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Abstract
Objectives: Accurate assessment of gestational age (GA) is important at both indi-
vidual and population levels. The most accurate way to estimate GA in women who 
book late in pregnancy is unknown. The aim of this study was to externally validate 
the accuracy of equations for GA estimation in late pregnancy and to identify the 
best equation for estimating GA in women who do not receive an ultrasound scan 
until the second or third trimester.
Design: This was a prospective, observational cross- sectional study.
Setting: 57 prenatal care centres, France.
Participants: Women with a singleton pregnancy and a previous 11–14- week dating 
scan that gave the observed GA were recruited over an 8- week period. They under-
went a standardised ultrasound examination at one time point during the pregnancy 
(15–43 weeks), measuring 12 foetal biometric parameters that have previously been 
identified as useful for GA estimation.
Main Outcome Measures: A total of 189 equations that estimate GA based on foetal 
biometry were examined and compared with GA estimation based on foetal CRL. 
Comparisons between the observed GA and the estimated GA were made using R2, 
calibration slope and intercept. RMSE, mean difference and 95% range of error were 
also calculated.
Results: A total of 2741 pregnant women were examined. After exclusions, 2339 par-
ticipants were included. In the 20 best performing equations, the intercept ranged 
from −0.22 to 0.30, the calibration slope from 0.96 to 1.03 and the RSME from 0.67 to 
0.87. Overall, multiparameter models outperformed single- parameter models. Both 
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1 |  I N TRODUC TION

Accurate gestational age (GA) assessment is a key component 
of obstetric care for timing interventions, such as the admin-
istration of steroids to the mother with preterm labour to en-
hance neonatal lung maturity; management of prematurity 
and foetal growth restriction; and induction of labour for ob-
stetric complications and postmaturity. It is also important 
at a population level to estimate rates of preterm birth and of 
small and large- for- gestational age (SGA and LGA) foetuses, 
which are important phenotypic distinctions. Ultrasound 
measurement of foetal crown–rump length (CRL) between 
45 and 84 mm is recognised as the most accurate way to esti-
mate GA, but due to foetal curling cannot be applied beyond 
the first trimester.1

Nevertheless, early ultrasound remains limited in many 
regions of the world,2 and a high proportion of women in 
low-  and middle- income countries (LMICs) book after 
20 weeks.3–5 Even in well- resourced settings, over 5% of 
women receive no antenatal care until the late second or third 
trimester.6,7 These women are amongst the most vulnera-
ble,8 added to which, adverse outcomes have been found to 
be higher amongst those with uncertain last menstruation.9

The WHO recommends that all women should have an 
ultrasound scan before 24 weeks, in part to accurately date 
the pregnancy.10 However, many women are still scanned 
in late pregnancy, especially those uncertain of their last 
menstruation. Here, there is no agreed way on how to best 
estimate GA: Many pregnancies will be assigned a GA esti-
mated from head circumference (HC) alone, but imprecision 
of ±14.4 to 17.0 days at 24–30 weeks and ±20.9 to 22.0 days at 
30–36 weeks has been reported for the most commonly used 
HC equations.11 A number of articles and guidelines have 
suggested that composite equations using multiple parame-
ters might be preferable as they are more accurate than a sin-
gle parameter alone in the second and third trimesters,12–14 
but independent comparison is lacking.

We have previously published a systematic review of the 
methodological quality of studies reporting equations for es-
timating GA in the second and third trimesters.1 We showed 
that estimation by maternal fundal height measurement is 
inferior to ultrasound. We also identified the 10 most meth-
odologically robust studies, based on study quality. However, 
a head- to- head comparison to ascertain which equations 
best estimated GA was not possible without an independent 
data set that measured all the different variables included in 
all these equations. We required a novel data set and so we 
undertook a large prospective study and performed compar-
ison of accuracy of candidate equations estimating GA that 
we identified previously,1 in order to make recommenda-
tions for clinical practice.

2 |  M ETHODS

2.1 | Sonographer recruitment

This was a prospective, observational, cross- sectional study 
assessing the precision of ultrasound biometry in predicting 
GA. We used existing ‘flash’ methodology,15–17 a pragmatic, 
short and focussed type of study that is embedded in routine 
clinical practice. ‘Flash’ studies are undertaken using the 
countrywide network of sonographers who are members of 
the French College of Foetal Ultrasound (Collège Français 
d'Échographie Fœtale [CFEF]) and require only minor ad-
ditional steps to routine practice.

We invited sonographers to download the study protocol 
and to take an online training course (www. cfef. org) that re-
viewed the aims of the study, inclusion criteria, methodology 
for taking the measurements and quality control criteria of 
each view (File S1). Only sonographers who completed the 
course and sent five complete and high- quality image- sets 
(of the requisite eight views) were eligible to participate in 
the study.

the 95% range of error and mean difference increased with gestation. Commonly 
used models based on measurement of the head circumference alone were not 
amongst the best performing models and were associated with higher 95% error and 
mean difference.
Conclusions: We provide strong evidence that GA- specific equations based on mul-
tiparameter models should be used to estimate GA in late pregnancy. However, as 
all methods of GA assessment in late pregnancy are associated with large predic-
tion intervals, efforts to improve access to early antenatal ultrasound must remain a 
priority.
Trial Registration: The proposal for this study and the corresponding methodologi-
cal review was registered on PROSPERO international register of systematic reviews 
(registration number: CRD4201913776).

K E Y W O R D S
biometry, due date, gestational age, growth, post- term, pregnancy, pregnancy dating, preterm, 
screening, ultrasound dating

http://www.cfef.org
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2.2 | Recruitment of women

Pregnant women with a singleton pregnancy without an ob-
vious congenital abnormality were prospectively included 
over a fixed study period of 8 weeks. Scans were undertaken 
routinely at 11–14, 21–24 or 30–34 weeks’ gestation accord-
ing to standard antenatal care in France, or in between 
based on medical history. Maternal age, parity, body mass 
index (BMI), date of the first- trimester ultrasound and the 
recorded CRL measurement were collected. For all included 
women, pregnancy dating was based on CRL measure-
ment in the first trimester, as recommended by the French 
College of Obstetrics and Gynecology (CNGOF)18 using the 
Robinson and Flemming equation.19 This was the observed 
GA that was subsequently used as the ‘ground truth’ for test-
ing later pregnancy dating equations. Although women were 
subsequently scanned more than once, each woman was 
only scanned once during the study period.

In order to gather data to test the different GA models, a 
total of 12 ultrasound measurements, yielding 13 different 
biometric parameters to be tested, were obtained:

 1. Foetal head circumference (HC);
 2. Biparietal diameter measured by placing callipers in an 

outer to outer (BPDoo) position;
 3. Biparietal diameter measured by placing callipers in an 

outer to inner (BPDoi) position;
 4. Occipital frontal diameter (OFD);
 5. Abdominal circumference (AC);
 6. External interorbital distance (EIOD);
 7. Transverse cerebellar diameter (TCD);
 8. Femur length (FL);
 9. Tibia length (TL);
 10. Foot length (FtL);
 11. Right kidney length (RKL);
 12. Left kidney length (LKL); and
 13. Mean kidney length (MKL) was calculated from the 

mean of the RKL and LKL when both measurements 
were available.

These measurements were the most frequently measured 
foetal parameters identified in our previous systematic re-
view.1 Manual data entry was undertaken and data cleaning 
and identification of outliers performed. Individual sonogra-
phers were contacted to verify locally stored images and cor-
rect any errors. We excluded women and their pregnancies 
if there was no record of CRL measurement during the first 
trimester and all foetuses with congenital malformations, 
or intrauterine growth restriction. Additional information 
about exclusions and a complete list of values deemed as out-
liers is presented in File S2.

2.3 | Identification of equations

In a previous systematic review,1 we assessed the method-
ology and risk of bias of 97 publications describing studies 

proposing models for GA estimation using ultrasound bio-
metric parameters. These publications described 284 equa-
tions, of which 237 were composed of biometric parameters 
considered feasible to be measured reproducibly in this 
study in a routine setting. Of the 237 models, 48 were ex-
cluded20–31 as they did not produce biologically plausible 
GA estimates; this left 189 unique models from 73 publica-
tions11,23,24,26–28,31–97 for testing (File S3).

2.4 | Statistical analysis

When considering the accuracy of GA estimation, we need 
to assess the mean difference between observed and pre-
dicted GA (representing bias); as well as the range of error 
between observed and predicted GA (representing in some 
sense the random error). The former is more population- 
specific, while the latter a function of variation, such as bio-
logical and measurement variability and variation due to the 
underlying equation linking the biometric variable(s) to GA. 
Therefore, our overall statistical strategy was to establish a 
number of metrics related to these key concepts.

We applied each GA estimation model to each participant 
in the final dataset. Thus, for each participant, an estimated 
GA (predicted GA) was calculated for each included model 
based on their respective biometric variables. The observed 
GA (reference standard) was based on foetal CRL previously 
measured at 11–14 weeks.19

The performance of each model for predicting GA was 
assessed based on the coefficient of determination (R2) and 
represents the proportion of the variance in GA explained by 
the included predictors in any given model (a perfect model 
would explain 100% of the GA variance, so the R2 ranges from 
0 to 1). The models' calibration slope and calibration- in- the- 
large (intercept) are estimated by regressing the observed on 
predicted values of GA. The calibration slope evaluates the 
spread of the estimated values and has a target value of 1. A 
slope <1 suggests that predicted values are too high for indi-
viduals with low observed values and too low for those with 
high observed values. A slope >1 suggests the opposite. The 
calibration- in- the- large has a target value of 0; negative values 
suggest overestimation, whereas positive values suggest un-
derestimation. The root mean square error (RMSE) was cal-
culated to reflect the average difference between the predicted 
and observed values of GA, with a value of zero indicating no 
difference between the predicted and the true GA.

Models that consistently presented better performance 
across all four performance parameters were selected. To do 
this, we ranked models according to the best estimate obtained 
for the performance parameters described above (R2 calibra-
tion slope, intercept, and RMSE). We then simply summed 
each model's rank for these four parameters and selected the 
20 with lowest scores for detailed reporting. We assessed the 
models' overall calibration graphically in terms of GA by plot-
ting agreement between predicted and observed values.

It is clinically beneficial that GA estimation models 
work throughout gestation. However, some of the validated 



4 |   SELF et al.

models were developed for specific ranges of GA. We as-
sessed all models on both the full data set and limited to the 
GA range they were developed for.

To aid clinical interpretation, we also present a 95% range 
of error, estimated as the interval defined by the 2.5th and 
97.5th percentiles of the difference between observed and 
predicted GAs for all models at 18–23+6; 24–29+6; 30–35+6; 
and 36–40+0 weeks of gestation. The mean difference be-
tween observed and predicted GA for each interval was esti-
mated to provide an indication of over or underestimation. 
The narrower the 95% range of error is, and the closer to 
zero the mean difference between observed and predicted 
GAs is, the more accurate is the predicted GA provided by 
any given model.

Women with incomplete or outlier values (File S2) for any 
of the biometric parameters of interest were excluded, and a 
complete case analysis carried out.

2.5 | Sample size

The smallest R2 value reported in our previous system-
atic review was 0.7.1 Assuming the models would perform 
worse in the validation data set (so, anticipating an R2 upon 
the external validation data of 0.5), and targeting a 95% CI 
with a narrow width of 0.1, the minimum sample size re-
quired for external validation would be approximately 770 
individuals.98 In order to achieve this in a fixed period of 
8 weeks, we anticipated requiring 40–80 centres, depend-
ing on individual throughput. As we anticipated that not 
all measurements would be feasible in all women at all 
gestational ages, and due to uncertainties related to the 
COVID- 19 pandemic, we took a decision to oversample, 
and the analysis of 2339 women from the data set clearly 
exceeds the minimum sample size requirement to evaluate 
model performance.

T A B L E  1  Summary characteristics of complete cases with no outliers, complete cases and entire study population.

Variable

Complete cases with no outliers Complete cases including outliers Entire population

n Mean SD Min Max n Mean SD Min Max n Mean SD Min Max

Age (years) 2295 32.0 5.0 16.0 50.9 2406 32.0 5.0 16.0 50.9 2692 32.0 5.0 16.0 50.9

Parity 2339 1a – 0 10 2451 1a – 0 10 2741 1a – 0 10

0 1018 43.52b – – – 1055 43.04b – – – 1192 43.49b – – –

1 837 35.78b – – – 883 36.03b – – – 985 35.94b – – –

2 328 14.02b – – – 344 14.04b – – – 379 13.83b – – –

3 or more 156 6.67b – – – 169 6.9b – – – 185 6.75b – – –

Weight (kg) 2331 70.2 13.9 40.0 150.0 2443 70.2 13.9 40.0 150.0 2729 69.9 13.7 40.0 150.0

Height (cm) 2324 164.5 6.3 123.0 185.0 2435 164.5 6.3 123.0 185.0 2724 164.5 6.2 123.0 185.0

BMI (kg/m2) 2318 25.9 4.9 14.7 67.6 2429 25.9 4.9 14.7 67.6 2715 25.8 4.8 14.7 67.6

IGGA (weeks) 2339 27.1 5.1 15.9 38.9 2451 27.1 5.2 15.9 43.1 2741 27.2 5.2 15.9 43.1

RobGA2 (weeks) 2339 26.9 5.1 15.7 38.7 2451 26.9 5.2 15.7 42.9 2741 27.0 5.2 15.7 42.9

HC (mm) 2339 244.4 50.2 119.9 361.0 2451 244.1 50.4 81.0 361.0 2735 245.4 51.0 47.0 361.0

AC (mm) 2339 228.4 55.3 105.1 367.3 2451 228.1 55.4 58.0 367.3 2735 229.3 55.7 58.0 367.3

FL (mm) 2339 49.3 12.0 18.6 73.0 2451 49.2 12.0 18.6 73.0 2738 49.5 12.1 18.6 77.7

BPDoo (mm) 2339 68.1 14.7 32.9 98.6 2451 68.1 14.7 32.9 98.6 2739 68.5 14.8 32.9 98.6

BPDio (mm) 2339 66.2 14.6 32.3 96.2 2451 66.2 15.3 21.0 294.5 2661 66.6 15.3 21.0 294.5

OFD (mm) 2339 86.0 17.2 42.6 122.3 2451 86.3 19.6 33.0 405.8 2624 86.6 19.5 33.0 405.8

TCD (mm) 2339 31.7 9.1 14.7 54.9 2451 31.7 9.1 14.7 59.5 2709 32.0 9.2 14.7 59.5

BND (mm) 2339 41.6 7.5 22.7 67.4 2451 41.5 8.2 6.1 161.6 2677 41.6 8.2 6.1 161.6

RKL (mm) 2339 31.2 7.9 12.6 53.4 2451 31.2 7.9 11.4 53.4 2699 31.4 8.0 2.7 55.3

LKL (mm) 2339 31.3 7.9 13.5 53.0 2451 31.3 7.9 6.6 53.0 2688 31.4 8.0 4.1 53.0

MKL (mm)c 2339 31.3 7.8 13.2 51.5 2451 31.2 7.8 11.3 51.5 2686 31.4 7.9 11.3 53.6

FtL (mm) 2339 51.8 13.6 19.1 83.6 2451 51.8 13.6 19.1 83.6 2706 52.0 13.7 19.1 83.6

TL (mm) 2339 43.5 10.7 16.2 66.1 2451 43.4 10.7 16.2 81.9 2679 43.6 10.7 16.2 81.9

Abbreviations: AC, abdominal circumference; BPDoi, biparietal diameter outer to inner; BPDoo, biparietal diameter outer to outer; EIOD, external interorbital distance; FL, 
femur length; FtL, foot length; HC, head circumference; LKL, left kidney length; MKL, mean kidney length; OFD, occipital frontal diameter; RKL, right kidney length; TCD, 
transverse cerebellar diameter; TL, tibia length.
aMedian.
bPercentage.
cMKL as estimated based on RKL and LKL for women with both measures only.
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2.6 | Ethics and patient and public 
involvement

There was no patient or public involvement in the development 
of the study design or the way it was conducted. Patients were 
first involved in the research when provided with information 
about the data collection at their routine scans.

3 |  R E SU LTS

Between 6 September 2021 and 29 October 2021, 124 sonog-
raphers agreed to participate of whom 57, from 57 centres, 
fulfilled the inclusion criteria of the study. During the study 
period, the sonographers performed scans on a total of 2741 
women. Over 97% of individual biometry measurements were 
successfully attained at recruitment (data available upon re-
quest). As we only included data sets in the analysis where all 
12 measurements of all structures were obtained, we excluded 
290 (10%) women with incomplete data of one or more meas-
urement needed to compute the GA equations. After exclud-
ing 112 (4%) outliers, this left a final sample of 2339 women. 
The same number of scans, with complete sets of data across 
all parameters between 15+5 and 38+6 weeks of gestation, were 
included for analysis (Table  1). Figure  1 depicts the flow of 
participants through the study and numbers excluded. File S4 
shows the number of scans included per week of gestation.

The performance of all 189 GA equations was then es-
timated (Files  S5 and S6). We examined the 20 equations 
ranked as best performing (Table  2, and their calibra-
tion plots in File S7). The intercept ranged from −0.219 to 
0.297 amongst the top 20. Values of R2 demonstrated that 
a high proportion of the variation in the CRL- calculated 
GA that was explained by the models estimating GA with 

T A B L E  2  Performance of the 20 best performing models assessed on all complete sets of data between 18 and 40 weeks’ gestation.

Model number Authors Year Parameters used
GA range developed 
for (weeks)

RoB 
scorea Intercept R2 Slope RMSE

37 Dare et al.40 2004 FL Unknown 24% 0.04 0.97 1.02 0.87

82 Hadlock et al.53 1984 FL 14–42 28% 0.08 0.97 1.02 0.86

85 Hadlock et al.53 1984 BPDoi and FL 14–42 28% 0.14 0.98 0.98 0.76

88 Hadlock et al.53 1984 AC and FL 14–42 28% −0.02 0.98 1.01 0.71

90 Hadlock et al.53 1984 BPDoi, AC and FL 14–42 28% 0.02 0.98 1.00 0.68

92 Hadlock et al.53 1984 HC, AC and FL 14–42 28% 0.30 0.98 1.00 0.75

93 Hadlock et al.53 1984 BPDoi, HC, AC and 
FL

14–42 28% 0.21 0.98 0.99 0.71

99 Hill et al.24 1992 FL 13–43 10% −0.04 0.97 1.03 0.86

100 Hill et al.24 1992 BPDoi and AC 13–43 10% −0.02 0.97 0.97 0.86

102 Hill et al.24 1992 BPDoi and FL 13–43 10% 0.11 0.98 1.01 0.74

105 Hill et al.24 1992 AC and FL 13–43 10% 0.09 0.97 1.00 0.83

106 Hill et al.24 1992 BPDoi, HC and AC 13–43 10% −0.03 0.98 0.96 0.83

107 Hill et al.24 1992 BPDoi, AC and FL 13–43 10% 0.01 0.98 1.01 0.69

109 Hill et al.24 1992 HC, AC and FL 13–43 10% 0.24 0.98 0.99 0.73

155 AMANHI Group66 2020 TCD and FL 24–36 + 6 66% −0.13 0.98 0.99 0.68

157 AMANHI Group66 2020 TCD and AC 24–36 + 6 66% −0.20 0.98 1.02 0.76

158 AMANHI Group66 2020 BPDoi, TCD, AC 
and FL

24–36 + 6 66% −0.22 0.99 0.97 0.67

199 Rodriguez- Sibaja et al.79 2020 TCD 14–42 79% 0.12 0.98 1.00 0.82

203 Satish Prasad, Likhitha81 2014 FL 15–40 21% 0.04 0.97 0.98 0.86

229 Varol et al.31 2001 FL 13–40 21% 0.14 0.97 1.00 0.85

aRisk of Bias score from “Second and third trimester estimation of gestational age using ultrasound or maternal symphysis- fundal height measurements: A systematic review” 
[13].

F I G U R E  1  Flow diagram of study participants.
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all exceeding 0.972. Values for the top 20 models ranged 
from 0.961 to 1.002 for calibration slope and RSME values 
ranged between 0.67 and 0.87. In general, multiparameter 
models outperformed single parameter models. There were 
no HC- only models amongst the best performing 20; rather 
combinations of HC, BPD, TCD, AC and FL performed best. 
Thus, models based on BPDoi, AC and FL models24,53 con-
sistently ranked most highly across all four measures of per-
formance followed by an AC and FL model53 and a TCD and 
FL model.66 However, all the 20 top performing models had 
good performance overall.

Clinically, the 95% range of prediction (from the 2.5th 
to the 97.5th centile of actual gestation) is a useful indica-
tor of model accuracy. In Table 3, we summarise the 95% 
range of error for the 20 models. Results for all 189 models 
can be found in File S6. Amongst the top 20 models, 95% 
of all estimates fell within ±7 days of the observed GA at 
18+0–23+6 weeks. This was very similar to commonly used 
HC models.33,50,51,53 As gestation increased, the 95% range 
of error also increased; thus, between 24+0 and 29+6 weeks, 
the more accurate models had 95% of estimates within 
9.5 days of the observed GA, which increased to between 
±10.9 and 15.2 days at 30+0–35+6 weeks. In comparison, 

the lowest 95% range of error for an HC- only model was 
±18.6 days.33

Beyond 36 weeks, GA estimation was generally very 
poor, but only 20 women were eligible for this analysis. In 
155 (79%) models, the GA was underestimated in the 36–
40+0- week category. The 95% range of error was 3 weeks or 
more for 132 (67%) of models. Even amongst the 20 best- 
performing models, the 95% range of error varied between 
±13–28 days and was ±27–31 days for HC- only models.

In subgroup analysis, limiting to GA ranges that the 
equations were designed for, three models developed by 
the AMANHI group no longer featured in the top 2066(see 
File  S8). Instead, two additional multi- parameter models53 
and a TCD only model39 were included.

The mean difference was consistently low until 36–40+0 
weeks. At 18–23+6 and 24 and 27+6 weeks, the mean differ-
ence was predominantly within 2 days of the observed GA 
for many equations. The mean difference of models ranged 
from 2.6 to −1.4 days at 30+0–35+6 weeks, and this compared 
favourably to commonly used HC models (1.1 to −5.5 days). 
Between 36 and 40+0 weeks, the best models tended to un-
derestimate GA by 7–9 days; this underestimation was even 
more notable in HC- only models (11–16 days).33,50,51

T A B L E  3  95% range of error and mean difference (days) for the twenty best performing models assessed on all complete sets of data between 18 and  
40 weeks’ gestation.

Model 
number Authors Year Parameters used

GA range 
developed for 
(weeks)

18–23 + 6 weeks (n = 1141) 24–29 + 6 weeks (n = 165) 30–35 + 6 weeks (n = 974) 36–40 weeks (n = 20)

p2.5 p97.5
95% range of 
error

Mean  
difference p2.5 p97.5

95% range 
of error

Mean 
difference p2.5 p97.5

95% range of 
error

Mean 
difference p2.5 p97.5

95% range 
of error

Mean 
difference

37 Dare et al.40 2004 FL Unknown −7.1 11.6 9.3 1.5 −7.6 15.9 11.7 2.3 −13.9 11.3 12.6 −2.2 −38.9 −3.3 17.8 −15.1

82 Hadlock et al.53 1984 FL 14–42 −6.5 10.1 8.3 0.9 −9.5 14.0 11.8 0.6 −14.7 12.6 13.7 −2.1 −39.4 0.8 20.1 −12.5

85 Hadlock et al.53 1984 BPDoi and FL 14–42 −7.8 5.7 6.7 −1.1 −9.3 9.8 9.5 −0.3 −13.4 12.2 12.8 −0.8 −37.7 5.1 21.4 −10.9

88 Hadlock et al.53 1984 AC and FL 14–42 −5.2 7.8 6.4 0.9 −7.8 13.2 9.6 0.6 −12.3 12.5 13.9 −0.7 −27.8 6.0 22.0 −9.4

90 Hadlock et al.53 1984 BPDoi, AC and FL 14–42 −5.8 6.4 6.5 0.1 −8.0 11.1 10.5 0.1 −12.0 12.0 12.4 −0.3 −30.9 5.9 16.9 −8.9

92 Hadlock et al.53 1984 HC, AC and FL 14–42 −7.5 4.2 6.1 −1.9 −9.1 8.6 9.6 −1.3 −12.5 10.0 12.0 −2.3 −36.1 7.3 18.4 −12.2

93 Hadlock et al.53 1984 BPDoi, HC, AC and 
FL

14–42 −7.3 4.4 5.8 −1.4 −8.4 8.0 8.9 −0.9 −12.2 10.1 11.3 −1.5 −34.9 6.1 21.7 −11.5

99 Hill et al.24 1992 FL 13–43 −5.4 11.5 5.9 2.0 −8.2 15.3 8.2 1.9 −13.8 12.6 11.2 −1.7 −38.8 −0.3 20.5 −13.0

100 Hill et al.24 1992 BPDoi and AC 13–43 −7.5 7.4 8.5 −0.2 −9.2 12.1 11.8 0.2 −13.6 16.7 13.2 0.6 −34.7 10.4 19.2 −7.6

102 Hill et al.24 1992 BPDoi and FL 13–43 −6.7 7.8 7.4 0.0 −7.8 10.9 10.6 0.6 −13.4 10.6 15.2 −1.6 −38.5 0.7 22.5 −12.9

105 Hill et al24 1992 AC and FL 13–43 −6.8 7.7 7.3 0.1 −10.4 12.6 9.4 −1.4 −14.5 14.5 12.0 −1.5 −29.6 10.9 19.6 −7.1

106 Hill et al.24 1992 BPDoi, HC and AC 13–43 −7.0 6.3 7.3 −0.6 −8.0 11.7 11.5 1.1 −11.9 17.0 14.5 1.1 −32.1 13.6 20.3 −9.1

107 Hill et al.24 1992 BPDoi, AC and FL 13–43 −5.6 8.1 6.6 0.8 −7.8 12.7 9.8 1.0 −12.5 11.1 14.4 −1.0 −32.7 2.2 22.9 −11.3

109 Hill et al.24 1992 HC, AC and FL 13–43 −7.3 4.4 6.9 −1.6 −8.3 8.6 10.2 −0.6 −11.9 10.5 11.8 −1.8 −32.3 8.2 17.4 −11.5

155 AMANHI Group66 2020 TCD and FL 24–36 + 6 −5.7 8.3 5.9 1.2 −7.5 14.7 8.5 1.9 −10.6 11.2 11.2 0.8 −26.0 5.3 20.2 −9.1

157 AMANHI Group66 2020 TCD and AC 24–36 + 6 −5.2 9.4 7.0 2.4 −8.1 10.2 11.1 1.3 −13.2 12.2 10.9 0.3 −28.4 11.5 15.6 −8.3

158 AMANHI Group66 2020 BPDoi, TCD, AC 
and FL

24–36 + 6 −5.4 7.5 7.3 1.0 −6.1 13.6 9.2 2.7 −8.3 12.0 12.7 2.3 −26.8 5.2 19.9 −7.7

199 Rodriguez- Sibaja et al.79 2020 TCD 14–42 −10.1 8.4 6.5 −0.4 −12.5 12.9 9.9 0.4 −15.9 10.0 10.1 −1.3 −29.5 −3.6 16.0 −16.4

203 Satish Prasad, Likhitha81 2014 FL 15–40 −7.6 9.3 9.3 −0.2 −9.5 14.1 12.7 0.4 −13.6 15.2 13.0 −0.3 −38.0 5.0 12.9 −9.2

229 Varol et al.31 2001 FL 13–40 −7.6 9.3 8.4 −0.1 −9.6 14.0 11.8 0.3 −14.5 12.7 14.4 −2.0 −39.2 0.0 21.5 −12.8

Note: p2.5 and p97.5 are the 2.5th and 97.5th centiles of the difference distribution; 95% range of error is the half width of the range of error of 95% of all GA estimates. All  
units in days.
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4 |  DISCUSSION

4.1 | Principal findings

Using a prospective, multi- centre, national observational study 
we developed data set of 2339 foetuses with a complete set of 
12 different ultrasound measurements used in models for GA 
estimation. This has enabled the identification of the 20 best 
performing models (from 8 studies) for estimation of GA from 
189 equations using one or more of 13 biometric parameters.

Our analysis demonstrates that, although there is no sin-
gle equation that stands out, multiparameter models pro-
vided better estimates of GA. We believe this constitutes 
strong evidence against the use of single- parameter models 
based on HC for GA estimation in women who book late 
in pregnancy. The best performing models consistently con-
tained varying combinations of HC, BPD, TCD, AC and FL 
(Table 2).

We describe the clinical relevance of these findings by 
showing the range in which 95% of the GA estimates for each 
model fall. Until 29+6 weeks’ gestation, commonly used HC- 
only equations33,50,51,53 performed similarly, although less 
well than the best performing models. However, between 30 

and 35+6 weeks, the half- width 95% range of error was over a 
week more than for the best performing models.

4.2 | Limitations and strengths and 
comparison with other studies

A major strength of this FLASH study is that real- world data 
were obtained spanning the second and third trimesters and 
include complete data on the 13 biometric parameters to be 
tested. Data were obtained by experienced sonographers that 
undertake daily practice in France, and quality control by 
prestudy submission of images was undertaken. There are 
some disadvantages to this approach: First, the distribution 
of data points across gestation were influenced by routine 
practice and so were not evenly spread. We do not believe 
this impacts the credibility of our findings due to the overall 
size of the study. Second, it was implausible to reproducibly 
measure all 25 parameters that have been used for GA es-
timation,1 and models using placental thickness and sacral 
length were not tested. However, over 83% equations identi-
fied in previous work1 were tested, including all models from 
ultrasound studies reporting sound methodology. Although 

T A B L E  3  95% range of error and mean difference (days) for the twenty best performing models assessed on all complete sets of data between 18 and  
40 weeks’ gestation.

Model 
number Authors Year Parameters used

GA range 
developed for 
(weeks)

18–23 + 6 weeks (n = 1141) 24–29 + 6 weeks (n = 165) 30–35 + 6 weeks (n = 974) 36–40 weeks (n = 20)

p2.5 p97.5
95% range of 
error

Mean  
difference p2.5 p97.5

95% range 
of error

Mean 
difference p2.5 p97.5

95% range of 
error

Mean 
difference p2.5 p97.5

95% range 
of error

Mean 
difference

37 Dare et al.40 2004 FL Unknown −7.1 11.6 9.3 1.5 −7.6 15.9 11.7 2.3 −13.9 11.3 12.6 −2.2 −38.9 −3.3 17.8 −15.1

82 Hadlock et al.53 1984 FL 14–42 −6.5 10.1 8.3 0.9 −9.5 14.0 11.8 0.6 −14.7 12.6 13.7 −2.1 −39.4 0.8 20.1 −12.5

85 Hadlock et al.53 1984 BPDoi and FL 14–42 −7.8 5.7 6.7 −1.1 −9.3 9.8 9.5 −0.3 −13.4 12.2 12.8 −0.8 −37.7 5.1 21.4 −10.9

88 Hadlock et al.53 1984 AC and FL 14–42 −5.2 7.8 6.4 0.9 −7.8 13.2 9.6 0.6 −12.3 12.5 13.9 −0.7 −27.8 6.0 22.0 −9.4

90 Hadlock et al.53 1984 BPDoi, AC and FL 14–42 −5.8 6.4 6.5 0.1 −8.0 11.1 10.5 0.1 −12.0 12.0 12.4 −0.3 −30.9 5.9 16.9 −8.9

92 Hadlock et al.53 1984 HC, AC and FL 14–42 −7.5 4.2 6.1 −1.9 −9.1 8.6 9.6 −1.3 −12.5 10.0 12.0 −2.3 −36.1 7.3 18.4 −12.2

93 Hadlock et al.53 1984 BPDoi, HC, AC and 
FL

14–42 −7.3 4.4 5.8 −1.4 −8.4 8.0 8.9 −0.9 −12.2 10.1 11.3 −1.5 −34.9 6.1 21.7 −11.5

99 Hill et al.24 1992 FL 13–43 −5.4 11.5 5.9 2.0 −8.2 15.3 8.2 1.9 −13.8 12.6 11.2 −1.7 −38.8 −0.3 20.5 −13.0

100 Hill et al.24 1992 BPDoi and AC 13–43 −7.5 7.4 8.5 −0.2 −9.2 12.1 11.8 0.2 −13.6 16.7 13.2 0.6 −34.7 10.4 19.2 −7.6

102 Hill et al.24 1992 BPDoi and FL 13–43 −6.7 7.8 7.4 0.0 −7.8 10.9 10.6 0.6 −13.4 10.6 15.2 −1.6 −38.5 0.7 22.5 −12.9

105 Hill et al24 1992 AC and FL 13–43 −6.8 7.7 7.3 0.1 −10.4 12.6 9.4 −1.4 −14.5 14.5 12.0 −1.5 −29.6 10.9 19.6 −7.1

106 Hill et al.24 1992 BPDoi, HC and AC 13–43 −7.0 6.3 7.3 −0.6 −8.0 11.7 11.5 1.1 −11.9 17.0 14.5 1.1 −32.1 13.6 20.3 −9.1

107 Hill et al.24 1992 BPDoi, AC and FL 13–43 −5.6 8.1 6.6 0.8 −7.8 12.7 9.8 1.0 −12.5 11.1 14.4 −1.0 −32.7 2.2 22.9 −11.3

109 Hill et al.24 1992 HC, AC and FL 13–43 −7.3 4.4 6.9 −1.6 −8.3 8.6 10.2 −0.6 −11.9 10.5 11.8 −1.8 −32.3 8.2 17.4 −11.5

155 AMANHI Group66 2020 TCD and FL 24–36 + 6 −5.7 8.3 5.9 1.2 −7.5 14.7 8.5 1.9 −10.6 11.2 11.2 0.8 −26.0 5.3 20.2 −9.1

157 AMANHI Group66 2020 TCD and AC 24–36 + 6 −5.2 9.4 7.0 2.4 −8.1 10.2 11.1 1.3 −13.2 12.2 10.9 0.3 −28.4 11.5 15.6 −8.3

158 AMANHI Group66 2020 BPDoi, TCD, AC 
and FL

24–36 + 6 −5.4 7.5 7.3 1.0 −6.1 13.6 9.2 2.7 −8.3 12.0 12.7 2.3 −26.8 5.2 19.9 −7.7

199 Rodriguez- Sibaja et al.79 2020 TCD 14–42 −10.1 8.4 6.5 −0.4 −12.5 12.9 9.9 0.4 −15.9 10.0 10.1 −1.3 −29.5 −3.6 16.0 −16.4

203 Satish Prasad, Likhitha81 2014 FL 15–40 −7.6 9.3 9.3 −0.2 −9.5 14.1 12.7 0.4 −13.6 15.2 13.0 −0.3 −38.0 5.0 12.9 −9.2

229 Varol et al.31 2001 FL 13–40 −7.6 9.3 8.4 −0.1 −9.6 14.0 11.8 0.3 −14.5 12.7 14.4 −2.0 −39.2 0.0 21.5 −12.8

Note: p2.5 and p97.5 are the 2.5th and 97.5th centiles of the difference distribution; 95% range of error is the half width of the range of error of 95% of all GA estimates. All  
units in days.
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few data points were available from 36 weeks, many studies 
show poor accuracy of GA estimation in very late pregnancy, 
meaning caution is recommended when estimating GA.1,11 It 
is clearly the case that GA estimation based on biometry will 
underestimate GA when a foetus is small and overestimate 
GA when the foetus is large, and as effects of growth aber-
rations become more common and pronounced, the error of 
GA estimation will be significant in late pregnancy. Third, 
the design of a FLASH study meant we were unable to obtain 
outcome data and ascertain the prevalence of SGA within 
our cohort. However, the comparator, or ‘gold standard’ of 
gestational age was based on previous CRL, and we do not 
believe that a lack of outcome data should bias these results.

Despite these limitations, we have demonstrated the fea-
sibility of FLASH methodology by successfully recording 
measurements from 2741 women over an eight- week time 
period, which would usually have taken many months. This 
enabled us to compare over 200 different equations head- 
to- head. For the first time, it has been possible to externally 
validate equations containing kidney length, external inter-
orbital diameter, tibia length and foot length against more 
routinely measured parameters.

To our knowledge, this work represents the first external 
validation of such a comprehensive number GA estimation 
models. It has generated a data set upon which future models 
can be validated and compared (data available on reasonable 
request).

Many of the studies identified in our systematic review 
reported R2 as the only marker of good fit. The R2 was ex-
cellent for many of the models we tested, demonstrating the 
correlation of foetal size and GA. It is important to highlight 
that no single metric can identify the most accurate model 
for GA estimation; thus, detailed consideration by our team 
resulted in the four statistical measures used to describe the 
fit of a models. While the 95% prediction interval is a clin-
ically useful descriptor to understand the expected range 
of error, it is not a measure of model performance. In this 
paper, the 95% range of error conveys the observed error on 
our data set as opposed to giving a prediction of what error 
is to be expected. A true 95% prediction interval can only be 
calculated at the time of model development on the original 
data from which it was developed.

All models that estimate GA based on biometry assume 
that foetal size equates to foetal age. This is problematic 
for four reasons: It requires accurate measurement; ig-
nores biological variation; results in underestimation of 
GA in small babies (and overestimation in large babies); 
and is associated with wide range of error as growth rates 
of many structures f latten out in late gestation. Using sin-
gle parameters to form an estimate may exacerbate all of 
these. Thus, the optimal method of estimation would be to 
identify a parameter that is unaffected by foetal size. One 
potential measure is TCD, which is measurable even in late 
gestation66 and appears to be less impacted by extremes of 
foetal growth than other parameters,99 likely due to brain- 
sparing noted with growth restriction.100 In our data set, 
TCD- only models did not consistently produce more 

accurate estimates of GA than other multiparameter mod-
els; however, they have the advantage of needing a single, 
simple parameter, and this may be useful in lower resource 
settings when training health- workers who would not nor-
mally undertake ultrasound.101 Interestingly, between 36 
and 40 weeks, TCD- only models34,81 produced some of the 
lowest 95% ranges of error. However, these data need to 
be interpreted with caution owing to the low number of 
babies included at this gestation. Future work should test 
the performance of the top performing models, including 
those of TCD (+/− other parameters) for GA estimation in 
a cohort including SGA babies.

The exhaustive analysis presented suggests that it is 
unlikely that any new 2D ultrasound measurements will 
further improve estimates of GA, as variation in foetal size 
will remain a limiting factor.13 Thus, efforts to develop 
new equations may be better spent developing alterna-
tive methods of GA estimation. Amniotic f luid volume,102 
bowel maturation patterns,103 changes in epiphyses and 
ossification centres104 placental maturation105 and cere-
bellar appearance106,107 have all been postulated as ways 
to refine error in estimating GA, but may not be exempt 
from changes in SGA foetuses.104 Promising recent work 
has shown that there may be information relating to GA in 
2D ultrasound images not easily recognised by the human 
eye. Image- based machine- leaning can use this infor-
mation to estimate GA to within a few days of the true 
GA, even in the presence of growth abnormalities.108,109 
Machine- learning models of data can also estimate GA 
with accuracy 3–5 times greater than previous biometry 
models by analysing trajectories over time.110

4.3 | Interpretation and clinical implications

Many women in LMIC settings still present late in preg-
nancy due to limitations in antenatal care and ultrasound. 
The proportion of babies that are SGA is particularly high 
in underserved regions, and the accuracy of models to es-
timate GA in late pregnancy will be affected by this. In this 
study, we excluded growth restricted foetuses and cannot 
comment on model performance within SGA subpopula-
tions. However, even if there are differences in the mean 
GA estimation in different populations, our findings are 
very valuable to estimate the range of error associated with 
different models. All this suggests that, while identifying 
and using the most accurate biometry- based models is im-
portant, our efforts must be focussed on improving access 
to early antenatal care.

5 |  CONCLUSION

Using a unique data set from a prospective multicentre 
study, we were able to undertake assessment of the accu-
racy of most commonly available GA estimation models. 
Late GA estimation using foetal biometry remains less 
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accurate than first- trimester measurement of CRL, and 
the later the assessment is made, the greater the error. 
Thus, efforts to engage pregnant women in antenatal care 
early must continue. We present strong evidence that mul-
tiparameter models should replace commonly used single 
parameter HC- based models for the estimation of GA. 
Models including TCD perform well, are better in very late 
pregnancy and may be more appropriate for use in settings 
of high SGA burden.
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