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ABSTRACT
Objective  To use cluster analysis to identify discrete 
phenotypic groups of extremely preterm infants.
Design  Secondary analysis of a retrospective whole 
population study.
Setting  All neonatal units in England between 2014 and 
2019.
Participants  Infants live-born at less than 28 weeks of 
gestation and admitted to a neonatal unit.
Interventions  K-means cluster analysis was performed 
with the gestational age, Apgar score at 5 min and duration 
of mechanical ventilation as input variables.
Primary and secondary outcome 
measures  Bronchopulmonary dysplasia, discharge on 
home oxygen, intraventricular haemorrhage, death before 
discharge from neonatal care.
Results  Ten thousand one hundred and ninety-seven 
infants (53% male) were classified into four clusters: 
Cluster 1 contained infants with intermediate gestation and 
duration of ventilation and had an intermediate mortality 
and incidence of bronchopulmonary dysplasia. Cluster 
2 contained infants with the highest gestation, a shorter 
duration of ventilation and the lowest mortality. Cluster 3 
contained infants with the lowest Apgar score and highest 
mortality and incidence of intraventricular haemorrhage. 
Cluster 4 contained infants with the lowest gestation, 
longest duration of ventilation and highest incidence of 
bronchopulmonary dysplasia.
Conclusion  Clinical parameters can classify extremely 
preterm infants into discrete phenotypic groups with 
differing subsequent neonatal outcomes.

INTRODUCTION
Preterm birth is a major cause of childhood 
morbidity and mortality with a global inci-
dence of approximately 10.6%.1 Infants born 
at less than 28 completed weeks of gestation 
(extremely preterm) suffer significant multi-
system morbidity lasting into adolescence 
and adulthood,2 3 with important finan-
cial implications for health systems4 and an 
increased physical, emotional and financial 
burden for the families.5 The survival of these 
infants has increased over the past decades6 

and the associated implications for patients 
and families are only expected to increase in 
the future.

Although many extremely preterm infants 
suffer significant perinatal and long-term 
morbidity,7 there is substantial variation in the 
severity of the neonatal outcomes with a size-
able proportion escaping major morbidity. 
For example, we have recently reported the 
overall mortality and incidence of broncho-
pulmonary dysplasia (BPD) of extremely 
preterm infants in England to be 18.9% and 
57.5%, respectively, which means that 81.1% 
of those infants survived to discharge and 
23.6% were free of BPD.8 Although the multi-
factorial origin of adverse neonatal outcomes 
has been well described,9 the heterogeneity 
in neonatal outcomes is poorly understood.

The use of unsupervised learning based on 
big-data analytics has been used in the clinical 
domain for the prediction of individual risk 
factors and for clinical decision support.10 
Unsupervised learning could also be helpful 

Strengths and limitations of this study

	► First study to use cluster analysis to classify ex-
tremely preterm infants in different phenotypical 
groups.

	► We used readily available clinical parameters to 
classify extremely preterm infants into distinct phe-
notypic groups.

	► The ensuing groups had differing neonatal out-
comes such as survival to discharge from neonatal 
care and bronchopulmonary dysplasia.

	► We used the whole population rather than a rep-
resentative sample, making our results more 
generalisable.

	► Our cluster analysis is not an early prediction study 
as we have included as input variable the duration 
of ventilation, which might be prolonged in the life of 
an extremely preterm infant.
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to identify different phenotypic groups (clusters) corre-
sponding to distinct clinical phenotypes of extreme 
preterm infants. Cluster analysis as a method of detecting 
subgroups within multidimensional data sets could also 
be helpful in identifying subgroups of patients that might 
benefit from targeted interventions.11 12 To our knowl-
edge, such unsupervised learning approaches have not 
been previously employed to describe different pheno-
typical groups in extreme prematurity.

We aimed to derive and describe clusters of extremely 
preterm infants based on readily available clinical infor-
mation and to explore whether these distinct phenotypes 
were associated with different neonatal outcomes.

MATERIALS AND METHODS
Study design and participants
All infants live-born before 28 completed weeks of gesta-
tion and admitted to a neonatal unit in England between 
1 January 2014 and 1 January 2019 (study period) were 
included. This was an analysis of data previously acquired 
to investigate the relationship of growth impairment 
with the development of BPD in a retrospective, whole-
population study.8 A predefined data set was acquired 
from the National Neonatal Research Database (NNRD), 
Imperial College London, UK. As the study used data 
held in an existing database, participation did not require 
approval from individual Trusts, but only from the NHS 
Trust holding the database (Chelsea and Westminster 
NHS Foundation Trust) which was obtained.

The following variables were collected: maternal age 
(years), administration of antenatal steroids (yes/no), 
gestational age at birth calculated from the last menstrual 
period or ultrasonographically (weeks), birth weight 
(kg), Apgar score at 5 min of age, sex (male/female), 
duration of invasive ventilation (days), BPD develop-
ment defined as any need for respiratory support at 36 
weeks postmenstrual age (PMA),13 14 administration of 
postnatal corticosteroids (defined as parenteral admin-
istration of dexamethasone or hydrocortisone for more 
than 5 consecutive days—yes/no), surgical intervention 
for necrotising enterocolitis (yes/no),15 surgical ligation 
of patent ductus arteriosus (yes/no),16 intraventricular 
haemorrhage (IVH) grade 3–4 (yes/no),17 periventric-
ular leucomalacia (yes/no),18 death before discharge 
from neonatal care (yes/no), age at death (days), weight 
at 36 weeks PMA (kg), PMA at discharge (weeks), weight 
at discharge (kg), discharged on home oxygen (yes/no). 
We calculated the birth weight z-score (ΔWz) using the 
UK-WHO preterm reference chart19 and the Microsoft 
Excel add-in LMS Growth (V.2.77; www.healthforchil-
dren.co.uk). The birth weight z-score was not calculated 
for infants born  <23 completed weeks of gestation, as 
there were no reference data.

PPI statement
This is a retrospective study, so patients and public could 
not be involved.

Analysis
Cluster analysis was performed with the smallest possible 
number of continuous variables necessary to adequately 
characterise neonatal outcomes, since inclusion of a 
large number of variables might degrade the final clas-
sification.11 20 K-means cluster analysis was performed 
with gestational age, Apgar score at 5 min and duration of 
mechanical ventilation as input variables. These param-
eters were selected, as they were independent, contrib-
utory to neonatal outcomes and pathophysiologically 
distinct between them. All results were standardised as 
z-scores prior to clustering. To select the number of clus-
ters, clustering was performed for solutions comprising 2 
to 10 clusters and the optimal solution was selected based 
on the minimum number of iterations that changed the 
cluster centres and the optimal F factor and significance 
of the corresponding Analysis of Variance (ANOVA) anal-
ysis. The F factor for each ANOVA cluster solution was 
calculated as the ratio of two variances, and a higher F 
factor corresponded to a stronger separation of the clus-
ters.21 22 Subjects with missing values in any of the three 
input variables were excluded from the analysis. Contin-
uous variables were compared across clusters using 
Kruskal-Wallis with Mann-Whitney U test as a post hoc 
test for pairwise comparisons. Categorical variables were 
compared across clusters using χ2 test with Bonferroni 
adjustment as a post hoc test for pairwise comparisons. 
Cluster profiles were presented graphically using radial 
plots, where the length of each ‘spoke’ was proportional 
to the magnitude of the standardised variable. The clus-
tering was also visualised using a discriminant-coordinates 
biplot, generated by canonical variate analysis, which 
projects multidimensional data into a lower dimensional 
space while preserving as much information as possible, 
to provide an easily interpretable two-dimensional repre-
sentation of cluster separation and density.

Cluster and statistical analysis were performed using 
SPSS software, V.26.0 (IBM, Armonk, New York).

RESULTS
During the period of the study, 11 806 infants were born 
alive below 28 completed weeks of gestation and admitted 
to a neonatal unit in England. One thousand five hundred 
and eighty-five infants were excluded for missing data on 
Apgar score in 5 min. Twenty-one infants were removed 
for missing data on the duration of mechanical ventila-
tion and a further three infants because of indeterminate 
sex (figure 1). A total of 10 197 infants (53% male) were 
included in the final analysis with a median (IQR) gesta-
tional age of 26.0 (24.9–27.1) weeks and birth weight of 
0.81 (0.68–0.96) kg (table 1). They were ventilated for a 
median of 10 (3–26) days and the ones that survived to 
discharge from neonatal care (81%) were discharged at a 
median (IQR) PMA of 39.6 (37.6–42.1) weeks (table 1).

A four-cluster solution was found to be optimal 
(table  1). The clinical profiles for the four clusters are 
presented graphically in figures 2 and 3. The boxplots of 
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the input parameters in the four clusters along with the 
birth weight a-score, the duration of PN and the PMA age 
at discharge are presented in figure 4.

Cluster 1 (intermediate) contained 27% of the popula-
tion. The infants of cluster 1 had a lower median (IQR) 
gestational age (24.8 (24.1–25.2) weeks) compared with 
clusters 2 and 3 (27.0 (26.6–27.6) weeks and 25.4 (24.4–
26.4) weeks respectively, p<0.001 for both). The median 
Apgar score for infants of cluster 1 was higher compared 
with the infants of clusters 3 and 4 (p<0.001 for both), but 
not of cluster 2 infants. Infants in cluster 1 were ventilated 
for a median (IQR) period of 21 (10–33) days, signifi-
cantly longer that infants of clusters 2 and 3 (4 (2–10) and 
9 (3–21) days, respectively, p<0.001 for both) but signifi-
cantly shorter than the infants of cluster 4 (60 (52–73) 
days, p<0.001). Infants of cluster 1 developed more often 
BPD (59%) compared with infants of clusters 2 and 3 
(48% and 42%, respectively, p<0.001) but less often than 
infants of cluster 4 (89%, p<0.001). Infants of cluster 1 
had lower mortality (27%) compared with cluster 3 (40%, 
p<0.001) but higher mortality compared with cluster 2 
(8%, p<0.001).

Cluster 2 (favourable) contained 47% of the popula-
tion and had the highest median (IQR) gestational age 
(27.0 (26.6–27.6) weeks) compared with groups 1, 3 (25.4 
(24.4–26.4) weeks, p<0.001) and 4 (24.4 (23.9–25.3) 

weeks, p<0.001). The median Apgar score for infants of 
cluster 2 was higher compared with the infants of clus-
ters 3 and 4 (p<0.001 for both). Infants in cluster 2 had 
the shorter duration of ventilation with a median (IQR) 
period of 4 (2–10) days, compared with infants of cluster 
1 (21 (10–33) days)], cluster 3 (9 (3–21) days) and cluster 
4 (60 (52–73) days, p<0.001 for both). Infants of cluster 
2 developed less often BPD (48%) compared with infants 
of clusters 1 and 4 (59% and 89%, respectively, p<0.001 
for both), but more often than infants of cluster 3 (42%, 
p<0.001). Infants of cluster 2 had the lowest mortality 
(8%) compared with all other clusters (p<0.001).

Cluster 3 (low Apgar) contained 17% of the popu-
lation and the infants with the lowest median (IQR) 
Apgar score (4 (2–5)) compared with all other groups 
(p<0.001 for all). Their median (IQR) gestation (25.4 
(24.4–26.4) weeks) was higher than clusters 1 and 4, but 
lower than cluster 2 (p<0.001 for all). Infants of cluster 
3 had a shorter median (IQR) duration of ventilation (9 
(3–21)) days, compared with infants of clusters 1 and 4 
(p<0.001 for both), but longer than infants of cluster 2 
(p<0.001). Infants of cluster 3 had the lower incidence of 
BPD (42%) compared with infants of clusters 1, 2 and 4 
(59%, 48% and 89%, respectively, p<0.001 for all). Infants 
of cluster 3 had the highest mortality (40%) compared 
with all other clusters (p<0.001).

Figure 1  Flow diagram of the included infants.
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Cluster 4 (prolonged ventilation) had the smallest 
number of subjects (8%), the lowest gestational age (24.4 
(23.9–25.3) weeks) and the longest median (IQR) dura-
tion of ventilation (60 (52–73) days) compared with all 

other clusters (p<0.001 for all). The median Apgar score 
for infants of cluster 4 was 6 (5–8), which was higher 
compared with the infants of cluster 3 (p<0.001) but 
lower than clusters 1 and 2 infants (p<0.001 for both). 

Figure 2  Radial plots showing the clinical profiles for the four clusters. Data are standardised (expressed as z-scores 
referenced to the whole cohort) and the spike points represent medians.

Figure 3  Discriminant two-dimensional plot of the clustering solution. The cluster centroids are presented as black circles.
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Infants of cluster 4 had the highest rate of BPD (89%) 
compared with infants of all other clusters (p<0.001 for 
all). The mortality of the infants of cluster 4 (19%) was 
lower than clusters 1 and 3 (p<0.001 for both) and higher 
than cluster 2 (p<0.001).

DISCUSSION
Using unsupervised learning to detect and describe 
distinct phenotypical groups of extremely preterm 
infants, we demonstrated that survival to discharge from 
neonatal care and other important neonatal outcomes 
differed significantly across these groups. We used readily 
available parameters to classify the extremely preterm 
infants into the four clusters.

Cluster 1 (intermediate) comprised infants with a 
combination of a low gestational age and a relatively long 
duration of invasive ventilation whose resuscitation was 
overall straightforward as demonstrated by a median 
Apgar of 8 at 5 min after birth. Nevertheless, they had a 
relatively high mortality and incidence of BPD. Cluster 
2 (favourable) was the largest group and exhibited the 
best outcomes. It contained infants with the highest 
gestational age and birth weight z-score and the briefest 
duration of ventilation. Not surprisingly, they also had 
the lowest mortality and a relatively modest incidence of 
complications such as BPD. They were also the earliest to 
be discharged from neonatal care. The major clustering 
characteristic of the infants in cluster 3 was the low Apgar 
score. The poor condition at birth might explain why they 

had the highest mortality and rate of IVH compared with 
all other groups, but their relatively larger gestation and 
brief duration of ventilation might explain why they had 
the lowest incidence of BPD. Cluster 4 (prolonged venti-
lation) consisted of the most premature infants, with the 
longest duration of mechanical ventilation and highest 
rates of BPD. These infants were also discharged home at 
a later PMA than all other cluster infants.

Our results highlight two distinct within-cluster associa-
tions. First, poor condition at birth with subsequent high 
rates of mortality and IVH (cluster 3) and, second, the 
association of prolonged ventilation with BPD (cluster 
4). Both these associations have been previously individ-
ually described in population studies: Jensen et al studied 
3343 extremely low-birth weight infants and reported 
that among the survivors, exposure to a greater number 
of mechanical ventilation episodes was associated with a 
progressive increase in the risk of BPD.23 Interestingly, 
the highest mortality in our study was not in the infants 
of the lower gestation at birth, but rather in the ones with 
the lowest Apgar score. The association of poor condition 
at birth with IVH and increased mortality is primarily 
attributed to the intrinsic fragility of the germinal matrix 
vasculature and the disturbance in the cerebral blood 
flow.24 25 It is also interesting to note that the infants of 
cluster 3, other than the highest mortality and lowest 
Apgar score, also had the lowest rate of antenatal steroids 
and the lowest incidence of birth in a tertiary centre. 
This is in agreement with previous studies that have 

Figure 4  Boxplots of the gestational age (A), Apgar score at 5 min (B), duration of ventilation (C), birth weight z-score 
(D), duration of parenteral nutrition (PN) (E) and postmenstrual age (PMA) at discharge (F) in the four clusters. The median value 
for each parameter for the whole population is depicted as a dashed line. The whiskers represent the maximum and minimum 
values. The asterisks are extremes (at least three box lengths from the median) and the circles are outliers (1.5 box lengths from 
the median).
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highlighted that delivery outside a tertiary centre is asso-
ciated with higher mortality and a lower uptake of ante-
natal steroids.26 Our study complements the literature by 
presenting these associations within distinct groups of the 
same population rather than via a unilateral relationship 
that does not take into account the other outcomes.

The choice of our input variables (gestational age, 
Apgar score at 5 min and duration of mechanical venti-
lation) was made on clinical grounds and has evidently 
major implications for our conclusions. We selected to 
use these three parameters because they are continuous 
and reliably available at a population level, while they also 
represent relatively distinct pathophysiological processes 
that are associated with impaired later outcomes. It is 
well described, for example, that the Apgar score is influ-
enced by gestation and cannot be generally considered as 
evidence of asphyxia nor can it be used at an individual 
level to predict mortality or neurological outcomes.27 
Alternative continuous variables to assess the condition 
at birth such as the cord pH or lactate could not be used, 
however, as these indices were not consistently inserted in 
the database and had a very high percentage of missing 
values. Similarly, the duration of ventilation was selected 
as a proxy for the severity of lung disease28 which also can 
be assessed relatively early chronologically as the median 
duration of ventilation in our population was 10 days.

To our knowledge, non-supervised learning and cluster 
analysis have not been previously applied exclusively 
to extremely preterm infants. Souza et al used K-means 
cluster analysis to explore clinical conditions associated 
with preterm birth and reported that 4150 preterm births 
were clustered in three groups of women, yet although 
some maternal characteristics differed among the clus-
ters, maternal and neonatal outcomes did not.29 This 
might be explained by population differences, as this was 
predominantly a maternity study in which the neonatal 
outcomes were not considered as input variables in the 
unsupervised models. Greenbury et al performed clus-
tering on daily nutritional intakes in premature infants 
of less than 32 weeks of gestation and reported different 
nutritional clusters, which were heterogeneous in size, 
with some showing common interpretable clinical prac-
tices. They also identified a relationship between nutri-
tional practice and outcomes such as BPD, with provision 
of human milk being a protective factor against devel-
oping BPD.30

Our classification could be clinically useful in further 
understanding the pathophysiology of extremely preterm 
morbidity and mortality and possibly in targeting selected 
subgroups of infants for specific interventions. For 
example, for cluster 4, such interventions might include 
administration of postnatal corticosteroids to assist earlier 
weaning from invasive respiratory support,31 more gentle 
resuscitation methods, avoidance of mechanical ventila-
tion by newer non-invasive techniques32 and use of less 
invasive surfactant administration, which has been shown 
to reduce the incidence of BPD.33 The within-group asso-
ciation of increased mortality and birth outside a tertiary 

hospital in cluster 3 could also strengthen the argument 
for the centralisation of the care of extreme preterms 
concentrating on high-volume perinatal centres.34

Our study has strengths and some limitations. To our 
knowledge, this is the first study to use unsupervised 
learning to classify extremely preterm infants in different 
phenotypical groups. A further strength of our study was 
that we used the whole population rather than a repre-
sentative sample and therefore, by avoiding inclusion 
bias, our results are more generalisable. We should clarify 
that our analysis is not an early predictive tool that could 
be applied at birth, as we have included the duration of 
ventilation as an input parameter, which comes later in 
the life of an extremely preterm infant compared with 
the Apgar score or the gestational age. As such, our study 
is aiming to describe the interaction of different patho-
physiological phenomena at a population level rather 
than provide individualised prediction of outcomes at 
birth. We should also note that our study only included 
infants from a recent 5-year period rather than a longer 
period that would extend more in the past. Our tighter 
time period, though, would better correspond to current 
standards of neonatal care. We did not include in our 
analysis information on whether preterm birth was spon-
taneous or on the duration of rupture of membranes as 
the amount of missing data in these categories was very 
high at a national level, even more so in non-tertiary units.

In conclusion, we have used readily available clinical 
parameters to classify extremely preterm infants into 
distinct phenotypic groups. The ensuing groups had 
differing neonatal outcomes such as survival to discharge 
from neonatal care and BPD.
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