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Abstract

Deep learning-based models are widely used for disease classification in chest radiographs.
This exam can be performed in one of two projections (posteroanterior or anteroposterior),
depending on the direction that the X-ray beam travels through the body. Since projection
visibly affects the way anatomical structures appear in the scans, it may introduce bias in
classifiers, especially when spurious correlations between a given disease and a projection
occur. This paper examines the influence of chest radiograph projection on the perfor-
mance of deep learning-based classification models and proposes an approach to mitigate
projection-induced bias. Results show that a DenseNet-121 model is better at classifying
images from the most representative projection in the data set, suggesting that projec-
tion is taken into account by the classifier. Moreover, this model can classify chest X-ray
projection better than any of the fourteen radiological findings considered, without being
explicitly trained for that task, putting it at high risk for projection bias. We propose a
label-conditional gradient reversal framework to make the model insensitive to projection,
by forcing the extracted features to be simultaneously good for disease classification and
bad for projection classification, resulting in a framework with reduced projection-induced
bias.
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1. Introduction

Artificial Intelligence (AI) revolutionized many fields, including medicine. It is crucial
to ensure that Al-based methods are not only accurate but also unbiased and ethically
compliant. Biased diagnoses can have serious consequences, and the potential sources of
bias are countless, ranging from biological attributes (age, gender) to socioeconomic factors
(race, income) and clinical factors (exam conditions, medical institution, presence of medical
devices, among others). When AI models are trained on biased data, they become prone to
shortcut learning: instead of learning meaningful features for the issue at hand, models base
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(b) Anteroposterior scan

Figure 1: Examples of chest radiographs taken in both projections.

their predictions on biases in the data, which are typically easier to learn than meaningful
features. Not only this poses serious ethical concerns but, consequentially, these models will
fail in data where the same types of biases are not present.

In this paper, we focus on the bias that projection can inject in deep learning models
for frontal chest X-ray (CXR) classification. These scans can be performed in one of two
projections. In the posteroanterior (PA) projection (Figure 1a), the X-ray beam transverses
the patient from posterior to anterior, which is the gold standard projection for frontal
CXRs. However, it is not always possible to perform PA CXRs, especially when the patient
is not able to stand. When that is the case, an anteroposterior (AP) projection (Figure 1b)
is used, which does not require the patient to stand up, enabling the use of portable X-ray
units. There are some key differences between both views. In the AP view, the scapulae
are over the lung fields, which can interfere with the reading and interpretation of the scan.
In the PA view, the scapulae are away from the lung fields. The clavicles are over the lung
apex in the PA view, while in the AP they are above it. The heart appears enlarged in the
AP view due to the shorter distance between the patient and the X-ray source. Finally, the
appearance of the ribs also differs among projections, as the anterior ribs are clearer in AP
and the posterior ribs are clearer in PA. Considering that these differences are immediately
clear to a radiologist and possibly even to individuals with no training in radiology, a deep
learning model can also easily learn them if that benefits its performance.

1.1. Related Work

Chest radiography data sets typically contain both PA and AP images (Irvin et al., 2019;
Wang et al., 2017; Johnson et al., 2019), but may include exclusively PA images (Nguyen
et al., 2022). Some authors choose to only include PA CXRs in their studies (Punn and
Agarwal, 2021). This choice, motivated by the higher quality of the PA projection, severely
limits the applicability of AT models in real clinical settings because only patients able to
stand up will benefit from the algorithm to its fullest extent. The CXR projection may be
a source of bias when correlations among projection and radiological findings exist in the
data (Viviano et al., 2020), and especially when the bias patterns are easier to learn than
the disease patterns. Kim et al. (2019) showed that CXR projection can be classified with
very high accuracy, which further motivated our study.

Mehrabi et al. (2021) make an extensive review on bias and fairness in machine learning.
They categorize bias into three types, according to its source: the data, the algorithm, and
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the user. The bias that CXR projection may inject in disease classification models arises
from the user and/ or the data. The user may create representation bias when collecting
the data, generating spurious correlations between radiological findings and projection. The
data itself may contain population bias when certain radiological findings are more common
in a specific projection. For example, AP scans are typically more biased towards disease
because they are only performed when a patient cannot stand.

Multiple approaches to mitigate or reduce bias in deep classification models have been
proposed in the medical imaging domain, such as balancing the data according to the pro-
tected attribute(s) (Puyol-Antén et al., 2022), making protected attribute predictions close
to the uniform distribution (Bevan and Atapour-Abarghouei, 2022) or training separate
classifiers for each sub-group of the protected attribute(s) (Puyol-Antén et al., 2022). Fea-
ture disentanglement can be seen as one of the possible avenues to deal with biased models
(Liu et al., 2022), where the goal is to generate a feature space where specific features can be
associated with well-defined generative factors. For our application, this could be separating
the feature space into disease-encoding and projection-encoding features. Gradient reversal,
introduced by Ganin and Lempitsky (2014), can be seen as a way to achieve feature dis-
entanglement. Initially introduced for adversarial domain adaptation but later adapted for
bias removal (Raff and Sylvester, 2019; Ueda et al., 2021; Rundo et al., 2021), including in
medical imaging applications (Bevan and Atapour-Abarghouei, 2022), this method enforces
the feature spaces of both projections to overlap, resulting projection-agnostic features. It
aims at generating predictive features that cannot be used to distinguish between differ-
ent data domains, thereby allowing for effective data domain adaptation. The framework
combines the optimization of underlying features with two discriminative classifiers: a label
predictor that predicts the class labels and a domain classifier that predicts the source of
the data. The goal of the network is to minimize the loss of the label predictor, while max-
imizing the loss of the domain classifier, such that the learned features are discriminative
for the main task but not for domain classification. In the case of bias removal, instead of
having a source and target domain, two sub-groups of a single domain are separable by a
protected attribute to which models should be insensitive to, and the domain classifier is
framed instead as a protected attribute classifier, whose loss shall be maximized.

1.2. Contributions

Our contributions are three-fold: (1) We show that projection is easier to learn than any
of the radiological findings considered, even when a model is not trained for such a task.
This puts models at high risk for projection bias, especially when projection and disease
information correlate, so models tend to learn projection instead of meaningful disease
features. (2) We also show that models for CXR classification are better at classifying
images in the projection they were presented the most during training, suggesting that
patient projection is a source of bias in the model’s decisions and thus influences predictions,
supporting (1). (3) We propose a debiasing approach that discourages the model from
learning projection-relevant information when learning disease-relevant information, based
on gradient reversal. Moreover, we show that by using the proposed approach, our model
successfully learns to ignore projection, resulting in a less biased model that performs more
equally between AP and PA projections.
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2. Methods

2.1. Data and Preprocessing

We use the ChestX-Ray14 multi-label data set (Wang et al., 2017), which contains 112,120
frontal-view X-ray images of 30,805 patients, labeled for the presence of fourteen radiological
findings and disease labels. The images are first resized such that the smaller edge is 256
pixels, preserving aspect ratio, and then cropped to 224 x 224 pixels. The data is then split
into five stratified folds, without patient overlap, for five-fold cross validation, where four
folds are used for training (89,696 + 1 scans) and one for validation (22,424 + 1 scans).
Table 1 details the number of occurrences of each label in each fold and the percentage of
PA images (AP = 100 — %PA). Random horizontal flips (p = 1%) and random rotations
(£20° range) were performed to augment the data set.

Table 1: Number of occurrences per fold of each label and percentage of Posteroanterior (PA)
occurrences.
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Occurrences 45 555 461 1,060 1,266 503 3,979 2,312 337 933 1,156 677 286 2,663 12,072
+10 &7 +3 +6 +9 +6 +7 +9 +3 +8 +11 %5 +6 +6 +1

% PA 85.28 56.33 11.98 64.26 65.98 59.59 47.01 49.55 83.52 32.58 61.68 71.43 44.05 49.48 65.11
+4.11 £3.96 +£1.47 +2.36 £2.55 +3.74 +1.32 £1.26 +1.56 +1.36 £1.37 +2.01 £3.56 +1.52 +0.70

2.2. Experiments

Two models were developed, both based on an ImageNet (Deng et al., 2009) pretrained
DenseNet-121 (Huang et al., 2017) feature extractor, widely used in the literature for this
data set (Rajpurkar et al., 2017; Baltruschat et al., 2019) and other CXR data sets (Irvin
et al., 2019; Alam et al., 2022). Both models contain three modules: a feature extractor
ftc, a disease classifier §; and a projection classifier 6, (Figure 2). 6, contains 14
output neurons (one per disease label) and is used to predict a probability for each label y4 =
[Y1,Y,2, ..., Y14]. The cross entropy loss between y; and corresponding ground-truth yg, Lg,
is used to train 6. and 64. 6, and has a single output neuron for predicting the probability
of an image being of the AP projection yq, (P(PA) =1 — P(AP)). The cross entropy loss
between 94, and corresponding ground-truth y,, L;, is used to update the parameters of
6p. In the baseline model (Figure 2a), the goal of predicting CXR projection is to assess
how good the model is at predicting projection with features that are trained exclusively
for disease classification, and hence, this neuron’s output should not be considered when
calculating the gradients for updating the feature extractor. To achieve this, the gradient
back-propagated from the projection output neuron is not propagated beyond 0p, preventing
feature updates based on projection information. The total loss of the baseline model is the
sum of Lgq and Ly, each referring to the parameters they update (Equation 1).

L= Ld(efeved) + Lp(ap) (1)
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Figure 2: Forward and backward passes of both architectures, which share three main components:
a feature extractor, a disease classifier and a projection classifier. The dashed arrows illustrate the
parameters affected by each loss component from Eq. 1 and 2, respectively.

We then propose a modified version of the baseline model with the goal of reducing projection-
induced bias (Figure 2b). To this end, we use gradient reversal (Ganin and Lempitsky, 2014)
on the projection task to avoid the encoding of projection-related information in the fea-
tures. There are two modifications to the baseline model. First, a new loss component is
introduced, where the gradients calculated based on L, are inverted and used to update 6.,
to remove information encoding projection from the feature extractor. The proposed model
plays a min-max game when updating 6., where it learns to ignore projection information
while simultaneously learns to predict disease labels. The total loss of the proposed model
therefore presented in Equation 2:

L= Ld(efea ‘9d) + Lp(ap) - Lp(‘gfe) (2)

The second modification takes place in 6, where y4 is encoded into an embedding that
is concatenated with the feature vector. The concatenated vector is encoded into a joint
embedding and used as an input to predict g,, (Figure 2b). Therefore, the output neuron
of 0, is now generating P(AP|yq) instead of P(AP). By using P(AP|yq) as Jap, instead of
P(AP), we account for the conditional dependence between projection features and disease
labels when computing L, ensuring that the alignment between the AP and PA feature
spaces is adapted according to the diseases present in each image. This conditional setting
was inspired by Long et al. (2018), where the main task’s outputs are concatenated with the
feature representation and used as input for the domain classifier. We adapt this concept
to CXR projection bias mitigation by conditioning projection classification to the ground-
truth labels of the disease classification task. During inference, we do not use y4 as an input
for predicting ¢4, and the model behaves exactly like the baseline model, in order to assess
how well the model can classify projection independently of the disease, and to compare it
to the baseline model.

We run both models (baseline and proposed) on the five-folded data. We report the Area
Under the Receiver Operating Characteristic Curve (AUC) and for every disease label and
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for the projection label. To measure bias, considering projection as the protected attribute
of interest P, we calculate the True Positive Rate (TPR) Disparity between AP and PA
images (Equation 3) (Raff and Sylvester, 2019; Mehrabi et al., 2021; Ruan et al., 2022;
Rodolfa et al., 2021). This metric is based on the Equal Opportunity definition of fairness,
introduced by (Hardt et al., 2016). This definition states that each group of P should get
a positive outcome at equal rates (P(Y =1|P=0,Y =1)=P(Y =1|P=1,Y =1)).

TPRDisp = |TPRap — TPRpA]| (3)

Even though the goal is to obtain a model with less bias, predictive performance on the main
task cannot be neglected. Motivated by this, and inspired by (Raff and Sylvester, 2019),
we also report § = AUC — TRPDisp, in order to consider a trade-off between predictive
performance and equality of opportunity.

2.3. Model Training Details

All the models were trained for eight epochs with a batch size of 32 and a learning rate
of 1le~* for the learning loss components Lq(6fc,0q) and Ly(6),), and le™> for the learning
to ignore loss component —Ly(6f.). The learning rates are reduced twice by a factor of
ten after four and six epochs. Checkpoints are performed every 6,400 images. For the
baseline, we select the weights from the checkpoint with the lowest L, validation loss, since
L, does not affect the training of 7. nor ;. For our proposed model, both Ly and L,, affect
.. However, their magnitude and decrease speed vary significantly, and finding a way to
combine them into a single monitoring quantity is hard and empirical, a common problem
in adversarial settings like ours (Zhan et al., 2018; Mao et al., 2022). For this reason, we
select the weights from the checkpoint with the highest § on the validation set. The models
were created using the PyTorch framework and run on an NVIDIA GeForce RTX 3080 10
GB Graphics Processing Unit. Binary predictions are generated by thresholding based on
the best operating point of the per-label Receiver Operating Characteristic curve.

3. Results and Discussion

We start by analyzing the results obtained with the baseline model, followed by the results
obtained with the proposed model. Table 2 shows the results obtained with the baseline
model for each label, as well as the macro-averaged results across disease labels and also the
AUC for projection classification. For each label, predictive performance is worse in images
from the projection that is less prevalent in the data (Table 1). For example, most of the
“Hernia” cases are PA, and therefore its TPR is much higher in PA scans. The opposite
happens for “Edema”, which contains many more AP instances. For labels in which the
proportion of AP and PA scans is balanced, the TPR Disparity is smaller (“Cardiomegaly”,
for example). Note that the AUC for projection classification is very high, although the
feature extractor was not explicitly trained for this task. This indicates that predicting
projection from disease-related features is extremely easy, putting the model at high risk
for shortcut learning. Considering that the key differences between AP and PA scans
(Figure 1) are easier to grasp to the inexperienced human eye than those of most disease
labels, it is not surprising that deep learning models can easily distinguish between the two
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Table 2: Mean and standard deviation 5-fold cross validation results of the baseline model (B) and the
proposed model (P). The up/down arrow indicates that the higher/lower the metric, the better, respectively.
Best results shown in bold. AUC: Area Under the Receiver Operating Characteristic Curve; TPR AP: True
Positive Rate in Anteroposterior scans; TPR PA: True Positive Rate in Posteroanterior scans; TPR Disp:
True Positive Rate disparity.

| AUC 1 (%) TPR AP 1 (%) TPR PA 1 (%) TPR Disp | 57

| B p B p B p B p B p
Hernia 90.32 90.63 550 80.56 81.89 83.1 2756 3.21 62.77 87.42
+2.46 +2.94 +16.24 +7.08 +6.84 +7.58 +21.34 +4.23 +19.96 +4.61
Cardiomegaly | 91.63 91.14 81.97 8145 89.95 8828 7.97 6.83 83.65 84.31
+0.53 +0.82 +4.31 +5.58 +3.0 +3.08 +3.75 +4.17 +4.22 +4.9
Edema 90.49 87.58 89.75 81.96 5222 68.8  37.53 13.17 5296 74.42
+0.37 +1.52 +2.43 +3.81 +10.49 +9.95 +9.21 +7.8 +9.22 +8.18
Pneumothorax | 88.85 88.12 71.01 74.72 83.07 83.98 1206 9.26 76.78 78.86
+0.96 +0.95 +4.84 +2.07 +2.99 +1.22 +4.21 +1.81 +5.03 +2.43
Nodule 78.31 7745 6597 66.46 68.58 6439 3.39 461  74.92 72.84
+0.31 +0.39 +5.16 +6.58 +1.86 +2.39 +3.13 +2.24 +3.36 +2.37
Emphysema 92.63 92.23 8543 86.88 8269 83.17 3.01 371  89.63 83852
+0.97 +0.59 +4.46 +5.0 +1.15 +3.8 +4.66 +4.86 £3.75 +4.55
Infiltration 72.47 718  81.9 780 = 4272 46.75 39.18 31.25 3329 40.55
+0.32 +0.81 +2.73 +0.74 +4.79 +4.74 +2.84 +4.33 +3.08 +4.77
Atelectasis 82.56 81.87 82.12 786 7391 74.59 821  4.01 7434 77.86
+0.21 +0.33 +2.16 +1.32 +2.73 +2.47 +2.26 +2.32 +2.46 +2.48
Fibrosis 82.32 79.92 4523 70.39 77.19 7255 3196 6.33 50.35 73.59
+0.83 +1.57 +15.2 +7.71 +2.14 +5.64 +14.94 +5.02 +15.32 +4.6
Consolidation | 81.24 79.67 87.7 8413 5333 66.64 3436 17.49 46.88 62.18
+0.84 +0.78 +1.62 +1.41 +5.0 +3.92 +4.8 +3.4 +5.08 +3.11
Mass 86.14 8581 71.93 69.63 80.45 7622 852 6.92 7761 78.89
+0.09 +0.44 +3.74 +6.06 +3.11 +3.6 +4.03 +6.55 +3.94 +6.23
Pleural 81.35 79.97 6575 71.01 80.0 7229 1425 2.82 671 77.15
Thickening +0.67 +1.52 +6.65 +2.07 +4.13 +2.36 +4.67 +2.36 +4.43 +2.23
Pneumonia 76.89 76.57 7878 79.24 5451 55.05 2427 24.2 52.62 52.37
+1.11 +0.95 +3.2 +5.91 +4.25 +6.47 +3.6 +4.46 +4.27 +4.17
Effusion 88.81 88.52 84.2 81.93 82.74 8105 232 1.89 8649 86.63
+0.43 +0.47 +2.03 +1.93 +1.33 +2.44 +1.46 +0.47 +1.39 +0.69
Macro 84.57 83.66 7477 77.5 7166 72.63 1819 9.69 66.39 73.97
+0.2 +0.66 +1.5 +1.24 +1.26 +1.18 +2.05 +1.08 +1.97 +1.4
average
Projection 99.28 61.18
AUC \I/ +0.21 +3.16

types of scans. These results highlight the need to take CXR, projection into account when
creating or choosing a data set for training a machine learning model. For example, a model
trained on a data set containing mostly AP scans may perform well in an intensive care
unit setting, where most patients will be in a critical state and won’t be able to stand up,
which means most scans will be taken using the AP projection. However, the same model
will most likely perform poorly in a triage setting, where most patients are able to stand,
and thus a PA projection will be preferred. Even though a model that learns statistical
priors derived from these types of correlations may be correct most of the time, especially
in the case of population biases (Section 1.1), such a model would not be making decisions
based on disease features, but rather based on features of other confounding factors. If this
correlation is removed, the model will most likely fail because it never actually learned what
diseases look like.

The proposed framework aims at learning features that do not encode projection infor-
mation, and thus it is expected that the projection AUC decreases when compared to the
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baseline model. Results show that is the case, with projection AUC dropping from 99%
to 61% (Table 2). To investigate if the features from the proposed model are more well
aligned between the two groups of scans (AP and PA), t-distributed Stochastic Neighbor
Embedding (t-SNE) plots (van der Maaten and Hinton, 2008) of the features of the baseline
and proposed model for one fold were generated and can be found in Figure 3. There is a
clear separability among the features of AP and PA instances for most data points in the
baseline features (Figure 3a), indicating that projection is being encoded into the disease
features. However, in features of the proposed model (Figure 3b), the AP and PA feature
spaces are overlapped. These results suggest that the proposed technique can be used to
regularize the features of models trained in data sets with high projection imbalance, but
that are meant to be used in a scenario where both AP and PA settings are present.

(a) Baseline model (b) Proposed model

Figure 3: t-distributed Stochastic Neighbor Embedding plots showing the 2-D projected features.

The proposed model shows a decrease in the TRP disparity (Table 2), especially in labels
with the highest projection imbalance, indicating that the equality of opportunity among AP
and PA scans increased. Overall, there is a trade-off between predictive performance (AUC)
and disparity. This is expected especially for labels with high projection imbalance because
forcing the model to perform equally among both projections will make it perform better
in scans from the underrepresented projection and worse in those from the overrepresented
projection, leading to a decrease in the global label AUC and an increase in TPR parity.

4. Conclusions

Bias in medical Al can have devastating consequences. Projection is a potential bias source
for CXR classification models. We showed that not only is projection very easy to learn, but
also that models have higher TPR in scans from the most representative projection in the
data set, and that projection is being encoded in the features. Finally, a strategy to address
this problem was presented and discussed. We conclude that the projection of CXRs in
a given data set needs to be taken into account by machine learning practitioners, as it
may significantly affect model performance. Further work will focus on exploring the use
of this methodology in other data sets and on jointly debiasing models for other attributes,
whether they are clinical (pose, hospital department), acquisition-related (scanner model,
image markers), biological attributes (age, gender) or socio-economical (race, insurance
policy).



ADDRESSING CHEST RADIOGRAPH PROJECTION BiAS IN DEEP CLASSIFICATION MODELS

Acknowledgments

This work was supported by the ERDF - European Regional Development Fund, through the
Programa Operacional Regional do Norte (NORTE 2020) and by National Funds through
the FCT - Portuguese Foundation for Science and Technology, I.P. within the scope of the
CMU Portugal Program (NORTE- 01-0247-FEDER-045905) and LA/P/0063/2020. The
work of S. C. Pereira was supported by the FCT grant contract 2020.10169.BD. The work
of J. Rocha was supported by the FCT grant contract 2020.06595.BD. We thank José Pedro
Gomes (University of Lisbon) for his help with the t-SNE plots.

References

Mahbub Ul Alam, Jén Runar Baldvinsson, and Yuxia Wang. Exploring LRP and Grad-
CAM visualization to interpret multi-label-multi-class pathology prediction using chest
radiography. In 2022 IEEE 35th International Symposium on Computer-Based Medical
Systems (CBMS), pages 258-263, 2022. doi: 10.1109/CBMS55023.2022.00052.

Ivo M. Baltruschat, Hannes Nickisch, Michael Grass, Tobias Knopp, and Axel Saalbach.
Comparison of deep learning approaches for multi-label chest x-ray classification. Scien-
tific Reports 2019 9:1, 9:1-10, 4 2019. ISSN 2045-2322. doi: 10.1038/s41598-019-42294-8.

Peter J. Bevan and Amir Atapour-Abarghouei. Detecting melanoma fairly: Skin tone
detection and debiasing for skin lesion classification. pages 1-11, 2022. doi: 10.1007/
978-3-031-16852-9_1.

Jia Deng, Wei Dong, Richard Socher, Li-Jia Li, Kai Li, and Li Fei-Fei. Imagenet: A large-
scale hierarchical image database. In 2009 IEEE Conference on Computer Vision and
Pattern Recognition, pages 248-255. Teee, 2009.

Yaroslav Ganin and Victor Lempitsky. Unsupervised domain adaptation by backpropaga-
tion. 32nd International Conference on Machine Learning, ICML 2015, 2:1180-1189, 9
2014. doi: 10.48550/arxiv.1409.7495.

Moritz Hardt, Eric Price, and Nati Srebro. Equality of opportunity in supervised learning.
In D. Lee, M. Sugiyama, U. Luxburg, I. Guyon, and R. Garnett, editors, Advances in
Neural Information Processing Systems, volume 29. Curran Associates, Inc., 2016.

Gao Huang, Zhuang Liu, Laurens van der Maaten, and Kilian Q. Weinberger. Densely
connected convolutional networks. In Proceedings of the IEEE Conference on Computer
Vision and Pattern Recognition (CVPR), July 2017.

Jeremy Irvin, Pranav Rajpurkar, Michael Ko, Yifan Yu, Silviana Ciurea-Ilcus, Chris Chute,
Henrik Marklund, Behzad Haghgoo, Robyn Ball, Katie Shpanskaya, Jayne Seekins,
David A. Mong, Safwan S. Halabi, Jesse K. Sandberg, Ricky Jones, David B. Larson,
Curtis P. Langlotz, Bhavik N. Patel, Matthew P. Lungren, and Andrew Y. Ng. CheX-
pert: A large chest radiograph dataset with uncertainty labels and expert comparison.
33rd AAAI Conference on Artificial Intelligence, pages 590-597, 1 2019. ISSN 2159-5399.
doi: 10.1609/aaai.v33i01.3301590.



PEREIRA ROCHA GAUDIO SMAILAGIC CAMPILHO MENDONCA

Alistair E.W. Johnson, Tom J. Pollard, Seth J. Berkowitz, Nathaniel R. Greenbaum,
Matthew P. Lungren, Chih ying Deng, Roger G. Mark, and Steven Horng. MIMIC-CXR,
a de-identified publicly available database of chest radiographs with free-text reports.
Scientific Data, 6:1-8, 12 2019. ISSN 2052-4463. doi: 10.1038/s41597-019-0322-0.

Tae Kyung Kim, Paul H. Yi, Jinchi Wei, Ji Won Shin, Gregory Hager, Ferdinand K. Hui,
Haris I. Sair, and Cheng Ting Lin. Deep learning method for automated classification
of anteroposterior and posteroanterior chest radiographs. Journal of Digital Imaging, 32:
925, 12 2019. ISSN 1618727X. doi: 10.1007/S10278-019-00208-0.

Xiao Liu, Pedro Sanchez, Spyridon Thermos, Alison Q. O’Neil, and Sotirios A. Tsaftaris.
Learning disentangled representations in the imaging domain. Medical Image Analysis,
80, 8 2022. ISSN 13618423. doi: 10.1016/J.MEDIA.2022.102516.

Mingsheng Long, Zhangjie Cao, Jianmin Wang, and Michael I Jordan. Conditional ad-
versarial domain adaptation. In S. Bengio, H. Wallach, H. Larochelle, K. Grauman,
N. Cesa-Bianchi, and R. Garnett, editors, Advances in Neural Information Processing
Systems, volume 31. Curran Associates, Inc., 2018.

Jiawei Mao, Xuesong Yin, Guodao Zhang, Bowen Chen, Yuanqgi Chang, Weibin Chen,
Jieyue Yu, and Yigang Wang. Pseudo-labeling generative adversarial networks for medical
image classification. Computers in Biology and Medicine, 147:105729, 2022. ISSN 0010-
4825. doi: https://doi.org/10.1016/j.compbiomed.2022.105729.

Ninareh Mehrabi, Fred Morstatter, Nripsuta Saxena, Kristina Lerman, and Aram Galstyan.
A survey on bias and fairness in machine learning. ACM Computing Surveys (CSUR),
54, 7 2021. ISSN 15577341. doi: 10.1145/3457607.

Ha Q. Nguyen, Khanh Lam, Linh T. Le, Hieu H. Pham, Dat Q. Tran, Dung B. Nguyen,
Dung D. Le, Chi M. Pham, Hang T.T. Tong, Diep H. Dinh, Cuong D. Do, Luu T.
Doan, Cuong N. Nguyen, Binh T. Nguyen, Que V. Nguyen, Au D. Hoang, Hien N.
Phan, Anh T. Nguyen, Phuong H. Ho, Dat T. Ngo, Nghia T. Nguyen, Nhan T. Nguyen,
Minh Dao, and Van Vu. VinDr-CXR: An open dataset of chest x-rays with radiologist’s
annotations. Scientific Data 2022 9:1, 9:1-7, 7 2022. ISSN 2052-4463. doi: 10.1038/
$41597-022-01498-w.

Narinder Singh Punn and Sonali Agarwal. Automated diagnosis of covid-19 with limited
posteroanterior chest x-ray images using fine-tuned deep neural networks. Applied Intel-
ligence, 51:2689-2702, 5 2021. ISSN 15737497. doi: 10.1007/510489-020-01900-3.

Esther Puyol-Anton, Bram Ruijsink, Jorge Mariscal Harana, Stefan K. Piechnik, Stefan
Neubauer, Steffen E. Petersen, Reza Razavi, Phil Chowienczyk, and Andrew P. King.
Fairness in cardiac magnetic resonance imaging: Assessing sex and racial bias in deep
learning-based segmentation. Frontiers in Cardiovascular Medicine, 9:664, 4 2022. ISSN
2297055X. doi: 10.3389/FCVM.2022.859310/XML/NLM.

Edward Raff and Jared Sylvester. Gradient reversal against discrimination: A fair neural
network learning approach. Proceedings - 2018 IEEE 5th International Conference on

10



ADDRESSING CHEST RADIOGRAPH PROJECTION BiAS IN DEEP CLASSIFICATION MODELS

Data Science and Advanced Analytics, DSAA 2018, pages 189-198, 1 2019. doi: 10.1109/
DSAA.2018.00029.

Pranav Rajpurkar, Jeremy Irvin, Kaylie Zhu, Brandon Yang, Hershel Mehta, Tony Duan,
Daisy Ding, Aarti Bagul, Curtis Langlotz, Katie Shpanskaya, Matthew P. Lungren, and
Andrew Y. Ng. CheXNet: Radiologist-level pneumonia detection on Chest X-Rays with
Deep Learning. 2017. doi: 10.48550/ARXIV.1711.05225.

Kit T. Rodolfa, Hemank Lamba, and Rayid Ghani. Empirical observation of negligible
fairness—accuracy trade-offs in machine learning for public policy. Nature Machine Intel-
ligence 2021 3:10, 3:896-904, 10 2021. ISSN 2522-5839. doi: 10.1038/s42256-021-00396-x.

Wengiang Ruan, Mingxin Xu, Yinan Jing, and Weili Han. Towards understanding the
fairness of differentially private margin classifiers. World Wide Web 2022, pages 1-21, 7
2022. ISSN 1573-1413. doi: 10.1007/S11280-022-01088-1.

Francesco Rundo, Roberto Leotta, Sebastiano Battiato, Concetto Spampinato, and Sab-
rina Conoci. Gradient reversal domain adaptation pipeline in advanced driver assistance
systems. pages 1-6, 2021. doi: 10.23919/AEITAUTOMOTIVES52815.2021.9662920.

Michiaki Ueda, Keijiro Kanda, Junichi Miyao, Shogo Miyamoto, Yukiko Nakano, and Takio
Kurita. Invariant feature extraction for cnn classifier by using gradient reversal layer. In
2021 IEEE International Conference on Systems, Man, and Cybernetics (SMC), pages
851-856, 2021. doi: 10.1109/SMC52423.2021.9658888.

Laurens van der Maaten and Geoffrey Hinton. Visualizing data using t-sne. Journal of
Machine Learning Research, 9(86):2579-2605, 2008.

Joseph D. Viviano, Becks Simpson, Francis Dutil, Yoshua Bengio, and Joseph Paul Cohen.
Saliency is a possible red herring when diagnosing poor generalization. In International
Conference on Learning Representations (ICLR), 2020. doi: 10.48550/arxiv.1910.00199.

Xiaosong Wang, Yifan Peng, Le Lu, Zhiyong Lu, Mohammadhadi Bagheri, and Ronald M.
Summers. Chestx-ray8: Hospital-scale chest x-ray database and benchmarks on weakly-
supervised classification and localization of common thorax diseases. Proceedings - 30th
IEEE Conference on Computer Vision and Pattern Recognition, CVPR 2017, 2017-
Janua:3462-3471, 5 2017. doi: 10.1109/CVPR.2017.369.

Ying Zhan, Dan Hu, Yuntao Wang, and Xianchuan Yu. Semisupervised hyperspectral image
classification based on generative adversarial networks. ITEEFE Geoscience and Remote
Sensing Letters, 15(2):212-216, 2018. doi: 10.1109/LGRS.2017.2780890.

Appendix A. Limitations

ChestXRay-14’s ground-truth labels are known to suffer from label inaccuracies due to the
fact that these were automatically extracted using natural language processing. Moreover,
the small resolution used (224 x224) may hinder the detection of some smaller abnormalities.
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Although there is no reason to perform an AP scan when an orthostatic position is
possible, due to their subpar quality when compared to PA scans, the data set does not
detail if the AP scans are in fact supine (i.e., laying down) or semi-erect. In the case of
semi-erect AP scans, some key differences among the projections described in Section 1 may
not be present.
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