. Med. 2015, 73, 865–871. [CrossRef]

33. Shao, J.; Ghodrati, V.; Nguyen, K.; Hu, P. Fast and Accurate Calculation of Myocardial T 1 and T 2 Values Using Deep Learning
Bloch Equation Simulations (DeepBLESS). Magn. Reson. Med. 2020, 84, 2831–2845. [CrossRef]

34. Pruessmann, K.P.; Weiger, M.; Scheidegger, M.B.; Boesiger, P. SENSE: Sensitivity Encoding for Fast MRI. Magn. Reson. Med. 1999,
42, 952–962. [CrossRef]

35. Griswold, M.A.; Jakob, P.M.; Heidemann, R.M.; Nittka, M.; Jellus, V.; Wang, J.; Kiefer, B.; Haase, A. Generalized Autocalibrating
Partially Parallel Acquisitions (GRAPPA). Magn. Reson. Med. 2002, 47, 1202–1210. [CrossRef]

36. Hernando, D.; Kramer, J.H.; Reeder, S.B. Multipeak Fat-Corrected Complex R2* Relaxometry: Theory, Optimization, and Clinical
Validation. Magn. Reson. Med. 2013, 70, 1319–1331. [CrossRef]

37. Henninger, B.; Alustiza, J.; Garbowski, M.; Gandon, Y. Practical Guide to Quantification of Hepatic Iron with MRI. Eur. Radiol.
2020, 30, 383–393. [CrossRef]

38. Sanches-Rocha, L.; Serpa, B.; Figueiredo, E.; Hamerschlak, N.; Baroni, R. Comparison between Multi-Echo T2* with and without
Fat Saturation Pulse for Quantification of Liver Iron Overload. Magn. Reson. Imaging 2013, 31, 1704–1708. [CrossRef]

39. Meloni, A.; Michael Tyszka, J.; Pepe, A.; Wood, J.C. Effect of Inversion Recovery Fat Suppression on Hepatic R2* Quantitation in
Transfusional Siderosis. Am. J. Roentgenol. 2015, 204, 625–629. [CrossRef]

40. Liu, Z.; Mao, H.; Wu, C.-Y.; Feichtenhofer, C.; Darrell, T.; Xie, S. A ConvNet for the 2020s. In Proceedings of the 2022 IEEE/CVF
Conference on Computer Vision and Pattern Recognition (CVPR), New Orleans, LA, USA, 18–24 June 2022; pp. 11966–11976.

41. Liu, Z.; Lin, Y.; Cao, Y.; Hu, H.; Wei, Y.; Zhang, Z.; Lin, S.; Guo, B. Swin Transformer: Hierarchical Vision Transformer Using
Shifted Windows. In Proceedings of the 2021 IEEE/CVF International Conference on Computer Vision (ICCV), IEEE, October
2021; pp. 9992–10002. Available online: https://arxiv.org/pdf/2103.14030.pdf (accessed on 26 December 2022).

42. Yang, Y.; Sun, J.; Li, H.; Xu, Z. ADMM-CSNet: A Deep Learning Approach for Image Compressive Sensing. IEEE Trans. Pattern
Anal. Mach. Intell. 2020, 42, 521–538. [CrossRef]

43. Schlemper, J.; Caballero, J.; Hajnal, J.V.; Price, A.N.; Rueckert, D. A Deep Cascade of Convolutional Neural Networks for Dynamic
MR Image Reconstruction. IEEE Trans. Med. Imaging 2018, 37, 491–503. [CrossRef]

44. Jun, Y.; Shin, H.; Eo, T.; Kim, T.; Hwang, D. Deep Model-Based Magnetic Resonance Parameter Mapping Network (DOPAMINE)
for Fast T1 Mapping Using Variable Flip Angle Method. Med. Image Anal. 2021, 70, 102017. [CrossRef]

45. Zhang, C.; Karkalousos, D.; Bazin, P.L.; Coolen, B.F.; Vrenken, H.; Sonke, J.J.; Forstmann, B.U.; Poot, D.H.J.; Caan, M.W.A. A
Unified Model for Reconstruction and R2* Mapping of Accelerated 7T Data Using the Quantitative Recurrent Inference Machine.
Neuroimage 2022, 264, 119680. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1109/TIP.2003.819861
http://doi.org/10.1002/mrm.25184
http://doi.org/10.1002/mrm.28321
http://doi.org/10.1002/(SICI)1522-2594(199911)42:5&lt;952::AID-MRM16&gt;3.0.CO;2-S
http://doi.org/10.1002/mrm.10171
http://doi.org/10.1002/mrm.24593
http://doi.org/10.1007/s00330-019-06380-9
http://doi.org/10.1016/j.mri.2013.07.013
http://doi.org/10.2214/AJR.14.12786
https://arxiv.org/pdf/2103.14030.pdf
http://doi.org/10.1109/TPAMI.2018.2883941
http://doi.org/10.1109/TMI.2017.2760978
http://doi.org/10.1016/j.media.2021.102017
http://doi.org/10.1016/j.neuroimage.2022.119680

	Introduction 
	Materials and Methods 
	Clinical Datasets 
	Simulation Datasets 
	CadamNet Framework 
	Network Training 
	Evaluation Metrics 
	Statistical Analysis 

	Results 
	Simulated Results 
	Clinical Results 

	Discussion 
	Conclusions 
	References

