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Abstract: The lack of justification of the results obtained by artificial intelligence (AI) algorithms has
limited their usage in the medical context. To increase the explainability of the existing AI methods,
explainable artificial intelligence (XAI) is proposed. We performed a systematic literature review,
based on the guidelines proposed by Kitchenham and Charters, of studies that applied XAI methods
in X-ray-image-related tasks. We identified 141 studies relevant to the objective of this research from
five different databases. For each of these studies, we assessed the quality and then analyzed them
according to a specific set of research questions. We determined two primary purposes for X-ray
images: the detection of bone diseases and lung diseases. We found that most of the AI methods
used were based on a CNN. We identified the different techniques to increase the explainability of
the models and grouped them depending on the kind of explainability obtained. We found that
most of the articles did not evaluate the quality of the explainability obtained, causing problems of
confidence in the explanation. Finally, we identified the current challenges and future directions of
this subject and provide guidelines to practitioners and researchers to improve the limitations and
the weaknesses that we detected.

Keywords: explainable artificial intelligence; artificial intelligence; X-ray; decision support systems;
neural networks; image analysis

1. Introduction

Artificial intelligence (Al) is used in many fields, and this usage has increased with
the appearance of deep learning models. These models have achieved impressive results,
but these results are frequently difficult to understand for the human user. To overcome the
limitation of these models, also named black-box models, explainable artificial intelligence
(XAI) emerged to be able to understand, trust, and effectively manage this emerging
generation of artificially intelligent partners [1]. XAI approaches were proposed to make
a shift towards more transparent Al, aiming to create a suite of techniques that produce
more explainable models whilst maintaining high-performance levels [2].

Even with the increased importance of XAl, some basic questions remain without
a consensus, including what explainable artificial intelligence is. In this paper, we used
the definition proposed in [3] that defined it as follows: Given an audience, an explainable
artificial intelligence is one that produces details or reasons to make its functioning clear or easy to
understand, and trust the behavior of intelligent systems, as users can verify the reasons for the
computer’s presentations or assertions as true and can understand them, and, furthermore,
as assessed in [4], anticipate circumstances in which the machine’s recommendations will
not be trustworthy, in which case the computer’s recommendations should not be followed
even though they appear trustworthy.
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The appearance of XAl approaches is due to the dangers of the black-box models.
Making decisions based on these models produced ethical and technical concerns caused
by the fact that these models were not understood and, consequently, their decisions
were not justified. Solving these dangers has an importance that depends on the field of
study to be applied. In some of these fields, e.g., medicine, fixing these problems is vital.
For verification of the results and ethical and legal issues, the non-explained prediction
has not been sufficient to support a diagnosis and therefore has not been suitable for
medical practice.

XAl algorithms overcome the caveats of black-box models, increasing their explain-
ability. Most of these methods cannot be used without some model working as a backbone.
The algorithms are typically used alongside black-box models and aim to improve them,
but they are also fully independent from one other.

The main concern of any study about explainability should be XAI algorithms and not
the Al models. We found multiple solutions aiming to do so. For example, one of the biggest
fields of study is saliency methods, such as class activation maps (CAMs) [5] or attention,
characterized by indicating the importance of each pixel for the task to be explained; how-
ever, we can also find completely different methods, such as those aiming to obtain textual
explanations through auxiliary models. This diversity within explainability algorithms
makes some kind of classification necessary to simplify further decision-making processes.

In the medical images field, the interest in radiography analysis has provoked a
significant increase in requests for the analysis of X-ray images. The usage of Al to support
radiological work is a promising field of study, as indicated in several recent reviews about
the topic [6-8].

One of the problems of applying XAI to the analysis of X-ray images is a different
kind of image that includes radiography analysis to support the diagnosis of multiple
diseases, such as pneumonia [9,10] and bone diseases [11-13], among others. This trend
was augmented with the appearance of COVID-19, as could be seen in the publication
of several guidelines to perform this analysis, such as the one proposed by the Spanish
Society of Emergency Radiology (SERAU) that had standardized the radiological report in
the case of COVID-19 infection (http:/ /serau.org/covid-19/ (accessed on 25 April 2022)).
Furthermore, the publication of these guidelines also indicates the increased interest in the
standardization of the prognosis of diseases and could be seen as an initial step for the
development of XAl algorithms.

To sum up, and following the proposal by [2], the need for explanations in X-ray image
analysis contexts is justified by the following:

1. Verification: A system must be interpreted and verified by medical experts.

2. Upgrade: Understanding a system allows for its improvement.

3.  Discover: New knowledge can be generated based on XAI systems strategies.

4. Legal, ethical, and social aspects: Compliance with these issues is a priority for Al
systems in medical image analysis contexts, as they affect humans.

As new XAI models have emerged and have been used for radiography analysis,
the interpretation of results and the extraction of broader principles from existing work
have become more challenging. One possible solution to this challenge is to adopt an
evidence-based paradigm. To understand the role of evidence, we need to recognize that,
across diverse study disciplines, there is a common need for methods that allow for the
objective and consistent aggregation of outcomes in multiple empirical studies [14]. In this
context, evidence is defined as the synthesis of the best scientific studies on a specific topic
or research question. The primary method of synthesis is a systematic literature review
(SLR), as proposed in [15]. In contrast to an expert review based on ad hoc literature
selection, an SLR is a methodologically rigorous review of research findings. The aim of an
SLR, as explained in [16], is not merely to aggregate all available evidence on a research
question but also to enable the development of evidence-based guidelines for practitioners.
Furthermore, this kind of review also allows for the identification of open questions about
the subject of the research.
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We herein present the findings from the SLR on explainable artificial intelligence
(XAI) for X-ray image analysis. To our knowledge, this topic has not been systematically
reviewed. We aim to determine and compare the method of XAl for radiography image
analysis, to conduct further research in this area. In addition, we identified the current
challenges and future directions of this subject, providing guidelines to practitioners and
researchers for improving the limitations and the weaknesses that we detected.

This article is organized as follows. In Section 2, we describe the method used for our
systematic literature review; this involves producing and following the rules of a protocol.
Section 3 presents the results of our synthesis of the literature, including the geographical
spread and publication details. Here, we report the results of our quality assessment and
research questions (RQs). Subsequently, we discuss our key findings. In Section 4, we
present some limitations of this study. In Section 5, we provide some recommendations for
further research. The last part is Section 6, in which we present our conclusions.

2. Method

This study has been undertaken as a systematic literature review based on the guide-
lines proposed in [15], aiming to systematically identify the application of XAI to X-ray
images. The review protocol includes these elements: a definition of the research questions,
a search strategy for primary studies, study selection criteria, study quality assessment
procedures, data extraction criteria, and a synthesis of the extracted data.

2.1. Research Questions (RQs)
This study addresses the following research questions:

¢ RQ1: What is the purpose of the article?
With this question, we wanted to identify the aim of the study. In most cases, we
identified which pathology the authors wanted to detect in the study.

e RQ2: What Al methods are used?
We identified the type of Al algorithm used as a backbone for the XAl techniques.

e  RQ3: What data are used?
With this question, we wanted to know which dataset was used in each study.

*  RQ4: Is code open access?
With this question, we wanted to identify the studies with publicly available code.

*  RQ5: Which type of XAI method is used?
With this question, we classified the XAI methods used on the papers depending on
their particular implementation.

*  RQ6: Is a post hoc method or a model-based method used?
Following the proposals of [17], we classified the studies depending on the nature of
the explainability output.

e RQ7: What kind of explainability is obtained?
Following the taxonomy proposed in [3], we classified the XAl methods depending
on the output that was generated.

e RQ8: What metrics are used for the evaluation of the obtained explainability results?
We wanted to identify which metrics were used to measure the quality of the explana-
tion results.

2.2. Search Strategy

The search process was a manual search over multiple databases of conference pro-
ceedings and journals papers. To perform this task, we defined a query string (search terms)
and we selected the papers of interest, as shown in Figure 1.



Appl. Sci. 2022, 12, 4459 4 of 28
Inclusion and exclusion criteria
b5 152
ACM References and citation
exploration
3222 Removal of duplicates
24
33 v
24 Selection of relevant
PubMed papers
743 1
Scopus
TOTAL
Google 2376 141
Scholar

Figure 1. Research process.

2.2.1. Query Strings

Query strings were defined by deriving important terms from the RQs. These terms
are “explainable artificial intelligence”, “X-ray images”, and “medical images”. After a
brief search, we found a few papers and extracted new significant keywords from them.
These keywords are “XAI”, “model explanation”, “interpretable machine learning”, and
“explainability”. By combining the keywords with the original query, we formed the final
query string, as follows:

(“XAI” OR “model explanation” OR “interpretable machine learning” OR “explainabil-
ity” OR “explainable artificial inteligence”) AND (“X-ray images” OR “medical images”).

We used this search query in each selected database to find the primary studies.

2.2.2. Source Selection

This search, as can be seen in Figure 1, was performed on multiple digital databases:
the ACM Digital Library, the IEEE Xplore Digital Library, Google Scholar, and SCOPUS.
These databases were selected because they are the most popular academic indexes in the
field of engineering and computer science. Furthermore, we also performed the search on
PubMed because it is the citation indexing service for reference on databases regarding
life sciences and biomedical information. To assure that we did not miss any important
material, we performed secondary searches with the references and citations found in our
primary results and first author publications for related works.

2.3. Selection Criteria

The most important inclusion criteria were whether the study used an XAI technique
for the analysis of X-ray images. We only included studies that were peer-reviewed and
written in English.

Otherwise, we excluded studies that did not use XAI. We also excluded those that
did not apply these techniques to X-ray images. We did not find any systematic reviews;
however, if we had, we would have excluded them.

2.4. Quality Assessment (QA)

Following the guidelines proposed in [15], we carried out the quality assessment for
each included article. We did not find any standardized definition of how to measure the
quality of this kind of study. We defined a set of QA questions aiming to assess the rigor,
credibility, and relevance of the selected studies. These questions were based on previous
methodologies. We selected three questions from those proposed in [18]. We selected three
QA questions aiming to assert the relevance of the studies and their results. The CASP
proposal explained how each of these questions can be measured:

QAI1.1s there a clear statement about the aims and objectives of the research?
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We wanted to know the goal and aim of the research. We focused on the description
of the importance of the topic handled by the study and its relevance.

QAZ2.Ts the research design appropriate to address the aims of the research?
We wanted to identify the justification of the research design. We checked whether
the authors had discussed how they decided which methods should be used and
why these were the best options. With this QA question and the previous one, we
evaluated the RQ1 question.

QAB3.Is the data analysis sufficiently rigorous?
This question aims to determine whether the analysis of the results is correct. We
focused on whether the researchers analyzed the results numerically and whether
they tried to overcome potential biases. This question allowed us to evaluate RQS.

Another set of questions for quality assessment was obtained from [19]. The QA
questions from this study aim to cover three aspects of the research: rigor, credibility,
and relevance. We selected two questions from this study to, in addition to the previous
ones, assert these three aspects. In this study, as in the CASP questionnaire, how each of
the following questions can be evaluated is explained:

QA4.1s there an adequate description of the context in which the research was performed?
This question aims to identify whether the study correctly analyzes the context of
the research. We assessed the identification and explanation of the existing methods
and study.

QAJ5. Is there a clear statement of in the findings?

We wanted to determine whether the study provides credible results and clearly
justified conclusions.

We defined a final question aiming to detect whether the results and algorithm are
reproducible. This question is not found in any previous article. For this reason, we
explained it in more detail:

QAG6. Are the results easily reproducible?
We wanted to determine whether the results obtained were replicable. We assessed
whether the algorithm and the data were openly available or not. We considered
the results to be reproducible if the data and the original algorithm were available.
If one of these two elements were not present, we considered the results to be partially
reproducible. If neither of them were available, we considered the results to be
non-reproducible. With this question, we assert the quality of RQ4 and RQ3.

Each question had three possible answers: “Yes”, “Partly”, and “No”. These three
answers had one associated value: Yes = 1, Partly = 0.5, and No = 0. The score for each study
was obtained by summing the scores of the answers to each of the previous questions.

2.5. Data Extraction

From each study, we extracted the following information:

Title.

Source.

Year of publication.

Authors of the study.

Institutions and countries represented by the authors.
Keywords.

Aim of the study.

Pathology addressed by the study.

Datasets used in the study.

XAI technique used.

Kind of explainability addressed.

Metrics used to evaluate the XAl algorithm performance.

PNANA LD

[ = Vo)
N = o
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Data were organized in tables to easily present the basic information of each study.
Tables were used to answer the research questions. These tables are available at https:
/ /github.com/explainingAl/SLR (accessed on 20 December 2021).

3. Results and Discussion

This section presents and discusses the findings of the review. First, an overview of the
selected studies is presented. Next, the quality of the studies is defined through the already
defined QA questions. Finally, the review findings of the RQs are reported and discussed.

3.1. Overview of the Selected Studies

In this review, we systematically evaluated 141 papers. Thirty-nine of them (27%) were
published in conference proceedings; 102 (73%) in journals. All the papers we reviewed
were published between 2017 and 2021, although we did not set any filter based on the
publication year. These methods emerged in 2017, along with the increased usage of black-
box models as convolutional neural networks in medical contexts. This interest further
increased with the application of these algorithms to X-ray images caused by the emergence
of COVID-19.

Figure 2 indicates the number of institutions per origin country of each study. Figure 3
shows the publishing year of each article. We found that most institutions only had one
study considered in this review. Nevertheless, we found a set of them that stands out with
multiple publications, including the NIH (National Institute of Health) with eight studies,
Johns Hopkins University with seven studies, Stanford University with four articles, and the
University of Toronto, Massachusetts General Hospital, and the University of California
with three studies each.

Figure 2. Map with the number of articles by country. A dark color indicates a higher number of
published articles.

\ L?;

Figure 3. Number of published articles per year.
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All the selected articles pertain to experimental research. No survey research was
found. We filled in a form for each selected study https:/ /github.com/explainingAI/SLR
(accessed on 20 December 2021). To answer the RQs, we used plots and charts.

3.2. Quality Assessment

Using the previously defined QA questions, we obtained the results of each study’s
quality. The distribution of the punctuation can be seen in Figures 4 and 5: 2 articles were
rated with 6 points (1.41%), 3 with 5.5 points (2.13%), 3 with 5 points (2.13%), 16 with 4.5
points (11.4%), 25 with 4 points (17.73%), 21 with 3.5 points (14.89%), 20 with 3 points
(14.18%), 18 with 2.5 points (12.77%), 20 with 2 points (14.184%), 12 with 1.5 points (8.51%),
and 1 with 1 point (8.51%).

17.7
14.9
14.2 14.2
12.8
125
1.3
10.0
85

75

50

25 2.1 2.1

1.4
o -
00 0 0 L
1 Points 1.5 Points. 2 Points 2.5 Points 3 Points 3.5 Points 4 Points 4.5 Points 5 Points 5.5 Points 6 Points.

0 Points 0.5 Points

Figure 4. Total quality punctuation of each article. Vertical axis indicates the percentage of articles for
a category.
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113 128
- . .
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Figure 5. Total quality punctuation of each article by question. Vertical axis indicates the percentage

% of articles
&

8

3

10

71
0 -

of articles for a category.

QA1 and QA4 were the most fully answered questions, with 100 studies with 1 point
on the first one and 78 with 1 point on the second one. These two questions tried to identify
whether the studies provide suitable justification, taking into account the state of the art and
the explanation of the topic. The importance of these questions is shown by the fact that we
did not find any study that scored 0 points on both of these questions. Of the articles that
did not have a full score for both questions, the majority did fail QA4, without explaining
the state of the art, whereas only 10 did not indicate the aims and objectives of the research.

Sixty-nine studies had 0 points on QA2. These articles did not justify the selection of
the explainable algorithm. Furthermore, they did not take into consideration any other
technique apart from the one used.

One hundred and fourteen articles failed QA3. These papers were characterized as
not using any kind of metric for the explainability results. From the rest of the methods,
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we assessed whether they tried to overcome potential biases. Only 16 articles (9.76%)
performed a rigorous data analysis without biases. On QA5, the majority of studies, 51.06%
of them, had full punctuation. This score means that all of them made clear statements of
the findings. Moreover, 36.17% of the articles only scored 0.5 points, penalizing the lack of
clarity in the exposition of their findings. Finally, 12.76% of the articles failed this question
due to the non-existence of any statement of the findings.

Finally, on QA®6, 27 articles had full punctuation. Most of the studies (90 articles) had
either open data or open code, with only 19 studies having neither. We observed that
81.56% of the articles made the data publicly available, while only 20.57% of the articles
published their respective code.

We did not find any study with a complete failure to answer the QA questions (0 points
in total). The articles with less punctuation scored 1 point. Furthermore, most of the
reviewed articles (76.59%) had at least 2.5 points. This punctuation, half of the maximum
score, can be seen as a quality threshold. Taking this into consideration, we can conclude
that most articles had sufficient quality.

3.3. RQ1: What Is the Purpose of the Article?

With this question, we aimed to identify the main purpose of each study. Because we
reviewed articles centered on X-ray images in a medical context, most of the articles were
centered on the prediction or identification of a health problem.

We found 17 different purposes in the reviewed articles; see Figure 6. We classified
these 19 goals into three classes: thoracic problems (86.52% of the reviewed articles), bone-
related problems (9.93%), and others (3.55%). It is noteworthy that most of the articles were
centered on the detection of thoracic diseases. This trend had increased in 2020 and 2021
with the appearance of COVID-19. We observed that the main thoracic disease handled by
the reviewed articles was pneumonia (50.35%), whether it was COVID-19-related (42.55%)
or not (7.80%). Other articles addressed this disease, but with a more general goal to detect
multiple pulmonary diseases (28.37%). Further, 4.26% of the reviewed articles had the
detection of tuberculosis as the main purpose. Finally, from the rest of the articles that
handled thoracic diseases, we found multiple purposes: the detection of pneumothorax
(1.42%), the detection of cystic fibrosis (0.71%), the detection of malposition of feeding
tubes (0.71%), the segmentation of tracheal tubes (0.71%), and the detection of congestive
heart failure (0.71%).

426 Thoracic related problems Bone related problems Others
40 COVID19 Emm Protesi identification mmm  Age prediction
Classification of pulmonary diseases Hmm Bone fracture detection Bl Back pain cause detection
Pneumonia detection W Osteoartritis detection B Feeding tube malposition detection
Tuberculosi detection mmm Anatomical zone identification
35 Pneumothorax detection mmm Periodonitis detection

Classification of CXR views
B Traqueal tube position
30 284 s Gradation of Cystic fibrosis
B CHF detection

% of articles
N
o

N
S

7.8
5 4.3 3636
14 II2,1
20.70.70.70.7 . 0.70.70.70.70.7
0 I I | I N —
Thoracic related problems Bone related problems Others

Figure 6. Answers to RQ1. Vertical axis indicates the percentage of articles for each category.
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We found another set of articles centered on bone-related diseases. We classified these
into three types, depending on the purposes addressed: the detection of bone fractures
(3.55%), the identification of prosthesis type (3.55%), and the identification of osteoarthri-
tis (2.13%).

Finally, one set of articles did not fall into any of the two previous categories: one study
identified different anatomy zones from the image, and another one classified different
CXR views. One study aimed to predict the age of the patients, another one diagnosed
periodontitis, and one study recognized causes of shoulder pain.

Taking into consideration the results obtained from RQ1, we observed that the majority
of the reviewed articles used X-ray images to detect either lung diseases (e.g., pneumonia)
or bone-related problems. From these results, we can make two conclusions: that, in the
medical community, apart from some particular cases, X-ray images are used for these two
kinds of problems, and that these two kinds of problems are the only ones that are suitable
for the usage of Al methods with X-ray images.

3.4. RQ2: What Al Methods Are Used?

With this question, we wanted to determine which backbone algorithm is used in each
study. We found nine different Al methods used in the reviewed articles.

As we can see in Figure 7, 96.74% of the reviewed articles used multiple architectures
of the convolutional neural network (CNN). We found that 77.30% of the articles used a
standalone CNN. This kind of model is based on the proposal by [20]. These CNNs are
characterized by the fact that they output a probability for each image to pertain to some
predefined class. Moreover, 7.09% of the reviewed articles combined a CNN and a recurrent
neural network (RNN). The CNN was designed to extract features from images, and the
RNN was first introduced in [21] to handle data with time information. Both techniques
were combined to generate text from the image. Another model used was the ensemble of
multiple CNNs (2.84%). This approach consists of the combination of the output of multiple
standalone CNNs. Further, 3.54% of the studies used a fully convolutional neural network
(FCN), a special implementation of a CNN first introduced in [22] to develop a specialized
algorithm for semantic segmentation. We also found that 2.13% of the articles used the
method proposed in [23]. In this work, they presented a special kind of neural network
called a siamese or twin neural network. These models are built upon two sub-neural
networks, and the final result was obtained by a comparison of these two to find similarities
between images. This allowed for a comparison between an unknown image with a known
image. We found that 2.13% of the articles used multiple instance learning (MIL), a method
formalized in [24], in combination with a CNN. We also found one study that used CNN
multitasking, an Al method first proposed in [25] that improves generalization by using the
domain information contained in the training signals of related tasks as an inductive bias.

80

70

7.1

35
. = o7 i i T o e
FCN GAN

CNN CNN (Ensemble) CNN (Multi tasking) CNN (Multi-instance learning) CNN (Siameses) CNN + RNN GNN

Figure 7. Answers to RQ2. Vertical axis indicates the percentage of articles for each category.
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We found six studies that did not use a CNN as a backbone algorithm to perform the
prediction. We found four articles that used a generative adversarial network (GAN). This
technique was firstly introduced in [26] to generate realistic images. Two studies used a
graph neural network (GNN), first introduced in [27], that combined a neural network with
graph theory.

Taking into consideration the results obtained with RQ1 and comparing them with
those obtained with this question, as shown in Figure 8a,b, we can assert that the purpose
did not affect which Al method was used. We can see the predominance of the CNN in each
purpose, with at least 75% of articles in each category using this technique. Furthermore,
the value is even higher if we consider the different kinds of CNNs as the same Al methods.
The predominance of this method is because it is specially designed to work with images
without taking into consideration the type of image or the anatomical zone depicted

in them.
100
CNN M 5 [eNI\l 84.6 100 75.6
CNN (Ensemble) 0 0 4 80 CNN (Ensemble) 0 0 325

CNN (Multi tasking) 0 0 CNN (Multi tasking) 0 0 0.813

§ CNN (Multi-instance learning) 0 0 3 60 B CNN (Multi-instance learning) 0 0 244 60
2]
=1 =1
o] . o
2 CNN (Siameses) 0 0 3 S CNN (Siameses) 0 0 244
T K]
s CNN+RNN 1 0 9 40 E CNN+RNN 789 0 7.32 -40
< < . -
FCN 1 0 4 FCN 769 0 325
-20 -20
GAN 0 0 4 GAN 0 0 325
GNN 0 0 2 GNN 0 0 163
-0
-0
[} 1%} (] w E 12}
5 g 5 5 2 5
s 5 3 : % 3
o o o Q
3 3 3 3
kS k! © ©
[ [ [ [
@ o o o
3 S = 5
8 g 3 S
= F
Purpose of the article Purpose of the article
(@ (b)

Figure 8. Heat maps comparing the results of RQ1 and RQ2. (a) In absolute values; (b) normalizing
the results by column.

By answering this question, we found that all articles reviewed used deep learning
methods. We did not find any method that combines traditional machine learning tech-
niques with explainability. This was caused by the fact that the explainability concept was
first defined to overcome the limitation of deep learning in black-box models.

3.5. RQ3: What Data Are Used?

The answers to this question allowed us to observe the large number of datasets
used by the reviewed studies. First, we found that 18.43% of the articles did not indicate
which data they used, or the data were not publicly available. The rest of the studies used
26 different datasets, as can be seen in Figure 9. Most of the articles used two or more
of these datasets. We grouped the datasets into five categories depending on the goal of
the dataset: pulmonary diseases, COVID-19, tuberculosis-related disease, bone-related
diseases, and dental images. We distinguished COVID-19 and tuberculosis from the rest of
the pulmonary diseases due to their relevance and the amount of interest in both diseases
in the reviewed studies.
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Figure 9. Datasets used by the reviewed articles. Answers to RQ3. Vertical axis indicates the
percentage of articles for each category. D. Kermany et al. [28], Candemir et al. [29], Cohen et al. [30],
Rahman et al. [31] and Rosenthal et al. [32].

The reviewed articles used 10 different datasets for COVID-19 detection. Twenty-six
(22.61%) articles used the dataset proposed in [30], which provides a set of X-ray images of
multiple diseases, including COVID-19. This dataset was built using data from multiple
previously published datasets. The dataset from [33] was used in eight studies (6.12%).
The authors in [34] published another COVID-19 dataset, the COVIDx. This dataset was
used in eight articles (6.12%). Five studies (4.35%) used images available at [35], a public
repository for X-ray images. The authors in [31] published a dataset containing more than
20,000 samples of X-ray images. Four articles used Rahman et al.’s dataset. Two studies
used the BIMCV COVID-19 dataset, obtained in the Valencian region of Spain [36]. Three
datasets were used by only one study: the COVID-19 dataset [37], from The Cancer Imaging
Archive (TCIA), the dataset from [38], and the dataset from the 3rd Deep Learning and
Artificial Intelligence Summer/Winter School (DLAI3), made available at Kaggle [39].

The studies that aim to detect tuberculosis used multiple datasets. The Montgomery
County X-ray Set and the Shenzhen Hospital X-ray Set are both presented in [40] and
contain X-ray images of patients with tuberculosis. Six studies used one or both of these
datasets. Two studies used the Belarus dataset. One study also used the dataset published
in [32].

We found eight different datasets for the detection of multiple pulmonary diseases.
Fifty-eight articles (50.43% of the articles) used the ChestX-ray8 dataset. This dataset was
firstly introduced in [41] and consists of 112,120 chest X-ray images. The authors in [42]
proposed the CheXPert dataset, consisting of chest X-rays of healthy patients and patients
with pulmonary diseases. The dataset was built with 224,316 chest radiographies. Fourteen
studies used this dataset, representing 12.17% of the reviewed works. Thirteen studies
(11.3%) used the dataset proposed in [28]. This dataset contains two kinds of chest X-ray
images and optical computerized tomographies (OCTs). IU (Indiana University) X-ray
images, also referred to as the Open-i dataset, are provided in [43], and eight studies used
them (6.96%). Five studies used the data provided in [44], known as the MINIC-CXR
collection. The main feature of this dataset is the combination of X-ray images with their
respective radiology reports. One study used the pneumothorax dataset published in [45],
and another one used the dataset published in [46], which contains two kinds of X-ray
images with or without lung nodules. Only one study used the dataset proposed in [29].
This dataset is a combination of the JSRT, the Montgomery County set, and a set of images
from India containing images of healthy and ill patients.
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Nine studies used five different datasets centered on bone-related detection: The
MURA dataset proposed in [47], the MOST dataset proposed in [48], and the OAI dataset
presented in [49] were centered on osteoarthritis disease. One study used the LERA dataset
proposed in [50].

Finally, one study used two datasets of dental images: the Suzhou Stomatological
Hospital dataset and the Zhongshan dataset. Both datasets indicated whether the X-ray
image was from a healthy patient or a patient with periodontitis.

We can see that the results obtained from this answer are fully compatible with those
obtained with RQ1. The purpose of the article influenced the selection of the dataset. Both
questions show the prevalence of pulmonary diseases as the main issue of the research.

3.6. RQ4: Is the Code Open Access?

The results of RQ4 show that most studies (79.29%) do not make the algorithm publicly
available. The rest of them (20.71%) used Github to publish their code, except for one study
that used Bitbucket. This small number of articles with open access codes is compatible
with the fact that none of them made their data publicly available.

3.7. RQb5: Which Type of XAI Method Is Used?

The results of RQ5 allow us to observe that 18 studies did not indicate which explain-
able algorithm they used; for example, one study output a saliency map for explainability,
but the authors did not indicate which method was used. We also observed that there were
techniques that obtain explanations via the artificial intelligence algorithm itself (model-
based methods). This special case was addressed with RQ2. We did not consider these
studies for further analysis of this research question.

Figure 10 shows the prevalence of techniques that generate visual explanations. This
was expected because we centered the search process on studies that analyze X-ray images.
The most used techniques were class activation map (CAM) methods, which were used in
72 studies (64.86%). We considered CAM as a set of techniques based on the original work
of [5]. In this work, they developed the original CAM method, aiming to identify which
regions of the image were more important for a CNN to make its prediction. To achieve
this, they used global average pooling, a well-known technique in the field of deep learning.
Continuing the work of Zhou, the authors in [51] proposed GradCAM. Its main contribution
was the generalization of the previous method through the use of gradients of the classes,
so they did not need to modify the structure of the original network. GradCAM++ was a
further improvement, proposed in [52], that aimed to increase the precision of the location
of the objects and the explanation of multiple objects in the same image. The results of
these three techniques were saliency maps.

% of the article

6.3 54 6.3

- e E—— - — A - -
)

CAM Aftention  Oclusion sensi tivity LUME  Gradient based method ~ U-Net Devconvol lution tSNE  Guided backpropagations  CRM PCA GSinquire

Figure 10. XAI techniques, obtained with RQ5. Vertical axis indicates the percentage of articles for
each category.
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The next most used type of method is based on attention, with 12.61% of the studies
using them. These methods generated a saliency map through built-in recurrent methods.
One of the first papers that proposed this technique is [53], which uses an RNN to select
the most important part of the input image.

Agnostic methods were also used. These methods are fully independent of the back-
bone model, working even with unknown techniques. These methods were used by 11.71%
of the reviewed studies. Occlusion sensitivity was the most used agnostic algorithm,
with 6.31% of the studies using it. This method aimed to generate a saliency map by system-
atically occluding different portions of the input image and analyzing how this affects the
performance of the algorithm. Another agnostic method is LIME, first introduced in [54],
and was used in 5.41% of the studies. This method learns an interpretable model locally
around the prediction of the black-box model. To be able to achieve this, the method defines
the locality with occlusions methods. Because it uses a simpler model to explain a complex
one, LIME is also considered a surrogate method.

We also found that 6.31% of the studies used techniques based on the calculation of
the gradient of the classification with respect to the input image, as proposed in [55,56]
and [57]. Two studies used the U-Net, a neural network for segmentation introduced in [58],
also to obtain saliency maps. Two articles used deconvolution, a well-known technique,
to obtain these maps. The authors in [59] proposed a combination of deconvolution and
backward pass. They called this approach guided backpropagation, which was used in one
study. One study used the method proposed in [60], GSInquire, that combines methods
to obtain a saliency map similar to GradCAM, with occlusion techniques to obtain and
measure the importance of a part of the input data. One study used the technique proposed
in [61], class-selective relevance mapping (CRM), which removes parts of the feature map
of the last layer of the CNN to generate a saliency map.

Apart from the saliency map, one study accomplished visual explanations through
dimensional reduction. To achieve this, it used the well-known t-SNE technique. Three
studies combined two or more of these techniques, two that used CAM methods and LIME,
and one that combined GradCAM with PCA.

The explainable algorithm depends, to some extent, on the purpose and Al method
used. These two features were analyzed in questions RQ1 and RQ2, and are compared with
the results of this question in Figure 11a,b and Figure 12a,b, respectively.

We can easily see in Figure 11a,b that the predominance of CAM methods did not
depend on the purpose of the article. It is also clear that the articles that handle thoracic
problems used more diverse XAl methods. This diversity can be attributed mainly to two
causes: It is the category with more articles, so it is expected that we find more, differ-
ent, XAl methods, and there is a diversity of datasets available about thoracic problems,
allowing for more complex methods of XAI.

Taking into consideration the results obtained with RQ2, we can assert that the studies
that indicate the method used were those that generated visual explanations and used
post hoc methods, as can be seen in Figure 12a,b. This is due to the lack of diversity in the
rest of the explainability approaches; for example, all studies that aimed to generate text
explanations combined CNN and RNN.
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Figure 11. Heat maps comparing the results of RQ1 and RQ5. All articles that did not indicate the
type of XAI method used are shown. (a) In absolute values; (b) normalized results by column.
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Figure 12. Heat maps comparing the results of RQ2 and RQ5. All articles that did not indicate the
type of XAI method used are shown. (a) In absolute values; (b) normalized results by column.

3.8. RQ6: Post Hoc or Model-Based?

The work of [17] introduced a categorization of existing explainable techniques into
model-based and post hoc categories. A model-based technique is defined as the con-
struction of models that readily provide insight into the relationships they have learned.
The main challenge of model-based explainability is to come up with models that are simple
enough to be easily understood by the audience yet sophisticated enough to properly fit
the underlying data. A post hoc technique is defined as the analysis of a trained model
in order to provide insights into the learned relationships. When there is an interest in
more general relationships learned by a model, e.g., relationships that are relevant for a
particular class of responses or subpopulation, they use dataset-level explainability.

Figure 13 shows the different types of methods detected in the answers to RQ6. We can
see that most of the studies, 70.92%, use post hoc techniques, while 25.53% use model-based
methods. This difference is caused by the greater simplicity of the post hoc approach.

70
60

50

N
o

% of articles

W
=]

3.55

Posthoc Model based Model based & posthoc

Figure 13. Type of method used, obtained from the answers to RQ6. Vertical axis indicates the
percentage of articles for each category.
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Finally, we found a set of methods (3.55%) that combined both approaches. To combine
them, most articles used the results of the post hoc method as an input for the transparent
model to gain explainability as a whole.

Figure 14a,b allowed us to check which XAI method is considered post hoc or model-
based. We compared the results of RQ6 with those obtained with RQ5. Most of the
algorithm is only in one category; for example, all techniques of features visualization were
always considered as post hoc models, but some algorithms, even if they were a post hoc
model, could be used as a foundation for model-based techniques. Accordingly, 4.17%
of the studies that used CAM methods integrate them into models and, for this reason,
are categorized as model-based. The results of this comparison were expected, as the XAl
method is the element that determines if a method is post hoc or model-based.

Taking into consideration the results obtained with RQ1 and comparing them with
those obtained with this question, as shown in Figure 15a,b, we can see that the model-based
methods are predominantly used in the studies centered on thoracic problems. This can be
explained by the availability of comparatively large and high-quality datasets with thoracic
images, which allowed the use of more complex methods such as GANs or methods for
text generation. These results are also compatible with, and similar to, those obtained to
compare RQ1 and RQ5. The cause of this similarity is discussed in the previous paragraph.
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Figure 14. Heat maps comparing the results of RQ5 and RQ6. All articles that did not indicate which
type of XAI method used are shown. (a) In absolute values; (b) normalized results by column, values
in percentages.
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Figure 15. Heat maps comparing the results of RQ1 and RQ6. (a) In absolute values; (b) normalized
results by column.

The larger use of post hoc models was caused by their inherent simplicity in compari-
son to model-based approaches. The usage of model-based models requires more extensive
knowledge of the algorithm to accomplish the goal of both transparency and good per-
formance. In contrast, post hoc methods are simpler to use and require less expertise,
and can even be agnostic, meaning that they did not depend on the underlying method,
such as LIME.

3.9. RQ7: What Kind of Explainability Is Obtained?

This question aims to classify the reviewed studies depending on their respective
output. These outputs represented a different type of explainability, independently of the
underlying technique used. Distinct techniques could generate similar outputs. Figure 16
indicates the results obtained from this research question.

The authors in [3] proposed a taxonomy for the different types of explainability. Based
on this taxonomy, we identified three different types of explainability used for X-ray images:

*  Visual explanations. Techniques that aim to visualize the model behavior. In this
category, we include dimensional reduction techniques and saliency maps. The tech-
niques of dimension reduction, such as t-SNE (introduced in [62]), allowed for human
interpretations via the simplification of the handled data. Saliency maps were first
introduced in [63], aiming to visualize and identify the significant visual features from
an image for a model of artificial intelligence.

¢  Text explanations. A set of techniques based on text generation algorithms to obtain
explanations in natural language.

*  Explanations by example. Based on case-based reasoning (CBR), these are character-
ized by the search for a previously known image to explain the decision made by
artificial intelligence.

The findings of this question are highly related to those obtained with RQ5. Each of
the techniques used in the reviewed studies used one of the methods detected with RQ5.

We found that the kind of explainability most often used is a visual explanation. In par-
ticular, we found that 85.81% of the articles generated a saliency map. The predominance
of this technique was expected, taking into consideration that we reviewed articles that
analyzed X-ray images and that the technique was specially designed for image analysis.
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Figure 16. Kind of explainability found by answering RQ?. Vertical axis indicates the percentage of
articles for each category.

Text explanations were the second most common approach for explainability, used for
5.67% of the studies, and 2.12% of the articles were based on techniques of explanation by
example. One study proposed the creation of a numerical ratio to grade the probability of
the presence of disease.

The rest of the articles combined two or more of the previous techniques: saliency
maps and dimensional reduction techniques (2.836%), text explanations and saliency maps
(1.418%), saliency maps and explanations by example (0.709%), and disease ratios and
saliency maps (0.709%).

The results of this research question are highly related to those obtained in RQ1, RQ2,
and RQ5. The relation between RQ5, RQ2, and RQ1 is discussed in previous sections; thus,
it can be expected that similarities between them and RQ7 are found.

We found, in the comparison between RQ1 and RQ6, that the vast majority of model-
based methods were used for thoracic problems. This relation is also observable in the
relation between the results of RQ7 and RQ1, as can be seen in Figure 17a,b. Figure 18a,b
allowed us to check if there was some relation between the Al method used and the
kind of explainability obtained. We detected two different elements: a predominance
of saliency maps, without a meaningful difference between different AI methods, and a
relation between some kind of explainability and the Al method; e.g., text explanations are
almost only obtained with a combination of a CNN and an RNN. In Figure 19b, we can see
that the majority of articles that indicated which XAI method was used generated saliency
maps. By contrast, in Figure 19a, it is clear that all articles that did not indicate the XAI
algorithm or that used model-based approximations generated a vastly more diverse set
of algorithms.
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Figure 17. Heat maps comparing the results of RQ1 and RQ7. (a) In absolute values; (b) normalized
results by column, values in percentages.
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Figure 18. Heat maps comparing the results of RQ2 and RQ7. (a) In absolute values; (b) normalized
results by column, values in percentages.
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3.10. RQ8: What Metrics Are Used for the Evaluation of the Obtained Explainability Results?

We can see that most (81.56%) of the reviewed articles did not evaluate the explain-
ability of the method, as can be seen in Figure 20. For this reason, these articles did not
use any metrics for explainability. This is caused by the nature of the labels of the dataset.
Many datasets only have a binary label to indicate the presence of a disease, precluding the
results of the explainability from being compared to any ground truth. For example, most
of the methods based on visual explanation were unable to make comparisons with any
verified information.

To analyze the outcome of this research question, we did not take into consideration
the articles that did not make any measure of the results. The rest of the methods, as can
be seen in Figure 21, used 11 different metrics. We divided these metrics into two main
groups: metrics for segmentation and metrics for text generation.

Segmentation metrics were used by 28.947% of the articles analyzed. We classified four
different metrics in this category: the intersection over union (IOU) developed in [64] and
its multiple modifications, the mean intersection over union (mIOU), the intersection over
bounding box (IoBB), and the Dice coefficient, proposed independently in both [65,66]. All
of these metrics have been used for segmentation problems; in this context, they were used
to measure the performance of visual explainability techniques.
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Figure 20. Metrics used for the evaluation results of RQ8. Vertical axis indicates the percentage of

articles for each category.
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Figure 21. Metrics used for the evaluation results of RQ8, without considering the articles that did
not indicate which metric was used. Vertical axis indicates the percentage of articles for each category.

Four different metrics were used in the text generation methods: the Bilingual Evalua-
tion Understudy (BLEU)), first introduced in [67], the Metric for the Evaluation of Translation
with Explicit ORdering (METEOR), proposed in [68], ROUGE, a set of measures proposed
in [69], and Consensus-Based Image Description Evaluation (CIDEr), presented in [70]. All
these metrics were introduced to calculate the performance of standard text generation.
For these reasons, they were used in articles that made explainability through text explana-
tion, allowing the results obtained with expert annotations to be compared. Approximately
57% used one or more of these metrics.

We found four metrics in two different studies that were not suitable for any of the
two proposed groups. Two studies used the pointing game benchmark, proposed in [71],
which aims to compare the spatial selectiveness of top-down saliency maps. One study used
averaged recall, a metric designed for the CBIR (content-based image retrieval) algorithm.
Finally, one study used the Pearson coefficient to compare a ratio calculated by the model
with one calculated manually by experts.

As we can observe, the metric used is highly related to the data used (RQ3) and the
kind of explainability (RQ7). The metrics used depend on the output obtained, as in the
case of text generation methods that use a specific kind of measure. Furthermore, they can
only be applied to specific data types. For this reason, we can relate the datasets used to
their respective metrics.

4. Limitations of the Review

This systematic review considered 141 studies to evaluate and assess the performance
of various explainability algorithms in the X-ray image context. The limitation of this review
is that only 16 of the 141 studies compared the results of multiple XAI methods. Therefore,
the comparison between different algorithms is not conclusive. The other limitation is that
the study selection bias threatens this review’s validity. The selection of studies depends
on the search strategy, literature sources, and selection criteria. We defined the search
query using the RQs. Furthermore, we retrieved the relevant studies from five electronic
databases. However, some relevant studies may not have used the terms related to the
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RQs. Therefore, we may have excluded these studies. To reduce this threat, we manually
scanned the references and citation list of each relevant study to search for other relevant
studies that were not included in the initial search. We believe that the number of studies
that we missed is small.

5. Guidelines for Practitioners and Scientists

The findings from this systematic literature review inspired us to define some guide-
lines for practitioners and scientists. The goal of these recommendations focuses on the fact
that the field requires more robust research methods, more clarity in dissemination, more
reproducibility, and more explainability metrics. The use of explainability should help to
improve and upgrade Al models and to yield accomplishments in legal, ethical, and social
aspects. From our results and discussion, we derived the following guidelines:

5.1. Reproducibility

Twenty-nine studies were fully reproducible. We recommend publishing the datasets
and algorithms used. We also recommend publishing the raw data of the results to facilitate
others researchers to compute other metrics. This would provide an accurate comparison
between different approaches in solving the same problems. To facilitate this task, the au-
thors could carry the proposed QA out and respond to the proposed RQ before submitting
any work.

5.2. Explainability Metrics

In this SLR, 81.56% of the reviewed articles did not evaluate the explainability of the
method and did not use any metrics for explainability. Among the studies that did use
metrics, we observed that most of them were based on text explanation generation and that
the existence of metrics helps to obtain more useful methods.

According to [4], what is missing is a standard procedure to measure, quantify,
and compare the explainability of enhancing approaches that allow scientists to com-
pare these different approaches. In the case of classification, the metrics are clear (raw data,
accuracy, recall, and the F1 score, among others). According to [72], most of the work about
explainability relies on the authors’ intuition, and an essential point is to have metrics that
describe the overall explainability with the aim to compare different models regarding their
level of explainability.

The authors in [73] discussed specific methods for evaluating the performance of an
explanation for an Al system. Regarding healthcare diagnosis, the authors in [74] explained
that understanding the classification through appropriate explanations helps users to trust
the system.

For diagnostic support using X-ray image analysis, experts need reasons or justifica-
tions for any result of the Al system, particularly when unexpected decisions are made [2].
Moreover, measuring explainability is not only for justifying decisions; it can also prevent
errors. Understanding system vulnerabilities can help to avoid erroneous predictions of
the system. Therefore, future studies must compare the performance of the explainability
to analyze and discuss the results. All studies should use standard metrics to measure their
performance. These metrics differ depending on the explainability type obtained. In the
case of medical images, this comparison should be performed with expert information.

5.3. Upgrade and Discover

We did not find any study that applies the information obtained from the explainability
to upgrade the original model. A model that can be explained and understood is one that
can be more easily improved. Thus, XAI could be the foundation for ongoing iterations
and improvements between humans and machines [2].

Moreover, XAl can be useful to discover new facts. If XAl models indicate something
unknown in X-ray image analysis, experts must analyze it to determine whether it is a new
discovery or an error of the system [2].
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Therefore, future studies should concentrate on this approach to improve the results
of the backbone model. It is also advisable to use the information obtained from the XAI
algorithm to improve the knowledge of the disease and/or the diagnosis (if applicable).
The explainability results can produce new insights into the original problem.

5.4. Legal, Ethical, and Social Aspects

None of the reviewed studies applied the information obtained from the explainabil-
ity to detect biases or to check for accomplishments in legal, ethical, and social aspects.
Compliance with these issues is a priority for Al systems in X-ray image analysis contexts
because they affect humans and can help experts and society to adopt such systems.

In addition, X-ray image analysis using Al must offer to defend algorithmic deci-
sions in an auditable and demonstrable way to be fair and ethical, which leads to trust-
building [2]. Moreover, methods must comply with legislation, such as the General Data
Protection Regulation (GDPR) in the EU, which includes the right to explanation [75]. There-
fore, future studies should use explainability results to verify these aspects.

6. Conclusions

This systematic literature review investigated explainable artificial intelligence for
X-ray image analysis. We defined and answered several research questions to analyze the
state of the research in this area according to [15] guidelines. The primary findings are
summarized as follows:

*  RQI. The different purposes found in the reviewed articles can be grouped into two
main groups: methods that analyzed chest X-ray images and methods that analyzed
bone X-ray images.

* RQ2. Many different AI models were used as a backbone for the XAI algorithms,
but all of them, except one, used different implementations of CNNs. All studies used
deep learning algorithms because of their good results in comparison to non-deep
methods (e.g., decision trees and logistic regression) and the fact that most of these
algorithms are explainable by themselves.

e RQ3. There were several datasets used in this context. All datasets used can be
grouped depending on the anatomy region they describe. The results of this research
question are coherent with those obtained with RQ1. We identified mostly two types
of datasets: bone-related diseases and lung-related diseases.

*  RQA4. Our findings show that the majority of the methods are not open. Of those that
freely share their code, the most used platform was Github.

*  RQ5. The reviewed studies used many different XAI methods. Most of them produced
saliency maps. The usage of CAM techniques stands out, with more than half of the
reviewed articles using them. The predominance of these techniques is highly related
to the kind of data handled, the X-ray images, and the backbone methods (CNNSs).

*  RQ6. Using the taxonomy proposed in [3], we classified the reviewed studies by the
method used: post hoc methods, model-based methods, or a combination of both. We
compared them, and we detected the predominance of post hoc models. We found
that the cause of this predominance was the simplicity of these methods compared to
model-based algorithms.

e RQ7. We identified three different kinds of explainability obtained in the reviewed
studies: visual explanation, text explanation, and explanation by example. All these
three categories are highly related to the method used, which is based on RQ5.

¢  RQ8. Our findings show that most of the reviewed articles did not use any metrics
to measure the quality of the explainability. Only 18.46% of the articles used them.
The methods that used metrics can be divided between those based on text generation,
which used metrics to compare the generated text with ground truths, and those that
output visual explanations. In this case, the metrics used were those typically used
for segmentation metrics. This research question allowed us to see the absence of
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measurements in these methods and to see how metrics are heavily related to the data
used (RQ3) and the kind of explanation (RQ7).

Apart from these research questions, we evaluated the quality of the reviewed articles
utilizing a set of quality assessment (QA) questions. From the results of answering these
questions, we found that the overall quality of the articles is satisfactory, but that there are
some problems and weaknesses in the methods used.

From these findings, we have proposed guidelines to try to overcome these problems.
Basically, our recommendations and guidelines focus on the fact that the field requires
more robust research methods and more explainability metrics, which is evident from our
investigation of RQ8 and our questions regarding different quality assessments. The fact
that the results of XAl algorithms are measured subjectively showed that these results
suffer from biases, as indicated in [72], making an objective comparison between different
XAI methods and any measurement of the performance of the methods used impossible.
At the same time, this lack of metrics made the algorithm incapable of carrying out an
initial justification for the XAl algorithms proposed in [2]. Addadi and Berrada justified
the need for an explainable algorithm in the medical field to verify, upgrade, discover,
and handle legal and ethical aspects of the black-box models. Without any kind of measure
of the performance, all previous objectives are not satisfied. An objective and simple metric
that can objectively measure the confidence of the XAI methods are needed to overcome
these problems.

Current Challenges and Future Directions

We obtained two main conclusions from the SLR. First, researchers that apply explain-
able methods do not evaluate them properly as they do not apply any metrics; this fact
makes comparison with future advances in this field difficult. Second, results obtained
from explainability are not used to improve the classifiers and to check the accomplishment
of ethical and legal issues.

The current challenge is that with this lack of assessment and of improvement of the
Al models from explainability results, there is no real applicability of the XAl models. As a
future direction, researchers must assess the XAI methods to know the level of explanation
and must improve the AI models from explainable results, in terms of improving the results
and/or to ensure the accomplishment of ethical and legal issues. This paper intends to
describe the state of the art of this field proposing a way to unify the future research.
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