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Abstract 

Objective: To assess clinical variability in the management of fetal growth restriction 

according to published Doppler reference values for the umbilical artery (UA), middle 

cerebral artery (MCA) and cerebroplacental ratio (CPR). 

Methods: We performed a systematic search of MEDLINE, EMBASE, CINAHL, and 

the Web of Science databases between the years 1954 and 2018, and selected studies 

with the sole aim of creating fetal Doppler reference values for the UA, MCA and CPR. 

Variations between clinically relevant pulsatility index (PI) cut-off values were 

assessed. Simulation analysis was performed on a cohort of small-for-gestational-age 

(SGA) fetuses (n=617) to evaluate the impact of this variability on clinical management.  

Results: The 10 most cited articles for each index (UA-PI, MCA-PI and CPR) from a 

total of 40 studies that met the inclusion criteria were analyzed. Wide discrepancies in 

reported Doppler reference values were found. MCA-PI showed the greatest variability 

in clinically relevant cut-off values (MCA-PI<5th) of up to 51% at term. However, the 

differences between the UA-PI (UA-PI>95th) and CPR (CPR <5th centile) cut-off values 

at each gestational age were from 20–40% and 15–35%, respectively. As expected by 

a simulation analysis, these differences showed great variability in the clinical 

management of SGA fetuses despite using the same protocol. 

Conclusions: Selection of Doppler reference values can result in significant variability 

in the clinical management of intrauterine growth-restricted fetuses that may lead to 

suboptimal outcomes and inaccurate research conclusions. Therefore, an attempt to 

standardize fetal Doppler reference ranges is mandatory.  
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Introduction  

Intrauterine growth restriction (IUGR) is a major cause of perinatal morbidity and 

mortality.1 Apart from strict control during pregnancy and delivery, there are no other 

evidence-based treatments for suspected growth-restricted fetuses to ensure a healthy 

neonate that is not premature.2,3 Currently, fetal ultrasound plays a critical role in the 

clinical management of IUGR.4,5 The estimated fetal weight by ultrasound is the gold 

standard for the diagnosis of IUGR.6 Nevertheless, Doppler measurement of foetal 

cardiovascular function is the basis for the schedule of controlled intervals and the 

optimum time to delivery.7 

The methodology for the fetal Doppler evaluation is currently standardized.8 Despite 

some controversy,9 hemodynamic patterns of progression for early10,11,12 and late13 

IUGR fetuses are well described. Qualitative changes in umbilical artery (UA) Doppler, 

such as absent or reverse diastolic flow, clearly indicate increased risk of fetal 

demise,2,3,4,5 But the association between the sparing of the fetal brain, using UA, 

middle cerebral artery (MCA) pulsatility index (PI) Doppler, and cerebroplacental ration 

(CPR), and the perinatal and long-term outcomes has not been well 

determined.14,15,16,17 Given the large number of published Doppler references, it could 

be hypothesised that this lack of evidence may be partially explained by the 

heterogeneity of this widespread use of different Doppler standards.  

In a recent systematic review18 we have shown that there is considerable 

methodological heterogeneity in studies reporting reference ranges for UA and MCA 

and CPR Doppler indices. The likely reason for these differences is due to 

methodological issues: thus, in the thirty-eight studies included, there was significant 
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potential for bias – for example, only two studies reported on ultrasound quality control 

measures; there was unclear reporting of the experience and training of the 

sonographers; and lack of blinding of measurements in all but one study.  

It was evident from that review that differences between reference charts would have 

important implications for clinical practice. In this study we wanted to quantify the effect 

of these differences in a clinical setting. In order to do this we aim to analyze the 

potential heterogeneity of the most frequently used published Doppler reference charts 

of the UA-PI, MCA-PI, and CPR and assess the influence of the variability on the 

clinical management of small-for-gestational-age (SGA) fetuses. 
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Methods 

A systematic review was performed to identify studies that aimed to establish normal 

values for the UA-PI, MCA-PI and CPR. The search strategy was designed by a 

professional information specialist and included studies reported from 1954 through 

December 2018 in MEDLINE, EMBASE, CINAHL, and the Web of Science databases 

(Table S1). The search was not restricted by study design or methodology, but only 

articles published in English or Spanish solely aiming to establish normal values 

between 20 and 40 weeks of gestation were considered. The number of citations for 

each study was obtained from the Web of Knowledge.19 This study was conducted and 

reported in accordance with the checklist proposed by the MOOSE group.20  

Studies were retrieved and reviewed independently by two authors (SR and DO) to 

determine study inclusion. Disagreements were resolved through consensus with a 

third reviewer (ATP). We selected the 10 most cited studies for each vessel to compare 

the most used published Doppler reference standards. An UA-PI over the 95th 

percentile and MCA-PI and CPR below the 5th percentile were considered to be 

clinically relevant cut-off values.4,5,7 Clinical cut-off percentiles were calculated by the 

mean and standard deviation for gestational age when not reported by the authors.21,22 

Variability was expressed as a percentage and was obtained by subtracting the lowest 

PI value from the highest and dividing by the highest PI value for every week of 

gestation.  

Finally, simulation analysis was performed on a cohort of 617 consecutive fetuses with 

an estimated fetal weight (EFW) below the 10th percentile23, assessed in our centre 

from 24–41 weeks of gestation. IUGR was defined as an EFW below the 10th percentile 
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accompanied with whichever abnormal Doppler (UA-PI>95th, MCA-PI<5th, or CPR<5th); 

in which labour induction was recommended at 37 weeks of gestation.4,5,7  

To assess the influence of the Doppler reference standard variability in the clinical 

management of SGA fetuses, every case was hypothetically classified and theoretically 

managed according to the same previously described protocol, using the highest and 

lowest cut-off values for the UA-PI, MCA-PI, and CPR for every gestational age. 

Statistical analyses were performed using Microsoft Excel 2010 and IBM SPSS 

Statistics version 20. 
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Results  

The database searches yielded 6243 possible citations for our systematic review. 

Figure 1 shows the entire process of analysis and selection of the studies. Forty 

published papers met the selection criteria, with their sole objective being to determine 

reference Doppler values. In accordance with our objective to determine the clinical 

impact of variability, we selected the Doppler reference values most used in clinical 

practice and research. Thus, we included the top 10 most cited Doppler reference 

values for MCA-PI and CPR. We included 13 UA-PI Doppler reference values instead 

of 10 to avoid selection bias, because four articles focused on UA presented the same 

number of citations. We only found five articles showing reference ranges of CPR. 

Table 1 describes the main characteristics and number of citations of the 19 selected 

studies. 

The distribution of UA-PIs within the 95th percentile across all pregnancies for each 

study is plotted in Figure 2. Similarly, MCA-PIs and CPR within the 5th percentiles were 

plotted and are shown in Figures 3 and 4. Notably, great variability existed between the 

reference values for the different UA-PI, MCA-PI and CPR cut-offs, with clinical 

implications. Furthermore, many of the most cited references in the literature showed 

an anomalous distribution of their PI cut-off values during gestation, possibly due to 

inappropriate statistical analyzes18.  

Differences between the highest and lowest published values for each week of 

gestation for the UA-PI within the 95th percentile and MCA-PI and CPR within the 5th 

percentiles are expressed as percentages and are shown in Figure 5. The mean 

between the difference of the highest and lowest UA-PI within the 95th percentile for 
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each complete gestational age was 28.02% (range: 21–41%). These differences were 

much more marked in the case of the highest and lowest cut-off values for each 

gestational week for the MCA-PI within the 5th percentile, with a mean difference of 

36.86% (range: 26.8–51.3%). These differences increased after 35 weeks of gestation, 

where the presence of an abnormal MCA-PI involves important modifications for 

clinical management. Finally, CPR presented the lowest variability, with a mean 

difference of 24.09% (range: 15–32.6%). Again, as expected, the highest variability for 

CPR was at term.  

To evaluate the potential impact of this variability among Doppler PI cut-offs on clinical 

management, simulation analysis of a historical cohort of 617 consecutive SGA fetuses 

was performed (Table 2). Depending on the choice of the lowest or highest UA-PI 

greater than the 95th percentile and MCA-PI and CPR less than the 5th percentiles for 

each gestational age, the proportions of SGA fetuses classified as abnormal according 

to UA-PI, MCA-PI, and CPR varied from 24.5–2.1%, 0.9–23.1%, and 5.5–33.1%, 

respectively. According to several clinical guidelines,4,5 induction of labour may be 

required for UA-PI>95th percentile, MCA-PI<5th, or CPR<5th percentiles at full term. 

Even following the same clinical protocol, the potential number of labour inductions for 

SGA fetuses at term could vary from 33.7–2.1%, 1.1–13.3%, and 5.6–23.3% 

depending on the PI cut-off variability of the UA, MCA, and CPR, respectively. 
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Discussion  

This is the first systematic review to analyze the impact of variability among the most 

used Doppler reference charts on the clinical management of SGA fetuses. 

In most cases, fetal growth restriction is thought to be a marker of uteroplacental 

insufficiency.24 Angiogenic defects that result in placental pathology are collectively 

referred to as maternal vascular lesions of underperfusion.25 Hence, UA-PI can 

indirectly reflect the dimensions of the villous vascular tree, blood flow resistance in the 

fetal compartment of the placenta, and relative risk of nutritional and metabolic 

deficiency26,27. Besides, a growing body of evidence suggests that MCA Doppler, alone 

or in combination with the UA-PI (i.e., CPR), may be helpful in identifying fetuses at risk 

of IUGR28,29,30 as a surrogate marker of the redistribution of blood flow for vital organ 

prioritization15. UA-PI, MCA-PI and CPR are now the most widely used tool for control 

and decision making for SGA fetuses4,5. UA-PI vasoconstriction is defined according to 

a statistical cut-off of the 95th percentile31. Similarly, the 5th percentile defines brain 

vasodilation for the MCA-PI or CPR31. Therefore, appropriate Doppler reference values 

are needed to accurately estimate these cut-off points. Unfortunately, a systematic 

review recently published by our group revealed considerable methodological 

heterogeneity in studies reporting reference ranges for UA-PI, MCA-PI and CPR18. In 

this study, we showed large differences among fetal Doppler reference charts at 

clinically relevant cut-off values.  

For our analysis, we rationed the most cited studies in the literature to be the most 

used for clinical practice and research purposes. The application of an appropriate 

methodology in these studies to fit the criteria for our study has been previously 
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described 18,32. However, all the works included in this analysis present a high risk of 

bias in their design and methodology and no good correlation exists between the 

methodological quality and number of citations in the literature18. For example, the top 

three most cited studies by Arduni34, Baschat35, and Acharya36 showed an important 

risk of bias due to the fact that they were only the sixth, eleventh, and ninth ranked 

studies based on methodological quality according to a recently published systematic 

review18. It could be argued that older works are more likely to be cited than more 

recent studies with higher quality methodology33 because newer works have not had 

sufficient time to implant themselves in clinical practice. 

We found important sources of bias in the most widely used studies.18 Ultrasounds 

were not performed for research purposes,34,35,38,40,43,44,50 neither the recruitment 

period,34,35,37,38,39,41,42,44,48 or perinatal results were described,34 and the study was 

performed at a single centre.34,35,36,37,38,39,40,41,47,49 We also found a lack of reporting 

necessary sample sizes,34,36,38,39,40,41,44,45,46,48,50 the gestational dating 

method,35,36,37,38,41,50 experience of the sonographers,34,36,37,38,41,43,44,49,50 and even the 

inclusion and exclusion criteria36,38,39,41,44,49 and quality 

controls.34,35,36,37,38,39,40,41,43,44,45,46,47,48,49,50 As shown in Figures 2, 3, and 4, an irregular 

distribution was observed among the cut-off values at gestational time points in many 

of the analyzed reference ranges, suggesting inappropriate statistical treatment of the 

data. 

Identification of fetal risk of adverse outcomes is a challenge in perinatal medicine. The 

main objective for strict control of IUGR fetuses is to deliver a healthy newborn without 

extreme prematurity, but also in avoidance of intrauterine death and maternal or 

neonatal morbidity. We want to highlight the impact of the heterogeneity of the Doppler 
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reference values being used within clinical practice and research. Simulation analysis 

performed in a real cohort of SGA fetuses clearly showed that the use of inaccurate 

tools can lead to inaccurate decision making for important clinical issues. The optimal 

time for pregnancy completion for SGA fetuses is one of the main focuses of interest in 

IUGR research.53,54,55 , according to our results, even with the use of a standardized 

clinical protocol, the Doppler reference values used have a significant clinical impact. 

For example, a rate of induction at term could range from 2.1–33.7% for UA-PI, 1.1–

13.3% for MCA-PI, and 5.6–22.3% in the case of CPR. Notably, the broadest variation 

among the Doppler reference values is at full term, which is a critical moment to 

programme different therapeutic actions. From our point of view, this potential 

variability in the clinical management of SGA fetuses is unacceptable. 

The main strength of this study lies in the rigorous methodology used; we performed a 

comprehensive systematic review including a relatively large number of studies. A 

limitation of this study is that the evaluation of the impact of Doppler reference value 

charts in clinical management was performed in a retrospective cohort of SGA fetuses 

controlled with specific Doppler references. Thus, our results could be potentially 

biased. Due to the high number of published Doppler value reference charts, it is 

unlikely that a prospective study with a similar aim was conducted. Another potential 

limitation of this study is the inclusion of studies published only in the English or 

Spanish language. Nevertheless, this restriction is unlikely to be a significant limitation 

because the top-cited Doppler reference value charts were always published in 

English, as expected. Additionally, the literature search did not have restrictions for 

year of publication because some of the older ultrasound Doppler studies are still used 
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in current clinical practice. Apart from the PI, other parameters such as 

systolic/diastolic ratio (S/D) are sometimes used for the management SGA fetuses. We 

did not include this analysis for two reasons: firstly, only three of the most cited 

published Doppler references (Ayoola50, Acharya36 and Fogarty42) give reference 

ranges for the umbilical artery S/D ratio, and one (Tarzamni43) mention the middle 

cerebral artery S/D ratio. Secondly, as we did not have data on the S/D ratio from the 

cohort of SGA fetuses that we used to perform the simulation analysis, this could not 

be included here. Although this is a potential limitation the relationship between PI, RI, 

S/D ratios mean that the principle, of reaching different clinical decisions depending on 

the reference chart used, still applies. 

The selection of the Doppler reference values determines the significant variability in 

the clinical management of IUGR fetuses that may lead to suboptimal outcomes and 

inaccurate research conclusions. In conclusion, an attempt to standardize fetal Doppler 

reference ranges is mandatory. 
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Figure legends 

Figure 1. Study selection process. 

Figure 2. UA-PI above the 95th percentile of the most cited reference standards 

throughout the pregnancy. 

Figure 3. MCA-PI below the 5th percentile of the most cited reference standards 

throughout the pregnancy. 

Figure 4. CPR below the 5th percentile of the most cited reference standards 
throughout the pregnancy.   
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Figure 5. Differences between the highest and lowest UA-PI>95th percentile, 
MCA-PI<5th,and CPR<5th percentiles for each gestational age. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Main characteristics of the included studies  

 

Reference Year 
Patients 

(n) 

Scans 

(n) 
Weeks Study Design 

No. of 
Citati
ons 

(n) 

Doppler 
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Arduini et al52 1990 1556 1556 20-42 Cross-sectional 325 UA/MCA 

Baschat et al52 2003 306 306 20-40 Cross-sectional 199 UA/MCA/CPR 

Acharya et al 52 2004 130 513 19-41 Longitudinal 161 UA 

Ebbing et al52 2007 161 566 21-39 Longitudinal  86 MCA/CPR 

Wladimiroff et al52 1988 284 284 26-38 Cross-sectional 43 UA 

 Bahlman et al52  2002  926  926  18-42  Cross-sectional  59 MCA 

Parra-Cordero et al52 2007 172 172 23-40 Cross-sectional 37 UA/MCA 

Manabe et al52 1995 20 195 15-40 Longitudinal 16 UA 

Fogarty et al52 1990 85 783 16-42 Longitudinal 13 UA 

Tarzamni et al52 2009 1037 1037 20-40 Cross-sectional 9 MCA 

Morales-Rosello 
etal52 

2015 2323 2323 19-41 Cross-sectional 5 MCA/CPR 

Medina Castro et al52 2006 2081 2081 20-40 Cross-sectional 5 UA 

Medina Castro et al52 2006 727 727 20-40 Cross-sectional 4 MCA 

Komwilaisak et al52 2004 312 312 20-37 Cross-sectional 4 MCA 

Bahlman et al52 2012 1926 1926 18-40 Cross-sectional 3 UA/MCA 

Romero et al52 1999 60 337 30-40 Longitudinal 0 UA 

Ayoola et al52 2016 400 400 15-39 Cross-sectional 0 UA 

Srikumar et al52 2017 200 773 19-40 Longitudinal 0 UA/CPR 

Ciobanu et al52 2018 72417 72417 20-41 Cross-sectional 0 UA/CPR 
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Table 2. Number of small-for-gestational-age (SGA) fetuses classified as 

abnormal for UA-PI, MCA-PI, and CPR by the maximum and minimum 

published cut-off values for each gestational age. (Simulation from a cohort of 

617 consecutive SGA fetuses) 

 Number of SGA fetuses with abnormal Doppler 

Umbilical Artery PI Lowest UAPI>95 (%) Highest UAPI>95 (%) 

Total* SGA (n=617) 151 (24.5%) 13 (2.1%) 

SGA>37 weeks (N=90) 32 (33.7%) 2 (2.1%) 

Middle Cerebral Artery PI Lowest MCA<5 (%) Highest MCA<5 (%) 

Total SGA* (n=585) 5 (0.9%) 135 (23.1%) 

SGA>37 weeks (n=90) 1 (1.1%) 12 (13.3%) 

Cerebroplacental Ratio Lowest CPR<5 (%) Highest CPR<5 (%) 

Total SGA* (n=577) 32 (5.5%) 191 (33.1%) 

SGA>37 weeks (n=90) 5 (5.6%) 21 (23.3%) 

* SGA fetuses from 24 to 41 weeks. 
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Figure 2. Pulsatility index above the 95th percentile of the most cited umbilical 

artery reference standards throughout the pregnancy.
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Figure 3. Pulsatility index below the 5th percentile of the most cited middle 

cerebral artery reference standards throughout the pregnancy.
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Figure 4. Pulsatility index below the 5th percentile of the most cited 
cerebroplacental ratio reference standards throughout the pregnancy.  
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Figure 5. Differences between the highest and lowest pulsatility indices for UA>95th 
percentile, MCA<5th,and CPR<5th percentiles for each gestational age.
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