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Abstract: Thalassemia is an autosomal recessive genetic disorder that affects the beta or alpha
subunits of the hemoglobin structure. Thalassemia is classified as a hypochromic microcytic anemia
and a definitive diagnosis of thalassemia is made by genetic testing of the alpha and beta genes.
Thalassemia carries similar features to the other diseases that lead to microcytic hypochromic anemia,
particularly iron deficiency anemia (IDA). Therefore, distinguishing between thalassemia and other
causes of microcytic anemia is important to help in the treatment of the patients. Different indices and
algorithms are used based on the complete blood count (CBC) parameters to diagnose thalassemia. In
this article, we review how effective artificial intelligence is in aiding in the diagnosis and classification
of thalassemia.

Keywords: artificial intelligence; thalassemia; diagnosis; B-thalassemia; iron deficiency anemia

1. Introduction

Thalassemia is an autosomal recessive inherited genetic disorder, which is classified
as hypochromic microcytic anemia [1]. The degrees of hypochromic microcytic anemia
in thalassemia vary depending on the genetic defects of alpha-globulin or beta-globulin
genes [2]. It was found that 5% of the world’s population has a globin variant with 1.7%
with alpha-thalassemia or beta-thalassemia trait. Men and women are affected equally by
thalassemia [3,4]. Thalassemia is predominant in the Mediterranean, African, and Southeast
Asian populations [5,6]. The hemoglobin structure is made normally of two alpha and two
beta chains [7]. Thalassemia is characterized by a defect in the alpha chain or the beta chain,
which will lead to the alpha-thalassemia and beta-thalassemia diseases, respectively [8]. B-
thalassemia is the most common type of thalassemia diseases [9]. Moreover, B-thalassemia
is classified according to the severity into thalassemia major, thalassemia intermedia,
thalassemia minor, and silent thalassemia [10]. Patients with thalassemia minor are usually
asymptomatic and do not require treatment. Most patients with thalassemia minor are
diagnosed incidentally when their blood test shows a mild hypochromic microcytic anemia.
There are many causes of hypochromic microcytic anemia, mainly iron deficiency and
thalassemia and sideroblastic anemia. Other parameters are used, such as the mean
corpuscular volume (MCV) and the red blood cell distribution width (RDW), in addition to
the patient’s history to exclude the other causes of thalassemia [11,12]. The RDW is the most
important parameter used to differentiate between iron deficiency anemia and thalassemia.
The RDW value is higher than the normal value in 90% of patients with iron deficiency,
but in only 50% of patients with thalassemia [13,14]. Additional investigations required
the establishment of the diagnosis including serum ferritin, peripheral smear, hemoglobin
electrophoresis, and serum lead level [12]. However, the diagnosis of thalassemia subtypes
can be established only using the genetic analysis for the x- and (3-globin genes [12].
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Thalassemia major is the most severe form of thalassemia and it is characterized by
severe anemia and skeletal deformities, which requires blood transfusions for survival [15].
However, long-term blood transfusion has many complications on the different body
systems due to the depositions of iron in different organs. Iron overload affects all the
body organs, particularly the heart, liver, and the endocrine system organs. Therefore,
transfusion-dependent patients will develop iron overload and require chelation therapy
to remove the excess iron and decrease the complications of iron overload [16-18].

To date, there are three major classes of iron chelators: Hexadentate (deferoxamine
[DFO], Desferal®, Novartis Pharma AG, Basel, Switzerland), in which one atom of iron is
bound to one DFO molecule; bidentate (deferiprone, [DFP] Ferriprox®, Apotex Inc., Toronto,
ON, Canada), in which one atom of iron is bound to three DFP molecules; and tridentate
(deferasirox [DEX], Exjade® and Jadenu®, Novartis Pharma AG, Basel, Switzerland), in
which one atom of iron is bound to two DFX molecules [19]. The intensive demands and
uncomfortable side effects of therapy can have a negative impact on daily activities and
well-being, which may affect adherence to treatment [20]. The new tablet DEX formulation
(Jadenu®) was developed to overcome these tolerability issues and is the only once-daily
oral iron chelator that can be swallowed with a light meal, without the need to disperse into
a suspension prior to consumption [21]. However, it was found that short-term treatment
with Jadenu® is safe, but is associated with a non-significant decrease in LIC and serum
ferritin levels [21].

There are many complications of thalassemia. One of the complications is the de-
crease in fertility in men by affecting the sperms’ motility, count, and morphology [22]. A
recent study showed a significant increase in the levels of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH), in addition to the count and motility of the sperms
7 days after the initiation of blood transfusion therapy in thalassemic patients. Moreover,
blood transfusion plays a critical role in decreasing the risk of osteoporosis in thalassemic
patients by increasing the insulin-like growth factor-1 (IGF) and IGF-binding protein-3
(BP) secretion [23,24]. This is due to the fact that the IGF-1 is a key hormone and plays a
major role in cell growth and protein turnover, acting as the primary mediator of many of
the responses regulated by GH in tissues [25]. In addition, a recent study showed that a
denosumab therapy for 1 year is associated with increased bone mineral density (BMD) at
the lumbar spine (LS) and femoral neck (FN) of patients with beta-thalassemia major (BTM)
and was associated with a rapid and sustained reduction in type 1 collagen carboxy telopep-
tide (ICCT) levels [26]. The thyroid gland is commonly affected in thalassemic patients.
Primary hypothyroidism is the most common disease, and it occurs due to abnormalities
of the thyroid gland. However, central hypothyroidism (CH) has been reported as well
in thalassemic patients due to damage to the pituitary gland, but it is less common than
primary hypothyroidism. The diagnosis of this condition is usually made on a biochemical
basis showing low circulating concentrations of thyroid hormone associated with an in-
appropriately low TSH level [27]. Furthermore, insulin hormone resistance is one of the
complications in thalassemia, and the use of continuous glucose monitoring system (CGMS)
is the most reliable method in the diagnosis of insulin resistance and hyperglycemia in tha-
lassemic patients [28]. Additionally, progressive GFR decline through the typical pathway
of hyperfiltration—albuminuria—progressive renal injury, leading to the progression of
chronic kidney disease (CKD) [29,30]. A recent study showed that the renal stress test (RST)
can be used in a 3-TM population to evaluate the decline in the renal function and correlate
it to the iron overload, as well as to provide a guide parameter in assessing patients” renal
injury and their susceptibility to AKI [31]. There are multiple indices which are derived
from the complete blood count parameters to differentiate between thalassemia and other
diseases, which include the hemoglobin (Hb), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), mean corpuscular volume (MCV), and
the red blood cell distribution width (RDW).

MCYV evaluation is a useful tool for screening for x-thalassemia-1 and 3-thalassemia
traits during pregnancy due to its simplicity, low cost, and high sensitivity. Positive MCV
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tests (<80° fl) showed a sensitivity of 92.9% and specificity of 83.9% in screening for «-
thalassemia-1 and (-thalassemia traits, respectively. The positive predictive value and
negative predictive value were 37.9% and 99.1%, respectively. Examples of these indices
include Shine and Lal (S&L), Ricerca, Green and King (G&K), RDW index, and mean
cell hemoglobin density (MCHD) index [14,32-36]. Among these indices, the Green-King
index and RDW index are the most commonly used due to their high sensitivity and
specificity [32]. Therefore, artificial intelligence can play a crucial role in diagnosing and
differentiating thalassemia from other diseases, particularly iron deficiency anemia, which
is important for guiding the management of the patients [37,38].

2. Materials and Methods
2.1. Data Sources and Search Strategy

Our search strategy was developed using PubMed’s Medical Subject Headings (MeSH)
terms, along with other title and abstract keywords. For our disease of interest (thalassemia),
we included terms related to thalassemia diseases and its subtypes, such as “B-thalassemia”,
“A-thalassemia”, “Thalassemia”, and other terms of this nature to avoid missing any related
articles. To include articles discussing the use of Al in thalassemia, we also included terms
for machine learning (ML), such as “artificial intelligence”, “machine-learning”, “Al”, and
“indices”. All the studies identified by the search strategy were moved into EndNote where
duplicates were removed. A total number of 28 studies were found in the database. Out of

the 28, 16 studies were included in the review.

2.2. Inclusion Criteria

This review included original research articles that discuss the use of ML algorithms
in the various types of thalassemia in humans. Full text articles that submitted abstracts
and conference abstracts were all included within our study. Studies were excluded from
our study for the following reasons: (1) Animal studies, (2) reviews or non-original articles,
(3) non-English articles.

2.3. Data Collection and Extraction

The data that have been collected in this paper include the type of study, publication
year, outcome assessed, model utilized, mode evaluation (sensitivity, specificity, accuracy,
area under the curve), and strengths and limitations.

3. Results
3.1. Artificial Intelligence in Diagnosing Thalassemia

It is crucial to differentiate between thalassemia and other causes of microcytic anemia
to decrease the number of investigations needed and help the physicians focus on the
clinical evaluation and management of non-thalassemia diseases by skipping unnecessary
tests. As a result, the importance of Al in diagnosing thalassemia is increasing and different
indices and web-based prediction tools are developed to aid in the diagnosis of thalassemia
and help in reducing the resources and investigations ordered by the physicians to distin-
guish between thalassemia and the other non-thalassemia causes of microcytic anemia.

There are different machine learning algorithms that are used to diagnose thalassemia
using complete blood count (CBC) parameters with high sensitivity and specificity values.
A model proposed by AlAgha et al. used the k-nearest neighbor (k-NN), Naive Bayesian
(NB), decision tree (DT), and multi-layer perceptron (MLP) neural network classification
algorithms. The k-NN is a classification algorithm which works by classifying unknown
instances based on the nearest known instances. The main idea of this algorithm is that
instances that are located close to each other are likely to belong to the same class. However,
instances that are distant from each other are less likely to belong to the same class. The
MLP, which is a type of artificial neural network (ANN), works by distributing neurons
over several layers, which are an input layer, an output layer, and one or more hidden
layers. In MLP, neurons in the input layer receive the data, and then the neurons in



Diagnostics 2023, 13, 1551

40f12

the hidden layer process and send them to the output layer. For the decision process, a
mathematical function called the “activation function” is defined. The Naive Bayesian
classifier adopts the idea that the effect of a certain feature on a given class is independent
to the existence of any other feature, which is designed based on Bayes’ theorem. Decision
trees are machine-learning models represented as tree structures, where each internal node
is a condition on a selected feature and each branch of the node is a result of its condition.
In this method, to overcome the problem of the highly imbalanced class distribution in
the dataset, a balancing technique called SMOTE is proposed and applied to handle this
problem. Figure 1 shows the use of the SMOTE technique on the training data. This model
successfully reached a sensitivity and specificity of 98.4% and 98.7%, respectively [39]

Oversampled

Training training dataset

dataset

Training

=" 2> |“eee’ [=> | cusster
A

Testing

Figure 1. Illustration of the cross-validation scheme with the SMOTE oversampling applied only on
the training data.

A new index was established based on a mathematical formula to discriminate be-
tween iron deficiency anemia (IDA) and thalassemia trait (TT). The used values of the
hematological parameters of 23 patients with TT and 83 patients with IDA were confirmed
using gold standard tests. The gold standard test for diagnosing TT is an HbA2 level of
more than 3.5% and the gold standard is low serum ferritin in IDA. The adjusted formula of
the new index developed in this study is Matos and Carvalho Index (MCI) = (1.91 x RBC) +
(0.44 x MCHC). According to the ROC curve, the MCI presented a cut-off point with a value
of 23.85 to discriminate between IDA and TT. If the index is <23.85, the patient is classified
as an IDA patient, while values >23.85 classify the individual as a TT carrier. Moreover,
TT simple decision tree based on indices were used in the diagnosis of thalassemia. To
validate the new index, a new cross-sectional study was conducted from 2009 to 2011 in
two different hospitals and a total of 227 outpatients were included in the study. Figure 2
shows the receiver operating characteristic curve for the Matos and Carvalho index. The
sensitivity of the index is 99.3% and specificity is 76.6%, respectively [40].

A neural network-based model was proposed for the accurate and timely identification
of IDA and f-thalassemia discrimination. Artificial neural network (ANN) is an effective
screening method for the initial diagnosis and management of diseases. The algorithm
of the ANN is based on the processing of experimental data (input), and transfers the
knowledge or logical data model (hidden layer) into a network structure. Figure 3 shows
a comparison of artificial neural networks (ANN) and biological neurons. In the study,
the information of 268 patients was selected and divided into two groups of IDA and
thalassemia. The random sampling technique was used regardless of the sex and age
criteria. All patients with thalassemia had HbA2 levels above 3.5% and iron deficiency
was confirmed by the ferritin test (<8.0 ng/mL) in women and (<28.0 ng/mL) in men. The
architecture of the proposed ANN is shown in Figure 4. The model showed sensitivity of
93.13% and specificity of 92.33%, respectively [41].
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Figure 2. The receiver operating characteristic curve for the Matos and Carvalho index.
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Figure 3. Comparison of artificial neural networks (ANN) and biological neurons.
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Figure 4. The architecture of the proposed artificial neural network (ANN).
Moreover, algorithms based on the principal component analysis (PCA) were used to

diagnose thalassemia. The data used in this model are composed of six which are sex, age,
Hb, Hct, RBC, and RDW. Specifically, Hb is hemoglobin, Hct is hematocrit, RBC is the red
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blood cell count, and RDW is the red cell distribution width. Then, the data were analyzed
to know the possible impact of each parameter on the classification. Principle component
analysis (PCA) along with two- and three-dimensional plots of the dataspace were used
for this purpose. In order to rank the impact of the parameters and determine which
parameters to plot in the analysis, five feature selection methods were used and the results
are presented in Table 1. In all cases, RBC is found to be the most important feature, with
RDW identified as the second most important four out of five times. Gender is removed
by the feature selection methods and ranked last by the methods that rank features. The
results show that machine-learning classifiers produce good overall accuracy and are able
to identify instances of the co-occurrence class in contrast to the existing methods [42].

Table 1. The feature ranking order.

Method Feature Ranking Order
cfsSubsetEval RBC, RDW

Attribute Correlation RBC, age, RDW. Hb, Hct

Gain Ratio RBC. RDW. Hb. age, Hct, gender
Symmetrical Uncertainty RBC. RDW. Hb, age, Hct, gender
Information Gain RBC. RDW. Hb. age, Hct, gender

However, pattern-based input selection artificial neural network (PBIS-ANN) archi-
tecture was used for the diagnosis of thalassemia. A brief illustration of the proposed
method has been shown in Figure 5. The dataset contains 532 CBC samples from IDA
and B-TT subjects. The results of the new mode showed higher efficacy compared to
some of the popular traditional methods, such as Mentzer index (MI) and the multilayer
perceptron (MLP). Sensitivity (SENS), specificity (SPEC), positive predictive value (PPV),
negative predictive value (NPV), accuracy (ACC), and Youden’s index (YI) were used for
comparison [43].

start )

.
Get the CBC indices for
cach samples
X

The collected data must be treated as a matrix that cach
row contains an index of CBC and cach column contains

one of the collected CBC samples. ) A
Calculation the
¥ coellicient of
Design a proper ANN regarding interference (COI),
chosen indices of CBC as the [« regarding Table 3, for
inputs and test its performance cach similar row and
climinate the row with
N higher COI
First S Yes ¥

_teration - —_— 4
Find the pair of rows

No | ) with maximum
Y similarity regarding
table 2
< compare performance > ¥
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¥
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A A
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Figure 5. The proposed architecture naming pattern-based input selection artificial neural network
(PBIS-ANN).
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An article published by Laengsri et al. in 2019 discussed a new web-based prediction
tool called ThalPred for discriminating thalassemia trait from iron deficiency anemia in
Thailand. The study collected the data retrospectively from patients with hypochromic
microcytic anemia from different health centers in Thailand between the period from July
2014 to September 2016. They used five machine-learning models, including k-nearest
neighbor (k-NN), random forest (RF), and artificial neural network (ANN) to construct a
discriminant model. Thereafter, the performance was assessed and compared with multiple
other existing indices. The authors were able to establish a web-based tool, by which users
can easily achieve their desired screening test result without the need to carry out the
underlying mathematical and computational details, and they achieved prediction results
with an external accuracy, MCC, and AUC of 95.59, 0.87, and 0.98, respectively [44].

Another study by Yi-Kai Fu et al., which was performed in Taiwan to establish an index
for the diagnosis of thalassemia using a total of 350 Taiwanese adult patients, retrospectively
reviewed their anemia diagnosis, complete blood cell counts, and hemoglobin gene profiles.
Then, the authors applied multiple existing indices on their cohorts, and compared the
sensitivity, specificity, positive, and negative predictive values. The new index established
by the author showed an average AUC of 0.76 and average error rate of 0.26, which
surpassed all other indices. However, their approach needs to be validated in other studies
or a larger database [45].

A paper published by Golosio et al. compared two techniques that used artificial
intelligence and pattern recognition in the diagnosis and classification of thalassemia
patients, which are the support vector machine (SVM) and the k-nearest neighbor (k-NN).
These techniques were used to distinguish between thalassemia and non-thalassemia, and
then among the thalassemia patients, the authors classified patients into alpha-thalassemia
cases or beta-thalassemia cases. Sensitivity and specificity were used to compare the
two methods.

Both techniques showed high specificity that reached 95% in differentiating between
thalassemia patients and healthy subjects. However, the sensitivity of MLP is 92% compared
to 83% in the SVM method [46]. Another article discussed how the neural network can
be used in diagnosing thalassemia. The method is evolved by genetic programming (GP),
which used the values of red blood cells, reticulocytes, and other blood test parameters [47].

An article showed that the classification methods using machine-learning techniques
mostly depend on the quality of the data used in the learning process. In the paper, they
discussed how the data of beta-thalassemia are used to develop a method for screening
thalassemia using the MCH, MCV, and hemoglobin values [48]. It was proven by another
study that machine learning can be used by physicians to aid in the screening and diagnosis
of thalassemia and other Hb variants, which is carried out using different classifiers. For
instance, the decision tree and random forest classifiers were proven to be the main methods
in terms of classifying the Hb variants. Moreover, studying a large number of samples may
help in generating greater precision and F1-score values, which imply greater accuracy [49].
Moreover, two predictive methods were established, one method for the detection of B-
thalassemia trait (BTT), and the other for the identification of hemoglobin E (HbE) trait
and BTT using the decision tree, Naive Bayesian classifier, and artificial neural network.
After validation of the scores, the scores showed sensitivity of 100% of both the scores with
their respective threshold values. The results revealed the specificity of the screening scores
to be 79.25% and 91.74% for BTT and 58.62% and 78.03% for the joint score of HbE and
BTT, respectively. This index showed high sensitivity and specificity compared to Youden’s
index. As a result, the proposed scores can obviate a large portion of the population from
expensive high-performance liquid chromatography (HPLC) analysis during the screening
of BTT, and joint determination of BTT and HbE, respectively, thereby saving significant
resources and cost that are currently being utilized for screening purposes. Table 2 shows a
comparison of some of the existing indices using the proposed method [50].
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Table 2. Comparative outcomes of proposed scoring mechanisms with existing indices that are used
to diagnose the thalassemia disease.

Index Formula BTT Sensitivity Specificity PPV NPV  Efficiency Youden’s Index
Mentzer [11] MCVRBC <13 70.31 96.28 86.54 90.50  89.68 66.59
Srivastava [51] MCHRBC <3.8 62.50 97.34 88.89 88.40 8849 59.84
Shine and Lal [52] MCV2 x MCH100 <1530 95.31 79.79 61.62 98.04 8373 75.10
Jayabose, et al. [33] MCV x RDWRBC <220  64.06 90.96 70.69 88.14  84.13 55.02
Sirdah, et al. [32] MCV —RBC —3Hb <27 64.06 97.34 89.13 88.83  88.89 61.40
Ehsani, et al. [35] MCV — 10RBC <15 68.75 96.81 88 90.10  89.68 65.56

BTT: Beta-thalassemia trait; PPV: Positive predictive value; NPV: Negative predictive value.

Additionally, a decision support system to distinguish between f3-thalassemia and
iron deficiency anemia was developed. Logistic regression, k-nearest neighbor, the support
vector machine, extreme learning machine, and regularized extreme learning machine
classification algorithms were used in the proposed system (Table 3). Classification per-
formance was evaluated using accuracy, sensitivity, F-measure, and specificity parameters
obtained from 342 patients and showed 96.30% accuracy for female gender and 94.37% for
male gender [53]. A new method that uses a new technique called feature fusion was devel-
oped to classify the patients with hypochromic microcytic anemia and know whether the
cause of the anemia is due to thalassemia or other causes. Feature fusion indicates the use of
blood smear image features, which are extracted by the deep convolutional neural network
(CNN), in addition to the clinical values of the complete blood tests. This combination will
be used to have a better prediction of the cause of the microcytic hypochromic anemia. K-
nearest neighbor (k-NN), support vector machine (SVM), and neural network classification
models were used in this study to predict the causes of the microcytic hypochromic anemia.
The method was applied, and the feed-forward-back-propagation neural network achieved
99% accuracy, 100% sensitivity, and 98% specificity, respectively [54].

Table 3. Performance metrics and outcomes for the best models used in the diagnosis of thalassemia
disease in the included full-text articles.

Study Outcomes AUC ACC SE SP
AlAgha, et al. [39] Idte}rl‘;ig;:;ﬁ; of  998%  998%  995%  995%
Matos, et al. [40] Identification of oo 950 ze7en  99.3%
thalassemia
Kabootarizadeh L, etal, [41]  \dentification of — 925%  931%  92.3%
thalassemia
Jamei, M.K. [43] Idf;‘ﬁgg:iﬁf; of - 98%  97.7%  98.4%
Purwar, S, et al. [52] Identification of - 9%  100%  98%
thalassemia
Ullah, Z., et al. [44] Identification of - . 100%  93%
thalassemia

AUC: Area under the curve; ACC: Accuracy; SE: Sensitivity; SP: Specificity.

3.2. Artificial Intelligence (Al) and the Complications of Thalassemia

One of the major complications of thalassemia is iron overload, which results from
blood transfusions. Al is now being used in measuring the amount of iron in the organs
to help in the prevention and treatment of thalassemia complications. There are many
limitations to measure the iron concentration in different organs of the body. For instance,
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in the liver, this is due to the limitations in measuring serum ferritin and performing
liver biopsy to know the iron liver iron concentration (LIC). A recent study was carried
out to evaluate the performance of an automated deep-learning-based medical device
(DLA R2-MRI) for measuring liver iron concentration from MRI using an independent
multi-scanner dataset. They used 1395 datasets from 66 different scanners submitted for
expert manual analysis using spin-density projection assisted (SDPA) R2-MRI (the reference
standard). The sensitivities and specificities of the automated system for predicting LIC
values were >90% [55]. MRI approach by estimation of the liver T2* value is the most
established evaluation technique for liver iron. A recent retrospective study aimed to
develop a new deep-learning method for an evaluation of the iron content in the liver using
the T2* value. A total of 1069 thalassemia major patients enrolled in the core laboratory of
the Myocardial Iron Overload in Thalassemia (MIOT) network, which were included in
the training (80%) and test (20%) sets. Four deep-learning convolutional neural networks
(HippoNet-2D, HippoNet-3D, HippoNet-LSTM, and an ensemble network HippoNet-
Ensemble) were used to achieve unsupervised staging of LIC using five classes (normal,
borderline, middle, moderate, severe). The training set was employed to construct the
deep-learning model. The performance of the LIC staging model was evaluated in the test
set and in the external test set. The model’s performances were assessed by evaluating
the accuracy, sensitivity, and specificity with respect to the ground truth labels obtained
by T2* measurements and by comparison with operator-induced variability originating
from different regions of interest (ROI) placements. The results showed that the HippoNet-
Ensemble reached an accuracy significantly higher than the other networks, and a sensitivity
and specificity higher than HippoNet-LSTM. This indicates that the proposed HippoNet-
Ensemble network can perform unsupervised LIC staging and achieves a good prognostic
performance [56].

4. Conclusions

In the above-mentioned papers, it has been shown that machine-learning techniques
play a crucial role in the diagnosis of thalassemia disease. This review describes the effective
parameters for the diagnosis of thalassemia based on the CBC test. The classification
performance of KNN, MLP, NN, decision tree, and support vector machine were evaluated.
The results from the papers have shown that the neural network is the best method
for diagnosing thalassemia and other blood diseases using parameters, such as MCH,
MCHC, and RDW. Additionally, the most effective factors for diagnosing thalassemia
are RBC, HGB, MCV, and Hematocrit, which help in diagnosing the disease in a person
through an examination of these parameters. Moreover, the studies showed that the signed
sigmoid was the best activation function in the input layer. Furthermore, early diagnosis of
thalassemia helps in deciding on its treatment and preventing the severity of the disease
and its consequences.
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