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Abstract

In contrast to supervised deep learning approaches, unsupervised anomaly detection (UAD)
methods can be trained with healthy data only and do not require pixel-level annotations,
enabling the identification of unseen pathologies. While this is promising for clinical screen-
ing tasks, reconstruction-based UAD methods fall short in segmentation accuracy compared
to supervised models. Therefore, self-supervised UAD approaches have been proposed to
improve segmentation accuracy. Typically, synthetic anomalies are used to train a seg-
mentation network in a supervised fashion. However, this approach does not effectively
generalize to real pathologies. We propose a framework combining reconstruction-based
and self-supervised UAD methods to improve both segmentation performance for known
anomalies and generalization to unknown pathologies. The framework includes an unsu-
pervised diffusion model trained on healthy data to produce pseudo-healthy reconstruc-
tions and a supervised Unet trained to delineate anomalies from deviations between input-
reconstruction pairs. Besides the effective use of synthetic training data, this framework
allows for weakly-supervised training with small annotated data sets, generalizing to unseen
pathologies. Our results show that with our approach, utilizing annotated data sets during
training can substantially improve the segmentation performance for in-domain data while
maintaining the generalizability of reconstruction-based approaches to pathologies unseen
during training.

Keywords: Unsupervised Anomaly Detection, Diffusion Models, Brain MRI, Self Super-
vision, Weak Supervision

1. Introduction

Deep learning (DL) methods have advanced in their ability to detect and segment brain
pathologies in MRI images (Lundervold and Lundervold, 2019). However, acquiring anno-
tated data for each pathology is a challenge, especially when considering screening tasks,
where the objective is to detect any potential anomaly.

Unsupervised anomaly detection (UAD) provides a potential solution by modeling the dis-
tribution of healthy brain MRI scans to identify anomalies as outliers. A common tech-
nique in UAD is reconstruction-based anomaly detection, where generative models (GM)
are trained to reconstruct healthy brain images. At test time, the GMs fail to replicate
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pathologies, thereby revealing anomalies through discrepancies between input and recon-
struction. This method only necessitates healthy data and enables the identification of
pathologies not encountered during training, which poses a challenge for supervised mod-
els. However, the performance of reconstruction-based UAD methods is often surpassed by
supervised models when sufficient task-specific data is available (Chen et al., 2020; Baur
et al., 2021b). Unlike supervised methods, UAD methods that rely on reconstructions do
not directly learn the relationship between abnormal patterns and their corresponding an-
notations. Instead, the segmentation map is a byproduct of measuring the discrepancy
between input and reconstruction. This results in a noisy anomaly map with potential false
positives caused by the GM’s imperfect reconstructions. Consequently, distinguishing actual
anomalies from normal reconstruction errors can be challenging. An alternative approach
is self-supervised UAD, where synthetic anomalies are introduced to the healthy brain im-
ages to train a segmentation network in a supervised manner. Unlike reconstruction-based
UAD, this strategy produces distinct anomaly maps with high specificity, simplifying the
discrimination of abnormal structures similar to the synthesized anomalies. However, the
segmentation performance depends on the nature of the generated anomalies and tends to
have limited generalization to real pathologies (Lagogiannis et al., 2023; Cai et al., 2023).
In this study, we aim to combine the strong generalization capabilities and high sensitivity
of reconstruction-based methods with the high specificity of self-supervised methods. We
develop a framework that employs a denoising diffusion probabilistic model (DDPM; DM) to
generate pseudo-healthy reconstructions of potentially abnormal input images (reconstruc-
tion branch). Furthermore, an Unet is trained to segment anomalies based on the residual
of the input and the pseudo-healthy reconstruction (segmentation branch). We consider
different settings to obtain the annotations for the supervised training of the Unet. First,
in the self-supervised setting, we introduce synthetically generated anomalies to healthy
brain MRIs. Second, in the semi-supervised setting, we utilize a small amount of annotated
data containing real pathologies. At test time, the unsupervised anomaly maps from the
reconstruction branch and the supervised predictions from the segmentation branch are
fused to a final anomaly score.

The results demonstrate that in contrast to self-supervised methods, our approach allows to
integrate supervision while maintaining the generalizability of the underlying reconstruction
branch. Specifically, we can improve the Dice score of reconstruction-based UAD methods
from 58.55 % to 69.68 % for tumors when using the same pathologies for training, while
the Dice score for stroke lesions unseen during training increases from 24.74 % to 26.77 %.

2. Related Work

For reconstruction-based UAD, different architectures have been proposed as GM. While
the majority focuses on Autoencoders (AE) (Baur et al., 2021a) or Variational autoen-
coders (VAE) (Zimmerer et al., 2019; Chen et al., 2020; Bercea et al., 2023a,c), also vector-
quantized VAEs (Pinaya et al., 2022) and GANs (Nguyen et al., 2021) have been employed.
Moreover, it has been shown that utilizing denoising tasks for regularization with Unet-
like AEs can improve the UAD performance (Kascenas et al., 2022, 2023). Consequently,
DDPMs have emerged as a GM for reconstruction-based UAD (Wyatt et al., 2022; Behrendt
et al., 2023a,b; Bercea et al., 2023b). In self-supervised UAD, typically, synthetic anomalies
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are incorporated into normal brain images. Subsequently, Unets are trained to segment
these synthetic anomalies (Tan et al., 2021, 2022; Cho et al., 2022; Meissen et al., 2022a).
We note that while AE-based reconstruction methods may also fall under the category of
self-supervised techniques, within this work, the term ”self-supervised” refers to the afore-
mentioned approach of training segmentation models using synthetic anomalies. Expand-
ing on this strategy, DRAEM (Zavrtanik et al., 2021) employs a dual-network architecture
comprising a generator and a segmentation network. The generator is trained to eliminate
synthetic anomalies, thereby providing a pseudo-healthy reconstruction. The segmentation
network is then used to segment the generated anomalies, given the concatenation of ab-
normal input and pseudo-healthy reconstruction. Note that for the generator network in
DRAEM, inpainting of synthetic anomalies is enforced by calculating the reconstruction
loss between reconstruction and the anomaly-free input. In contrast, in our approach, the
reconstruction model is trained on healthy data in an unsupervised fashion to remove any
abnormal structure that is not part of the healthy training distribution. Hence, we expect
this approach to generalize more readily to real pathologies. The authors (Liu et al., 2022)
take a similar approach, aiming to improve supervised segmentation performance by aug-
menting a dual-branch Unet with pseudo-healthy reconstructions. These reconstructions
are generated by a Soft-Intro VAE trained on healthy data. In contrast, our proposed
framework does not solely depend on supervised predictions. Instead, these predictions
are combined with the unsupervised anomaly scores derived from reconstructions of a DM.
We hypothesize that this combination enables general anomaly detection, particularly for
pathologies unseen during training.
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Figure 1: Schematic drawing of SADM. In Stage I, FGD M is trained to reconstruct healthy
brain images. In stage II, the parameters 6 are fixed, and the segmentation
network F;eg is trained, either on synthetic anomalies (self-supervised) or real

pathologies (semi-supervised). At test time, the supervised prediction g; and the
unsupervised anomaly map & are combined to the final anomaly score (AS).
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3. Method

In this section, we introduce our framework for supervised anomaly detection with DMs
(SADM), detailed schematically in Figure 1.

3.1. Supervised Anomaly Detection with Diffusion Models (SADM)

SADM integrates two primary branches: a DM for generating pseudo-healthy reconstruc-
tions (reconstruction branch) and a supervised Unet for segmentation (segmentation branch).
We train SADM in two sequential stages.

STAGE I: UNSUPERVISED RECONSTRUCTION

In the first stage, our objective is to train the DM to reconstruct healthy brain scans
T = FQD M () where & € R¥*W . The training of the DM focuses on optimizing parameters
f to minimize the [1-reconstruction loss:

ERec: ’{B—53| (1)

STAGE II: SUPERVISED SEGMENTATION

In the second stage, the pseudo-healthy reconstruction generated by the DM trained in Stage
I is utilized to support anomaly segmentation. Given an input scan with a real or synthetic
anomaly & € R”*W and its corresponding ground truth annotation § € R”*W  we use the
DM, trained in Stage I, to generate the pseudo-healthy reconstruction & = FGD M (&), Next,
we feed both the residual (& — ) and the original input @ into a Unet. After encoding both
inputs, the resulting features are concatenated at each layer and fed to the Unet decoder
to predict the segmentation map ¢ = F;Eg (& — @&, 4). Only the Unet parameters ¢ are
optimized to minimize the cross-entropy (CE) segmentation loss during Stage II

['Seg = CE('&,?J) (2)

ANOMALY DETECTION

The anomaly detection process leverages both components of our framework for anomaly
segmentation. Given a potentially abnormal input &, we generate a reconstruction & =
F(,D M(&) by the DM. Next, we utilize F;eg to derive the supervised anomaly prediction ¥ =

F;eg (&—, &). In addition, we utilize the pixel-wise structural similarity (SSIM (Wang et al.,

2004)) between input and reconstruction & = 1 — SSIM (& — @) for unsupervised anomaly
scoring. The anomaly score (AS) is then derived as a combination of the unsupervised
anomaly map and supervised anomaly prediction

Anomaly Score (AS) = & + 9. (3)

For pathologies similar to the anomalies seen during training, the supervised anomaly
prediction will feature higher probabilities in abnormal regions, refining the unsupervised
anomaly map. For unseen pathologies, the predicted probabilities are low such that x is
unaltered. We hypothesize that this combination allows for comprehensive anomaly detec-
tion, leveraging the unsupervised anomaly map for general anomaly identification and the
supervised prediction for precise segmentation of known abnormal patterns.
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4. Experimental Setup
4.1. Data

We use T1-weighted MRIs from the IXI data set to train the DM in Stage I. We separate
a healthy test set consisting of 160 samples. The remaining data is partitioned into five
training sets (N=358) and validation sets (N=44) for cross-validation. In Stage II, we utilize
the strategy applied in (Zavrtanik et al., 2021) to generate pairs of synthetic anomalies and
ground truth annotation based on the IXI data set (DRAEM). Additional information about
the generation process and exemplary anomalies are provided in Appendix C. Additionally,
for the weakly supervised setting, we utilize small subsets containing approximately 10% of
the BraTS21 (BRATS, N=1251) (Baid et al., 2021; Bakas et al., 2017; Menze et al., 2014),
and ATLAS-v2.0 (ATLAS, N=655) (Liew et al., 2022) data sets. For evaluation, we utilize
the remaining 1151 and 589 samples of the BRATS and ATLAS data sets, respectively.
Furthermore, we utilize the augmented IXI test set (DRAEM) to assess the segmentation
performance concerning synthetic anomalies.

Pre- and post-processing: We resample all T1 MRI scans to a resolution of [1x 1 x 1] mm
and register them to the SRI24-Atlas (Rohlfing et al., 2010). Subsequently, we perform skull-
stripping using HD-BET (Isensee et al., 2019) leading to volumes of size [192 x 192 x 160]
voxels. Finally, we apply bias-field corrections, reduce the resolution by a factor of two
and crop 15 top and bottom slices in the transverse plane. For post-processing, we apply
median filtering with a kernel size of 5 to the unsupervised anomaly maps.

4.2. Implementation Details

We utilize DMs as GM within our proposed framework to generate pseudo-healthy recon-
structions'. Specifically, we use conditioned DDPMs (cDDPM) following the implementa-
tion of (Behrendt et al., 2023b). For the supervised segmentation of the residual image, we
utilize a Unet (Ronneberger et al., 2015) like architecture, adapted from (Kascenas et al.,
2022). The volumes are processed in a slice-wise fashion, sampling slices uniformly dur-
ing training. At test time, we reconstruct the full volume by iterating over all slices. We
compare our framework against different established baselines. We compare reconstruction-
based AEs and VAEs (Baur et al., 2021a), FAEs (Meissen et al., 2022b), DDPMs (Wyatt
et al., 2022), pDDPMs (Behrendt et al., 2023a) and ¢cDDPMs (Behrendt et al., 2023b).
Furthermore, we compare the feature-based reverse distillation method (RD) (Deng and Li,
2022), the self-supervised Poisson image interpolation (PII) (Tan et al., 2021) and DRAEM-
Net (Zavrtanik et al., 2021) approaches. Note that for PII we perform the anomaly gener-
ation based on the IXI data set. For all reconstruction-based methods, we utilize SSIM for
anomaly scoring with a Gaussian kernel with standard deviation of 044, = 1, leading to a
window size of ksgim = 9. Implementation details of our proposed framework and compared
baselines are provided in Appendix B.

1. Code available at
https://github.com/FinnBehrendt/Supervised-Anomaly-Detection-with-Diffusion-Models
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Training Data Test Data
Model Dhcatthy Danheaths BRATS (real) ATLAS (real) DRAEM (synthetic)
[DICE] AUPRC [DICE] AUPRC [DICE] AUPRC

AE IXI None 39.16 £+ 0.64 35.95 £ 0.70 14.14 + 0.28 11.84 + 0.37 9.91 + 0.04 5.27 + 0.04
—~ VAE IXT None 39.25 £ 0.50 36.07 £ 0.56 14.52 + 0.37 12.18 £+ 0.39 9.83 £0.14 5.28 £ 0.08
g DAE IXI None 55.93 £ 0.66 56.42 + 0.84 19.95 &+ 0.96 18.18 £+ 0.98 12.50 + 0.31 7.50 £ 0.22
g FAE IXT None 43.04 £ 0.49 42.04 £ 041 17.59 + 0.15 13.91 £+ 0.10 19.60 + 0.49 13.68 £ 0.25
z RD IXI None 32.90 £ 0.65 28.31 £ 0.86 19.45 + 0.25 15.51 £+ 0.20 19.55 = 0.60 13.17 = 0.61
=~ DDPM IXT None 48.65 £ 0.90 46.93 £+ 1.02 17.86 + 0.87 14.70 £+ 0.70 10.37 £ 0.23 6.04 + 0.27
B pDDPM IXT None 55.93 £ 0.28 55.44 £ 0.36 21.79 £ 0.40 19.12 +£ 0.43 14.59 + 0.47 9.27 £ 0.31

cDDPM IXI None 58.55 + 0.78 59.09 £ 0.91 24.74 + 1.15 21.76 + 0.98 11.94 £+ 0.52 7.31 £ 0.43
?; PII None PII 30.38 £ 2.46 24.66 £ 2.54 9.81 £ 1.93 7.31 +1.64 2344 £1.61 15.09 = 0.97
E DRAEM-Net None DRAEM 24.78 £ 4.21 18.49 + 4.05 12.65 + 1.90 9.51 £ 1.75 79.77 £ 2.37 83.39 + 2.34
§ Unet None DRAEM 40.75 £ 3.30 37.64 £ 3.92 16.91 + 0.38 15.25 £+ 0.26 76.03 + 1.21 80.30 £ 1.32
;ﬁ Unetyes IXT DRAEM 45.80 £ 3.22 44.05 £ 4.09 18.44 £+ 0.47 16.81 £+ 0.44 7743 £1.16 81.93 £ 1.23
% SADM IXT DRAEM 50.81 £ 0.57 49.81 £+ 0.81 23.82 £ 0.32 20.71 £ 0.35 73.77 £ 2.50 71.85 £ 3.02
= SADM, s IXT DRAEM 60.53 + 0.54 60.27 + 1.02 27.78 + 0.14 24.57 + 0.13  76.72 + 1.30 75.45 £ 1.96
3 Unet None BRATS 64.81 £+ 0.21 69.24 £+ 0.33 11.82 + 0.60 10.32 £+ 0.61 24.83 + 1.10 20.96 + 1.46
£ Unetyes IXT BRATS 67.01 £ 0.70 71.80 £ 0.87 17.33 £ 1.31 15.55 £+ 1.50 19.93 + 2.40 16.41 + 2.64
g SADM IXI BRATS 69.01 £ 0.21 72.62 £ 0.46 25.25 £ 0.58 21.03 £ 0.50 14.93 + 0.51 11.65 + 0.66
({J? SADM, s IXT BRATS 69.68 £ 0.48 73.34 + 0.85 26.77 £ 0.65 23.22 + 0.86 17.11 + 1.78 14.47 £ 1.91
% Unet None ATLAS 35.13 £ 2.97 32.87 + 3.07 46.30 £+ 0.72 46.37 £ 0.73 29.11 + 1.02 24.55 + 1.91
Z  Unetyes IXT ATLAS 36.82 £ 4.18 34.91 £ 4.92 47.36 £ 0.80  47.61 + 0.88  22.07 £ 2.20 17.94 + 2.39
Z SADM IXT ATLAS 58.52 £ 0.60 57.17 £ 1.60 46.40 £ 0.17 44.71 £ 0.15 16.10 + 1.10 12.81 + 1.09

SADM, s IXT ATLAS 58.85 + 0.44 57.68 + 1.23 47.64 + 1.40 46.13 £ 1.36 17.77 + 1.82 14.49 + 1.73

Table 1: Segmentation performance regarding DICE and AUPRC. Block I: Unsupervised
approaches, trained with healthy data. Block II:, Self-supervised approaches,
trained with synthetic anomalies. Block III: Weakly-supervised approaches,
trained with real pathologies. Dheaithy and Dunheaithy represent the type of data
used during training.

5. Experiments

For all our experiments, we evaluate the BRATS and ATLAS data sets containing real
pathologies and the IXI data set augmented with synthetic anomalies (DRAEM). We re-
port the mean =+ standard deviation across the different folds for the best possible Dice
Score ([DICE]) as well as the Area under Precision-Recall Curve (AUPRC) to assess the
segmentation performance. We evaluate different variants of SADM. In SADM,.¢, the resid-
ual of input and reconstruction and the (abnormal) input are fed to the Unet, whereas in
SADM, only the input is used. Furthermore, we consider Unet and Unet,..s, where, in con-
trast to SADM only the prediction of the Unet is used, ignoring the anomaly map of the
unsupervised reconstruction branch. In Appendix D, we provide an ablation study on the
weighted combination of the segmentation and reconstruction branch.

5.1. Training with Synthetic Anomalies

We evaluate our approach in different settings. First, we assume the typical UAD case
where only data with healthy labels is available. We use synthetic anomalies to obtain a
supervised signal for the segmentation branch in SADM. We utilize the generation process
proposed in DRAEM (Zavrtanik et al., 2021) to generate the anomalies. In this setting, we
compare our framework to various UAD baselines. Results are reported in block I and block
II of Table 1. Across the compared UAD baselines in block I, cDDPMs show the highest
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Figure 2: Examplary test cases for SADM,.s, trained and evaluated in the weakly-
supervised setting with the BRATS and ATLAS data sets, respectively. For
visualization purposes, we provide exemplary binary segmentation maps for the
unsupervised anomaly score, the supervised prediction and the final AS, respec-
tively. We derive the binarization threshold by optimizing for the best possible
dice score.

ATLAS

segmentation performance for real pathologies. Hence, we consider them as a reconstruction
model for the SADM framework. For real pathologies, SADM,..s; outperforms ¢cDDPMs
with performance improvements of 3.4 %, 12.3 % for the BRATS and ATLAS data sets,
respectively. Considering the synthetic anomalies in the DRAEM data set, a substantially
higher DICE of 76.72 % is reported for SADM,..; compared to the DICE of 11.94 % achieved
by cDDPMs. Notably, while the DRAEM-Net shows relative performance improvements of
10.5 % over SADM,..s for synthetic anomalies, it fails to generalize to the real pathologies
in the BRATS and ATLAS data sets. Even the Unet, trained with the same synthetic
anomalies as in DRAEM-Net, outperforms DRAEM-Net considering real pathologies.
Comparing SADM and SADM,..s, we observe that utilizing the residual of abnormal input
and pseudo-healthy reconstruction in addition to the abnormal input substantially improves
the segmentation performance across all data sets.

5.2. Training with Real Pathologies

In this section we investigate using our framework in a weakly-supervised setting. Instead
of generating synthetic anomalies, we assume a small amount of annotated data is available
and consider a subset of the BRATS and ATLAS data sets for training, respectively. We
only train with one data set at a time to evaluate the generalization to unseen pathologies.
The results for this weakly-supervised setting are reported in block IIT of Table 1. Using
a small subset of annotated data substantially improves the segmentation of all models
when evaluating the same (in-domain) data set. However, the segmentation performance
of Unet and Unet,¢s is poor for data sets containing pathologies unseen during training. In
contrast, both SADM and SADM,..; enhance the segmentation performance on in-domain
data while maintaining or even improving the performance of unsupervised cDDPMs for
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unseen pathologies. A visualization of the anomaly maps coming from different branches of
the SADM framework is provided in Figure 2.

6. Discussion and Conclusion

A significant challenge of supervised methods that UAD addresses is the need for annotated
training data. This is especially crucial when considering screening tasks where the type and
shape of potential lesions are unknown. Therefore, it is highly desirable to achieve general-
ization to different kinds of lesions while minimizing false positive predictions. In this work,
we aim for a framework that benefits from the robust generalization of reconstruction-based
UAD methods and the high discriminative power of supervised strategies.

Comparing the unsupervised and self-supervised approaches in Table 1, the additional shape
information typically improves the segmentation performance with the magnitude of im-
provement dependent on the lesion type. However, considering purely self-supervised mod-
els, it is evident that supervised training based on synthetic data can result in overfitting.
In contrast, our proposed framework, improves the segmentation performance for anoma-
lies of known shape and appearance while maintaining or even improving the generalization
of reconstruction-based UAD for pathologies unseen during training. This indicates that
the framework effectively utilizes the complementary information of the reconstruction and
segmentation branches, as highlighted in Figure 2. On the one hand, the supervised seg-
mentation branch enhances the specificity for pathologies similar to the anomalies seen
during training. On the other hand, the reconstruction branch maintains the high sensi-
tivity of reconstruction-based UAD for any abnormal pattern unseen during the training
of the DM. Furthermore, feeding the residual of input and reconstruction to the Unet in
addition to the abnormal input can enhance the segmentation performance, particularly in
the self-supervised setting. This indicates that the additional information in the residual
may contribute to learning the deviation from a normal representation, potentially reduc-
ing the risk of overfitting to specific anomaly shapes. While the DRAEM-Net shares some
similarities with our approach, there are significant differences. First, DRAEM-Net uses a
generator network trained to remove synthesized anomalies. In contrast, our reconstruction
branch employs a DM trained to reconstruct healthy data without explicitly enforcing the
removal of specific anomalies. Second, instead of solely relying on the segmentation branch,
we combine the supervised prediction with the unsupervised anomaly map derived from
the reconstruction branch. As demonstrated in our experiments, these adaptations lead to
improved segmentation performance and generalization, enabling the effective use of SADM
in a weakly-supervised setting. Therefore, our framework adds a significant feature to UAD
approaches, especially considering that some annotated data is typically available.

In summary, our approach shows encouraging results, paving the way for a practical solution
for UAD in brain MRI. Limitations are seen in the potential reconstruction of unhealthy
structures by the reconstruction branch and in the investigated synthetic anomalies in-
tended initially for industrial defect detection. Despite the demonstrated improvement in
performance, we anticipate further enhancements when integrating more realistic synthetic
anomalies. Additionally, we intend to include data sets featuring subtler anomalies or dif-
ferent imaging modalities to broaden the evaluation of our approach.



BEHRENDT BHATTACHARYA KRUGER OPFER SCHLAEFER

Acknowledgments

This work was partially funded by grant number KK5208102HV3 and ZF4026303TS9 (Zen-
trales Innovationsprogramm Mittelstand) and by the Free and Hanseatic City of Hamburg
(Interdisciplinary Graduate School).

References

Ujjwal Baid, Satyam Ghodasara, Suyash Mohan, Michel Bilello, Evan Calabrese, Errol
Colak, Keyvan Farahani, Jayashree Kalpathy-Cramer, Felipe C. Kitamura, Sarthak Pati,
et al. The rsna-asnr-miccai brats 2021 benchmark on brain tumor segmentation and
radiogenomic classification. arXiv preprint arXiv:2107.02314, 2021.

Spyridon Bakas, Hamed Akbari, Aristeidis Sotiras, Michel Bilello, Martin Rozycki, Justin S.
Kirby, John B. Freymann, Keyvan Farahani, and Christos Davatzikos. Advancing the

cancer genome atlas glioma mri collections with expert segmentation labels and radiomic
features. Scientific data, 4(1):1-13, 2017.

Christoph Baur, Stefan Denner, Benedikt Wiestler, Nassir Navab, and Shadi Albar-
qouni. Autoencoders for unsupervised anomaly segmentation in brain mr images:
A comparative study. Medical Image Analysis, 69:101952, 2021a. ISSN 1361-8415.
doi: 10.1016/j.media.2020.101952. URL https://www.sciencedirect.com/science/
article/pii/S1361841520303169.

Christoph Baur, Benedikt Wiestler, Mark Muehlau, Claus Zimmer, Nassir Navab, and
Shadi Albarqouni. Modeling healthy anatomy with artificial intelligence for unsupervised
anomaly detection in brain mri. Radiology: Artificial Intelligence, 3(3):¢190169, 2021b.
doi: 10.1148/ryai.2021190169.

Finn Behrendt, Debayan Bhattacharya, Julia Kriiger, Roland Opfer, and Alexander Schlae-
fer. Patched diffusion models for unsupervised anomaly detection in brain mri. In Med-
ical Imaging with Deep Learning, 2023a. URL https://openreview.net/forum?id=
0-uZr5S1tJE.

Finn Behrendt, Debayan Bhattacharya, Robin Mieling, Lennart Maack, Julia Kriiger,
Roland Opfer, and Alexander Schlaefer. Guided reconstruction with conditioned dif-
fusion models for unsupervised anomaly detection in brain mris. arXiv preprint
arXiv:2812.04215, 2023b.

Cosmin Bercea, Benedikt Wiestler, Daniel Rueckert, and Julia A Schnabel. Generalizing
unsupervised anomaly detection: Towards unbiased pathology screening. Medical Imaging
with Deep Learning, 2023a. ISSN 2640-3498. URL https://openreview.net/forum?id=
8ojx-Ld3yjR.

Cosmin Bercea, Michael Neumayr, Daniel Rueckert, and Julia A Schnabel. Mask, stitch,
and re-sample: Enhancing robustness and generalizability in anomaly detection through
automatic diffusion models. In ICML 8rd Workshop on Interpretable Machine Learning
in Healthcare (IMLH), 2023b. URL https://openreview.net/forum?id=kTpafpXrqa.


https://www.sciencedirect.com/science/article/pii/S1361841520303169
https://www.sciencedirect.com/science/article/pii/S1361841520303169
https://openreview.net/forum?id=O-uZr5S1tJE
https://openreview.net/forum?id=O-uZr5S1tJE
https://openreview.net/forum?id=8ojx-Ld3yjR
https://openreview.net/forum?id=8ojx-Ld3yjR
https://openreview.net/forum?id=kTpafpXrqa

UAD WITH SUPERVISION

Cosmin I. Bercea, Benedikt Wiestler, Daniel Rueckert, and Julia A. Schnabel. Reversing
the abnormal: Pseudo-healthy generative networks for anomaly detection. volume 14224,
pages 293-303. 2023c. doi: 10.1007/978-3-031-43904-9_29.

Yu Cai, Hao Chen, Xin Yang, Yu Zhou, and Kwang-Ting Cheng. Dual-distribution discrep-
ancy with self-supervised refinement for anomaly detection in medical images. Medical
Image Analysis, 86:102794, 2023. ISSN 1361-8415. doi: 10.1016/j.media.2023.102794.

Xiaoran Chen, Suhang You, Kerem Can Tezcan, and Ender Konukoglu. Unsupervised
lesion detection via image restoration with a normative prior. Medical Image Analysis,
64:101713, 2020. ISSN 1361-8415. doi: 10.1016/j.media.2020.101713.

Jihoon Cho, Inha Kang, and Jinah Park. Self-supervised 3d out-of-distribution detection
via pseudoanomaly generation. pages 95-103. Springer, Cham, 2022. doi: 10.1007/
978-3-030-97281-3{\textunderscore}15. URL https://link.springer.com/chapter/
10.1007/978-3-030-97281-3_15.

Hangiu Deng and Xingyu Li. Anomaly detection via reverse distillation from one-class em-
bedding. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern
Recognition (CVPR), pages 9737-9746, June 2022.

Fabian Isensee, Marianne Schell, Irada Pflueger, Gianluca Brugnara, David Bonekamp, Ulf
Neuberger, Antje Wick, Heinz-Peter Schlemmer, Sabine Heiland, Wolfgang Wick, Martin
Bendszus, Klaus H. Maier-Hein, and Philipp Kickingereder. Automated brain extraction
of multisequence mri using artificial neural networks. Human brain mapping, 40(17):
4952-4964, 2019. ISSN 1097-0193. doi: 10.1002/hbm.24750.

Antanas Kascenas, Nicolas Pugeault, and Alison Q. O’Neil. Denoising autoencoders for un-
supervised anomaly detection in brain mri. In Ender Konukoglu, Bjoern Menze, Archana
Venkataraman, Christian Baumgartner, Qi Dou, and Shadi Albarqouni, editors, Pro-
ceedings of The 5th International Conference on Medical Imaging with Deep Learning,
volume 172 of Proceedings of Machine Learning Research, pages 653—-664. PMLR, 2022.
URL https://proceedings.mlr.press/vi72/kascenas22a.html.

Antanas Kascenas, Pedro Sanchez, Patrick Schrempf, Chaoyang Wang, William Clackett,
Shadia S. Mikhael, Jeremy P. Voisey, Keith Goatman, Alexander Weir, Nicolas Pugeault,
Sotirios A. Tsaftaris, and Alison Q. O’Neil. The role of noise in denoising models for
anomaly detection in medical images. Medical Image Analysis, 90:102963, 2023. ISSN
1361-8415. doi: 10.1016/j.media.2023.102963.

Toannis Lagogiannis, Felix Meissen, Georgios Kaissis, and Daniel Rueckert. Unsupervised
pathology detection: A deep dive into the state of the art. IEEFE transactions on medical
imaging, PP, 2023. ISSN 0278-0062. doi: 10.1109/TMI.2023.3298093.

Sook-Lei Liew, Bethany P. Lo, Miranda R. Donnelly, Artemis Zavaliangos-Petropulu, Jes-
sica N. Jeong, Giuseppe Barisano, Alexandre Hutton, Julia P. Simon, Julia M. Juliano,
Anisha Suri, et al. A large, curated, open-source stroke neuroimaging dataset to improve
lesion segmentation algorithms. Scientific data, 9(1):320, 2022.


https://link.springer.com/chapter/10.1007/978-3-030-97281-3_15
https://link.springer.com/chapter/10.1007/978-3-030-97281-3_15
https://proceedings.mlr.press/v172/kascenas22a.html

BEHRENDT BHATTACHARYA KRUGER OPFER SCHLAEFER

Huabing Liu, Dong Nie, Dinggang Shen, Jinda Wang, and Zhenyu Tang. Multimodal brain
tumor segmentation using contrastive learning based feature comparison with monomodal
normal brain images. In International Conference on Medical Image Computing and
Computer-Assisted Intervention, pages 118-127. Springer, 2022.

Alexander Selvikvag Lundervold and Arvid Lundervold. An overview of deep learning in
medical imaging focusing on mri. Zeitschrift fur medizinische Physik, 29(2):102-127,
2019. doi: 10.1016/j.zemedi.2018.11.002.

Felix Meissen, Georgios Kaissis, and Daniel Rueckert. Autoseg - steering the inductive
biases for automatic pathology segmentation. pages 127-135. Springer, Cham, 2022a.
doi: 10.1007/978-3-030-97281-3{\textunderscore}19. URL https://link.springer.
com/chapter/10.1007/978-3-030-97281-3_19.

Felix Meissen, Johannes Paetzold, Georgios Kaissis, and Daniel Rueckert.  Unsu-

pervised anomaly localization with structural feature-autoencoders. arXiv preprint
arXiv:2208.10992, 2022b.

Bjoern H. Menze, Andras Jakab, Stefan Bauer, Jayashree Kalpathy-Cramer, Keyvan Fara-
hani, Justin Kirby, Yuliya Burren, Nicole Porz, Johannes Slotboom, Roland Wiest, et al.
The multimodal brain tumor image segmentation benchmark (brats). IEEE transactions
on medical imaging, 34(10):1993-2024, 2014. ISSN 0278-0062.

Bao Nguyen, Adam Feldman, Sarath Bethapudi, Andrew Jennings, and Chris G. Will-
cocks. Unsupervised region-based anomaly detection in brain mri with adversarial image
inpainting. In 2021 IEEE 18th International Symposium on Biomedical Imaging (ISBI),
pages 1127-1131, 2021. doi: 10.1109/ISBI148211.2021.9434115.

Ken Perlin. An image synthesizer. ACM Siggraph Computer Graphics, 19(3):287-296, 1985.

Walter H. L. Pinaya, Petru-Daniel Tudosiu, Robert Gray, Geraint Rees, Parashkev Nachev,
Sebastien Ourselin, and M. Jorge Cardoso. Unsupervised brain imaging 3d anomaly

detection and segmentation with transformers. Medical Image Analysis, 79:102475, 2022.
ISSN 1361-8415. doi: 10.1016/j.media.2022.102475.

Fernando Pérez-Garcia, Rachel Sparks, and Sébastien Ourselin. Torchio: A python library
for efficient loading, preprocessing, augmentation and patch-based sampling of medical
images in deep learning. Computer Methods and Programs in Biomedicine, 208:106236,
2021. ISSN 0169-2607.

Torsten Rohlfing, Natalie M. Zahr, Edith V. Sullivan, and Adolf Pfefferbaum. The sri24
multichannel atlas of normal adult human brain structure. Human brain mapping, 31(5):
798-819, 2010. ISSN 1097-0193. doi: 10.1002/hbm.20906.

Olaf Ronneberger, Philipp Fischer, and Thomas Brox. U-net: Convolutional networks for

biomedical image segmentation. In Medical Image Computing and Computer Assisted
Intervention, pages 234—241, 2015.

10


https://link.springer.com/chapter/10.1007/978-3-030-97281-3_19
https://link.springer.com/chapter/10.1007/978-3-030-97281-3_19

UAD WITH SUPERVISION

Jeremy Tan, Benjamin Hou, Thomas Day, John Simpson, Daniel Rueckert, and Bernhard
Kainz. Detecting outliers with poisson image interpolation. pages 581-591. Springer,
Cham, 2021. doi: 10.1007/978-3-030-87240-3{ \textunderscore}56. URL https://link.
springer.com/chapter/10.1007/978-3-030-87240-3_56.

Jeremy Tan, Benjamin Hou, James Batten, Huaqi Qiu, and Bernhard Kainz. Detecting
outliers with foreign patch interpolation. Machine Learning for Biomedical Imaging, 1
(April 2022 issue):1-27, 2022. ISSN 2766-905X. URL https://www.melba-journal.
org/papers/2022:013.html.

Zhou Wang, A.C. Bovik, H.R. Sheikh, and E.P. Simoncelli. Image quality assessment: from
error visibility to structural similarity. IEEE Transactions on Image Processing, 13(4):
600-612, 2004. doi: 10.1109/TIP.2003.819861.

Julian Wyatt, Adam Leach, Sebastian M. Schmon, and Chris G. Willcocks. Anoddpm:
Anomaly detection with denoising diffusion probabilistic models using simplex noise. In
Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition,
pages 650-656, 2022.

Vitjan Zavrtanik, Matej Kristan, and Danijel Skoc¢aj. Draem-a discriminatively trained
reconstruction embedding for surface anomaly detection. In Proceedings of the IEEE/CVF
International Conference on Computer Vision, pages 8330-8339, 2021.

David Zimmerer, Fabian Isensee, Jens Petersen, Simon Kohl, and Klaus Maier-Hein. Un-
supervised anomaly localization using variational auto-encoders. In Shen, Dinggang and
Liu, Tianming and Peters, Terry M. and Staib, Lawrence H. and Essert, Caroline and
Zhou, Sean and Yap, Pew-Thian and Khan, Ali, editor, Medical Image Computing and
Computer Assisted Intervention — MICCAI 2019, pages 289-297, Cham, 2019. Springer
International Publishing. ISBN 978-3-030-32251-9.

11


https://link.springer.com/chapter/10.1007/978-3-030-87240-3_56
https://link.springer.com/chapter/10.1007/978-3-030-87240-3_56
https://www.melba-journal.org/papers/2022:013.html
https://www.melba-journal.org/papers/2022:013.html

BEHRENDT BHATTACHARYA KRUGER OPFER SCHLAEFER

Appendix A. Qualitative Comparison
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Figure 3: Comparison of baseline models for pathologies from the BRATS (left two
columns) and ATLAS (right two columns) data sets.
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Appendix B. Implementation Details

All models are implemented in Pytorch (v0.10). For data handling and augmentation,
torchio (Pérez-Garcia et al., 2021) is utilized. We choose the best-performing model check-
point, measured by the validation set performance. We utilize Adam as an optimizer with
a batch size of 32. For data augmentation, we utilize random -blur, -bias, -gamma and
-ghosting. All Baselines are implemented following the official GitHub repositories. We
train our models on NVIDIA RTX 3090 and V100 GPUs.

B.1. SADM

Our SADM framework consists of a reconstruction branch and a segmentation branch. In
the reconstruction branch, we utilize cDDPMs (Behrendt et al., 2023b) as a generative
model. We follow the official implementation? and utilize a 3-layer Unet with channel
dimensions [128, 128, 256] as a denoising network with a pre-trained resnet50 encoder for
conditioning. During training, we uniformly sample noise levels ¢ € [0, T]. At test time, we
derive the final reconstruction as an average from reconstructions of different noise levels
tiest € [250,500,750]. For the segmentation branch, we adapt the Unet architecture as
employed by (Kascenas et al., 2022). Our base Unet architecture consists of three layers with
channel dimensions of 64, 128, and 256, respectively, incorporating group normalization and
SiLLU activation functions. For SADM,..;, we utilize the same encoder to separately encode
the residual of the input and reconstruction, as well as the input itself. The resulting feature
maps are then concatenated along the channel dimension at each layer and passed to the
decoder, effectively doubling the channel dimensions. A sigmoid layer is added after the
final convolution to produce the segmentation output. In stage I and II, we train for 1600
and 600 epochs, with learning rates of le-4 and 5e-5, respectively.

B.2. Baselines

We implement various baseline methods based on the official code with individual adap-
tations of hyper-parameters that have been shown to improve training stability or perfor-
mance regarding the validation data. Unless stated otherwise, all models are trained for
1600 epochs, choosing the best checkpoint based on the validation set performance, using
Adam as an optimizer. For AEs and VAEs, we use a latent dimension of 128 and set the
learning rate to le-4. For VAEs, we set Sxrp = 0.001. For RD and DRAEM, we set the
learning rate to le-4. The DDPM, pDDPM and cDDPM baselines are trained with simplex
noise as proposed in (Wyatt et al., 2022) and a learning rate of 1le-5, respectively. Note that
for all DDPM-based baselines, we utilize the averaged reconstruction from three different
noise levels t;s € [250, 500, 750].

Appendix C. Synthetic Anomalies

We generate the synthetic anomalies by following the procedure of (Zavrtanik et al., 2021).
First, a noise image is generated using Perlin noise (Perlin, 1985), capturing a wide variety
of shapes. Subsequently, the noise image is binarized by a uniformly sampled threshold,

2. https://github.com/FinnBehrendt/Conditioned-Diffusion-Models-UAD

13


https://github.com/FinnBehrendt/Conditioned-Diffusion-Models-UAD

BEHRENDT BHATTACHARYA KRUGER OPFER SCHLAEFER

resulting in an anomaly map M,, that is used as ground truth annotation. The binary
map is further processed by three random augmentation functions, sampled from the set
of {posterize, sharpness, solarize, equalize, brightness change, color change, auto-contrast},
leading to Iuyug. Finally, I,y is masked by M, and blended with the original image I,
leading to Lsyp, = (1 — My) © T+ (1 —)(My © I) +v(My ® Iqug). The operator ® denotes
element-wise multiplication and v denotes the opacity parameter that is uniformly sampled
from ~ € [0.2,1.0]. Figure 4 showcases exemplary synthetic images with the corresponding
annotation mask.

DRAEM Anomalies

Annotation

Figure 4: Examplary Synthetic Anomalies generated by the DRAEM procedure. Top: Im-
ages from the IXI data set, augmented with synthetic anomalies. Bottom: An-
notation corresponding to the introduced anomalies.

Appendix D. Analysis of the Anomaly Score Weighting

In this section, we analyze the different weightings of the anomaly scores from the supervised
and reconstruction branches. We derive the AS by weighing the individual scores as follows

Anomaly Score (AS) = 8- x40 + (1 — B) - 4. (4)

We vary the weighting parameter 8 from zero to one. S = 0 corresponds to solely relying
on the supervised branch (Unet,.s). S = 1 corresponds to solely using the reconstruction
branch (cDDPM).
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Figure 5: Analysis of the anomaly score weighting given
AS = B zjge + (1 = B) - 4, where z4j4e represents the anomaly map coming
from the unsupervised reconstruction branch and Q represents the anomaly map
coming from the supervised segmentation branch. The [DICE] is plotted against
different values of .
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