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Abstract

Purpose: Computed tomography (CT) is a technique of choice to image bone structure at different
scales. Methods to enhance the quality of degraded reconstructions obtained from low-dose CT data
have shown impressive results recently, especially in the realm of supervised deep learning. As the choice
of the loss function affects the reconstruction quality, it is necessary to focus on the way neural networks
evaluate the correspondence between predicted and target images during the training stage. This is
even more true in the case of bone microarchitecture imaging at high spatial resolution where both the
quantitative analysis of Bone Mineral Density (BMD) and bone microstructure are essential for assessing
diseases such as osteoporosis. Our aim is thus to evaluate the quality of reconstruction on key metrics
for diagnosis depending on the loss function that has been used for training the neural network.
Methods: We compare and analyze volumes that are reconstructed with neural networks trained with
pixelwise, structural and adversarial loss functions or with a combination of them. We perform realistic
simulations of various low-dose acquisitions of bone microarchitecture. Our comparative study is per-
formed with metrics that have an interest regarding the diagnosis of bone diseases. We therefore focus
on bone-specific metrics such as BV/TV, resolution, connectivity assessed with the Euler number and
quantitative analysis of BMD to evaluate the quality of reconstruction obtained with networks trained
with the different loss functions.

Results: We find that using L; norm as the pixelwise loss is the best choice compared to L2 or no
pixelwise loss since it improves resolution without deteriorating other metrics. VGG perceptual loss, es-
pecially when combined with an adversarial loss, allows to better retrieve topological and morphological
parameters of bone microarchitecture compared to SSIM. This however leads to a decreased resolution
performance. The adversarial loss enchances the reconstruction performance in terms of BMD distribu-
tion accuracy.

Conclusions: In order to retrieve the quantitative and structural characteristics of bone microarchitec-
ture that are essential for post-reconstruction diagnosis, our results suggest to use L1 norm as part of
the loss function. Then, trade-offs should be made depending on the application: VGG perceptual loss
improves accuracy in terms of connectivity at the cost of a deteriorated resolution, and adversarial losses
help better retrieve BMD distribution while significantly increasing the training time.

Keywords: Bone structure, deep learning, low-dose micro CT, tomographic reconstruction, training
loss.
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. Introduction

Tomographic reconstruction is a challenging task, not only due to the physical limitations of scanners, but
also because of the need for reducing the radiation dose during the acquisition. The efficiency of analytical
algorithms like the Filtered BackProjection (FBP) is suboptimal in the low-dose imaging context, due to
their sensitivity to small number of projections and noisy data. Iterative methods [1,2], especially when they
include a regularization term [3,4], are generally efficient to overcome the noise issue but they require a high
computation time and tuning the regularization parameters for every reconstruction might be demanding.

Deep learning based methods have the potential to overcome those limits, since the associated algorithms
are adaptive and fast in most cases. Especially, the reconstruction performance is enhanced by the possibility
to learn from ground truth data; in other words, given acquisition data, neural networks are able to produce
volumes similar to ones that could be obtained in a high-dose setting.

There are plenty of ways to design a neural network for retrieving an image given a set of low-dose
projections. Ome can train a network in an end-to-end manner [5], performing the three following steps
within a single architecture: first correcting the projections, then mapping them onto the image domain,
and finally enhancing the obtained image to match the high-dose version. The benefits of including the
projections within the network were demonstrated in [6], especially for sparse-view Computed Tomography
(CT) data. One can instead compute the FBP from the low-dose projections to feed a network that removes
noise and artifacts which remain in the obtained image: different structures can be chosen to generate the
desired reconstruction, such as U-NET [7] in [8] or residual encoder-decoder networks in [9]. Architectures
based on unrolled iterative algorithms have also demonstrated impressive performance on the reconstructions
quality [10-13]. Moreover, using 3D networks instead of working on slices has shown to be efficient since it
helps capture spatial information across slices [14, 15].

In addition to the architecture of the network, the loss used to measure the prediction error during
training has a major impact on the quality of reconstruction. Two networks with identical architectures can
produce very different reconstructions depending on the way they have been trained. Pixelwise losses such
as Mean Squared Error (MSE, or Ly norm) and Mean Absolute Error (MAE, or L; norm) allow to ensure
that the pixel values in the reconstructed image - representing e.g the attenuation of the studied object in
Hounsfield Units (HU) - are close to the corresponding ones in the ground truth. They might however result
in oversmoothed solutions - especially for MSE - leading to blurring near the edges and loss of structural
information. A solution to overcome these limitations is to consider losses such as the Structural SIMilarity
index (SSIM, [16]) or the VGG perceptual loss [17] that both evaluate the similarity between images in

terms of structural features. Adversarial losses from Generative Adversarial Networks (GAN) [18] constitute
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a third category that appears as a hybrid method between pixelwise and structural losses. They make use
of a trainable network called a discriminator and allow to roughly evaluate how far the predicted images are
from the target domain of high-dose images. Both pixel values and structural information are thus essential
to minimize such a loss.

If structural and adversarial losses were proven to be efficient for general computer vision tasks, the
application to computed tomography, i.e the ability of such losses to better retrieve structural and attenu-
ation information on deep networks based tomographic reconstructions, is not straightforward. Combining
adversarial and perceptual losses in [19] showed impressive results on the reconstruction of structural details
in abdominal CT images. Also, a WGAN-VGG-MSE was used in [20] for the particular case of PET image
denoising. The effect of loss functions on low-dose CT images was studied in [21] for the denoising of low
dose CT images. There is however a need to perform a comprehensive comparison study with task-specific
metrics that are relevant for diagnosis.

We consider the particular case of bone microarchitecture imaging, for which X-ray CT is a powerful
tool [22-25]. The diagnosis of bone diseases is indeed largely correlated to the quality of the reconstructed
image in terms of quantitative and structural information. Both the diagnosis of osteoporosis [26] and the
prediction of mechanical failure in cancellous bone [27] depend on the quality of the reconstruction in terms
of bone microstructure. The diagnosis of osteoporosis also relies on Bone Mineral Density (BMD) [28],
which can be retrieved with the values of attenuation in HU, hence the need for quantitative information to
be accurate in the reconstructed volume. In the low-dose context, the correct reconstruction of both bone
microstructure and BMD is a very challenging task [29]. When choosing metrics to assess the performance
of neural networks for reconstructing such images, it is thus necessary to take both structure and density
into account.

In this work we assess the impact of the loss function in the context of the reconstruction of low
dose bone microarchitecture CT images. To this aim we study combinations of pixelwise, structural and
adversarial losses and evaluate the benefits and drawbacks from each of these losses considering metrics
that are relevant for the diagnosis of bone diseases. To conduct the study, we consider the simplest task
that consists in enhancing the quality of a FBP image obtained from low-dose projections with a deep
convolutional neural network (CNN) trained on high-dose/low-dose paired images. This work is expected
to give some insight on the impact of the loss function in the context of tomographic reconstruction and
provide a guide in selecting the appropriate loss function when using neural networks to reconstruct bone
microarchitecture.

The paper is organized as follows; in Section Il. we present the different losses that we use when training
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the networks along with the evaluation criteria that allow to assess the quality of bone microstructure
reconstruction. In Section Ill. we show our experiments and results on u-CT bone data where we simulate
different realistic settings of radiation dose in the projections data, for both training and evaluation. Next
in Section IV. we analyze those results and discuss the relevance of the different training losses for bones
microstructure reconstruction, and finally in Section V. we conclude on the role of the training loss design

when reconstructing data where both structure and density are important for medical interpretation.

[I. Methods

[I.LA. Model

Let y € Y be the image reconstructed with FBP from low-dose projections, Y being the space of these
low-dose FBP reconstructions. Let x € X be the corresponding high-dose image, where X is the target
space of images obtained in the high-dose setting. The aim is to find the reconstruction operator Gy such

that

= Gy(y) (1)

where Gy is a deep CNN parameterized by 6. Note that we talk about a reconstruction operator for simplicity
here even though y does not correspond to a projection; our aim is to build a simple model to focus on the
impact of the training loss so we proceed to the mapping between the projections domain and the image
domain with the FBP, thus not inside the neural network. In what follows we consider paired high-dose and

low-dose images (x,y) and a loss function L such that

0" € argmin  E  [L(Gy(y),x)] (2)
0 (zy)~p

where p is the joint distribution of (z,y) and parameters of Gy are trained according to the loss function L

with backpropagation. In practice, empirical expectations obtained with training data are considered.

[I.B. Training losses

We distinguish three types of loss functions. Pixelwise losses compare each pixel of the predicted image
with the corresponding pixel in the ground truth and the average error is then considered. Structural losses
compare statistics or features from the prediction and the ground truth in order to match the way human
eye evaluates similarities between images. Finally, adversarial losses allow to assess whether the predicted
image belongs to the distribution of ground truths or not, i.e if the network is producing an image that could

be reconstructed from a high-dose acquisition in our case.
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II.B.1. Pixelwise losses

A common way to compare the prediction from the generator Gy is the mean squared error or Lo loss
1 n
Lyse(G == i — [Go(y)):)? 3
use(Go(y), 2) = — > (i — [Go(y)):) (3)

i=1

where n is the total number of pixels in the image and subscript ¢ denotes pixel values of x. Another widely

used loss that performs operations between pixels is the mean absolute error or Lq loss
1 n
Lnar(Go(y),z) = o Z [zi — [Go(y)]il- (4)
i=1

In both cases, pixels are considered independently and outliers - for instance one pixel value [Gy(y)]; that is
very far from z; - are largely penalized. MSE might lead to oversmoothing in the reconstructions, but it is
generally efficient to retrieve flat areas. For sharp objects, MAE is often preferred since less oversmoothing
is observed in the solutions. This can be explained by the fact that MSE corresponds to a Gaussian statistic
of the noise in the likelihood in a Baysesian framework, while MAE corresponds to a more sparse Laplace
prior. Note that in both cases structural features are not taken into account, thus it can be expected that

the generated images are accurate in terms of density but might present inconsistent anatomical objects.
I1.B.2. Structural losses

To ensure the correctness of the reconstruction in terms of anatomical structure, a solution can be to train
networks with loss functions that compare images with respect to aggregated statistics or features within
each of them. SSIM was developed in [16] to measure the similarity of two images with respect to the
structure rather than operating pixel by pixel. The corresponding loss function can be written as

(2/14ng +cl)(209$ +62)
L Go(y), ) = — °
sstm(Go(y), o) (u§+u%+cl)(a§+a§+02) (5)

where 1, is the average of Gy(y), p, is the average of x, ag and o2 are their corresponding variance, o, is
the covariance of Gy(y) and x, ¢; = (k1L)? and ¢ = (koL)? with L the dynamic range of the pixel values
that is 1 in our case - due to rescaling - and k; = 0.01 and ks = 0.03 as we considered standard values.
In practice, SSIM index is computed on sliding Gaussian windows of size 11 x 11 with standard deviation
o = 1.5 and the considered value is the average of the local similarities.

Perceptual losses can also be computed by comparing features within the two images. Those features

can be obtained by feeding a trained neural network, and this is the idea of VGG loss in [30] that writes

Lva(Go) = = B [[VGG(Goly)) — VGG(x)|3 (6)

n (@,y)~p
where VGG is the 16" output of the VGG-19 model [31] that performs classification of natural images. It

is shown in [17] that such a loss better suits human perception compared to pixelwise losses.

I1.B.  Training losses
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Whether it is SSIM or VGG, using such losses should allow to retrieve relevant structures in the bone
reconstruction since the network specifically learns to minimize the difference in terms of structural features
during the training stage. However in SSIM the pixel values are only considered with aggregated statistics
and for VGG loss there is no consideration at all given to pixel values. Those losses could thus lead to

networks that correctly transcribe the bone microstructure but where the BMD correspondence is missing.
I1.B.3. Adversarial loss

Among the range of possible loss functions that can be used to train a neural network, adversarial losses
appear as an hybrid method between structural and pixelwise losses. We consider Wasserstein GANs [32]
with gradient penalty [33] - that we denote as WGAN in what follows for simplicity - as the basis for such

an adversarial loss. The corresponding loss function is given by

Lwcan(Dw,Go) = E [Dy(x)] - EP [Dw(Go(y))]

z~ Py Yy~

. , (7)
- /\QEEPJ?[(HVa%Dw(”?ﬂb - 1)7]

where D,, is a neural network - called a discriminator - that is simultaneously trained to maximize Lwgan,
P, and P, are the empirical distributions of respectively low-dose FBP data and high-dose images, £ ~ P;
are sampled along straight lines between real high-dose images and generated ones. Finally, A is the weighting
term for the gradient penalty, that we fix to 10 which is a standard value. The aim of the discriminator
is to evaluate whether the generated image belongs to the high-dose images distribution or not. Note that
contrary to what is common for GANS, here the network is not stochastic. Rather, Gy aims to be a mapping
from the distribution of low-dose images onto the one of high-dose images. Here the training loss evaluates
whether the generated image belongs to X, but it does not indicate whether the content corresponds to
the input low-dose FBP. As a consequence, a content loss should be added to ensure that x matches its
low dose version y. In practice during the training stage both the generator and the discriminator weights
are updated alternately, to progressively allow the generator to produce images similar to the ones from
the high-dose distribution. As the WGAN loss evaluates the quality of the generated image thanks to a
probability distribution model, it is reasonable to think that both BMD and bone microstructure are taken

into account in that case, and the impact of the adversarial loss should be studied accordingly.

lI.C. Comparative study

We propose to combine different loss functions with weighting parameters to form a more complex cost
function, with the hope to benefit from the strengths of each part. There are 31 possible combinations from

the 5 losses that we presented in the previous section. As mentioned in section I., our aim is to assess the

[1.C. Comparative study
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Network Loss function
CNN-L; Lyvar(G)
CNN-Lo LMSE(G)
CNN-SSIM Lssn(G)
CNN-VGG Lvac ()
CNN-SSIM-L4 Lssim (G) + AlLMAE(G)
CNN-VGG-L, Lvaa (G) + /\1LMAE(G)
CNN-VGG-Lsy Lvce(G) + M Luse(G)
WGAN-I,; Lwaan (D, G) + AlLMAE(G)
WGAN-VGG Lwaan (D, G) + M Lvaa (G)
WGAN-SSIM-L; | LwgaN (l)7 G) + M Lssim (G) + /\QLMAE(G)
WGAN-VGG-L, LWGAN(D7 G) + M Lvaa (G) + )\QLMAE(G)
WGAN-VGG-Lo Lwgan (D, G) + M Lvaa (G) + )\QLMSE(G)

Table 1: Tested networks and their training loss function. A; and A9 are weighting parameters.

impact of each category of loss functions, and potentially find the most relevant one from each category.
Combining losses from the same category - for instance L; and Ls - is thus not interesting for us. This leaves
us with 17 potential combinations, and even only 16 if we do not consider WGAN alone as we mentioned
that it should be used with a content loss. For the sake of clarity, we will report in this work results for 12
of these combinations - shown in Table 1 - as they allow to answer the questions raised in this study, the 4
other combinations adding no further insights for our problem.

Table 1 highlights the potential drawback of using a complex loss function : adding weighting parameters
that need to be tuned during the training stage increases the computation time for a fixed hyper-parameter
optimization strategy. For instance, a grid search strategy consisting in testing n different values for each
hyper-parameter requires n? times more trainings for WGAN-SSIM-L; (2 weighting parameters) compared

to CNN-SSIM (no weighting parameter).

[1.D. Evaluation criteria

The assessment of bone microachitecture, which is important in the context of the diagnosis of bone diseases,
relies on a number of morphological and topological parameters that are extracted from the images. This
is performed on images that have been segmented to differentiate between areas corresponding to bones
and the rest of the image. For this, we post-process the reconstructions with Otsu segmentation [34] and
compute metrics on the obtained segmented volumes.

First, the ratio between the bone volume and the total volume (BV/TV) is a key information for
mechanical failure prediction [27]. BV/TV is thus not only a metric that allows to evaluate the performance
of the methods, but it is also a relevant feature used for diagnosis.

Also, studying connectivity in the bone volume allows to get insight on the bone microarchitecture [35].

Connectivity can be determined in an unbiased manner by the Euler number. We evaluate it to assess the

II.D. Evaluation criteria
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fidelity of the reconstruction in terms of structure. In actual medical settings, this is performed considering
the 3D volume but since in our study the networks are built for 2D slices, we focus on the comparison for the
2D Euler number. In the 2D case, computation of this number amounts to counting the difference between
the number of objects and the number of holes that are perceived in the image obtained after segmentation.
We show results considering 4 neighboring pixels for the objects counts (4-Connectivity), but similar results
are observed with 8 neighboring pixels (8-Connectivity). Computation of the Euler number is performed
with the measure module of scikit-image library in Python.

The ability to reconstruct thin details can be assessed with the resolution of the obtained volume.
In [36], the authors introduced the Fourier Ring Correlation (FRC) as a metric to estimate the resolution of
a reconstruction. The idea is to compute the correlation between an estimated 2D image f with respect to

some ground truth g in the Fourier domain as

= Drcetry RU(5(0))
\/Zrec(Ri) f(T)|2 ETEC(Ri) [g(r)|?

where R; is the radius of the ring C(R;) in the Fourier domain within which the correlation is computed,

FRCy 4(R;

(8)

f is the Fourier transform of f, f * denotes the conjugate of f , and R denotes the real part. The metric
aims at measuring the ability of the reconstruction to recover information at a certain frequency level. The

resolution p of the reconstruction can then be determined as

1

" Rrro(r)<+(R)

9)

where Rrrc(ry<r(r) 18 the radius for which the FRC is lower than a threshold 7. This threshold may depend

on the radius and in [36] it is computed as

r(R) = ——— (10)

with R the radius in the Fourier domain and N, (R) the number of pixels contained within the corresponding
ring.

If structure and resolution are key information for a correct diagnosis, BMD is also important to assess
bones weaknesses and for the diagnosis of osteoporosis [26]. An accurate reconstruction should not only
match the right structure of a bone area and have a high resolution, but it should also match the correct
values of density in Hounsfield Units (HU). To this purpose, we study the flattened HU distribution of the
voxels that are reconstructed for each method. Quantitative analysis of the differences in terms of voxel
values can be performed by computing the Wasserstein-1 distance - see [37] - between the 1D distributions

obtained when considering each voxel of the volume as one realization of a random variable. This distance

II.D. Evaluation criteria
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writes in one dimension

Witeron) = it [ Ju—vidnuo) (1)

where ¢; and ¢ are the two considered 1D distributions and I is the set of joint distributions (¢1, ¢2). Note
here that this distance does not correspond to the one that is approximated with neural networks. The latter
considers distributions over n-dimensional vectors, n being the number of pixels in an image. Rather in (11),
u and v are the distributions obtained when taking n realizations of a 1-dimensional random variable, which
are drawn from the distributions of the voxels taken in either the ground truth or the estimated volume.
The role of such a metric is to assess that the voxel distribution correctly represents BMD values across the
volume. This is useful - conditionally on the fact that the structure is correctly transcribed - since BMD
analysis is a way to perform diagnosis for potential bone diseases. For instance, the structure could be
well retrieved but with BMD values that are completely shifted towards higher or lower HU which would
result in incorrect analysis. Also, using the Wasserstein 1-distance instead of MAE allows not to penalize
reconstructions with accurate BMD but with a structure that is slighlty shifted compared to the ground
truth. We compute this Wasserstein-1 distance between HU distributions with the Stats module of Scipy

library in Python.

Ill. Experiments and results

[1I.LA. Dataset

The ground truth data consist of volumes of human radius and tibia structures obtained on a SCANCO p-CT
100 with a 24-pm voxel size. The training dataset is composed of ten volumes from different patients. Two
volumes from two other patients are considered for evaluating the methods; the networks are not trained with
those two patients data and the hyperparameters are not tuned according to these data. These two evaluation
volumes have respectively a number of slices, height and width of 164 x 882 x 752 and 194 x 466 x 372 voxels.
The ground truth training data are illustrated in Figure 1 and the volumes for evaluation are illustrated in
Figure 2.

Denoting by p the ground truth volume, projections p(p) were computed with the parallel Radon
transform from these volumes. This was performed with ASTRA Toolbox [38] in Python. To simulate low
dose data, we first consider 400 projections corresponding to approximately 50 % of the total number of
projections in the high-dose setting. We consider a source intensity Iy of 10000 photons per detector pixel,
and simulate the received intensity I at each detector pixel as I = Poisson(%oe"’(”)), with K a parameter
that we vary to simulate different amounts of dose, similarly to [39]. For instance, K = 10 corresponds to

5% of the dose, since we already consider half of the projections. Then, the noisy projections are taken as
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Figure 1: Volumes used for training. Each of the 10 volumes has between 152 and 248 slices, whose size
ranges from 628 x 508 to 1068 x 928 voxels. Window size is [—1000, 3000] HU.

p=1In % +n with n an additive zero-mean Gaussian noise with standard deviation 1% of the first term mean
value. Finally, we compute the FBP of p with a Hann filter (cutoff 0.4) and consider it as the noisy input
data of the network. In the training data, we varied K to simulate between 5% and 50% of the upper limit
of the radiation dose. Also, note that data are normalized when fed into neural networks. The normalization
is simply performed by dividing the images by a factor pmax which was chosen so that all data lie between

0 and 1.

[11.B. Networks details

In all models, the generator is a 16-layer Convolutional Neural Network (CNN) with 128 filters in each layer,
except for the last layer which has only one filter since the output is the generated image. Worse performance
was observed with fewer layers. A similar deep CNN was used in [19].

For WGAN based networks, we use the same discriminator structure as in [19]. For both the discrim-
inator and the generator, Leaky ReLU activations are used with parameter 0.3 and He initialization [40],
except for the output of the discriminator that has no activation function. Zero padding is applied for every
layer. Optimization is performed with Adam algorithm [41] with 81 = 0.9, f2 = 0.999. Training is ran on
7,000 steps, which approximately corresponds to 3 epochs. The gradient weighting parameter A is fixed to
a default value of 10 as in [33].

For a fair comparison, hyperparameters (HP) namely the kernel size, batch size, learning rate - initial
and final since we use exponential decay -, number of generator updates, A; and Ay are all optimized for
every single network, on a validation set that is obtained by taking 20% of the slices from the 10 training

volumes. Two stages of HP optimization are performed, the second stage allowing to zoom in the range of

I11.B. Networks details



page 10 Leuliet et al.

Figure 2: Volume 1 (left) and Volume 2 (right) used for the evaluation. Their number of slices, height and
width are respectively 164 x 882 x 796 and 194 x 466 x 372 voxels. Window size is [—1000, 3000] HU.

HP that gives the best validation PSNR. The same strategy is used for each network. Results show that for
all networks, the optimal kernel size is 3 x 3, compared to 5 x 5 and 7 x 7. We find that 4 generator updates
for 1 discriminator update is the best choice for WGAN based networks, as we tested ratios between 0.2 and
5 between both number of updates. The best batch size is 128, i.e the maximum size that could fit in the
memory of the resources that were used for the study. The reason for these HP to be similar for every loss
function is that those hyperparameters mostly depend on both the training data and the general structure
of the networks which is considered as fixed. We only find differences in the optimal HPs for the learning
rate, A\; and Ay since these HPs specifically depend on the loss function. The optimal values for those HPs
are represented in Table 2. We tested learning rates between 10~8, for which we observed very slow decrease
of the loss function, and 10~2, for which we observed divergence of the loss function. As for the weighting
parameters we tested values between 1073 and 103.

Once the hyperparameters optimal values have been found, final training is performed on 64x64 patches
from all 1,992 different 2D slices for a total of 297,976 patches. Computations are performed on a NVIDIA
Tesla V100 GPU. The generator has slightly more than 2 x 10° trainable parameters, the discriminator
has around 18 x 10° trainable parameters, and VGG loss implies 20 x 10° extra parameters that are not
trainable but that still need to fit into the memory. Training of a CNN takes approximately 2 hours per
epoch, and around 10 hours for WGAN-based networks since one training step consists of 5 updates : 4 for
the generator and one for the discriminator. Tests show that this difference in terms of computation time
cannot be avoided since convergence of WGAN based networks still require the same number of epochs as

CNNs.

I11.B. Networks details
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Network Ir; Iry A1 A
CNN-L; 6 x 1077 8 x 1076 - -
CNN-L, 1,5 x107* | 8x107© - -
CNN-SSIM 1,5 x107* | 8x10°° - -
CNN-VGG 103 3x107° - -

CNN-SSIM-L; | 1,5 x10~* [ 1,5 x 10> | 100 | -
CNN-VGG-L; | 1,5x107*[1,5x10"% [ 50 -
CNN-VGG-L, | 1,5x107* [ 1,5x10™° | 100 | -
WGAN-L, 1,5 x10~% | 1,5 x 107" | 1000 | -
WGAN-VGG 1,5x10™* | 8x107° 20 -
WGAN-SSIM-L; | 1,5 x 1072 [ 1,5 x 10> | 1 | 500
WGAN-VGG-L; | 1,5 x107* | 8x10°© 10 | 50
WGAN-VGG-Ly | 1,5 x 107 | 8 x 1076 20 | 50

Table 2: Optimal hyperparameters for each method. These hyperparameters have been optimized on a
validation set consisting of 20% of the slices obtained from the 10 training volumes. The learning rate
decreases exponentially from Ir; to Iry during training.

[1I.C. Ewvaluation

For evaluation, we simulate 4 configurations: 5%, 10%, 15% and 20% of the maximum dose. In what follows,
only results for 10% and 20% are presented for simplicity but our conclusions take all configurations into
account. Note that we control the dose amount, which is not equivalent to controlling the amount of Poisson
noise since the latter depends on the density of the volume: there is more attenuation and thus more Poisson
noise for more dense volumes.

Comparisons between algorithms hold as long as networks are able to correctly reconstruct images,
which is no longer the case when the initial FBP is too deteriorated; in that case all networks fail to retrieve
an accurate reconstruction, which is due to the limits of the reconstruction method itself and not to the
choice of the loss functions. As a consequence, we decided that the quality of reconstruction for dose amounts
lower than 5% was not satisfying enough to be included in our training and/or testing data.

In what follows, we study PSNR, SSIM, resolution (Resol), Wasserstein distance for the 1D distribution
within the whole volume (WV) and within the bone area (WB). In the segmented reconstructions we also
study DICE, BV/TV, mean absolute Euler number difference compared to the ground truth (E-N) as well

as the relative absolute difference of object counts (O-C).
l1l.C.1. Pixelwise loss function study

Table 3 reports all tested metrics for different configurations, with the emphasis put on comparing the
presence of Li, Ly or no pixelwise loss function in the overall cost function. Results are given for the
evaluation volume 1 for 10% dose but results are similar for 20% and for the other volume. By comparing
each row from every block, one can observe that for resolution, L, loss improves the performance compared

to using no pixelwise loss or using Lo loss. Also, using no pixelwise loss function with CNN-VGG leads to a

I11.C. Evaluation
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WGAN-VGG | PSNR SSIM DICE BV/TV E-N 0-C Resol (um) WV WB
[ 2891 0.811 0.848 0.140 29+£20 0.07£0.05 98.6+6.7 21.62 43.81

Ly 29.94 0.842 0.864 0.140 24+17 0.07+£0.05 86.6+6.0 13.61 19.93

Lo 29.63 0.829  0.859 0.141 23+18 0.06+0.04 93.2£5.9 10.53  31.20
CNN-VGG PSNR SSIM DICE BV/TV E-N 0-C Resol (um) WV WB

[ 26.87 0.128 0.858 0.140  40+28 0.20£0.11 98.3+44 332,57 581.71

Ly 30.43 0.846 0.866 0.140  37£27 0.214+0.05 77.9+4.4 27.75  106.36

Lo 30.19  0.851 0.858 0147  79+£40 0.29+£0.05 941+46 41.55 209.64
CNN-SSIM | PSNR SSIM DICE BV/TV E-N 0-C Resol (um) WV WB
0 30.36  0.871  0.865 0.141 44+29 0.23+£0.05 83.1£4.1 29.45 103.6

Ly 30.35 0.859  0.865 0139 26+20 0.16+£0.05 77.3+5.3 30.47  109.56

Ly 30.27  0.863  0.859 0.148 63 £37 0.28 £0.05  91.1 £5.1 39.22  215.16
CNN PSNR SSIM DICE BV/TV E-N 0-C Resol (um) WV WB

Ly 30.43 0.848 0.866 0.140 33+£26 0.194+0.05 78.7£5.0 26.24  107.08

Lo 30.17  0.852  0.856 0.148 37+31 0.20+0.05 954+5.1 44.48  240.55

Table 3: Metrics for volume 1 and 10% dose. Here we study the influence of the pixelwise loss. Bold entries
in the first column indicate the part of the loss function that is fixed. BV/TV ratio for ground truth is 0.138.
Volume 1 Volume 2
Method 10% 20% 10% 20%
WGAN-L; 75.1+5.1 | 724+43 | 74.8 £6.2 | 73.5 +5.1
WGAN-SSIM-L; | 75.4+4.6 | 72.3+4.0 | 75.3 £5.9 74.0 £5.5
CNN-SSIM-L, 77.3+£53 | 73.9+£4.3 76.4 £5.3 75.3 £5.1
CNN-L; 78.7+5.0 75.5+3.9 76.2 6.7 74.7+5.7
CNN-VGG-L; 779+44 75.4+4.3 76.9 +6.4 75.6 +6.0
CNN-SSIM 83.1+4.1 80.1+4.0 79.3+ 5.6 78.6 £ 6.2
WGAN-VGG-L; | 86.6+6.0 | 83.1+53 | 82.9+7.2 79.7+7.1
WGAN-VGG-Ls | 93.2+59 | 87.8+49 | 85.2+7.8 82.3 £7.0
CNN-VGG-L, 94.1+£4.7 | 90.9+4.7 90.4 £6.8 90.5 +£6.7

CNN-Lq 95.4+51 | 91.9£5.2 | 88.8+8.1 87.2 £7.8
WGAN-VGG 98.6 £6.7 | 93.6+6.7 | 94.3+10.8 | 93.1 £10.8
CNN-VGG 98.3+4.4 | 95.3£4.1 91.2 £6.7 90.3 £6.7

Table 4: Values of resolution in pm for each method and for the test volumes 1 and 2 considering 10% and
20% dose for both.

significant performance drop for most of the metrics. We notice that the BV/TV ratio is higher for Lo loss.
The differences between each method are slight when looking at PSNR, SSIM or DICE. This observation can
also be made on the other test volumes and for different dose configurations, thus we cannot use those metrics
to distinguish between the performance of each loss function. As for connectivity and metrics involving the
Wasserstein-1 distance, different performance can be observed depending on the loss function, but it is not
related to the pixelwise loss according to this table.

Table 4 highlights the enhancement of resolution with L; loss. Indeed, the most performing networks
are those who have the mean absolute error as part of the loss function, with the slight exception of WGAN-
VGG-L; that ranks behind CNN-SSIM, but this will be discussed in the next subsection dealing with the
impact of the structural loss.

Figure 3 illustrates the increased performance of L; loss on CNN-SSIM and WGAN-VGG examples.
The figure shows the evolution of FRC value with respect to the maximum frequency value for which the

correlation is considered - the ring radius. Since the correlation is computed on 2D slices, we selected a

I11.C. Evaluation
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Figure 3: FRC curve on a selected slice on volume 1 for different reconstruction methods, for 10% dose. The
y-axis represents the Fourier Ring Correlation value between 0 and 1, the x-axis is the radius of the ring
in the Fourier domain within which the correlation is computed. The threshold to compute the resolution
according to (10) is also represented.

slice on volume 1 to display the curves for the different methods on 10% dose. One can observe that for
high frequencies, the L; curve is above the other curves. For CNN-SSIM, improvement with L; is observed
between 9 mm~! and 11 mm~? (high frequencies), whereas for WGAN-VGG it is already observed with

1

lower frequencies, around 6 mm™". In both cases, this indicates that the L; loss better transcribes high

frequencies which allows to reconstruct thinner details.
[1I.C.2. Structural loss function study

By performing a similar ablation study to investigate the impact of the structural part of the loss - SSIM
vs VGG - we find that VGG is more efficient when associated to WGAN and SSIM with CNN, i.e with no
adversarial loss. In the same way as for pixelwise loss functions, most of the metrics do not allow to clearly
distinguish between WGAN-VGG and CNN-SSIM based networks, except for resolution and connectivity
related metrics. Table 5 shows the mean and standard deviation of the difference between the Euler number
of both the predicted slices and the ground truth ones. As the Euler number computes the difference
between the number of objects and the number of holes estimated in the image, the other column represents
the relative difference for the object count only. This allows to ensure that the observed performance for the
Euler number metric is not biased by the fact that both the count of holes and objects are not correct. Results
clearly show that WGAN-VGG outperforms CNN-SSIM, independently from the pixelwise loss function that
is potentially associated. Connectivity is thus better represented with WGAN-VGG according to our results.
We also notice that using no structural loss decreases the performance in terms of connectivity : on volume
1, the error in terms of objects count is more than 10 % higher for CNN-L; compared to WGAN-VGG

networks, and on volume 2 the Euler number mean absolute difference is between 2 and 3 times larger

I11.C. Evaluation
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Volume 1 Volume 2
10% 20% 10% 20%
Method E-N Obj. ¢ E-N Obj. ¢ E-N Obj. ¢ E-N Obj. ¢

WGAN-VGG-Ly | 234+18 0.06+0.04 | 29+23 0.08+0.05 | 6+5 0.08+0.06 | 6 £4 0.07£0.06
WGAN-VGG-L; | 24+17 0.07+0.05 | 25+17 0.05+0.04 | 64+5 0.12+0.09 | 65 0.09£0.07
WGAN-VGG 29+20 0.07+£0.05 | 34+31 0.114+0.06 | 7+5 0.13+0.08 | 6+£4 0.134+0.08
CNN-SSIM-L, 26+20 0.16+0.05 | 3525 0.184+0.04 | 16 £8 0.08 £0.06 | 16 £7  0.07 £0.06
CNN-L, 33+26 0194+005 | 39+£28 0.204+£004 | 157 0.08£0.06 | 167 0.07 £0.05
WGAN-L, 39+25 0204£005 | 43+£26 0.194+0.04 | 10 £7 0.08 £0.06 9 +6 0.07 £0.05
CNN-VGG-L, 3727  0.214+0.05 | 42+28 0.21£0.04 | 158 0.09 £0.06 | 12 £7 0.23 £0.08
CNN-L, 37+31 0.20+£0.05 | 58 +£37 0.264+0.05 | 11+£7 0.32+0.09 | 124+8 0.304+0.09
CNN-SSIM 44+29 023+£005 | 56 +£31 0.244+0.04 | 9+6 0.10£0.07 | 86  0.09+0.06
WGAN-SSIM-L; | 554+26 0.22+0.05 | 674+28 0.23+£0.04 8+6 0.07 £0.05 | 7+5 0.06 £0.05
CNN-VGG-Ly 79+40 029£0.05 | 91£43 0.32£0.05 | 10 £7 0.25 +£0.09 | 12 £7 0.23 £0.08

Table 5: Connectivity metrics : Euler number absolute difference and objects count relative difference
compared to ground truth for each method and for test volumes 1 and 2 with 10% and 20% dose.

Volume 1 Volume 2
10% 20% 10% 20%

VGG AVAY WB WV WB WV WB A\VAY WB
CNN 332.57 581.71 | 319.16 499.60 | 350.40 703.88 | 347.73 653.04
WGAN 21.62 43.81 28.97 98.68 35.27 85.67 | 40.59 78.73

L, WV WB WV WB \VAY% WB \VAY% WB
CNN 26.24 107.08 | 22.04 41.43 44.20 161.46 | 34.55 117.62
WGAN 22.75 59.95 22.11 22.13 39.49  142.54 | 30.40 88.64

VGG-L; AVAY WB WV WB WV WB A\VAY WB
CNN 27.75  106.36 | 20.72 30.38 43.02 148.86 | 33.42 103.89
WGAN 13.61 19.93 23.22 65.17 | 43.68 126.14 | 39.45 75.97

SSIM-L, WV WB WV WB \VAY% WB \VAY% WB
CNN 30.47  109.56 | 21.95 29.49 46.01 125.38 | 38.30 73.50
WGAN 17.55 32.62 24.50 43.50 35.18 106.09 | 27.17 54.11

Table 6: Wasserstein 1 distance for the 1D distributions in the entire volume (WV) and in areas considered
as bone (WB) by the segmentation algorithm. Here we study the influence of the adversarial loss on those
metrics. Bold entries in the first column indicate the part of the loss function that is fixed.

for CNN-L;. Nevertheless, it can be observed in Table 3 or 4 that VGG loss - especially when associated
with WGAN - leads to a higher value for the resolution which means a reduced ability to transcribe high

frequencies.

I11.C.3. Adversarial loss function study

Finally, we isolate the impact of the presence or not of an adversarial loss in the cost function. Once again,
the impact is not significant for every metric. Table 6 shows improved performance of WGAN based network
when focusing on the W7 distance between the 1D distributions, especially when focusing on the distribution
within the bone area, which is represented in the second column. Note that this is not straightforward since
the Wasserstein distance that is used for training the networks is not the same as the one used as a metric
(n-dimensional vs 1-dimensional). This result suggests that the adversarial loss helps retrieve the correct
distribution of BMD in the volumes. Of course this is not useful if the structure is not correctly reconstructed,

but this still means that statistics from the densities are more accurate with such a loss.

I11.C. Evaluation
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(a) FBP (b) Ground truth

(d) CNN-SSIM-L, (e) WGAN-L, (f) WGAN-VGG-L,

Figure 4: ROI from volume 1 of size 140 x 140 voxels obtained with different methods. Window size is
[—1000, 3000] HU. FBP is obtained after simulation of 10% of the normal dose to obtain the projections
from the ground truth. Networks are fed with this FBP as input.

Figure 4 shows reconstructions with the methods that gave the best performance when taking all metrics

into account, and especially resolution, connectivity and W; distance.

[11.C. Evaluation
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V. Discussion

In our study PSNR, SSIM and DICE did not allow to distinguish between pixelwise, structural and ad-
versarial losses. It is an argument to encourage future studies to evaluate methods regarding task-specific
metrics since they allow to do so according to our experiments.

Our results clearly suggest that pixelwise loss functions have a major role in the resolution that is ob-
served in the reconstructions. We showed that the L loss is the most suited one for the task of reconstructing
images with the best resolution. Moreover, the choice of L; loss has no negative impact on all the other
metrics that were tested. We also showed that Lo loss, besides deteriorating the resolution, tends to increase
the BV/TV ratio in the segmented reconstruction. This can be explained by the common tendency of such a
loss to oversmooth images, which encourages the segmentation algorithm to consider bone areas wider than
they really are. Our results therefore strongly suggest L1 to be considered as part of the loss function for its
ability to improve resolution performance without decreasing the quality of the reconstruction considering
other metrics.

As for the structural loss, experiments show that using VGG loss alone implies a significant drop in
performance for quantitative metrics. This is due to the fact that VGG network was trained to perform
classification on natural images; only the structures are helpful for VGG to perform this task. The pixel
intensities are not considered as relevant features for this purpose. The satisfying performance of CNN-
VGG in terms of connectivity metrics, DICE and BV/TV compared to its poor performance in terms of
quantitative metrics such as PSNR or Wasserstein distance is a perfect example that highlights the need for
a loss function to contain elements that take both structure and pixel values into account. Following this
observation, we find enhanced overall performance when VGG is associated to an adversarial loss. WGAN-
VGG networks showed to significantly improve performance in terms of connectivity in the reconstructions.
This however results in a decreased performance in terms of resolution, even with L; loss. SSIM does not
present this drawback in terms of resolution, but on the other side it only shows limited improvement in terms
of connectivity. The positive impact of the structural loss on connectivity metrics is thus more significant
for WGAN-VGG than for CNN-SSIM, but it appears to induce an increased resolution. We suggest that
depending on the application, the trade-off could be dealt with by tuning A; and As accordingly while using
a network like WGAN-VGG-L;.

The last point of interest is the presence or not of an adversarial loss in the cost function. We showed
in the previous point that when associated with VGG, the adversarial loss has a positive impact on the
connectivity metrics. This can be understood by the fact that learning the probability distribution of

high-dose reconstructions helps capture the anatomically correct shapes in the bone microstructure. We
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also observe better accuracy in terms of BMD distribution. As WGAN-based networks try to learn the
n-dimensional distribution of high-dose images, n being the total number of pixels, it is reasonable to think
that such networks are more likely to retrieve the 1-dimensional distribution of density values since it can
be induced by the knowledge of the former. Conditionnally on the fact that the structure is correctly
reconstructed, this enhanced performance can be helpful for practiciancs since we mentioned that BMD
values are among elements that are considered to diagnose various bone-related diseases.

Another aspect to consider when making the choice of a loss function is the computation time and
memory requirement for training the networks. In our case, the reconstruction time during inference is the
same for all methods since we use a similar generator for all of them. However, we mentioned in Section Il
that using VGG loss increases the memory consumption. This can reduce the maximum batch size to use for
training compared to other methods and potentially decrease performance, even if this is not an issue that
we experienced in our tests. Also, using the adversarial loss increases the training time by a factor of 5 in
our experiments, which also needs to be taken into account when considering the improvement brought by
such a loss for BMD distribution accuracy. Finally, when considering a loss function composed of different
parts, this adds extra hyperparameters to tune during the training phase.

The fact of increasing the training time or the number of hyperparameters might have a negative
impact on the final performance of the network. Indeed, for a fixed computational budget, the number of
hyperparameters that can be tested to validate the performance of the networks can be significantly reduced
for complex loss functions and particularly those which require an adversarial loss. Our study does not put
the emphasis on such constraints, and it is not clear whether the focus should rather be put on spending
time finding optimal hyperparameters with a simpler loss function or not. Analyzing the results considering
the computational cost of the loss function could therefore be the subject of another study.

Also, our hyperparameters selection was performed by choosing PSNR as the validation metric since
it is common practice and we did not want results to be biased towards a stronger importance given to a
specific metric. Our results however suggest that the choice of those hyperparameters should be driven by
task-dependent metrics since we noticed that they do not necessarily match common evaluation metrics such
as PSNR or SSIM. For practical purpose, the metrics used for optimizing the network’s hyperparameters
need to be carefully chosen.

An obvious limitation of our study is that the answers brought by our experiments only hold for the
specific data that we are studying, i.e bone microarchitecture obtained from CT imaging; nevertheless, we
believe that the conclusions obtained in this study are of interest regardless of the domain as long as one is

interested in both the structural information retrieved by the network and the accuracy of the reconstructed
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pixel values, whether they correspond to attenuation in the case of CT imaging or to activity for emission
tomography.

Finally, our work mainly focuses on the study of the reconstruction depending on the loss used for
training the network. One needs to keep in mind that the method still relies on the low-dose FBP as
input, which might not be optimal since loss of information can be observed especially as the radiation dose
decreases. Better results should be observed when considering a more complex architecture, that performs
the reconstruction from the projection data in an end-to-end framework for instance. 3D networks and use
of a U-NET generator could also be solutions to improve performance. We believe that these architectures
would benefit to every training scheme without modifying the comparative results that we obtained. In any
case, our results allow to understand the impact of different types of loss functions when reconstructing bone
microarchitecture with deep learning based methods and remain of interest even if more complex networks

are used for practical application.

V. Conclusion

The assessment of the quality of the reconstruction of bone microstructures seems to be insufficient when only
considering PSNR and SSIM. Instead, relevant features such as the BV /TV ratio, Euler number, Wasserstein
distance between the HU distributions of bones densities are among metrics that allow the evaluation of the
retrieval of both structural details and quantitative information on the BMD. We showed that the loss
function used to train a neural network has a major influence on those metrics. Pixelwise loss functions were
found to improve the resolution observed in the reconstructions, with L loss being the most effective in our
tests. Structural loss functions play a role on the ability of networks to retrieve bone structures as shown
by connectivity metrics, and VGG loss improves performance in that sense, at the cost of a deteriorated
resolution. Adding an adversarial loss leads to reconstructions with more accuracy in terms of BMD. When
choosing the most suited loss function for the particular task of reconstructing bone microstructure with
accurate BMD values, one needs to keep in mind the trade-off between the computational cost of complex

losses and the improved performance that they bring.
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