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Abstract

The scarcity of large and well-annotated datasets is a concern in medical image analysis,
particularly for emerging applications without substantial public dataset releases. Data
synthesis has become relevant to address this problem, as conditional generative models
can provide extensive amounts of data. However, the diversity of these synthetic samples
can be limited to their training distribution, which restricts the benefits of synthetic data
for augmentation. This paper analyses this limitation in the context of medical image
classification using two datasets: chest X-ray and strep pharyngitis detection in smart-
phone photos. Our findings reveal that the performance improvements when augmenting
training datasets with generated samples can be inconsistent. Furthermore, in some cases,
using a small number of strategically chosen synthetic samples can outperform a larger,
randomly selected synthetic sets. This highlights the need for effective sampling strategies
in conditional diffusion models to improve training diversity and enhance performance in
downstream applications.
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1. Introduction

The demand for large datasets in machine learning (ML) has motivated the creation of
extensive open-source computer vision (CV) datasets. Pre-trained ML models can weakly
annotate massive amounts of information, which humans can then validate (Kirillov et al.,
2023). However, in the medical field, accurate annotation requires specialized knowledge,
complicating a human-in-the-loop annotation process and motivating the need for data
synthesis. While anatomical modeling and physics-based simulations can generate reliable
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synthetic data (Unberath et al., 2018; Killeen et al., 2023), they are not easily scalable.
In contrast, statistical methods like conditional generative models (Rombach et al., 2021)
enable scalable, potentially limitless labeled data generation and are well-suited for class-
specific data augmentation on demand (Koetzier et al., 2024). However, the diversity—the
ability of the model to create a variety of samples while still representing the actual data
distribution (Ahmad et al., 2024)—is a concern because it may be limited to the variety of
the factually observed samples during the generative model training. Recent works highlight
a lack of diversity in samples generated using contemporary generative models, such as
conditional diffusion models in real-world images (Geng et al., 2024; Sadat et al., 2024). This
can reduce the effectiveness of data generation for downstream applications that utilize the
generative model itself or the synthetic data it produces, like classification neural networks.
Recognizing the relevance of diversity, the CV community has developed techniques to
enhance sample variety, including guiding the diffusion process toward underrepresented
areas and adding controlled noise during denoising (Qin et al., 2023; Sadat et al., 2024).
However, while significant progress has been made in CV, the effectiveness of these strategies
for improving downstream model performance through data augmentation, specifically in
medical imaging, remains unclear. This paper evaluates diversity-driven data augmentation
strategies for the Denoising Diffusion Probabilistic Model (DDPM) from the perspective
of the downstream application. We compare three approaches: augmenting data with
all samples generated by the DDPM, selectively filtering samples based on similarity to
the training distribution, and filtering based on low-density regions. These techniques are
implemented during DDPM inference, avoiding its retraining. We evaluated on the NIH
Chest X-ray (Wang et al., 2017) (CXR) dataset and an in-house smartphone image dataset
for strep pharyngitis (SP), obtained under approved protocols from the ethics committee of
Johns Hopkins University (IRB00277755) and from industry partner CurieDx (22-CURI-
101-CURI).

2. Methods

We use a DDPM based on Medical Diffusion (Khader et al., 2023). The model generates
new samples in the latent space and incorporates a pre-trained Vector Quantized Genera-
tive Adversarial Network (Esser et al., 2021) (VQ-GAN) to encode and decode the image
from this latent representation. We then evaluate three augmentation strategies. The first
strategy directly samples the DDPM to randomly generate 10K samples for CXR and 3K
samples for SP. The second strategy computes the closest distances based on the cosine
similarity from the generated images to the DDPM training set and selects the synthetic
data with the k-largest distances. The main motivation is that these images will provide
complementary information to the DDPM training set. Finally, we evaluate a low-density-
based selection strategy based on Density-Based Spatial Clustering of Applications with
Noise (DBSCAN). DBSCAN generates clusters of low and high-density regions. We se-
lect the samples from the low-density—and potentially more diverse—regions to perform
the augmentation. We evaluate the effects of these strategies on the medical image clas-
sification downstream application where an EfficientNet (Tan and Le, 2019) is trained to
recognize five classes—Atelectasis, Cardiomegaly, Effusion, Consolidation, and Edema—for
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Table 1: Baseline AUC and relative improvement (%) for the DDPM augmentation strate-
gies. (*) indicates statistical significance under an AUC Delong test (DeLong et al.,
1988) with corrections for multiple tests (Benjamini and Hochberg, 1995) with a
p-value < 0.05. For the distance-based selection, we use the 10% and 20% most
different samples.

Strep Chest X-ray

Pos. || Atelect. Cardiom. Eff. Consolid. Edema | Avg.
Baseline AUC 0.61 0.75 0.84 0.76 0.63 0.82 0.76
Strategy Relative Improvement
All Synth. -3.3* -0.72 2.68 1.35 5.17* -0.71 1.56
10% most diff. | 7.96* -0.49 2.90 -0.83 -0.25 -0.47 0.17
20% most diff. 1.6* 0.73 1.47 0.01 0.25 0.58 0.32
Low Density 2.06* -0.81 1.14 0.58 3.14%* 1.38* 1.09

CXR, and perform binary classification for SP. Details about the datasets are included in
the appendix.

3. Results and Conclusion

We report the AUC for the baseline EfficientNet model trained on real data with standard
augmentations, including random horizontal flips, 10-degree rotations, and Gaussian noise.
For the DDPM augmentation strategies, we report the relative difference in AUC expressed
as 100 * (AU Cstrategy — AU Chasetine) /AU Chasetine- We used a fixed seed for all experiments
to address training uncertainty in downstream classifiers, repeating the process with differ-
ent fixed seeds three times for CXR and ten times for SP. Results are shown in Table 1.
When evaluating the CXR dataset, we found that while some classes show statistical signif-
icance, the overall performance gains from synthetic data are modest. In contrast, the SP
dataset, which is limited in size, shows significant improvements with selective augmenta-
tion strategies, whereas using all synthetic data leads to decreased performance. The three
diversity-based approaches performed significantly better, with an 8% improvement when
the 10% most diverse synthetic images were utilized. This suggests that most synthetic sam-
ples were redundant and added little value to the classification task. Given the dataset’s
size, naively adding generated images can lead to overfitting and worsen class imbalances.
Conclusion: Synthetic data augmentation using generative models can help address the
lack of labeled datasets in the medical field. However, recent studies suggest memorization
and lack of diversity can limit effectiveness. Our analysis explores these effects in the medi-
cal field and shows that performance improvements can be inconsistent (as seen in the CXR
dataset). While strategically selected augmentations can be beneficial in specific cases, like
the SP dataset, these results emphasize the need for a better understanding of diversity and
memorization in different tasks and highlight the need for effective sampling and selection
strategies to improve generative data augmentation techniques.



KULKARNI ET AL.

References

Munir Ahmad, Muhammad Kamran Chohan, Muhammad Zarif Qureshi, and Hassan Gul.
Understanding and enhancing diversity in generative models. International Journal of
Applied Mathematics and Computing, 2024. doi: https://doi.org/10.62951 /ijamc.v1i2.16.

Yoav Benjamini and Yosef Hochberg. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal statistical society: series B
(Methodological), 57(1):289-300, 1995.

E. R. DeLong, D. M. DelLong, and D. L. Clarke-Pearson. Comparing the areas under two
or more correlated receiver operating characteristic curves: a nonparametric approach.
Biometrics, 44(3):837-45, 1988. ISSN 0006-341X (Print) 0006-341x. DeLong, E R De-
Long, D M Clarke-Pearson, D L Comparative Study Journal Article Research Support,
U.S. Gov’t, Non-P.H.S. England 1988/09/01 Biometrics. 1988 Sep;44(3):837-45.

Patrick Esser, Robin Rombach, and Bjorn Ommer. Taming transformers for high-
resolution image synthesis, 2021. URL https://doi.ieeecomputersociety.org/10.
1109/CVPR46437.2021.01268.

Scott Geng, Cheng-Yu Hsieh, Vivek Ramanujan, Matthew Wallingford, Chun-Liang Li,
Pang Wei Koh, and Ranjay Krishna. The unmet promise of synthetic training images:
Using retrieved real images performs better. ArXiv, abs/2406.05184, 2024.

Firas Khader, Gustav Miiller-Franzes, Soroosh Tayebi Arasteh, Tianyu Han, Christoph
Haarburger, Maximilian Schulze-Hagen, Philipp Schad, Sandy Engelhardt, Bettina
BaeBller, Sebastian Foersch, Johannes Stegmaier, Christiane Kuhl, Sven Nebelung,
Jakob Nikolas Kather, and Daniel Truhn. Denoising diffusion probabilistic models for
3d medical image generation. Scientific Reports, 13(1):7303, 2023. ISSN 2045-2322. doi:
10.1038/s41598-023-34341-2. URL https://doi.org/10.1038/s41598-023-34341-2.

Benjamin D Killeen, Sue Min Cho, Mehran Armand, Russell H Taylor, and Mathias Un-
berath. In silico simulation: a key enabling technology for next-generation intelligent
surgical systems. Progress in Biomedical Engineering, 5(3):032001, may 2023. doi:
10.1088/2516-1091 /acd28b. URL https://dx.doi.org/10.1088/2516-1091/acd28b.

Alexander Kirillov, Eric Mintun, Nikhila Ravi, Hanzi Mao, Chloe Rolland, Laura Gustafson,
Tete Xiao, Spencer Whitehead, Alexander C. Berg, Wan-Yen Lo, Piotr Dollar, and Ross
Girshick. Segment anything. arXiv:2304.02643, 2023.

Lennart R Koetzier, Jie Wu, Domenico Mastrodicasa, Aline Lutz, Matthew Chung,
W Adam Koszek, Jayanth Pratap, Akshay S Chaudhari, Pranav Rajpurkar, Matthew P
Lungren, et al. Generating synthetic data for medical imaging. Radiology, 312(3):232471,
2024.

Yiming Qin, Huangjie Zheng, Jiangchao Yao, Mingyuan Zhou, and Ya Zhang. Class-
balancing diffusion models, 2023. URL https://arxiv.org/abs/2305.00562.


https://doi.ieeecomputersociety.org/10.1109/CVPR46437.2021.01268
https://doi.ieeecomputersociety.org/10.1109/CVPR46437.2021.01268
https://doi.org/10.1038/s41598-023-34341-2
https://dx.doi.org/10.1088/2516-1091/acd28b
https://arxiv.org/abs/2305.00562

EVALUATING STRATEGIC SAMPLING OF CONDITIONAL DIFFUSION MODEL

Robin Rombach, Andreas Blattmann, Dominik Lorenz, Patrick Esser, and Bjorn Ommer.
High-resolution image synthesis with latent diffusion models. CoRR, abs/2112.10752,
2021. URL https://arxiv.org/abs/2112.10752.

Seyedmorteza Sadat, Jakob Buhmann, Derek Bradley, Otmar Hilliges, and Romann M.
Weber. Cads: Unleashing the diversity of diffusion models through condition-annealed
sampling, 2024.

Mingxing Tan and Quoc V. Le. Efficientnet: Rethinking model scaling for convolutional
neural networks. 2019.

M. Unberath, Jan-Nico Zaech, Sing Chun Lee, Bastian Bier, Javad Fotouhi, Mehran Ar-
mand, and Nassir Navab. Deepdrr - a catalyst for machine learning in fluoroscopy-guided
procedures. In International Conference on Medical Image Computing and Computer-
Assisted Intervention, 2018.

Xiaosong Wang, Yifan Peng, Le Lu, Zhiyong Lu, Mohammadhadi Bagheri, and Ronald
Summers. Chestx-ray8: Hospital-scale chest x-ray database and benchmarks on weakly-
supervised classification and localization of common thorax diseases. In 2017 IEEE Con-
ference on Computer Vision and Pattern Recognition (CVPR), pages 3462-3471, 2017.


https://arxiv.org/abs/2112.10752

EVALUATING STRATEGIC SAMPLING OF CONDITIONAL DIFFUSION MODEL

Appendix
Datasets Specification

NIH Chest X-Ray Dataset. We perform experiments on a subset of the NIH Chest
X-ray Dataset for multi-class downstream tasks. We selected the Atelectasis, Cardiomegaly,
Effusion, Consolidation, and Edema classes to train the models (DDPM conditioning and
downstream models). The training set includes 8280 Atelectasis, 1707 Cardiomegaly, 8659
Effusion, 2852 Consolidation, and 1378 Edema samples. The test set has 3279, 1069, 4658,
1815, and 925 samples, respectively. Both DDPM and the classifiers were trained on the
full training set, with the test set split into 25% validation and 75% test for the downstream
classification task.

Atelectasis Effusion
18 . ol

Real

Synthetic

Figure 1: Examples of real (top) and synthetic (bottom) examples for the different classes.
Top: Chest X-ray, Bottom: Strep pharyngitis.

In-House Strep Pharyngitis. The in-house dataset is composed of images from 883
patients for the downstream task of strep pharyngitis classification. Streptococcus pharyn-
gitis, or strep pharyngitis, is a bacterial infection of the throat that is confirmed with a rapid
antigen test or throat culture. A total of 527 of these patients have labels for strep pharyngi-
tis. Each image was captured with a cellphone, focusing on the throat area. For each image,
we cropped the image to focus only in the tongue/tonsil region, and removed the images
that were out of focus or lacked the region of interest. The data was collected at the Johns
Hopkins Hospital under the approved protocol IRB00277755 and from CurieDx under IRB
protocol 22-CURI-101-CURI. Informed consent was obtained from the participants before
obtaining the images. We performed a random patient-wise training and testing partition.
In total, the training set contains 150 strep positive patients (14533 images) and 213 strep



negative patients (22035 images), while the testing set includes 66 positive (6867 images)
and 98 negative (10307 images). In each training iteration, we randomly select a single
frame from the multiple images available per patient. However, training epochs remain
organized on a patient-wise basis. The Figure 1 shows Examples for both datasets together
with samples generated using the DDPM.
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