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ARTICLE INFO ABSTRACT

Keywords: A major barrier to applying deep segmentation models in the medical domain is their typical data-hungry
Few-shot segmentation nature, requiring experts to collect and label large amounts of data for training. As a reaction, prototypical
Medical image segmentation few-shot segmentation (FSS) models have recently gained traction as data-efficient alternatives. Nevertheless,

Uncertainty estimation despite the recent progress of these models, they still have some essential shortcomings that must be addressed.

In this work, we focus on three of these shortcomings: (i) the lack of uncertainty estimation, (ii) the lack of
a guiding mechanism to help locate edges and encourage spatial consistency in the segmentation maps, and
(iii) the models’ inability to do one-step multi-class segmentation. Without modifying or requiring a specific
backbone architecture, we propose a modified prototype extraction module that facilitates the computation of
uncertainty maps in prototypical FSS models, and show that the resulting maps are useful indicators of the
model uncertainty. To improve the segmentation around boundaries and to encourage spatial consistency, we
propose a novel feature refinement module that leverages structural information in the input space to help
guide the segmentation in the feature space. Furthermore, we demonstrate how uncertainty maps can be used
to automatically guide this feature refinement. Finally, to avoid ambiguous voxel predictions that occur when
images are segmented class-by-class, we propose a procedure to perform one-step multi-class FSS. The efficiency
of our proposed methodology is evaluated on two representative datasets for abdominal organ segmentation
(CHAOS dataset and BTCV dataset) and one dataset for cardiac segmentation (MS-CMRSeg dataset). The results
show that our proposed methodology significantly (one-sided Wilcoxon signed rank test, p < 0.05) improves
the baseline, increasing the overall dice score with +5.2, +5.1, and +2.8 percentage points for the CHAOS
dataset, the BTCV dataset, and the MS-CMRSeg dataset, respectively.

1. Introduction background class, thus for the first time enabling one-step volume-wise
prototypical FSS, yielding state-of-the-art performance.

Accurate image segmentation is an essential prerequisite for various When trained, the FSS models mentioned above can generalize from
clinical applications, such as radiotherapy treatment planning (Gon- a few labeled samples to solve new segmentation tasks during inference.
zalez et al., 2021), tissue quantification (Militello et al., 2019), and Specifically, a few labeled examples are exploited to extract class-wise
diagnostics (Tsochatzidis et al., 2021). Prototypical few-shot segmen- prototypes that are used to make predictions on the unlabeled test
tation (FSS) models have recently shown promise as data efficient data. However, despite their recent advances, current FSS models have
alternatives to solving this task by using a small set of labeled examples some fundamental shortcomings that need to be addressed to approach
to extract class-wise prototypes that can be leveraged to segment clinical application.
objects in new images (Tang et al., 2021; Yu et al., 2021; Ouyang et al., Firstly, existing medical FSS models do not provide any measure
2022; Hansen et al., 2022). These models thus eliminate the need to col- of uncertainty for their predictions, which limits their trustworthi-

ness. Knowing when the model is uncertain and therefore more likely
to make mistakes is important information that should accompany
the prediction in a safety-critical application such as medical image
segmentation (Kompa et al., 2021).

Secondly, in current methods, the segmentation is performed di-
rectly on the spatially compressed feature representation, without any

lect and annotate large amounts of images, which is a key challenge for
the application of deep learning models in the medical domain (Shen
et al., 2020). In particular, Hansen et al. (2022) propose ADNet, an
anomaly detection-inspired approach to FSS that simplifies the problem
by refraining from explicitly modeling the difficult background class.
This results in a model that is robust to the large and inhomogeneous
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mechanism to guide the precise location of edges and structures in the
image. The final segmentation map is simply obtained by re-sampling
the output via bi-/tri-linear up-sampling, resulting in segmentation
masks that typically struggle to accurately locate edges.

Finally, in medical image segmentation, there are often multiple
foreground classes of relevance, e.g. a number of different organs.
However, current medical FSS methods only focus on binary fore-
ground/background segmentation and are forced to segment the images
class-by-class. In addition to unnecessary forward passes, this can lead
to regions with ambiguous predictions as voxels might get classified as
“foreground” for multiple classes.

In this work, we focus on the inference phase to address the above-
mentioned shortcomings. Without requiring modification or re-training
of the network parameters, we develop methods to better exploit
the available information in order to provide more trustworthy and
more accurate predictions. Specifically, to facilitate the computation of
uncertainty maps in prototypical FSS models we propose a modified
prototype extraction module that introduces a Bernoulli distributed
variable for each voxel location in the feature representation. Uncer-
tainty maps are then based on the predictive distribution estimated
from a set of prototypes extracted by this proposed module. Further,
to alleviate the loss of spatial details and encourage spatial consistency
in the predictions, we propose a novel feature refinement module
that leverages supervoxels in the inference phase. Supervoxels are
collections of voxels that represent compact regions of coherent voxel
intensities and/or textures in the image volume. By utilizing supervox-
els, we are able to encourage spatial consistency in the prediction, and
help locate edges accurately in the segmentation map. Additionally, we
show how uncertainty maps can be used to automatically guide this
feature refinement. Finally, to avoid the problem of ambiguous voxel
predictions, we propose a procedure to perform one-step multi-class
FSS.

Exploiting its ability to perform volume-wise one-step FSS, we
illustrate the benefit of the proposed methodology in the context of the
current state-of-the-art 3D medical FSS model, ADNet (Hansen et al.,
2022), and refer to the modified model as ADNet++.

To summarize, our contributions are as follows:

1. We propose a novel prototype extraction module that, with neg-
ligible computational overhead, can produce uncertainty maps
for prototypical FSS models.

2. We propose a novel feature refinement module that leverages
supervoxels to encourage spatial consistency and to locate edges
in the segmentation masks. We also show how uncertainty maps
can be used to guide the feature refinement.

3. We propose a one-step multi-class segmentation procedure to
avoid ambiguous voxel predictions.

2. Related work
2.1. Medical few-shot segmentation

Lately, few-shot learning models have demonstrated promising seg-
mentation performance on medical images (Roy et al.,, 2020; Tang
et al., 2021; Yu et al., 2021; Ouyang et al., 2022; Hansen et al., 2022).
Previous works can be categorized into methods that require labeled
data during the training phase (Roy et al., 2020; Tang et al., 2021; Yu
et al., 2021) and methods that are trained in a self-supervised fashion
on unlabeled data (Ouyang et al., 2022; Hansen et al., 2022). In the
former category, as the first medical FSS model, Roy et al. (2020)
proposed a two-branched architecture, where the support features are
used to implicitly guide the query segmentation through multiple inter-
action blocks. The succeeding works build on prototypical ideas (Snell
et al., 2017), with a direct comparison between the query features and
computed support prototypes. In Yu et al. (2021), the authors proposed
a prototype network that leverages strong spatial priors by dividing the
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input images into grids and solving the segmentation problem for each
grid-element separately via multiple local prototypes. Tang et al. (2021)
proposed a prototype network with a recurrent mask refinement, where
the previous query prediction is used to refine the query features in an
iterative manner.

The few-shot learning models discussed above are only few-shot
in the sense that a trained few-shot model only needs a few labeled
instances to segment a new class. During the training phase, the mod-
els still require abundant labeled data in order to avoid over-fitting.
However, the availability of labeled data is often limited in the med-
ical setting, and to overcome this challenge, Ouyang et al. (2022)
proposed a self-supervised few-shot segmentation model. The network
itself, ALPNet, is a prototype based network that introduce adaptive
local prototype pooling where local prototypes are computed on a
regular grid to preserve local information. As opposed to Yu et al.
(2021), Ouyang et al. (2022) do not divide the input images into
grids, but segment the images as one segmentation problem. To train
the network, Ouyang et al. (2022) proposed a new self-supervision
task for segmentation by utilizing superpixels. The authors construct
a pseudo-labeled support/query pair based on one unlabeled image
slice and its unsupervised superpixel segmentation. The support label
is then generated by randomly selecting a superpixel from the support
image’s superpixel segmentation and binarizing it to obtain a binary
mask. Then the query image and label are created by applying ran-
dom spatial and intensity transformations to the support image-label
pair. Hansen et al. (2022) built further on this work and extend the
self-supervision task to supervoxels, utilizing the 3D information in the
image volumes. Further, they proposed an anomaly detection-inspired
prototypical segmentation network, ADNet, where they avoid modeling
the large and inhomogeneous background class with prototypes. While
previous methods are limited to slice-by-slice segmentation of the im-
age volumes, Hansen et al. (2022) were the first to extend prototypical
FSS to one-step volume-wise 3D segmentation.

A drawback of all the methods discussed above is that they only
perform binary image segmentation and are forced to segment multi-
class segmentation problems in a class-by-class manner. Further, due
to the loss of spatial detail during the encoding of the images, the
models have difficulty with accurately locating edges. Finally, these
models do not provide any measure of uncertainty of their predictions,
which is important to build trustworthy models. In this work, we
build further on the branch of self-supervised models and propose a
framework for one-step multi-class medical image segmentation that
provides uncertainty maps to accompany the model predictions and
that involves a feature refinement that addresses the loss of spatial
detail during encoding.

2.2. Uncertainty estimation

In critical decision-making processes, such as medical image seg-
mentation, there is a need to quantify model uncertainty. That is, in ad-
dition to the model prediction, a measure of model uncertainty should
be conveyed to the user to improve both safety and the reliability of
the model (Kompa et al., 2021).

In medical image segmentation, Bayesian approximation (Gal and
Ghahramani, 2016) and ensemble learning techniques
(Lakshminarayanan et al., 2017) are often used for uncertainty quan-
tification. While ensemble approaches (Karimi et al., 2019; Mehrtash
et al., 2020) are conceptually simpler than Bayesian methods (Wick-
strem et al., 2020; Harper and Southern, 2020; van Hespen et al.,
2021), they typically require training of multiple models, making them
computationally expensive.

In few-shot segmentation outside the medical domain, Johnander
et al. (2021) proposed a few-shot learner formulated as a deep Gaussian
process. The Gaussian process works as a layer in the network that
predicts the mean and covariance of the conditional probability distri-
bution of the query mask given the query image and support set. This
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information is then fed to a decoder that produces the final output. The
model is thus able to model the uncertainty and uses the information
to improve the segmentation performance. Concurrently, Kim et al.
(2021) proposed another Gaussian process inspired technique to few-
shot segmentation by using a network to estimate the uncertainty. They
then use the uncertainty maps to exclude samples with high predic-
tion uncertainty for pseudo label construction in a semi-supervised
setting. While these approaches provide uncertainty maps in the FSS
setting, they are model-specific and thus not directly applicable to
the current state-of-the-art medical FSS models, raising the need for
architecture-agnostic approaches.

3. Methods

We start by briefly describing the FSS problem setting in Section 3.1
before introducing the details of the proposed ADNet++ in Section 3.2.
Specifically, we present the multi-class extension in Section 3.2.1,
the proposed uncertainty estimation in Section 3.2.2, and the feature
refinement in Section 3.2.3. Finally, in Section 3.3 we describe the
supervoxel generation.

3.1. Problem definition

The goal of FSS is to obtain a model that, based on only a few
labeled samples can generalize to new object classes. More specifically,
given a training dataset with base classes C,,,;,, we learn a model that
can segment novel target classes C,,,, from few annotated examples. The
model is trained and tested in episodes, where a support set consisting
of k labeled support images is used to predict the segmentation of N
classes in the unlabeled query image. The support set is defined as
S = {(X&Y;),...,(X{Yi)} and the query set as Q = {X9}), where
X* € REHXW represents an image volume and Y* € REXHXW the
corresponding voxel-wise annotation.'

3.2. ADNet++

3.2.1. Multi-class anomaly detection-inspired segmentation

As demonstrated in Hansen et al. (2022), an anomaly detection-
inspired approach to few-shot medical image segmentation results in a
model that is less sensitive to variations in the background class, thus
enabling one-step volume-wise 3D segmentation (as opposed to slice-
by-slice 2D segmentation). As a consequence, this framework facilitates
the extraction of all class-prototypes simultaneously, thereby making it
suitable for multi-class segmentation.

Similar to the original ADNet, ADNet++ uses a backbone network
fp @ ROXIXW _ RCXHXWXd g encode the support images {Xf},l-(=1
and query images {X?}:;l into deep feature maps, F{ = f,(X7) and
F! = f»(X?), respectively. Note that due to max-pooling operations and
strided convolutions in the backbone network, the spatial resolution
of these feature maps is compressed, compared to the input, and the
feature maps are therefore up-sampled to original size (C, H, W). Let
Q={r ; }jci{w denote the set of all voxel positions r = (x, y, z) in the
image. Prototype p, € R, representing class c, is defined as:

3 Seea B0 i)
- k .

Yol Zreq Yi()
where Y? = 1(Y} = ¢) is the ground-truth mask of class c. Unlike ADNet,
which only performs binary segmentation and thus only extracts one

class-prototype at a time, we propose a procedure to perform one-
step multi-class segmentation. In a N-class segmentation problem, this

Pc (€Y

1 Superscript * denotes support (s) or query (g).
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results in a set of N prototypes P = {pc}i], for which we compute a
N

c=1’

set of N anomaly score maps S = {SE} computed as:

S.(r) = —acos (FI(r),p,), @

where a« = 20 is a commonly used scaling factor (Wang et al., 2019;
Ouyang et al., 2022; Hansen et al.,, 2022). The resulting anomaly
score maps represent the dissimilarity between each voxel feature
vector Fi(r) and each of the class-prototypes in P. The soft foreground
predictions for each foreground class ¢ = 1,..., N are then found by
thresholding the anomaly score maps with a learned threshold 7:

YirY =1-0(S.(r)-T), (3)

where ¢ is the Sigmoid function. For a general number of N foreground
classes, the soft background mask is then computed as:

x?jzo(r)’=1—max{s?g(r)’ : c=1,...,N}. )

Finally, the class probabilities are obtained by scaling the scores with
a softmax function:

exp (3?7(r)’ )
e (Vi)

This assures that no voxel can be assigned to more than one class,
thereby preventing the ambiguous voxel predictions in binary class-by-
class segmentation, occurring when a voxel lies within the threshold of
multiple class-prototypes.

The network is then trained as in Hansen et al. (2022), in an end-
to-end manner to optimize a loss function consisting of three terms:

Yir) = )

L=Lcp+Ly+Lpyps (6)

where L. is the cross-entropy loss between the query prediction and
the query label:

N
1 .
Lop=——= Y Y Yir)logY!(r), %)
|‘Q| reQ c=0
where | - | indicates the cardinality of the set, £L; = T/a is a loss on

the threshold to encourage a compact embedding of the foreground
classes via a smaller learned threshold, and Lp,; is the prototype
alignment regularization loss from Wang et al. (2019), obtained by
reversing the roles of the support and query.? The predicted query mask
is used to segment the support image, and the loss is computed as the
cross-entropy loss between the predicted support mask and the support
ground-truth mask:

N

Loan=—m 3 T V) log Y21, ®)
N I

where Q, is the set of voxel positions in the support image.

After the model is trained, the weights (6,7) are frozen and the
inference episodes are sampled from C,,,.
3.2.2. Uncertainty estimation

To obtain a measure of uncertainty for the model’s predictions, we
take inspiration from Gal and Ghahramani (2016), who exploit dropout
layers in the network architecture to be able to represent the model
uncertainty. As illustrated in Fig. 1, we suggest an architecture-agnostic
approach to generate uncertainty maps by randomizing the masked
average pooling during prototype generation in Eq. (1). Instead of
applying deterministic masked average pooling to obtain one prototype
per class, we propose to perform masked randomized average pooling

2 The influence of the sub-losses was evaluated in Hansen et al. (2022), and
the results were reported in the ablation study.
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Fig. 1. We facilitate the estimation of uncertainty maps in prototypical FSS models by replacing the deterministic masked average pooling module with a randomized alternative,
the masked randomized average pooling (MRAP), denoted in red. This allows us to generate a set of prototypes, and thereby a set of query predictions that can be used to estimate

the model uncertainty.

Image space

Feature space

(a)

(b) ()

Fig. 2. Conceptual illustration of the feature refinement process. (a) In the encoding process, the input image is transformed into a set of feature vectors (gray dots). (b) Supervoxels
are generated in the input space and can thus be used to locate feature vectors that “belong” together in the input space. (c) The refinement process consists in moving the feature
vectors within the supervoxel towards its center (indicated with blue star), leading to a more compact embedding where the edges defined in the input space are respected.

(MRAP) to obtain a set of P prototypes per class ¢ P, = {p; }le from
the support set as:

X Zrea B0 Vi) - M)
T Zeco Yi(0) - Mi(®)
where M;(r) is sampled from a Bernoulli(p) distribution. p is the prob-

ability of M;(r) taking the value one and is set to 0.5. From this set

of prototypes, we can obtain a set of anomaly scores {Sj };;1, and
P

9

P

for the query image. These predictions

thereby predictions {Yj}
can be considered samples from an approximate predictive distribution,
and the model uncertainty map can be estimated as the predictive
entropy (Gal, 2016). Therefore, by computing the voxel-wise predictive
entropy of the P predictions, we obtain the uncertainty map as:

Ur)=- Y Y.(r)log¥,(r), 10)

where Y, = % Zle Yj is the average (soft) prediction map of class c.
To ensure an accurate uncertainty assessment, the number of sampled
prototypes P (and thereby predictions) must be efficiently large. In our
experiments we set P = 10 as a trade-off between uncertainty quality
and computational complexity. Overall, the computational overhead
due to this uncertainty estimation can be considered negligible as the
costly feature extraction only needs to be performed once per volume.

The obtained uncertainty maps can be used to visualize and assess
the voxel-wise uncertainty of the model’s predictions. Further, in the
next section, we show how these uncertainty maps can be leveraged to
guide the proposed feature refinement.

3.2.3. Supervoxel-informed feature refinement module
Assuming that supervoxels capture voxels that belong together in
the input space, it follows that a segmentation model should assign

consistent class labels for all voxels within the same supervoxel. To
encourage this spatial consistency, we propose a supervoxel-informed
feature refinement module that refines the embedded image represen-
tations to respect edges as defined by the supervoxels. If a supervoxel
defines a set of voxels that belong together in the input space, it
consequently also defines a set of feature vectors that should belong
together in the feature space, and as the encoding of images involves a
spatial compression with loss of spatial details, the supervoxel-informed
refinement can thus act as a mechanism to guide the precise location
of edges and structures in the output. The concept of the proposed
supervoxel-informed feature refinement (SFR) module is illustrated in
Fig. 2.

To refine the query features during inference, the up-sampled fea-
ture maps are refined as follows. Each query image x¢ is clustered into
a set of M non-overlapping supervoxels = = {7;1, Ty }, representing
homogeneous regions in the input image. Overlaying this supervoxel
segmentation on top of the up-sampled query feature map, each su-
pervoxel z; defines a set of voxel feature vectors, corresponding to a
homogeneous region in the input image. For a feature vector Fi(r) € r;,
we propose a refined voxel feature vector F4(r)’, computed as:

Fi(r) = pFi(r) + (1 - P)p;, 1n
where y; is the center of z;, given by:
1
w=— z Fi(r), 12)
|7;] Fi(r)ex,

and p is a refinement parameter controlling the size of the feature
vectors’ movement, ranging from # = 1 with no movement to g = 0
where the feature vector moves all the way to its supervoxel center.
However, choosing f in this way, as a fixed constant for all voxels, is
quite restrictive. A dynamic f(r), on the other hand, would increase the
module’s flexibility by allowing different regions in the feature map to
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Fig. 3. Workflow of the proposed feature refinement module. The module acts to refine the features before entering the classifier. The original features, the input image and a
choice of # is input to the module. The refined features then follow the ordinary pipeline to produce the end segmentation result.

experience different degrees of refinement. One possible approach to
obtain a dynamic refinement is to utilize the uncertainty map®:

p(r) =1-U(r). 13)

In this way, uncertain voxels, typically on the boundaries between
classes, get a lower g and rely more on the sharp edge information
in the supervoxels, and vice versa.* Exploiting the uncertainty map has
the additional advantage that no labeled data is required to determine
p.° Fig. 3 illustrates the module in the FSS framework.

Ultimately, the feature refinement module is determined by two
parameters: (i) the number of supervoxels M (or effectively the super-
voxel size) and (ii) the feature refinement parameter, . The choice of
these parameters is explored in Section 4.4.2.

3.3. Supervoxel generation

Supervoxels are computed offline for all the query images using a
3D extension® of the Felzenszwalb’s efficient graph-based segmentation
algorithm (Felzenszwalb and Huttenlocher, 2004). This is the same
algorithm that is used to generate pseudo-labels for the self-supervised
training in Ouyang et al. (2022) and Hansen et al. (2022), and is known
to produce superpixels with irregular shapes and sizes that adhere well
to image boundaries (Achanta et al., 2012).

Similarly to prior supervoxel- and superpixel-based approaches
(Ouyang et al., 2022; Hansen et al.,, 2022), the final segmentation
results depend on the size of the generated supervoxels and their
adherence to class boundaries in the image: Choosing supervoxels that
are too small can lead to loss of representativeness, and thereby noisy
results, while choosing supervoxels that are too large can result in over-
lapping anatomical areas and inaccurate segmentation. Felzenszwalb’s
algorithm has a parameter controlling the minimum supervoxel size,
and effect of this parameter on the final segmentation result is explored
in Section 4.4.2.

4. Experiments

In this Section we evaluate the proposed methodology in the context
of the state-of-the-art self-supervised 3D FSS model, ADNet (Hansen

3 In this case, the prediction step is done twice: The uncertainty map is
generated using the output of the segmentation network before the feature
refinement module is applied. The beta values are then derived from these
uncertainty maps and used to guide the feature refinement, leading to the
final prediction. Note, only one feature extraction step needs to be performed
as the randomization lies in the prototype generation.

4 The use of more complex functions, such as the Sigmoid function, for this
scaling was considered. However, preliminary results did not show significant
improvements over linear scaling. Nonetheless, this possibility remains an
interesting avenue for future exploration.

5 Determination of the “ideal” fixed p requires a line-search on an
annotated validation set.

6 https://github.com/shal68/Felzenszwalb-supervoxel-segmentation.

et al., 2022),” and illustrate the benefit of the proposed multi-class
procedure, the uncertainty maps, and the uncertainty guided feature
refinement. The modified ADNet is referred to as ADNet++.

4.1. Experiment setup

Datasets. We demonstrate the properties and performance of the pro-
posed ADNet++ by conducting experiments on three publicly available
benchmark datasets® in medical image segmentation: (i) the bSSFP
fold from the Multi-sequence Cardiac MRI Segmentation (MS-CMRSeg)
challenge from MICCAI 2019 (Zhuang, 2016, 2018), (ii) task 5 from
the Combined Healthy Abdominal Organ Segmentation (CHAOS) Chal-
lenge from ISBI 2019 (Kavur et al., 2019, 2020, 2021), and (iii) the
abdomen dataset from the Beyond the Cranial Vault (BTCV) Challenge
from MICCAI 2015 (Landman et al., 2015). Both the MS-CMRSeg and
the CHAOS dataset consist of volumetric magnetic resonance imaging
(MRI) scans, whereas the BTCV dataset consists of volumetric computed
tomography (CT) scans. The MS-CMRSeg dataset contains 20 cardiac
MRIs with ground-truth segmentations for left-ventricle blood pool (LV-
BP), left-ventricle myocardium (LV-MYO), and right ventricle (RV).
The CHAOS dataset and the BTCV dataset contain 20 abdominal T2-
SPIR MRIs and 30 abdominal CT scans, respectively, with ground-truth
segmentations for left kidney (L. kid.), right kidney (R. kid.), spleen,
and liver.

Prior to training, the data is pre-processed following common prac-
tice (Ouyang et al., 2022; Hansen et al., 2022): First, we cut the top
0.5% intensities. Then, we re-sample and crop the image volumes
such that the short-axis slices in the MS-CMRSeg dataset and the axial
slices in the CHAOS dataset and the BTCV dataset have the same size
(256 x 256).

Evaluation metric. To compare model predictions to ground-truth seg-
mentation masks, we employ two widely used evaluation metrics in
medical image segmentation: The dice similarity coefficient (DSC),
which is a overlap measure, and the Hausdorff distance (HD), which
is a surface distance measure.

The DSC between a model prediction ¥ and the ground-truth Y is
computed as:

Y nY|

DSC(Y,Y) =2 | 100%. as
Y

+17]
Thus, the DSC varies from 100%, indicating perfect overlap between
the segmentations, to 0%, when the segmentations have no overlap.

7 Note, the benefit of one-step 3D segmentation, compared to the 2D
slice-by-slice approach commonly found in previous work, was demonstrated
in Hansen et al. (2022). However, to illustrate the general applicability of the
proposed modules, experiments in the context of a 2D state-of-the-art approach
are provided in Section 4.5.

8 Links to the MS-CMRSeg dataset https://zmiclab.github.io/zxh/0/
mscmrsegl9/, the CHAOS dataset https://chaos.grand-challenge.org, and the
BTCV dataset https://doi.org/10.7303/syn3193805.


https://github.com/sha168/Felzenszwalb-supervoxel-segmentation
https://zmiclab.github.io/zxh/0/mscmrseg19/
https://zmiclab.github.io/zxh/0/mscmrseg19/
https://chaos.grand-challenge.org
https://doi.org/10.7303/syn3193805

S. Hansen et al.

Table 1

Medical Image Analysis 89 (2023) 102870

Quantitative evaluation of the proposed method in the context of ADNet. Mean 95 HD and mean DSC with standard deviations are reported for three runs per fold. * indicates
that the increase in mean DSC, compared to the ADNet baseline, is statistically significant (p < 0.05).

Abdominal MRI

Method 95 HD (1) DSC (1)
L. kid. R. kid. Spleen Liver Mean L. kid. R. kid. Spleen Liver Mean
ADNet 10.56 6.63 27.08 16.60 15.22 79.57 81.41 68.03 74.29 75.82
(+4.22) (£3.34) (+12.14) (+7.38) (£10.83) (+7.55) (£10.17) (£24.05) (+23.39) (+5.20)
ADNet++ 6.85 5.14 22.08 15.93 12.50* 86.80 86.62 75.69 74.85 80.99*
(+3.35) (+3.03) (+13.94) (+5.42) (+10.41) (+6.01) (+10.37) (+26.21) (+23.82) (+5.73)
Abdominal CT
Method 95 HD (1) DSC (1)
L. kid. R. kid. Spleen Liver Mean L. kid. R. kid. Spleen Liver Mean
ADNet 20.96 30.65 22.63 23.22 24.36 47.89 40.30 59.25 75.88 55.83
(+5.82) (£10.16) (+4.26) (+7.09) (£8.08) (£11.94) (£14.71) (+10.11) (+£10.0) (£11.69)
ADNet++ 20.40 26.66 24.15 2321 23.60* 53.47 50.29 65.76 74.24 60.94*
(+8.02) (£9.35) (£6.94) (+4.67) (£7.78) (+£14.03) (+15.68) (£12.26) (+£4.67) (+16.16)
Cardiac MRI
Method 95 HD (}) DSC (1)
LV-BP LV-MYO RV Mean LV-BP LV-MYO RV Mean
ADNet 3.96 6.57 8.46 6.33 80.95 53.68 66.12 66.92
(£0.53) (£0.41) (+1.58) (+£2.09) (£1.42) (+2.13) (£1.34) (*11.27)
ADNet++ 3.69 6.24 831 6.08* 82.79 58.67 67.57 69.68*
(+0.72) (£0.55) (+1.32) (£2.11) (+0.89) (+1.86) (+1.82) (+£10.08)

The maximum HD defines the maximum distance of a set to the
nearest point in the other set, and is computed as:

(15)

a€Y beY

HD(Y,Y) = max { sup inf d(a, b), sup inf d(a,b) p ,
Y pet 2€Y

where sup denotes the supremum, inf denotes the infimum, and d(-,-)
is the Euclidean distance between two points. The maximum HD thus
quantifies the largest segmentation error between the model prediction
and the ground-truth. To reduce the effect of outliers, the 95th per-
centile HD (95 HD) is employed, where the measure is based on the
95th percentile of the distances between points in ¥ and Y.

Evaluation protocol. The trained models are evaluated in a five-fold
cross-validation scheme where the test fold is held out during training.
During inference, we sample all possible support/query combinations
for the volumes in the fold to make the evaluation unbiased towards
specific choices of support and query. In the tables, we report mean dice
(with standard deviations) over all folds, where each fold is repeated
thrice to account for the stochasticity in the optimization. To indicate
statistically significant improvements, one-sided Wilcoxon signed rank
tests (Wilcoxon, 1992) are performed to compare the mean scores
across all runs.

Implementation details. The implementation of ADNet++ is based on
the PyTorch (v1.7.1) implementation of 3D ADNet,” and the training
phase is identical to Hansen et al. (2022): We optimize the weights us-
ing stochastic gradient descent over 25k iterations with momentum 0.9,
learning rate le-3, decay rate 0.98 per 1k iterations, and a weight decay
of 5e-4. To account for the class imbalance, a weighted cross-entropy
loss is employed, where the foreground and background weights are set
to 1.0 and 0.1, respectively. We adopt the data augmentation scheme
in Ouyang et al. (2022) and Hansen et al. (2022), which applies the
following random transformations to the support and query images dur-
ing training: image rotation, translation, shearing, scaling, and gamma
transformations.

9 https://github.com/shal68/ADNet.

4.2. Quantitative results in the context of state-of-the-art model ADNet

Table 1 presents the quantitative results of the proposed method in
the context of ADNet, which is the state-of-the-art model for one-step
volume-wise medical FSS.

ADNet++ significantly (p < 0.05) improves the overall mean DSC
of ADNet by +5.2, +5.1, and +2.8 percentage points for the CHAOS,
BTCV and MS-CMRSeg datasets, respectively. Similarly, ADNet++ sig-
nificantly (p < 0.05) reduces the overall mean 95 HD across all
datasets. These results thus indicate that the proposed method improves
both the overall overlap between the predicted masks and the ground
truth masks, as well as reduces the largest segmentation mistakes. In
Section 4.4 we further demonstrate the contribution of the individual
proposed modules of our method.

4.3. Uncertainty maps

Fig. 4 visualizes three example slices from the CHAOS dataset
with corresponding ground-truths, predictions, and uncertainty maps
obtained by sampling P = 10 prototypes per class in the proposed
prototype extraction module. From these examples, we can see that
the model uncertainty typically is higher for voxels close to and on
the boundaries between classes. Furthermore, when the model makes
mistakes (e.g. where it over-segments the liver), we can see how the
uncertainty map highlights these areas as uncertain.

Following Kampffmeyer et al. (2016), to quantify the fidelity of the
estimated uncertainty maps, we start by removing all voxels in the
predictions and successively add voxels according to their estimated
uncertainty, starting with the least uncertain voxels. Fig. 5 shows how
the segmentation performance decreases for all classes as more uncer-
tain voxels are included.'® This illustrates that voxels that are indicated
by the uncertainty maps to be certain in fact are more probable of being
correctly classified, whereas uncertain voxels have a higher probability
of being falsely segmented. This means that the uncertainty maps can
be used to quantify how much a prediction can be trusted.

10 Note that the measure of the segmentation performance is accuracy (and
not DSC) in this experiment. This because the denominator in Eq. (14) varies
as we include more and more voxels, making comparisons difficult.
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Fig. 4. Illustration of example slices from the CHAOS dataset with corresponding ground-truths, predictions and uncertainty maps. The uncertainty maps typically highlight the
boundary regions between classes. (red = liver, green = right kidney, dark blue = left kidney, and light blue = spleen).
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Fig. 5. Relationship between accuracy and estimated uncertainty. By successively
including more uncertain voxels, the segmentation accuracy decreases.

Interestingly, the accuracy of the liver class decreases faster than for
the other classes. This is related to the tendency of the model to over-
segment this class. As seen in Fig. 4, the relatively large over-segmented
regions are uncertain, and when they are included in the computation
of the accuracy (from a uncertainty threshold around 0.4), the accuracy
drops.

4.4. Ablation study

In the following, we analyze the contribution of the different pro-
posed components to the improved DSC and 95 HD, compared to the
ADNet baseline. Table 2 summarizes the quantitative ablation results
for the three datasets.

4.4.1. Binary vs. multi-class segmentation

In the first two rows for each dataset in of Table 2, we analyze
the effect of moving from binary to multi-class segmentation. Any
differences in segmentation results here are caused by the resolving of
ambiguous voxel predictions, i.e. voxels previously assigned to multiple
classes are now forced to choose one. In the CHAOS dataset, the

issue of ambiguous voxels are most prominent between left kidney
and spleen. This is because these organs share a boundary that often
appears weak in the MRI scans. While the overall performance is
only slightly improved when moving to the multi-class segmentation
setting, the performance gains for left kidney and spleen are more
visible (on average +0.99 and +0.82 percentage points, respectively).
In the BTCV dataset, the performance on the individual classes changes
considerably when introducing the multi-class segmentation. While
large improvements are obtained for the left and right kidney classes,
the performance for the liver class decreases. This can be explained by
the interaction between the liver and right kidney prototypes. While the
model generally over-segments the right kidney in the binary setting,
this over-segmentation is reduced when introducing the liver-prototype
in the multi-class setting. On the other hand, the liver segmentation is
impacted negatively as some of the previously correctly segmented liver
voxels now are incorrectly being assigned to the right kidney class. In
the MS-CMRSeg dataset, all three classes share boundaries with one
or both other organs. In the binary setting, the model typically over-
segment all three classes, particularly hurting the performance of the
LV-MYO because of its high surface-to-volume ratio. When the model
is forced to choose, the performance increases for all classes, especially
for LV-MYO with +3.8 percentage points, yielding an average overall
improvement of +1.7 percentage points. Fig. 6 illustrates how the over-
segmentation in the binary setting is improved in the multi-class setting
for one example slice in the MS-CMRSeg dataset.

4.4.2. Feature refinement vs. no feature refinement

In rows three and four for each dataset in Table 2, we investigate
the effectiveness of the proposed feature refinement module. With a
fixed g (dynamic p(r)), the module is able to improve the overall
performance for all three datasets, with +4.7 (+4.7), +3.7 (+3.8), and
+1.3 (+1.4) percentage points for the CHAOS dataset, BTCV dataset,
and the MS-CMRSeg dataset, respectively. Note that the fixed g is set
to the optimal choice for the respective datasets, requiring a grid-
search for parameter-tuning. Thus, while the improvement in overall



S. Hansen et al. Medical Image Analysis 89 (2023) 102870
Table 2

Quantitative evaluation of the proposed components’ contribution on the three datasets. Mean DSC with standard deviations are reported for three runs per fold. * indicates that
the increase in mean DSC, compared to the ADNet baseline, is statistically significant (p < 0.05)..

Abdominal MRI

Method Multi-class p L. kid. R. kid. Spleen Liver Mean

ADNet X - 79.57+7.55 81.41 +10.17 68.03 & 24.05 74.29 +£23.39 75.82 +£5.20
v 1.0 80.56 +5.89 81.42 +10.03 68.85 +24.24 74.49 +£23.35 76.33 £5.08*

ADNet++ v 0.3 86.94 + 6.19 86.95 + 10.60 75.69 +26.35 74.40 +24.08 80.99 +5.97*
4 1-U(r) 86.80 +6.01 86.62 + 10.37 75.69 + 26.21 74.85 + 23.82 80.99 + 5.73*
. Abdominal CT

Method Multi-class s L. kid. R. kid. Spleen Liver Mean

ADNet X - 47.89 £ 11.94 40.30 + 14.71 59.25 +10.11 75.88 + 10.0 55.83 £ 11.69
v 1.0 60.09 + 13.47 48.46 +21.10 59.63 +21.69 5831 +31.71 57.18 +24.28*

ADNet++ v 0.0 65.15 + 21.99 58.96 + 27.37 63.09 + 28.64 60.79 + 32.84 60.84 +28.41*
v 1-U() 53.47 + 14.03 50.29 + 15.68 65.76 + 12.26 74.24 £9.03 60.94 + 16.16*
i Cardiac MRI

Method Multi-class p LV-BP LV-MYO RV Mean

ADNet X - 80.95 +5.50 53.68 +5.52 66.12 + 10.14 66.92 + 11.15
v 1.0 81.29 +6.43 57.44 +6.47 67.18 +10.71 68.64 +9.79*

ADNet++ v 0.7 82.61 + 6.55 59.66 + 5.64 67.46 + 11.17 69.91 + 9.53*
v 1-U() 82.57 +6.55 60.02 + 5.66 67.44 £ 11.37 70.01 + 9.38*

Ground truth

Binary segmentation

Fig. 6. Qualitative evaluation of resolving ambiguous voxel predictions in a cropped example slice from the MS-CMR dataset. Where the model in the binary segmentation setting
over-segments all three classes (red = LV-MYO, green = LV-BP, and blue = RV), it is in the multi-class setting forced to choose one class per voxel, resulting in less over-segmentation

and higher DSC.
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Fig. 7. Distribution of 4 DSC for the segmentation results on the CHAOS dataset with and without feature refinement.

segmentation performance is similar, the dynamic g(r) = 1 — U(r) has
the important advantage that it is computed automatically and does not
need further fine-tuning.

Fig. 7 shows the distribution of the difference in DSC (4 DSC)
for predictions with and without feature refinement (with a dynamic
p(r)), for each class in the CHAOS dataset. For most cases, the feature
refinement improves the DSC (green regions). However, the effect is
split for the liver class, resulting in no overall improvement. This is
related to the difficulty in capturing the liver (especially its left lobe)
with supervoxels.

In the following section, we investigate the choice of # and how it
effects the final segmentation results for different supervoxel settings.

Choice of p. The choice of § controls the extent of the feature re-
finement, from no refinement at # = 1.0 to moving the features all
the way to their corresponding supervoxel center at § = 0.0. Fig. 8
shows the prediction results for one example slice in the CHAOS dataset
as we adjust the value of a fixed # from 0.0 to 1.0. For f = 1.0,

we see that the model has difficulty with locating the exact class
boundaries, even when the edges in the input image are strong (e.g. the
boundaries between right kidney and the background). As we reduce
B, we see that the segmentation boundaries become gradually sharper.
However, as § approaches 0.0, the prediction relies completely on the
supervoxel segmentation, which might be faulty, especially in regions
where boundaries in the input image are weak.

As discussed in Section 3.2.3, a dynamic f(r) = 1 — U(r) has
the potential to increase the flexibility of the feature refinement by
allowing different voxels to move with different step lengths, depending
on the model’s uncertainty: For voxels in regions where the model is
unsure about its initial prediction, we will pay more attention to the
region information in the input space.

To systematically examine the effect of the choice g (fixed and
dynamic) for different supervoxel sizes, we perform a grid search.
Figs. 9, 10, and 11 show the results for the CHAOS dataset, BTCV
dataset and MS-CMRSeg dataset, respectively. The top row in both
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Ground truth B=0.0 B=0.1 B=0.2

Fig. 8. Qualitative evaluation of the feature refinement with g as a fixed constant for all voxels. The example slice is taken from the CHAOS dataset and is overlaid by the
corresponding supervoxel boundaries (yellow) and the resulting segmentation masks (red = liver, green = right kidney, purple = left kidney, and blue = spleen).
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Table 3
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Quantitative evaluation of the proposed method in the 2D setting in the context of ALPNet. Mean 95 HD and mean DSC with standard deviations are reported for three runs per
fold. * indicates that the increase in mean DSC (decrease in 95 HD), compared to the ALPNet baseline, is statistically significant (p < 0.05)..

Abdominal MRI

Method 95 HD (1) DSC (1)
L. kid. R. kid. Spleen Liver Mean L. kid. R. kid. Spleen Liver Mean
ALPNet 42.59 50.21 40.67 2547 39.74 51.30 47.66 42,02 56.12 49.29
(*13.77) (14.96) (10.43) (£5.71) (+14.81) (*11.61) (*1031) (*16.71) (27.00) (*5.17)
ALPNet++ 33.46 4428 36.63 26.08 35.11% 53.04 50.09 4399 57.20 51.08*
(£9.41) (£14.62) (+847) (+7.08) (+12.20) (+6.72) (£6.33) (£10.61) (£2.30) (+8.60)
Abdominal CT
Method 95 HD (1) DSC (1)
L. kid. R. kid. Spleen Liver Mean L. kid. R. kid. Spleen Liver Mean
ALPNet 58.24 53.54 46.98 4049 49.81 24.93 24.20 25.52 47.63 30.57
(+14.10) (+7.83) (+4.70) (£2.80) (+10.84) (29.16) (£10.04) (13.20) (+8.74) (+9.86)
ALPNet++ 51.03 50.78 4551 40.54 46.97* 28.99 2973 29.59 50.85 34.79*
(£6.64) (£842) (£3.95) (2.58) (£7.27) (+4.96) (+8.59) (+3.88) (+4.25) (+10.91)
Cardiac MRI
Method 95 HD (1) DSC (1)
LV-BP LV-MYO RV Mean LV-BP LV-MYO RV Mean
ALPNet 29.74 16.64 13.55 19.98 81.30 54.87 68.38 68.18
(12.01) (4.26) (+3.84) (£10.41) (£1.42) (1.90) (+2.47) (+10.97)
ALPNet++ 26.72 15.69 12.94 18.45 81.42 5544 68.62 68.49*
(+11.44) (+4.12) (+3.85) (£9.47) (£1.36) (+1.83) (+£2.53) (+10.79)
figures display the grid-search over supervoxel size and a range of fixed o
betas, f €[0.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1.0], while the bottom 6 Rk
rows display a line-search over supervoxel size with a dynamic beta
computed via Eq. (13). 51 E2 KK
. . . FZ3 SPLEEN
For the CHAOS dataset, in particular, we see that the optimal = A
combination of supervoxel size and fixed beta varies a lot between the =
. . . =
classes (top row, Fig. 9). For instance, the liver class prefers smaller g 3
supervoxels and a high g, whereas the spleen class prefers somewhat
larger supervoxels and a lower . This can be connected to the typical 27
supervoxel quality for these organs: Weak edges in the liver result in 14
unreliable supervoxels, making it “safer” to go with small supervoxels
and rely more on the original representation. The spleen, on the other 0-

hand, is easier captured by the supervoxels and the confusion between
left kidney and spleen in the feature space can be resolved by relying
more on the supervoxels.

The line-searches over supervoxel size with a dynamic g (bottom
rows in Figs. 9, 10, and 11) show that with a dynamic g, the results
across different supervoxel sizes are more stable for both datasets. They
further illustrate that exploiting the uncertainty map is an efficient
approach to automatically decide f(r).

Fig. 12 shows the distribution of f(r) for each class ¢ in the CHAOS
dataset, illustrating how the features of the different organs are refined
with a greater or lesser influence of the supervoxel information. For
instance, most of the voxels belonging to right kidney get a high value
of beta, meaning that they are experiencing a lower degree of feature
refinement. This is because the prediction of the right kidney class
typically is quite certain, with the exception of the edge voxels, which
contribute to the long tail of the distribution in Fig. 12.

4.5. Quantitative results in the context of ALPNet

To verify the architecture-agnostic nature of the proposed method,
we extend ALPNet (Ouyang et al., 2022) (which is the closest com-
peting model to ADNet in Hansen et al. (2022)) with our proposed
uncertainty-guided feature refinement. The extended ALPNet is referred
to as ALPNet++. Note that due to the 2D slice-wise segmentation
approach employed by ALPNet (as opposed to one-step 3D segmenta-
tion in 3D ADNet), the presence of all classes in the support slice is
not guaranteed, making multi-class segmentation infeasible. Therefore,
for the experiments in this section, our focus is on the effect of the
uncertainty-guided feature refinement in the binary setting only.

10

Fig. 12. Distribution of g for the different classes in the CHAOS dataset, when decided
automatically from the uncertainty maps: f(r) =1 - U(r).

The 2D slice-wise segmentation approach requires a scheme for
support-query matching during the inference episodes. In the orig-
inal paper, this was solved by assuming availability of weak label
information on the query volumes during inference. In this work we
do not assume the availability of such weak labels and follow the
more realistic evaluation protocol 2 in Hansen et al. (2022) where
the middle slice in the support target volume is used to segment the
entire query volume slice-by-slice. Table 3 presents the quantitative
results for ALPNet and ALPNet++.!! Similarly to the ADNet++ results
in Section 4.2, we observe that ALPNet++ consistently outperforms
the ALPNet baseline, obtaining significant (p < 0.05) performance
improvements. This further illustrates that the proposed modules in this
work can be leveraged in an architecture-agnostic setting to improve
medical few-shot segmentation performance.

11 Note: ALPNet is designed for 2D slice-wise segmentation, and relies on
weak label information to locate the query target volumes in order to achieve
state-of-the-art performance (Hansen et al., 2022). Without the weak labels,
this model performs poorly on the CHAOS dataset and the BTCV dataset,
compared to ADNet (and ADNet++), which are designed to handle a large,
inhomogeneous background class and performs well in this setting.
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5. Conclusion and outlook

Prototypical few-shot learning is an emerging research direction
within medical image segmentation that offers promising results with-
out requiring large labeled datasets. In this work, we identify three
weaknesses of current prototypical FSS models for medical image seg-
mentation and propose new methodology to overcome these. Specifi-
cally, we propose the ADNet++, the first model that performs one-step
multi-class segmentation and that provides uncertainty maps to accom-
pany its predictions. In addition to indicate the model’s confidence
in the predictions, thereby increasing the models trustworthiness, the
uncertainty maps are further exploited to guide the proposed feature
refinement that leverages structural information in the input space
to provide more accurate segmentation results. The proposed model
significantly improves the current state-of-the-art 3D FSS model for
the tasks of MRI-based abdominal organ segmentation and cardiac
segmentation, as well as CT-based abdominal organ segmentation.

In future work, it would be interesting to explore methods that
can make the feature-refinement module more robust to supervoxel
quality, as its success largely depends on it. Instead of relying on one
set of supervoxels, a potential approach could be to explore multi-scale
supervoxels, e.g. supervoxels of different sizes. Furthermore, while we
do demonstrate the benefit of our proposed modules also for the ALP-
Net framework, given their model-agnostic nature, future work should
implement and evaluate their fidelity in even more FSS frameworks.
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