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Abstract

Introduction: This study aimed to determine the effect and
clinicalimpactof physiological characteristicson the 95th/5th
centile of the umbilical artery (UA) Doppler and the cerebro-
placental ratio (CPR), at 36+ weeks. Methods: From the mul-
ticenter randomized trial “Ratio37,” we selected 4,505 low-
risk pregnant women between June 2016 and January 2020.
We registered physiological characteristics and the pulsatility
indexes (Pl) of the UA and middle cerebral artery (36-39
weeks). The 95th/5th centile of the UA Pl and CPR was mod-

eled by quantile regression. To evaluate the clinical impact of
adjusting Doppler, we retrospectively applied gestational
age (GA) and fully adjusted standards to 682 small for gesta-
tional age (SGA)-suspected fetuses (37 weeks) from a cohort
of consecutive patients obtained between January 2010 and
January 2020. Results: Several physiological characteristics
significantly influenced the 95th/5th centile of the UA and
CPR PI. The fully adjusted 95th centile of the UA was higher,
and the 5th centile of the CPR was lower than GA-only-adjust-
ed standards. Of the 682 SGA fetuses, 150 (22%) were classi-
fied as late fetal growth restricted only by GAand 112 (16.4%)
when we adjusted Doppler. These 38 fetuses had similar peri-
natal outcome than the SGA group. Discussion: The 95th/5th
centile of the UA and CPR Pl is significantly influenced by
physiological characteristics. Adjusting Doppler standards
could differentiate better between FGR and SGA.
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Introduction

The evaluation of fetal Doppler in small for gestation-
al age (SGA) fetuses is an accepted clinical tool for deci-
sion-making [1]. An international consensus exists on the
diagnosis of late fetal growth restriction (FGR), as op-
posed to (constitutional) SGA, including biometrical (be-
low the 3rd centile or declining growth) and Doppler
(umbilical artery [UA] and the cerebroplacental ratio
[CPR]) criteria [2].

Many different reference ranges for the UA and the
CPR have been published in the last 20 years [3-7], all
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Table 1. Baseline characteristics of the included cohorts

Construction cohort Testing cohort

N
Parity

Nulliparity

1

2+
Non-White ethnicity
Maternal age at delivery, years”
Maternal weight at booking, kg"
Maternal height, cm”"
Low socioeconomic level
Smoking

1-10 cigarettes/day

11+ cigarettes/day
Alcohol consumption >170 g/week
Active recreational drug consumption
Pregestational diabetes
Chronic hypertension
Gestational age at last scan”
EFW* at last scan”
EFW* centile at last scan”

4,505 682
2,313 (51.3) 427 (62.5)
1,671 (37.1) 200 (29.3)
521 (11.6) 55 (8.1)
1,283 (28.5) 176 (25.8)
31.6 (4.8); 18-44 31.6 (6.2)
64.6 (11.7); 39-152 57.8 (11)
164 (7.2); 140-190 160.5 (5.9)
733 (16.3) 184 (27)
0 571 (83.7)
0 98 (14.4)
0 13 (1.9)
0 4(0.6)
0 8(1.2)
0 19 (2.8)
0 14 (2.1)

36.8 (0.6); 36-38.9
2,936 (309); 2,255-4,505
62.3 (25.4); 10-100

38.2 (37-41.4)
2,516 (208); 1,712-3,020
5(2.1); 3-9.9

" Data shown as mean (SD) and range. * EFW (estimated fetal weight). "Routine occupations, long-term
unemployment, or never worked (UK National Statistics Socioeconomic Classification).

hypoglycemia defined as a plasma glucose level of <30 mg/dL in
the first 24 h of life and neonatal hyperbilirubinemia defined as a
total serum bilirubin level above 5 mg per dL (86 umol per L).

Statistical Analysis

In the construction cohort, we derived the 95th centile of the
UA PI and the 5th centile of the CPR by quantile regression, as
described by Wei et al. [19]. Quantile regression estimates the dis-
tribution directly by fitting a function to each chosen quantile us-
ing linear programming, without distributional assumptions. Be-
sides, quantile regression is more robust against the influence of
outliers in the data. In the first model (GA-only-adjusted), we
smoothed the estimated quantiles by a function of GA. In the sec-
ond model (fully adjusted), we further adjusted the centiles by ma-
ternal age and weight at booking, height, nulliparity (no previous
deliveries above 22 weeks), white-European ethnicity (self-report-
ed), fetal sex, and z-score of EFW. Goodness-of-fit was assessed by
the procedure reported by Koenker et al. [20].

In the testing cohort, GA-only-adjusted and fully adjusted
standards were applied to all pregnancies at their last evaluation
before delivery (37%°) and classified as SGA or term FGR by both
standards. For the fully adjusted classification, the coefficient for
EFW was nullified (i.e., imputed to 0 z-score).

x? or Student ¢ tests were used to evaluate differences between
groups. For all the statistical analysis, R software version 2.15.1
(The R Foundation for Statistical Computing; quantreg package
5.05) was used.
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Results

For the construction cohort, we included a total of
4,918 patients, of which 413 (8.4%) were excluded for an
EFW <10th centile, leaving 4,505 pregnancies for the
analysis. For the testing cohort, we evaluated a total of
1,037 SGA-suspected pregnancies at 37" weeks, of which
355 were excluded because EFW was < 3rd centile, leav-
ing 682 pregnancies for the analysis.

Table 1 shows the baseline characteristics of the con-
struction and testing cohorts. Table 2 details the effect of
maternal and fetal characteristics on the 95th centile of
the UA and the 5th centile of the CPR.

In the construction cohort (n = 4,505), 212 (4.7%)
pregnancies had a UA PI above the 95th centile as per
GA-only-adjusted standards; it was 220 (4.9%) as per ful-
ly adjusted standards. Regarding the 5th centile of the
CPR, 227 (5%) pregnancies had a value below this thresh-
old as per GA-only-adjusted standards and 222 (4.9%) as
per fully adjusted standards.

On average, in the testing cohort, the fully adjusted
95th centile of the UA was 0.07 units higher (95% CI:
0.065-0.068) than the same GA-only-adjusted centile.
The fully adjusted 5th centile of the CPR was, on average,
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Table 2. Parameters of the derived models and effect of maternal and fetal characteristics on the Doppler centiles

Parameter Model Coefficient SE p value

Umbilical artery PI GA-adjusted (pseudo R* 0.14%)

(95th centile) Intercept 0.819 0.299 0.006
GA* at scan 0.008 0.008 0.344

Adjusted (pseudo R* 12.7%)

Intercept 0.769 0.284 0.007
GA at scan, weeks 0.017 0.007 0.013
Maternal height at booking, kg —-0.002 0.001 <0.001
Maternal weight, cm 0.000 0.000 0.322
Maternal age at scan (completed years) 0.002 0.001 0.014
Nulliparity 0.020 0.009 0.031
White-European ethnicity -0.007 0.009 0.439
Fetal female sex 0.021 0.009 0.030
EFW* z-score -0.030 0.004 <0.001

Cerebroplacental ratio  GA-adjusted (pseudo R? 1.8%)

(5th centile) Intercept 7.273 0.613 <0.001
GA at scan -0.160 0.017 <0.001

Adjusted (pseudo R* 13.3%)

Intercept 6.572 0.703 <0.001
GA at scan, weeks —-0.158 0.017 <0.001
Maternal height at booking, kg 0.0038 0.002 0.012
Maternal weight, cm -0.00015 0.001 0.845
Maternal age at scan (completed years) -0.00032 0.002 0.876
Nulliparity ~0.034 0.021 0.110
White-European ethnicity 0.036 0.024 0.133
Fetal female sex 0.013 0.022 0.551
EFW z-score 0.043 0.011 <0.001

* GA, gestational age; EFW, estimated fetal weight; SE, standard deviation.

0.027 (0.025-0.029) lower than the same GA-only-adjust-
ed centile.

Table 3 shows in the testing cohort the classification as
SGA/FGR by both standards. Of note, of the 150 fetuses
classified as term FGR by GA-only-adjusted standards, 38
(25.3%) were reclassified as SGA by using the fully ad-
justed Doppler standards.

Table 4 depicts the perinatal outcome by FGR classifi-
cation: SGA by GA-adjusted standards, FGR only by GA-
adjusted standards, and FGR by both GA-adjusted and
fully adjusted standards. Of note, the perinatal outcome
did not differ between the FGR only by GA-adjusted stan-
dards and the SGA groups.

Discussion

The concept of adjusting fetal weight standards for
maternal and fetal characteristics known to have a
physiological influence on growth is well known. How-
ever, we understand fetal Doppler as a universal and
nonadjustable measure. Traditionally, reference ranges

Adjusted Doppler Standards

Table 3. Classification according to GA-adjusted standards and
adjusted standards

GA-adjusted standards Total
SGA term FGR
UA PI >95th centile
Adjusted standards
SGA 567 45 612
Term FGR 0 70 70
Subtotal 567 115 682
CPR <5th centile
Adjusted standards
SGA 608 6 614
Term FGR 1 67 68
Subtotal 609 73 682
Any abnormal
Adjusted standards
SGA 531 38 569
Term FGR 1 112 113
Total 532 150 682

GA, gestational age; SGA, small for GA, gestational age; FGR,
fetal growth restriction; UA, umbilical artery; CPR, cerebropla-
cental ratio; PI, pulsatility index.
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Table 4. Perinatal outcome by classification group

SGA Term FGR only by Term FGR by pvalue! pvalue?
GA-adjusted standards ~ both standards

N 532 38 112
Pre-eclampsia 20(3.8) 1(2.6) 9 (8) 0.71 0.052
Gestational age at delivery, weeks 39.2 (1.1); 37-42 39 (1.1); 37-41 38.4(1.1); 37-41 0.279 <0.001
Birth weight, g 2,623 (260); 1,790-3,400 2,606 (242); 2,156-3,270 2,457 (275); 1,920-3,410 0.696 <0.001
Birth weight centile 6.3 (7.5); 0-49 8.4 (10.9); 0-47 5.2 (9.5); 0-48 0.108 0.18
Birth weight centile < p10 430 (80.8) 27 (71.1) 100 (89.3) 0.148 0.032
Birth weight centile < p3 225 (42.3) 16 (42.1) 62 (55.4) 0.98 0.011
Labor induction 340 (63.9) 17 (44.7) 63 (56.3) 0.018 0.131
Caesarean section 135 (25.5) 13 (34.2) 49 (43.8) 0.238 <0.001
CS for NRFS 81 (15.2) 5(13.2) 27 (24.1) 0.739 0.022
5-min Apgar score <7 2(0.4) 1(2.6) 1(0.9) 0.076 0.490
Neonatal metabolic acidosis 8 (1.5) 0 2(1.8) 0.448 0.816
Neonatal hypoglycemia 8 (1.5) 0 4(3.6) 0.448 0.136
Neonatal hyperbilirubinemia 28 (5.3) 1(2.6) 7 (6.3) 0.466 0.673
Neonatal admission 84 (15.8) 5(13.2) 27 (24.1) 0.67 0.035
Perinatal death 0 0 0 - -
Composite adverse outcome 82 (15.4) 6 (15.3) 28 (25) 0.987 0.014

GA, gestational age; SGA, small for GA, gestational age; FGR, fetal growth restriction. ! Term FGR by GA-adjusted standards versus

SGA. 2 Term FGR by both standards versus SGA.

have been conceived as unique and applied broadly to
the whole population. In our multicenter randomized
study (Ratio37) [12], we observed essential population
differences in terms of normality ranges of Doppler val-
ues that could not be attributed to methodological is-
sues since quality audits fail to see differences between
the study sites [18]. This study shows that several ma-
ternal and fetal characteristics influence the umbilical
and cerebral Doppler. This may partly explain the large
differences that exist between the published normality
ranges [8].

As we found in applying the fully adjusted Doppler
standards to our cohort of SGA fetuses, adjusting by ma-
ternal and fetal characteristics allowed to reclassify a frac-
tion of fetuses as (constitutional) SGA, which would oth-
erwise have been considered growth restricted. This could
have a relevant impact on both the number of inductions
and elective C-sections since most guidelines recommend
different management for SGA and FGR [21, 22]. Indeed,
there is observational evidence [23] that selective induc-
tion of those SGA babies meeting criteria of FGR and
more expectant management of constitutionally assumed
SGA babies results in lower caesarean sections and im-
proved neonatal outcomes as compared to systematic in-
duction. We have previously shown that expectant man-
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agement with close monitoring of SGA beyond 37 weeks
results in perinatal outcomes comparable to those of nor-
mally grown babies [16].

Among all the maternal and fetal factors found to sig-
nificantly influence Doppler measurements, maternal
height stands out as one of the most determining. The
mechanisms that reside under this finding are uncertain.
In 2018, a study by Vinayagam et al. [24] assessed mater-
nal hemodynamics in normal gestations and found an as-
sociation between maternal height and a reduction in pe-
ripheral vascular resistances that could explain the de-
crease in umbilical PI in fetuses of tall mothers. Another
study by a Norwegian group found lower rates of pre-
eclampsia in tall women [25]. Regarding the other mater-
nal characteristics, a study by Nicolaides et al. [7] ob-
served that nulliparity was associated with an increased
UA PI and reduced CPR. Our data show consistent re-
sults despite the fact that both populations are substan-
tially different in many baseline and clinical characteris-
tics. However, regarding maternal age, their study showed
an association with a reduced UA PI and increased CPR,
meanwhile our work found the opposite association. Fi-
nally, in female fetuses, higher UA PI has been previous-
ly reported [26]. Pregnant women carrying male fetuses
are reported to have higher angiotensin 1-7 levels in the
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second trimester [27], which is a potent vasodilator that
may explain these differences.

Our study’s main strength is the large number of pa-
tients and participating centers, which confers external
validity and power. The Doppler measurements have
passed quality audits, enhancing internal validity. We
also acknowledge some weaknesses in our study. First,
being a retrospective analysis of the testing cohort, we
cannot exclude a treatment paradox by which the large
proportion of inductions (45%) in our group of FGR only
by GA-adjusted standards can account for the good peri-
natal outcomes we observed in this group. However, in
the group of FGR by both standards, the induction rate
was even higher (56%) but the perinatal outcomes sig-
nificantly poorer. Second, we do not have information on
the uterine Doppler, which is also a Doppler parameter
that has been proposed to define FGR as a reflection of
the placental functioning from the maternal side [28].
Likewise, we do not have information on the placental
findings to compare our study groups. Finally, it was not
our aim to evaluate the effect of adjusted Doppler stan-
dards when used in the general population: our findings
could not be directly translated into this clinical scenario.
To conclude, our finding lays the groundwork for further
exploring the effect of maternal and fetal physiological
characteristics on fetal Doppler parameters and evaluat-
ing the clinical impact of using adjusted Doppler stan-
dards in the diagnosis and management of fetal growth
near term.
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