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Abstract: In this work, we aimed to establish subgroups of clinical severity in a global cohort of

[-thalassemia through unsupervised random forest (RF) clustering. We used a large global dataset of

7910 B-thalassemia patients and evaluated 19 indicators of phenotype severity (IPhS) to determine

their contribution and relatedness in grouping (3-thalassemia patients into clusters using RF analysis.

RF clustering suggested that three clusters with minimal overlapping exist (classification error rate:

4.3%), and six important IPhS were identified: the current age of the patient, the mean serum ferritin
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level, the age at diagnosis, the age at first transfusion, the age at first iron chelation, and the number
of complications. Cluster 3 represented patients with early initiation of transfusion and iron chelation,
considerable iron overload, and early mortality from heart failure. Patients in Cluster 2 had lower
serum ferritin levels, although they had a higher number of complications manifesting overtime.
Patients in Cluster 1 represented a subgroup with delayed or absent transfusion and iron chelation,
but with a high morbidity rate. Hepatic disease and cancer were dominant causes of death in patients
in Cluster 1 and 2. Our findings established that patients with (3-thalassemia can be clustered into
three groups based on six parameters of phenotype severity.

Keywords: classification; phenotype; clustering

1. Introduction

The -thalassemias are recessively inherited disorders of hemoglobin synthesis result-
ing from mutations in the 3-globin gene cluster and defective 3-globin chain products [1,2].
In homozygous and compound heterozygous patients, the disease is primarily character-
ized by an imbalance in the o/ 3-globin chain ratio, ineffective erythropoiesis and peripheral
red cell hemolysis, leading to chronic anemia. The severity of anemia and the subsequent
requirement for transfusion therapy depend on the severity of inherited 3-globin mutations,
the co-inheritance of «-thalassemia or genetic determinants that sustain fetal hemoglobin
production, as well as other tertiary genetic and environmental factors [3]. Historically,
affected patients were commonly classified into two groups, 3-thalassemia major or inter-
media, based on the time of presentation, severity of anemia, and subsequent dependence
on regular transfusion therapy [4]. More recently, this classification was revisited, and
the terms transfusion-dependent {3-thalassemia (TDT) and non-transfusion-dependent
-thalassemia (NTDT) are now more commonly used to classify patients, as they highlight
the essential role of transfusion therapy (or lack thereof) in disease pathophysiology and
management needs [5,6].

The modern understanding of NTDT establishes that even without transfusion, these
patients can go on to develop multiple serious morbidities attributed to primary iron
overload and hypercoagulability; thus, their clinical severity may be worse than previously
recognized [5,7,8]. On the contrary, well-managed patients with TDT have seen marked
reduction in morbidity and mortality risk from transfusional siderosis in view of advances
in iron overload imaging and chelation in the past 20 years [9]. In fact, there is preliminary
evidence that prognosis in both patient populations can be similar [10]. Moreover, although
the majority of patients with TDT share a relatively similar clinical profile, there seems to
be a wider range of disease severity in the NTDT group, with patients at the extreme end
of the spectrum potentially requiring regular transfusion therapy to promote growth and
development or for morbidity management or prevention [5,11]. Moreover, a considerable
subset of patients with NTDT and TDT may transition to the opposite class. Instances
of disease progression over time in NTDT have been observed, while patients with TDT
responding to novel therapies may end up with considerably reduced or abolished trans-
fusion requirement [6]. Thus, there is a need to explore alternate grouping methods that
take into consideration a wider set of demographic, clinical and laboratory parameters that
reflect clinical severity. In this work, we aimed to establish subgroups of clinical severity in
a global cohort of 3-thalassemia through unsupervised random forest (RF) clustering.

2. Materials and Methods

An International Health Repository (IHR) protocol, approved on 25 May 2017, by the
Italian Ethical Committee (EudraCT and Sponsor’s Protocol Code Numbers were 2017-
004457-17 and 143A0OR2017) was established to allow the collection of relevant data [12].
Thalassemia centers of excellence from seven different countries participated in retrospec-
tive data collection (Supplementary Table S1).
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The dataset included 7910 patients who attended the centers from the time of their
diagnosis with -thalassemia onwards. 3-thalassemia diagnosis was confirmed by clin-
ical and molecular studies at all participating centers. For this work, the retrieved data
represented patients’ characteristics at the time of diagnosis as well as their clinical profile
at a specific date of last observation or death between July 1997 and October 2018. For
continuous variables, a mean value of the last five observations was reported for patients
with more than one measurement.

Nineteen different variables were considered for each patient, and these were defined
a priori during the International Working Group on Thalassemia IWG-THAL) meeting
held in Palermo (Italy) on 15 and 16 September 2017. IWG-THAL members, with decades-
long experience in thalassemia care, agreed on these 19 variables for further exploration as
indicators of phenotype severity (IPhS), primarily based on their clinical expertise. These
included key demographic, clinical, and laboratory findings at diagnosis and follow-up, as
summarized in Table 1.

Table 1. Indicators of phenotype severity (IPhS) in p-thalassemia, chosen by the International
Working Group on Thalassemia (IWG-THAL) members.

Variable Type

Age, years Continuous

Age at diagnosis, months Continuous

Age at first transfusion, months Continuous

Age at first iron chelation, months Continuous
Sex (Femal/Male) Dichotomous
Transfusion (Yes/No) Dichotomous

Mean SE, ng/mL Continuous

No. of complications Counting

Cancer (Yes/No) Dichotomous
Cardiac complications (Yes/No) Dichotomous
Diabetes (Yes/No) Dichotomous
Hypogonadism (Yes/No) Dichotomous
Hypoparathyroidism (Yes/No) Dichotomous
Hypothyroidism (Yes/No) Dichotomous
Infections (Yes/No) Dichotomous
Liver complications (Yes/No) Dichotomous
Osteoporosis (Yes/No) Dichotomous
Splenectomy (Yes/No) Dichotomous
Status of death (Yes/No) Dichotomous

2.1. Statistical Analysis

A combination of cluster and classification analyses was applied in order to uncover
potential subgroups of 3-thalassemia. The cluster analysis approach was formally used
to find the underlying population substructure using IPhS data without considering prior
information (unsupervised method) [13-18]. Grouping then followed based on prede-
termined subgroups, while developing criteria for distinguishing between subgroups
(supervised method) [14,16,19].

Our statistical approach involved the application of the following assessments: (1)
the identification of a population substructure and determination of the best number of
clusters with the use of NbClust R Package [20]; (2) the grouping of patients based on
their IPhS using unsupervised RF [13-18] and partitioning around medoids (PAM) cluster-
ing [13,14,16]; (3) the assessment of the accuracy of the used methodology by determining
the classification error rate using supervised RF analysis; and (4) the examination of the
most important IPhS differences among clusters.

2.1.1. NbClust Procedure

To find the optimal number of clusters in our population, the NbClust package [20]
was used. It provides 30 indices which determine the number of clusters in a dataset, and
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it also offers the best clustering scheme from different results to the user. This enables the
user to simultaneously evaluate several clustering schemes while varying the number of
clusters, to help in determining the most appropriate number of clusters for the dataset
of interest. The distance measures available in the NbClust package are: Euclidean dis-
tance, maximum distance, Manhattan distance, Canberra distance, binary distance and
Minkowski distance. Several agglomeration methods are also provided by the NbClust
package, namely: Ward [21], single [22,23], complete [24], average [23], McQuitty [25],
median [26], and centroid [23]. All of these methods and distance measures were described
in detail by Charrad M et al. [20].

2.1.2. Random Forest Clustering

To achieve the goal of our study, we combined unsupervised RF and PAM methods.
In particular, the unsupervised RF algorithm was used to generate the dissimilarity matrix
using all listed IPhS, and then we used the produced dissimilarity matrix as an input
to the PAM technique. Finally, the full dataset was split into test and validation sets,
where a supervised RF methodology [19] was applied. The unsupervised random forest
dissimilarity measure was used because it has several advantages [13,14]: (a) it is not
sensitive to skewed covariate distributions; (b) it also provides a natural measure of variable
importance measured with the Gini coefficient; (c) it does not require the user to specify
threshold values, but it automatically dichotomizes the variable expressions in a principled,
data-driven way; and (d) it can accommodate missing values. On the other hand, the PAM
method was used because it is not as sensitive to outliers as methods based on means, and
because it can accommodate mixed data types and is not limited to continuous variables.

Supervised RF is a grouping analysis where the outcome needs to be specified. In
this study, the outcome was given by the resultant clusters of the unsupervised RF-PAM
procedure. Random forests tend to be very accurate compared with other classification
methods. Additionally, they can handle large problems (many observations and variables)
and large amounts of missing data.

2.1.3. Identification of the Most Important IPhS

Unsupervised RF procedure provides a natural measure of variable importance given by
the Gini index. Based on the Gini score, it was possible to identify the most important IPhS.

2.1.4. Random Forest Using the Most Important IPhS

The unsupervised RF and PAM analyses were repeated using only the most important
IPhS. Finally, the supervised RF methodology was applied, splitting the full dataset into
test and validation sets, where the validation sample was used to calculate the predictive
accuracy in terms of classification error rate.

2.1.5. Other Statistical Methods

Several statistical methods were used to describe clusters in terms of IPhS: variables
were treated as continuous normally distributed, continuous non-normally distributed, or
categorical; the following descriptive or bivariate tests were applied accordingly: mean,
standard deviation, and t-test or ANOVA; median, 1st and 3rd quartiles, and Kruskal—-
Wallis test; and absolute or relative frequencies, and chi-squared or Fisher’s exact test. All
p-values were two-sided, and a p-value < 0.05 was considered significant. The R Software
was used for the application of all these statistical analyses. Additional information is also
available in the Supplementary Methods.

3. Results

The NbClust method showed that 3-thalassemia patients could be grouped in three
clusters, based on the majority rules (nine for average, seven for k-means, and seven for
Ward D) (Supplementary Table 52). Considering that three clusters could exist, RE-PAM
clustering of all patients was carried out using the 19 IPhS simultaneously. The PAM
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algorithm produced three clusters of 4040, 1863, and 2007 patients each. The resultant Gini
scores showed that six IPhS could be considered the most important, including the current
age of the patient, the mean SF level, the age at diagnosis, the age at first transfusion,
the age at first iron chelation, and the number of complications (Figure 1). The RF-PAM
analysis was repeated using the six most important IPhS only and produced three clusters
with 2156, 2454, and 3300 patients each. The results of the two RF-PM analyses (with the
original 19 and the most important six IPhS) are shown in Figure 2, where patients are
represented as points in two-dimensional scaling plots and the distances between the data
points reflect the random forest dissimilarities between them.

Variable Importance Plot

Age fs}
Mean SF o
Age at diagnosis o

Age at first chelation o

Age at first transfusion o

No. of complications o

Osteoporosis fe}

Sex =

Hypogonadism 0

Splenectomy o
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Infections

Diabetes
Hypothyroidism
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Status of death
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T I | T T |
0 100 200 300 400 500

Mean decrease in Gini

Figure 1. Variable importance plot of indicators of phenotype severity (IPhS) in 3-thalassemia from
unsupervised random forest (RF) analysis. SF, serum ferritin.

Supervised RF was performed considering as the outcome the three obtained clusters
and evaluating simultaneously the six most important IPhS. The procedure showed a
predictive accuracy of 95.7% with a classification error rate of 4.3% (Table 2).
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Figure 2. (A) Plot of the 7910 3-thalassemia patients visualized using a multidimensional scaling plot
based on the random forest (RF) dissimilarity of all 19 indicators of phenotype severity (IPhS). (B)
Plot of the 7910 B-thalassemia patients visualized using a multidimensional scaling plot based on the
RF dissimilarity of the 6 most important IPhS. Points of the same color represent patients belonging
to the same cluster. Patients are colored by their cluster membership (red for Cluster 1, green for
Cluster 2, and blue for Cluster 3).

Table 2. Results from supervised random forest validation procedure to check the predictive accuracy
of the used model.

PAM-RF Distance * Supervised RF
Class 1 Class 2 Class 3
Cluster 1 1403 79 37
Cluster 2 33 1638 46
Cluster 3 13 29 2259

No. misclassified = 237, error rate 4.3%

* The full data set of 7910 patients was split into a test set (1 = 5537) and a validation set (1 = 2373); the overall
accuracy was 95.7%. RF, random forest; PAM, Partitioning Around Medoids.

Comparison of the six most important IPhS between the three clusters is summarized
in Table 3. Patients in Cluster 3 were significantly younger than patients in Clusters 1 and 2.
The mean age at diagnosis was comparable between Clusters 2 and 3, but was significantly
delayed in Cluster 1. The mean age at first transfusion and iron chelation was marginally
delayed in Cluster 2 compared with Cluster 3, but was significantly delayed in Cluster
1. The mean serum ferritin level was significantly higher in Cluster 3 and comparable in
Clusters 1 and 2. The mean number of complications was highest among Cluster 2 patient,
followed by Cluster 1 and Cluster 3.
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Table 3. Comparison of the six most important indicators of phenotype severity (IPhS) between the
three clusters.

Cluster 1 Cluster 2 Cluster 3

IPhS (n = 2156) (n = 2454) (n = 3300) p-Value
Age, years *39.5 (15.6) * *389(7.0)* 20.3 (7.9) <0.001
Age at diagnosis, months 106.1 (125.0) 12.6 (5.5) 13.2 (9.4) <0.001
Age at first transfusion, months 151.3 (143.6) 19.2 (11.4) 17.6 (18.3) <0.001
Age at first chelation, months 244.1 (139.2) 59.5 (30.2) 51.5 (32.2) <0.001
Mean SF, ng/mL 1184.0 (1533.0) * 1183.0 (715.0) * 3124.0 (2240.0) <0.001
No. of complications 1.8 (1.7) 2.3 (1.6) 1.0 (1.2) <0.001

Results reported as mean (standard deviation). * Bonferroni test for couples of means was performed and these
two groups did not statistically differ. SF, serum ferritin.

Causes of death in the three clusters are summarized in Table 4. The age of death was
significantly lower in patients in Clusters 3 and 2 compared with Cluster 1. Although heart
failure remains the leading single cause of death in the three clusters, deaths from liver
disease or hepatocellular carcinoma are dominant in Cluster 1 and Cluster 2 compared
with Cluster 3. Similarly, a significantly higher proportion of patients died due to other
cancers in Clusters 1 and 2 compared with 3.

Table 4. Comparison of the causes of death between the three clusters.

Cluster 1 Cluster 2 Cluster 3

IPhS (n = 99) (n = 58) (n = 289) p-Value

Heart failure, n (%) 23 (23.2) 19 (32.8) 94 (32.5) 0.017
Liver damage, 1 (%) 7(7.1) 7 (12.1) 2(0.7) <0.0001
Hepatocellular carcinoma, # (%) 14 (14.1) 7 (12.1) 5(1.7) <0.0001
Other cancers, 1 (%) 19 (19.2) 6 (10.3) 2(0.7) <0.0001

Infections, n (%) 10 (10.1) 8 (13.8) 16 (5.5) 0.282
Other complications, 1 (%) 26 (26.3) 11 (19.0) 170 (58.8) <0.0001
Age at death (years), mean (SD) 47.3 (17.4) 39.2 (6.4) 20.4 (6.8) <0.0001

SD, standard deviation.

4. Discussion

Our findings establish, in an evidence-based approach, that patients with (3-thalassemia
can be clustered into three groups based on six parameters of phenotype severity. Clustering
proved robust based on a low error rate.

The first question to ask is how do these clusters relate to real-life scenarios and
existing classifications of -thalassemia? Cluster 3 patients, with the shortest survival,
seem to represent a group of young patients who despite being diagnosed and started
on transfusion and iron chelation early, continue to have high serum ferritin levels and
associated mortality from cardiac siderosis and heart failure. These could possibly represent
sub-optimally chelated patients with TDT. Cluster 2 patients, however, have comparable age
at diagnosis and initiation of transfusion and iron chelation (marginally delayed compared
with Cluster 3), and yet have more favorable serum ferritin levels, probably reflecting a
well-chelated cohort of patients with TDT [27]. They may also represent NTDT patients
who eventually end up receiving regular transfusion and iron chelation therapy and have
improved survival [28]. Longer survival in these patients allows more complications to
manifest, and the emergence of other causes of death such as hepatic disease and cancer,
which require long-term exposure to underlying pathophysiology [2]. Finally, Cluster
1 patients represent those patients who are diagnosed later in life and end up receiving
transfusion or iron chelation late, if at all. These patients also continue to develop a high
number of complications and may have a mortality rate even higher than patients in Cluster
2. This echoes findings in NTDT patients, where the absence of treatment has been strongly
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associated with a high rate of clinical sequelae attributed to anemia, increased intestinal
iron absorption and hypercoagulability [3,28-30].

The second important question to ask is where to go next from here? It would be safe
to assume that patients with characteristics similar to Cluster 3 have the worst prognosis
and may thus require careful attention and intensified therapy. The shorter survival in
Cluster 1 patients may also highlight a need for (early) intervention in this patient group to
optimize outcomes. Ideally, the identified IPhS in this work can pave the way forward to
establish a global prognostic index to classify homozygous and compound heterozygous
patients with (3-thalassemia into low, intermediate, and high risk for mortality, echoing
work of colleagues in myelodysplastic syndromes and myelofibrosis. We have already
started such prognostic analysis [12], and further work is ongoing to refine practical utility
and ensure alignment with clinical experience with the disease spectrum. Such scoring
and classification systems need to be dynamic and allow the observation and measurement
of change over time (worsening or improvement), while taking into consideration both
natural changes in the disease as well as those attributed to ongoing management and
adherence to therapy:.

Our work does not come without limitations. The choice of IPhS used in this work
was limited by data availability and completeness, and other parameters such as detailed
blood transfusion and iron chelation requirements could have been considered. Moreover,
although age at diagnosis, first transfusion, and first iron chelation were considered indica-
tors of severity based on expert opinion, they may still be affected by other logistics aspects
such as access to care, especially in resource-limited regions. Lastly, it may well be that
[-thalassemia falls on a continuous spectrum of severity, and hence grouping patients into
classes and categories may not be called for to begin with.

5. Conclusions

In conclusion, our work suggests that age, age at diagnosis and initiation of transfusion
and iron chelation therapy, iron overload level, and number of complications are able to
distinguish three clusters of phenotype severity in patients with 3-thalassemia. These findings
warrant further evaluation in longitudinal studies to determine specific thresholds for these
(and other) parameters that are linked to poor prognosis, to allow the establishment of a metric
score that supports the easy and practical classification of patients.
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