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a Department of Neonatology, Máxima Medical Centre, Veldhoven, The Netherlands b Department of Neonatology, Wilhelmina Children’s

Hospital, University Medical Centre Utrecht and Utrecht University, Utrecht, The Netherlands c Department of Neonatology, Emma

Children’s Hospital, Amsterdam University Medical Centres, VU University Medical Centre, University of Amsterdam, Amsterdam, The

Netherlands d The Netherlands Perinatal Registry, Utrecht, The Netherlands e Department of Neonatology, Beatrix Children’s Hospital,

University Medical Centre Groningen, University of Groningen, Groningen, The Netherlands f Department of Neonatology, Amalia Children’s

Hospital, Radboud University Medical Centre, Nijmegen, The Netherlands g Department of Paediatrics, Division of Neonatology, Erasmus

MC, University Medical Centre Rotterdam, Rotterdam, The Netherlands h Department of Neonatology, Isala Clinics, Zwolle, The Netherlands
i Department of Neonatology, Maastricht University Medical Centre, Maastricht, The Netherlands j Department of Neonatology, Willem-

Alexander Children’s Hospital, Leiden University Medical Centre, Leiden, The Netherlands k Department of Applied Physics, School of

Medical Physics and Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands l Julius Centre for Health Sciences and

Primary Care, University Medical Centre Utrecht, Utrecht University, Utrecht, The Netherlands
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Objective To perform a temporal and geographical validation of a

prognostic model, considered of highest methodological quality in

a recently published systematic review, for predicting survival in

very preterm infants admitted to the neonatal intensive care unit.

The original model was developed in the UK and included

gestational age, birthweight and gender.

Design External validation study in a population-based cohort.

Setting Dutch neonatal wards.

Population or sample All admitted white, singleton infants born

between 23+0 and 32+6 weeks of gestation between 1 January 2015

and 31 December 2019. Additionally, the model’s performance

was assessed in four populations of admitted infants born between

24+0 and 31+6 weeks of gestation: white singletons, non-white

singletons, all singletons and all multiples.

Methods The original model was applied in all five validation sets.

Model performance was assessed in terms of calibration and

discrimination and, if indicated, it was updated.

Main outcome measures Calibration (calibration-in-the-large and

calibration slope) and discrimination (c statistic).

Results Out of 6092 infants, 5659 (92.9%) survived. The model

showed good external validity as indicated by good discrimination

(c statistic 0.82, 95% CI 0.79–0.84) and calibration (calibration-in-

the-large 0.003, calibration slope 0.92, 95% CI 0.84–1.00). The
model also showed good external validity in the other singleton

populations, but required a small intercept update in the

multiples population.

Conclusions A high-quality prognostic model predicting survival

in very preterm infants had good external validity in an

independent, nationwide cohort. The accurate performance of the

model indicates that after impact assessment, implementation of

the model in clinical practice in the neonatal intensive care unit

could be considered.

Keywords External validation, mortality, prediction model, very

preterm infants.

Tweetable abstract A high-quality model predicting survival in

very preterm infants is externally valid in an independent cohort.
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Introduction

Very preterm birth before 32 weeks of gestation occurs in

1.3% of all live births in developed regions and is associ-

ated with increased perinatal mortality and neonatal mor-

bidity.1,2 Despite this low prevalence, complications

associated with preterm birth are responsible for 35% of

the world’s annual neonatal deaths.3 Accurate risk assess-

ment of perinatal death in very preterm infants can help

caregivers and parents to decide whether and when to

intervene in a pregnancy or to adjust postnatal care.4 Prog-

nostic prediction models can be a helpful tool in perform-

ing such risk assessment.5,6

A recently published systematic review showed that there

is an abundance of mortality risk prediction models for

very preterm infants, identifying 142 models from 35 stud-

ies reporting on model development.7 Unfortunately, many

of the models are of unknown value for daily practice

because of a lack of external validation, meaning it is

unclear to what extent these models can be used in new

patients. Instead of developing yet another model, emphasis

should be on external validation and if necessary, adaption

of existing models.8,9

A logical next step was to externally validate the highest

methodological quality model identified in the systematic

review. Extensive risk of bias assessment showed that a

model published by Manktelow et al. had the highest qual-

ity among all 142 models (according to PROBAST), with

low risk of bias for all items except one using the PRO-

BAST tool for risk of bias assessment.10–12 This model was

therefore considered as having high potential for use in

clinical practice. Because local and timely variation in atti-

tudes towards the care of very preterm infants can influ-

ence the validity of the model, a temporal and geographical

external validation and, if needed, updating were per-

formed. The aim of this study was to evaluate the extent to

which the UK model of Manktelow et al. can be applied to

very preterm born infants from another population with

different healthcare settings and infrastructure, using a

nationwide Dutch perinatal registry.

Methods

This validation study is reported according to the Trans-

parent Reporting of a multivariable prediction model for

Individual Prognosis Or Diagnosis (TRIPOD) statement.13

There was no patient or public involvement.

Prognostic model
In this study, the prognostic model developed by Mank-

telow et al. was externally validated. Manktelow et al.

included all white singleton infants born at 23+0 to 32+6

weeks of gestation between 1 January 2008 and 31 Decem-

ber 2010.12 Infants were excluded if they had lethal congeni-

tal anomalies, missing data on gender or indeterminate

gender, or implausible birthweight for gestational age (>3
standard deviations from the median for their gestational

age and gender). A logistic regression model was developed

to predict the probability of survival before discharge. The

final model included gestational age, defined as the infant’s

gestational age in completed weeks and days as a decimal;

birthweight, defined as the infant’s birthweight in kilograms;

gender, with 0 for males and 1 for female; and an indicator

variable named gest23 for birth before 24+0 weeks of gesta-

tion, with 1 if the gestation at birth was less than 24+0

weeks.12 The regression formula to predict survival was as

follows:

PðSurvivalÞ ¼ 1

1þ expð�LPðSurvivalÞÞ ,

with

LPðSurvivalÞ ¼ �10:28þ 0:46 � gestation 0:47 � 1

birthweight2

þ 0:45 � genderþ�0:28 � gest23:

Patient population in the validation study
To validate the model, the prognostic model was applied to

five different study populations. First, the model was exter-

nally validated in a population exactly the same as the pop-

ulation used for model development by Manktelow et al.,

i.e. all white, singleton infants born between 23+0 and 32+6

weeks of gestation between 1 January 2015 and 31 Decem-

ber 2019, who were admitted to the neonatal ward.

To assess whether the model was also externally valid in

a more general very preterm infant population including

non-white infants and multiple births, the model was sub-

sequently applied to the following four populations,

thereby taking into account that only infants born from

24+0 to 31+6 weeks are routinely admitted to one of the

Dutch neonatal intensive care units (NICU): white single-

tons, non-white singletons, all singletons and all multiples.

Similar to the study by Manktelow et al., infants were

excluded if they had lethal congenital anomalies, which

included anencephaly, encephalocele, bilateral renal agene-

sis, hydrops fetalis, trisomy 13 and trisomy 18.

Data collection
For this study, data from the Netherlands Perinatal Registry

(Perined) were used. This registry contains linked

population-based information regarding pregnancy, deliv-

ery, (re)admissions and pregnancy outcomes, as registered

by midwives, obstetricians and paediatricians/neonatologists

530 ª 2021 John Wiley & Sons Ltd.
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and covers approximately 99% of all births from 16+0

weeks of gestation in the Netherlands. Variables used from

the registry for this study included information on birth-

weight, sex, gestational age, ethnicity, multiplicity, 5-

minute Apgar score, mode of delivery and survival.

Outcome
The predicted outcome was defined as live discharge home

in infants admitted to the neonatal ward, excluding delivery

room deaths.

Sample size calculation
In general, at least 100 events, i.e. very preterm born

infants that died or are alive, whichever group is smallest,

are needed for a reliable assessment of a model’s external

validity, otherwise the risk for biased estimates of model

performance becomes more likely.14–16 With an incidence

of mortality of approximately 7%, this means that we

needed at least 1500 infants in our validation population.

Statistical analysis
No missingness occurred among variables used as predic-

tors in the model. Baseline characteristics of the validation

and development population were presented as mean� s-

tandard deviation for continuous variables and as number

and percentages of the whole population for categorical

variables. The model from Manktelow et al. was externally

validated by application of the aforementioned regression

formula to each individual in the Dutch validation popula-

tion to calculate a chance of survival. The validity of the

prognostic model was assessed in terms of calibration and

discrimination using the rms and pROC R packages. Cali-

bration refers to agreement between the predicted chance

of survival and the observed proportion of infants who sur-

vived in the validation population over the entire possible

range of predicted chances. Calibration was assessed graph-

ically with a calibration plot, and numerically with the cali-

bration slope (b) and calibration-in-the-large (a), given

that the calibration slope is set to 1 (a/b = 1, calibration-in-

the-large), as proposed by Cox.17 Discrimination refers to

the ability of the model to distinguish between infants who

died and infants who survived, by assigning the highest

chance in a random pair of a deceased and alive infant to

the infant that survived. Discrimination was assessed with

the concordance (c) statistic, which for a binary outcome is

identical to the area under the receiver operating character-

istic curve. The need for adjustment of the model to the

validation population was assessed by assessment of calibra-

tion and discrimination and by using a closed testing pro-

cedure, a method that subsequently assesses different levels

of model adjustment, i.e. none, recalibration-in-the-large

(updating the model intercept), recalibration (updating

both the model intercept and overall calibration slope) or

complete model revision (fitting the regression coefficients

of the original model anew).18 In this closed testing proce-

dure, a likelihood ratio test statistic was used to test if an

updated model provided a statistically significant (P < 0.05)

better fit compared with the original model. All analyses

were performed in R version 3.5.2.

Funding
Drs. van Beek was supported by an unrestricted grant from

Stichting Tiny & Anny van Doorne Fonds. The funding source

had no role in the design, conduct, analyses, or reporting of

the study or in the decision to submit the manuscript for

publication. The other authors received no external funding.

Results

Patient population
Between 1 January 2015 and 31 December 2019, 6092

infants were included in this study when using the similar

study population compared with Manktelow et al. Of these

infants, 5659 (92.9%) infants survived. The characteristics

of the Dutch validation population are shown in Table 1

(third column) next to the infants of the study from

Manktelow (second column) that were used to develop the

original model, which were comparable, except for the

number of 23-week gestation infants. The characteristics of

the other NICU validation cohorts (fourth to seventh col-

umns) were comparable to the characteristics of the devel-

opment cohort, except for gestational age, which was lower

because infants were admitted up to 31+6 weeks of gesta-

tion compared with 32+6 weeks of gestation in the develop-

ment population.

Performance in the validation population similar
to the development population
When applying the original model to the validation set, the

predicted chance of survival to discharge was in agreement

with the observed proportion of survival to discharge for

infants admitted (Figure 1A). The mean predicted chance

and overall observed proportion for survival were similar

(92.6% and 92.9%, respectively), as also indicated by a

calibration-in-the-large of 0.003. The calibration slope b

was 0.92 (95% CI 0.84–1.00). The discriminative ability of

the model was good, with a c statistic of 0.82 (95% CI

0.79–0.84). A difference of 35.4% between the means of the

highest (99.3%) and lowest (63.9%) predicted chance dec-

iles was observed, with a range in predicted chances varying

from 9.6 to 99.5%. Based on the good performance of the

original model and indicated by the closed testing proce-

dure (chi-square = 10.3, df = 5, P= 0.067 for testing the

model after recalibration-in-the-large against the original

model), keeping the original model was favoured. The esti-

mated predicted probabilities on survival according to

531ª 2021 John Wiley & Sons Ltd.
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gestational age and birthweight are presented separately for

male and female infants in Figure 2.

Performance in other populations
The original model showed also good external validity with

good calibration and discrimination in singleton popula-

tions (Table 2, Figure 1B–1D). Based on the good model

performance of the original model keeping the original

model was favoured in all singleton populations. However,

in multiples, an update of the intercept was indicated

(change of −10.28 to −9.98). The model performance of

both the original and the intercept-adjusted model in the

multiple population is presented in Table 2 and Figure 1(E

i and E ii).

Table 1. Baseline characteristics

Population UK Development

population12

Dutch Validation populations

Population

similar to the

development

population

Other populations

White, singleton,

23+0–32+6 weeks

White, singleton,

23+0–32+6 weeks

White,

singleton,

24+0–31+6

weeks

Non-white,

singleton,

24+0–31+6

weeks

All singletons,

24+0–31+6

weeks

All multiples,

24+0–31+6 weeks

Period and sample size 2008–2010
(n = 2995)

2015–2019
(n = 6092)

2015–2019
(n = 4661)

2015–2019
(n = 655)

2015–2019
(n = 5494)

2015–2019
(n = 2025)

Ethnicity, n (%)

White 2995 (100) 6092 (100) 4661 (100) NA 4661 (84.8) 1782 (88.0)

Non-white NA NA NA 655 (100) 655 (11.9) 42 (2.1)

Missing NA NA NA NA 178 (3.2) 201 (9.9)

Died, n (%) 244 (8.2) 433 (7.1) 403 (8.6) 75 (11.5) 490 (8.9) 152 (7.5)

Male, n (%) 1627 (54.3) 3486 (57.2) 2635 (56.6) 381 (58.2) 3106 (56.5) 1055 (52.1)

Gestational age, n (%)

23+0–23+6 weeks 37 (1.2) 8 (0.1) NA NA NA NA

24+0–27+6 weeks 620 (20.7) 1311 (21.5) 1311 (28.1) 211 (32.2) 1578 (28.7) 585 (28.9)

28+0–31weeks 1575 (52.6) 3350 (55.0) 3350 (71.8) 444 (67.8) 3916 (71.3) 1440 (71.1)

32+0–32+6 weeks 763 (25.5) 1423 (23.4) NA NA NA NA

Mean � SD 29.5 � 2.4 29.9 � 2.3 29.1 � 2.1 28.9 � 2.1 29.1 � 2.1 29.1 � 2.2

Birthweight, n (%)

0–499 g 8 (0.3) 31 (0.5) 30 (0.6) 4 (0.6) 34 (0.6) 8 (0.4)

500–999 g 626 (20.9) 1358 (22.2) 1343 (28.8) 212 (32.4) 1616 (29.4) 559 (27.6)

1000–1499 g 1092 (36.5) 2159 (35.4) 1913 (41.0) 285 (43.5) 2265 (41.2) 888 (43.9)

1500–1999 g 1040 (34.7) 1934 (31.7) 1235 (26.5) 142 (21.7) 1417 (25.8) 553 (27.3)

2000–2499 g 219 (7.3) 563 (9.2) 132 (2.8) 11 (1.7) 150 (2.7) 16 (0.8)

2500 + g 10 (0.3) 47 (0.8) 8 (0.2) 1 (0.2) 12 (0.2) 1 (0.05)

Mean � SD 1389 � 434 1391 � 456 1258 � 395 1189 � 381 1250 � 397 1253 � 355

Apgar at 5 min

Median (IQR) 9 (8–9) 8 (7–9) 8 (7–9) 8 (6–9) 8 (7–9) 8 (7–9)
Missing* 203 (6.8) 26 (0.4) 23 (0.5) 3 (0.4) 35 (0.6) 7 (0.3)

Caesarean section, n (%)

Yes 1566 (52.3) 2740 (45.0) 2128 (45.7) 289 (44.1) 2445 (44.5) 884 (43.7)

No 1417 (47.3) 2875 (47.2) 2128 (45.7) 309 (47.2) 2473 (45.0) 1015 (50.1)

Missing* 12 (0.4) 477 (7.8) 405 (8.7) 57 (8.7) 576 (10.5) 126 (6.2)

Maternal age (years), mean � SD NA 30.4 � 5.0 30.4 � 5.1 31.0 � 6.1 30.5 � 5.2 30.9 � 4.8

Primiparity, n NA 3784 2895 283 3287 1343

IQR, inter quartile range; NA, not applicable; SD, standard deviation.

*Apgar score and caesarean section were not predictors in the model, thereby missing status did not influence the performance of the model.

Information on maternal age and parity was not available in the development population.

532 ª 2021 John Wiley & Sons Ltd.
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Discussion

Main findings
The aim of this study was to perform an external valida-

tion, and if needed updating, of a high-quality prognostic

model to make it widely applicable in daily practice. The

performance of the prognostic model predicting survival in

preterm infants was assessed in an independent, nationwide

perinatal registry cohort. The model was previously devel-

oped with data from the UK and was found to be valid in

a large recent cohort of Dutch infants. When applying the

model to the Dutch population with similar inclusion crite-

ria to the development population by Manktelow et al.,19

the model showed good external validity without the need

Figure 1. This figure shows the calibration plot as a result of applying the original model to (A) the validation population similar to the UK

population used for development, i.e. all white, singleton infants born between 23+0 and 32+6 weeks of gestation, and to the different validation

populations of infants born between 24+0 and 31+6 weeks of gestation: (B) white singletons, (C) non-white singletons, (D) all singletons, (E, i) all

multiples before intercept adjustment, (E, ii) all multiples after intercept adjustment. The triangles indicate deciles of predicted risk.

Figure 2. This figure shows predicted chance of survival according to gestational age and birthweight centile, separately for boys (A) and girls (B).

533ª 2021 John Wiley & Sons Ltd.
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for updating, as indicated by good calibration and the abil-

ity to discriminate well between infants that survived and

did not survive to discharge. The c statistic in the external

validation population was slightly lower than the c statistic

as found by internal validation in the development popula-

tion (0.82 versus 0.86), which is to be expected when

applying an existing model to new patients. The overall

observed proportion of survival was similar to the mean

predicted chances, indicating that overall, the model esti-

mates the chance of survival accurately. When applying the

model more broadly to very preterm infant populations,

the model showed good external validity, with only in mul-

tiples a need for a minor adjustment (intercept) of the

original model.

When externally validating a prediction model, research-

ers should evaluate and quantify the relatedness between

the population of the development and validation samples.

Otherwise, inferences on the actual clinical value or trans-

portability of a prediction model may be misleading and

cause prediction models to be implemented in incompati-

ble populations.19 Our study showed similar baseline char-

acteristics and survival rates between the development and

the validation populations, which may explain why the

model performs well in Dutch infants. Although the model

needed an intercept adjustment in the group of multiples,

the adjustment was small and external validation indicated

that the overall predictor–outcome associations (as indi-

cated by the calibration slope) of the original model were

adequate in the multiples population. Adjustment of the

model intercept is common to allow for a difference in

baseline risk that is not reflected in the predictors in the

model.18 The resemblance of characteristics and mortality

rates combined with the accurate performance of the model

in all validation populations indicates that implementation

of the model in clinical practice could be considered.

Interpretation
Up-to-date external validation studies are scarce. However,

it is very important to assess the performance (i.e. general-

isability) of clinical prediction models in a population dif-

ferent from the development population. To provide

a complete and accurate judgement of the performance of

a model, information on calibration, ideally by providing a

calibration plot, is needed. Having a model that discrimi-

nates well, such as the current model, does not directly

imply clinical usefulness.20 When a model is used to inform

patients or physicians in making decisions, evaluation of

calibration might be of greater importance. In fact, poor

calibration may make an algorithm less clinically useful

than a competitor algorithm that has a lower area under

the curve but is well calibrated.21,22 Our calibration slope

had a value of 0.92, with a target value of 1. This suggests

that estimated chances are slightly too extreme, i.e. too

high for patients who are at high chance and too low for

patients who are at low chance. However, our calibration

slope was close to 1 in combination with a calibration-in-

the-large of 0.003 close to 0, which implies that, after

assessment of the model’s impact on doctor’s behaviour

and/or clinical outcomes,5 the model could be considered

for application in clinical practice.

The prognostic model includes a small number of readily

available characteristics at birth that are independent of

healthcare system or local protocol, are familiar to caregivers

and are already known to influence the outcome of the new-

born. The advantage of using the prognostic model is that

the characteristics are combined in a more formal way,

allowing for individual mortality risk estimation. This is

demonstrated in Figure 2, in which the model provides

insight into the mutual relationship of the variables and

shows the actual effect of increased gestational age or birth-

weight on the probability of survival. Nowadays, the domi-

nant variable that predicts survival rate is gestational age,

mostly reported as a function in (completed) weeks of gesta-

tion, for example in the Eunice Kennedy Shriver National

Institute of Child Health and Human Development

(NICHD) calculator.23 Our validated model shows that a

25% survival probability difference may exist depending on

gender, birthweight and days within a particular week cate-

gory of gestation. To illustrate this, a male growth-restricted

(645 g, P10) preterm infant born at 25+0 weeks of gestation

has a survival probability of 53%, whereas within the same

week category, a female preterm infant born at 25+6 weeks

of gestation with a normal birthweight (840 g, P50) has a

survival probability of 80%. Obviously, this is of clinical

importance for parents. Hence, three simple variables avail-

able at birth may account for large variation of survival

probability within the same week category. Other well-

known prediction models have added additional variables,

such as antenatal corticosteroids administration (NICHD)23

or variables related to physiological derangements such as

blood pH, oxygen administration and blood pressure

(SNAPPE-II, CRIB-II).24,25 These more complex models

might be capable of refining individual survival probability,

so a comparative evaluation of these models might be of

additional value. A model that is straightforward and allows

adequate estimation of survival rates that are clinically use-

ful, without relying on clinical variability, physiological vari-

ables or availability of therapies is needed. In our opinion,

the high quality of the model by Manktelow et al., i.e. based

on a very low risk of bias as found in our recent review, in

combination with the small number of readily available

characteristics, warrants future applicability and face validity

of the model in daily clinical practice in the NICU.

The current prognostic value of the factors included in

the model was unknown for the Dutch population.26 In

2012, a previous UK model by Draper and Manktelow
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et al. was validated in a Dutch population, born from 2000

to 2007.4,27 However, survival of preterm infants has

improved over the past decades and two guideline changes

in active treatment of extremely preterm infants have been

implemented in the Netherlands, in 2007 and 2010.12,28

The current validation study provides up-to-date informa-

tion and can be of additional value in decision-making in

individual cases. It is important to provide parents and

clinicians with useful prognostic information enabling them

to make informed, well-considered decisions.29 Although

this model was developed for postnatal application, it can

be a helpful tool to support decisions when counselling

parents prenatally, e.g. using estimated fetal birthweight.

Strengths and limitations
Strengths of this study include our well-described, large,

nationwide and heterogeneous cohort of infants from the

Netherlands, standardised data collection and validation of

a model with a small number of readily available character-

istics. Although the model was developed in a population

restricted to white, singleton infants, this validation study

succeeded in generalising the model to non-white and mul-

tiple births. Our study has some limitations as well. We

used data from a registry database, meaning that data were

not prospectively collected with the aim of external valida-

tion of the Manktelow et al. model. Nevertheless, the char-

acteristics included in the model are collected accurately, as

indicated by the low number of missing values, and the

included variables did not leave a broad scope for free

interpretation. Second, the population of non-white single-

tons was small with respect to the number of infants that

died (n = 75 instead of the needed 100 events), resulting in

increased risk for biased estimates of model performance in

this population. The multiple infant population was too

small to apply the model separately in white and non-white

infants. Third, as the aim of our study was to perform vali-

dation of the model of Manktelow et al., we included

infants with a similar broad gestational age range. How-

ever, clinical relevance may be highest for infants; a more

specific study population of infants born below 28 weeks of

gestation is needed. Last, the non-white population was

analysed as one group, but substantial risk differences

might exist among this heterogeneous group including

Asian, African and many other ethnicities. Although the

model appeared to be applicable in the full group of chil-

dren, no conclusions can be drawn on specific ethnicities

other than white children.

Conclusions

In this external validation study, we showed that a high-

quality prognostic model predicting survival in very pre-

term infants has good external validity in an independent,

nationwide cohort. The high quality of the model by

Manktelow et al. with very low risk of bias, in combina-

tion with the small number of readily available character-

istics and good performance at external validation make

the future applicability and face validity of the model

high for use in daily clinical practice in the NICU. After

assessment of the model’s impact on clinician’s behaviour

and/or clinical outcomes, implementation of the model

in clinical practice could be considered. This model can

be a helpful step towards an individualised, prognosis-

based approach in counselling parents on the limits of

viability.
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