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Getting controversial with fetal growth

I have no conflicts of interest to disclose

I have no FINANCIAL conflicts of interest to disclose…

…but I’m extremely biased about statistical modelling

Objectives—what I was asked to talk about

1. Review different fetal growth estimation techniques

2. Simplify the stats behind fetal growth curves

3. Discuss which curve is the best

Objectives—what I’ll actually talk about

1. Ignore all other measures of fetal growth / wellbeing
I’m going to focus only on U/S estimates of fetal growth

2. Possibly [likely] complicate the stats behind [fetal] growth curves
But I promise to explain!

3. Leave you to decide which curve is the “best”
Spoiler alert: there is no universally “best” curve!

4. ≤15 minutes

What you know already

• Ultrasound measures  estimated fetal weight (EFW)

• EFW plotted against reference standard

• Centile of growth used to:
• Determine if current size is adequate

• Determine if previous growth has been adequate

• Project future growth

• Anticipate / avoid risks / poor outcomes

• The next sequence of fetal growth curve slides courtesy 
of Dr Nir Melamed
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Hadlock 1991
• Ultrasound-based 

standard

• Population
• N=392
• Low-risk
• Mainly white women
• Huston, TX

• Dating: US or 
clinical
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Hadlock et al., 
Radiology 1991
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Kramer 2001
• Population-based 

reference 
• Based on birth 

weight data in 
Canada (excluding 
ON) 1994-1996 

•N=676,605

Kramer et al., 
Pediatrics 2001
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Brenner 1976
• Population-based 
standard based on 
birth weight data in 
the U.S. 1962-1969 

• Population
• N=30,772
• Low-risk pregnancies 

• Dating: Clinical

Brenner et al., 
AJOG 1976

10th%
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Intergrowth-21st

2014-2016
• Ultrasound-based 

standard
• Prospective multi-

center, international   
longitudinal study 
(2009-2014)

• Followed 14w to 2y

Population
• N=4,321
• Low risk pregnancies

• Single international 
chart 
(‘one size fits all’)

10th%

Stirnemannet et al., 
UOG Dec 2016

Lancet, 2014
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Intergrowth-21 (EFW)

10th%
NICHD 2015
• Ultrasound-based 

standard
• Prospective multi-

center longitudinal 
study in the U.S.
(2009-2013)

Population
• N=2,334
• Low risk pregnancies

• Race-specific 
standard curves

Germaine et al., 
AJOG 2015
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NICHD (EFW, white)

WHO 2016
• Ultrasound-based 

standard
• Prospective multi-

center, international   
longitudinal study 

Population
• N=1,387
• Low risk pregnancies

• Curves may need to 
be adjusted to local  
population  

Kiserud et al., 
PlosOne Jan-2017
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What do you get after a quarter century of 
fetal growth research?

Hadlock 1991 
vs. 

WHO 2017
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What you thought you knew already

1. What is a nomogram?

2. What is a growth chart?

3. What is growth curve modelling?

Nomogram

• Graphical calculating device 

• Allows approximate calculation of 
mathematical function

• In medicine, prediction tools:
• Pretest probability 

• Likelihood ratio associated with “positive” 
test

• Posttest probability 

Growth chart

• Graphical representation of 
distribution of quantifiable 
entity, at different points in 
time

• In medicine: 
• anthropometric growth

• blood pressure

Growth curve modelling

• Graphic representation of how a quantifiable entity changes in relation to 
another quantifiable entity.

• Often demonstrates change over time 

• In statistics: model estimating inter-individual variability in intra-individual 
patterns of change 

= a glorified ANOVA (!)
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Growth curve models

• Not always anthropometric “growth!”

• E.g. fetal Hb following intrauterine transfusion 

Human growth models 

• Structural models: 

“Growth has a specific functional form”
• Key biological traits associated with growth

• E.g. timing and magnitude of peak height velocity

• Characterize a known biological sequence of events

• E.g. initial rapid infant growth followed by deceleration 

• Curve has a specific “appearance”

• E.g Berkey-Reed model for infant/childhood weight

Structural growth curves

Berkey-Reed infant weight curve  Am J Human Biol 2015;27:69.

Human growth models 

• Non-structural models:

“Functional form of growth is unknown”
• Rely on generic estimation of best-fit curve

• E.g. polynomials, fractional polynomials, splines, kernel estimators

• Biological sequence of events not known, or potentially being investigated

• E.g. Change in Hgb following repeated intrauterine transfusions

• Curve has a familiar mathematical “appearance”

• E.g linear, quadratic, logarithmic…

Non-structural growth curves

Linear Quadratic

Fractional 
polynomial

Cubic

Non-structural growth curves

Linear Quadratic

Fractional 
polynomial

Cubic
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Fetal growth curve models

• Inter-individual variability = differences between individual fetuses 
• What is “normal” fetal weight?

• How much deviation from normal is attributed to differences between fetuses  

• Intra-individual patterns of change = sequential measurements of same 
fetus
• What a “normal” fetal weight trajectory?

• How much deviation from previous estimate is attributed to THAT specific fetus’ growth 
pattern

Inter-individual variation (“between” fetuses)
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Intra-individual change (“within” fetuses)
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“Shapes” of individual 
trajectories:
• Velocity (1st derivative)
• Acceleration (2nd deriv.)

Why do we care?

1. How was “normal” defined in the first place?
• Population vs customized

1. Which is the “best” curve to use?
• Fetal EFW vs neonatal birthweight

• Cross-sectional vs longitudinal

• More stats…

2. Do fetal growth curves predict:
• Birthweight

• Fetal growth restriction

• Stillbirth / perinatal outcomes

How do you define “normal?”

• Population-based
• Fetal growth parameters empirically derived
• Accept that variation between individuals explains variation between 

groups, ie. individuals all come from the same population
• Unselected population* 

• *not quite true: multiethnic urban centres, multinational, well-nourished, 
singleton pregnancies

• Set global standard for fetal growth in optimized conditions

• Customized, the “new normal”
• Accept that there is wide variation between different populations 

(groups)
• Accept that this variation is normal, not fully explained by individual-

level variance
• Set standards which are population (group)-specific

• Represents optimal growth, absence of complication/disease
• Able to detect fetal growth abnormalities

How do you define “normal?”

• Population-based
• Fetal growth parameters empirically derived
• Accept that variation between individuals explains variation between 

groups, ie. individuals all come from the same population
• Unselected population* 

• *not quite true: multiethnic urban centres, multinational, well-nourished, 
singleton pregnancies

• Set global standard for fetal growth in optimized conditions

• Customized, the “new normal”
• Accept that there is wide variation between different populations 

(groups)
• Accept that this variation is normal, not fully explained by individual-

level variance
• Set standards which are population (group)-specific:

• Represents optimal growth, absence of complication/disease
• Able to detect fetal growth abnormalities
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How do you define “normal?”

Difference 
between groups

Difference 
within groups

Customized

Population-based
Distribution of 
whole population

How do you define “normal?”

: 
Eurovision

Customized

Population-based

Band Aid 
“Feed the World” 1984

Population vs customized?

INTERGROWTH-21

• Multiethnic, urban

• Ultrasound estimated fetal 
weight 
• Weight followed to age 2 

• 8 countries

GROW

• Gestation Related 
Optimal Weight

• Birthweight-based

• 23 countries

• 3.2 million births

• 100 ethnic groups

• Maternal height, weight, 
parity

• Fetal sex

Population vs customized? Benefits/risks

All variance is individual

• “Unadjusted” / “pure”

• External validity: compare 
across countries, 
ethnicities, other 
characteristics

• Wider variation, 
particularly at extremes

• Cannot “explain” variation 

“Variance is partitioned: individuals 
within group

• “Adjusted/adjustable”
• Internal validity: compare 

within same country, 
ethnicity, other 
characteristic

• Reliant on methodology
• When to stop adjusting?

• Adjust for ethnicity or country 
of residence?

• Adjust for multiples

• Defining groups is 
normative (!)

GROW

R=0.979
High correlation

INTERGROWTH vs GROW

Higher rates of SGA 

Stabilization of SGA rates
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What’s the “best” curve?

• Statistical question: Which curve has the most rigorous methodology?

• Clinical question: Which curve works?

INTERGROWTH-21

• Prospective longitudinal cohort 

• N=4,321 uncomplicated, singleton pregnancies

• 8 multinational urban centres (Brazil, Italy, Oman, UK. USA, China, India, 
Kenya)

• GA 14+0 to 42+0 (followed to 2 years of age)

• EFW q 5 weeks

• Second degree fractional polynomial growth model

• Multilevel (aka random effects, mixed, hierarchical)
• Repeated measures over time

• 3-level: measurements : occasions : individuals 

Papageorghiou et al Lancet 2014

INTERGROWTH-21
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Data points represent:
• Repeated measurements 

at different GA’s of same 
babies

• Longitudinal
• EFW-based

Kramer, 2001

• Cross-sectional, Canadian population data (excl ON)

• N=676,605 singleton infants born GA 22-42 wks

• Sex-specific

• Birthweight based estimates of fetal growth

Kramer et al Pediatrics 2001

Kramer, 2001
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Different 
infants 
born at 
GA=38

Different 
infants 
born at 
GA=24

Fetal growth curves are not perfect

How well does ultrasound screening predict late SGA/FGR (aka: birthweight 
<10%ile)?

• Meta-analysis of screening U/S ≥32 wk in “low-risk” pregnancies

• 21 studies, ~81,000 fetuses

• Pooled sensitivity: 38% 

• Pooled specificity: 95% 

Caradeux et al AJOG 2019
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Fetal growth curves are not perfect

How comparable are studies about FGR and perinatal outcomes?

• Systematic review RCTs investigating prevention/treatment of FGR 

• 44 trials

• Outcomes reported varied across RCTs

• Birthweight reported: 88%

• Neonatal morbidity reported: 28%

Townsend et al UOG 2018

Light at the end of the tunnel? 

What if we used fetal growth curves in combination with 
something else?

• Prospective cohort study combination of sFLIT1/PlGF + 
US EFW<10%ile
• GA 28 wks, GA 36 wks

• Outcome: SGA infant associated with 
• Preeclampsia

• Perinatal morbidity/mortality

• GA 28 wks: Sensitivity:38%, LR+: 41

• GA 36 wks: Sensitivity: 37%, LR+: 17.5

Gaccioli F et al. Lancet Child Adoles Health 2018

Back to 
nomograms…

“Should I be worried?”
• Risk factors
• Previous OB history
• 6th sense

“PANIC”

U/S EFW
Dopplers

Serum biomarkers

“Who ordered 
delivery?”

“This could get bad”

“Let’s do more scans”

“See you next week”

“Considering home 
birth?”

Summary

1. Fetal growth curves cannot be used in isolation to predict/prevent perinatal 
outcomes

• Especially late-onset FGR, stillbirth

2. Fetal growth curves are not made equally
• Population vs customized
• Birthweight derived vs U/S EFW estimates

• Cross-sectional data vs longitudinal

• Linear regression vs mixed effects 

• Quadratic regression vs fractional polynomials vs other

3. No curve = The Best Curve
• Scientifically: pick the curve that works with your assumptions

• Clinically: pick the curve you can communicate with

Thank you!


