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1  | INTRODUC TION

Preeclampsia represents a hypertensive disorder of pregnancy with 
significant rates of maternal and fetal morbidity. It complicates 
3%-5% of gestations, leading to increased risk of fetal growth restric-
tion, as well as to potentially life-threatening maternal multiple organ 
dysfunction.1 Since the only definitive treatment is fetal delivery, 
early-onset preeclampsia constitutes a major cause of preterm birth. 
Effective prediction is essential in order to identify high-risk women 

early in the course of pregnancy and subsequently provide preven-
tive interventions, such as the prophylactic administration of low-
dose aspirin.2 Current screening models are based on the evaluation 
of parameters of maternal medical and obstetrical history, combined 
with uterine artery Doppler ultrasonography and measurement of 
serum biomarkers, especially pregnancy-associated plasma protein 
A (PAPP-A) and placental growth factor (PlGF).3 Specifically, a model 
using the combination of mean arterial pressure, uterine artery ve-
locimetry, and serum PlGF values has recently gained interest as it 
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Abstract
The present meta-analysis aims to compare renal arterial and venous Doppler param-
eters in women with preeclampsia and healthy pregnant controls. Medline, Scopus, 
Cochrane Central Register of Controlled Trials, Clinicaltrials.gov, and Google Scholar 
databases were systematically searched from inception to December 04, 2019. All 
observational studies reporting renal resistive index, pulsatility index, renal interlo-
bar vein impedance, or pulse transit time among preeclamptic and healthy pregnant 
women were held eligible. Subgroup analysis was conducted on the basis of disease 
onset and side of measurement. Both pair-wise and network meta-analysis were 
performed using Review Manager 5.3 and R-3.4.3 software. Fourteen studies were 
included, with a total of 1118 women. No difference of renal resistive (MD: 0.00, 
95% CI: [−0.03, 0.04]) and pulsatility index (MD: −0.01, 95% CI: [−0.14, 0.12]) was 
evident between the two groups. Renal interlobar vein impedance was estimated 
to be significantly higher in preeclampsia (MD: 0.07, 95% CI: [0.06, 0.09]), while ve-
nous pulse transit time was significantly lower (MD: −0.10, 95% CI: [−0.14, −0.05]) 
in women with the disease. Subgroup analysis indicated that early-onset preeclamp-
sia was associated with significantly elevated renal interlobar vein impedance and 
lower venous pulse transit time than late-onset disease. The outcomes of the present 
meta-analysis suggest that preeclampsia is characterized by venous hemodynamic 
dysfunction as it is associated with significantly elevated renal interlobar vein imped-
ance and shorter venous pulse transit time. Future large-scale prospective studies 
should introduce cutoff values and determine the optimal timing of measurement in 
order to achieve optimal predictive accuracy.
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is able to provide promising predictive accuracy (sensitivity: 75.8%, 
specificity: 80%).4 Much research effort has been devoted to the 
investigation of several novel angiogenic and inflammatory mark-
ers5 as potentially useful predictive markers, although the optimal 
algorithm to be widely used in clinical practice remains still under 
investigation.

The pathophysiology of preeclampsia is as complex multi-step 
process based on the hypothesis that inadequate trophoblast in-
vasion and poor spiral artery remodeling leads to placental oxi-
dative stress and the release of various mediators that promote 
inflammation and generalized endothelial dysfunction.6 Recent re-
search has proposed that left renal vein compression by the gravid 
uterus in women with deficient ipsilateral collaterals may lead to 
increased intrarenal pressure, subsequently leading to renal isch-
emia and development of hypertension.7 As a result, alterations of 
renal hemodynamics leading to renal compartment syndrome have 
been suggested as a potential contributor to the pathogenesis of 
preeclampsia.8

Renal Doppler ultrasonography is a non-invasive tool of evaluat-
ing both the arterial and venous blood flow, providing clinically use-
ful information about renal microcirculation. More specifically, renal 
resistive index (RI) and pulsatility index (PI), measured at the level of 
interlobar arteries, represent markers of vascular impedance and are 
mainly affected by renal wedge capillary pressure along with vari-
ous extra-renal factors, such as pulse pressure and aortic stiffness.9 
Interestingly, RI has been suggested to present important prognos-
tic value in patients with renovascular hypertension, as well as in 
those at risk of acute kidney injury.10 Renal interlobar vein imped-
ance index (RIVI) is the equivalent of arterial RI on the venous side, 
reflecting the compliance of kidney parenchyma and thus can serve 
as a helpful tool in the evaluation of intrarenal venous blood flow, 
especially in the context of renal obstruction.11 Furthermore, pulse 
transit time (PTT) measured both in the arterial and venous side of 
circulation reflects the time interval between the corresponding 
characteristics of Doppler and electrocardiographic waves and is 
considered as a marker of vascular stiffness.12

The value of renal Doppler parameters as tools for the prediction 
of preeclampsia has been assessed by recent observational studies; 
however, no firm consensus exists regarding their exact role in clini-
cal practice. The present meta-analysis aims to systematically gather 
all the available literature evidence in the field and evaluate the po-
tential significance of renal hemodynamics in the disease by com-
paring RI, PI, RIVI, and PTT values among preeclamptic and healthy 
pregnant women.

2  | MATERIAL S AND METHODS

The present systematic review was prospectively registered at 
The International Prospective Register of Systematic Reviews—
PROSPERO (CRD42019133455) and was designed according to the 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) guidelines.13 Outcomes were reported according to the 
Meta-analysis Of Observational Studies in Epidemiology (MOOSE) 
guidelines.14

2.1 | Eligibility criteria

The meta-analysis included all observational (prospective or retro-
spective cohort, case-control, cross-sectional) studies that reported 
any renal Doppler parameter (RI, PI, RIVI, PTT, systolic-to-diastolic 
ratio) among pregnant women, with and without preeclampsia. 
Small case series (<10 patients), case reports, conference abstracts 
or posters, review papers, and animal studies were not included. 
Uncontrolled studies and those examining non-pregnant patients 
were also excluded. In addition, women with nonproteinuric ges-
tational hypertension or preeclampsia complications, such as ec-
lampsia and hemolysis, elevated liver enzymes, low platelet (HELLP) 
syndrome were excluded in order to enhance the homogeneity of 
the sample.

2.2 | Literature search

Literature search was primarily conducted using the Medline, Scopus, 
Cochrane Central Register of Controlled Trials (CENTRAL), Web of 
Science, and Clinicaltrials.gov databases. Google Scholar database 
and the reference list of all the included studies (“snowball” method) 
were also searched in order to recognize potential additional review 
papers. The date of the last search was set at December 04, 2019. 
The literature search was based on the following main algorithm 
using both Medical Subject Headings (MeSH) terms and keywords: 
“((renal OR kidney) AND ("Ultrasonography, Doppler, Color"[Mesh] 
OR resistive index OR resistance index OR resistivity index OR pul-
satility index OR impedance OR pulse transit OR hemodynamic)) 
AND ("Pre-Eclampsia"[Mesh] OR preeclampsia)”. No date or lan-
guage restrictions were applied.

2.3 | Study selection

Study selection was performed consecutively in 3 stages. Firstly, 
the titles and/or abstracts of all electronic papers were screened 
to assess their eligibility. Subsequently, all review papers that were 
presumed to meet the criteria were retrieved as full texts. Finally, 
all observational studies that reported renal Doppler parameters 
(RI, PI, RIVI, PTT, systolic-to-diastolic ratio) among preeclamp-
tic women and healthy pregnant controls were held eligible. Any 
potential discrepancies concerning retrieval of review papers and 
statistical analyses were resolved by the consensus of all authors. 
The process of study selection was conducted by two researchers 
independently, and any potential disagreements were resolved by 
their consensus.
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2.4 | Data collection

The following data were extracted from each included study: name 
of first author, year of publication, country, study design, eligibility 
criteria, timing of measurement, ultrasound characteristics, number 
of patients, mean maternal age, gestational age at sampling, systolic 
blood pressure, body mass index, and birthweight. Outcomes of in-
terest were the values of resistive index, pulsatility index, arterial 
and venous pulse transit time, systolic-to-diastolic ratio and renal 
interlobar vein impedance index among preeclamptic and healthy 
pregnant women.

2.5 | Definitions

Renal RI was calculated with the formula: (peak systolic velocity - 
end-diastolic velocity)/peak systolic velocity, while PI was defined 
as (peak systolic velocity  −  end-diastolic velocity)/time averaged 
velocity and systolic/diastolic ratio as peak systolic velocity − end-
diastolic velocity, measured at the level of interlobar arteries.15 RIVI 
was calculated at the levels of interlobar veins by the formula: (peak 
systolic velocity  −  end-diastolic velocity)/peak systolic velocity.16 
Arterial PTT was defined as the time interval between the electrocar-
diographic Q-wave and the beginning of Doppler systole, corrected 
for the heart rate. Correspondingly, venous PTT referred to the time 
interval between the electrocardiographic P-wave and the Doppler 
A-wave, corrected for the duration of the heart cycle.17 All indices 
were calculated by the authors of primary studies. Replication was 
not feasible due to lack of individual participant data. Preeclampsia 
was detected when new-onset hypertension (systolic blood pres-
sure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg) combined 
with proteinuria occurred after the completion of the 20th week of 
gestation in a previously normotensive woman. Moreover, early-on-
set preeclampsia was defined as preeclampsia diagnosed before the 
34th week of pregnancy.18

2.6 | Quality assessment

The methodological quality of the included studies was evaluated 
with the Newcastle-Ottawa Scale (NOS) score.19 More specifically, 
case-control studies were assessed concerning the risk of bias on 
the domains of selection of cases and controls, comparability of the 
two groups, ascertainment of exposure and non-response rate. The 
risk of bias in cohort studies was judged by evaluating the selec-
tion and comparability of the exposed and non-exposed cohorts, 
as well as the assessment of outcome and the adequacy of the 
follow-up period. A modified form of the tool was implemented for 
cross-sectional studies, taking into consideration sample represent-
ativeness, sample size, non-response rate, ascertainment of expo-
sure, comparability, assessment of outcomes and statistical test.20 
The methodological quality of studies was appraised with a star sys-
tem; case-control and cohort studies could be awarded up to 9 stars, 

while the maximum number of stars for cross-sectional ones was 
10. Studies were judged by two authors independently, while any 
discrepancies were resolved by their consensus.

2.7 | Data analysis

All outcomes were initially evaluated qualitatively, while outcomes 
reported in 3 or more studies were also eligible for the quantitative 
meta-analysis. The effect measure was defined to be mean differ-
ence (MD) and the confidence intervals (CI) were set at 95%. Pooled 
estimates were obtained by fitting a random effects (DerSimonian 
and Laird) statistical model.21 The inter-study heterogeneity was as-
sessed with the inconsistency index (I2) and the between-study vari-
ance (τ2). In case median and interquartile range were only provided, 
the formulas proposed by Wan et al22 were used to estimate mean 
and standard deviation values. Publication bias was not assessed, 
since the small number of studies (<10 per outcome) rendered the 
interpretation of the statistical tests unreliable.23

Subgroup analysis was performed on the basis of preeclampsia 
onset (early- vs late-onset preeclampsia) and side of measurement 
(left vs right kidney). Quantitative analysis was implemented if the 
subgroups included 3 or more studies. Both pair-wise and network 
meta-analysis were performed in order to simultaneously evaluate 
all comparisons among the different subgroups. A Bayesian hierar-
chical model with Markov Chain Monte Carlo Convergence (MCMC) 
simulation was applied through JAGS in order to perform arm-based 
analyses. The number of iterations concerning the adaptation pro-
cess was set at 10 000, while the number of iterations in each chain 
was 200 000. Posterior density plots and league tables were con-
structed to comparatively depict the estimated outcomes of interest 
for all subgroups. In addition, subgroups were ranked by creating 
cumulative ranking curves and estimating their surface under the 
cumulative ranking curve (SUCRA).24 To perform this type of anal-
ysis, the mean, standard deviation and patient number for each 
arm of the included studies were used. Statistical analyses were 
performed using the Review Manager 5.3 software (Copenhagen: 
The Nordic Cochrane Centre, The Cochrane Collaboration, 2011) 
and the R-3.4.3 statistical environment (“metafor” and “pcnetmeta” 
packages).

2.8 | Sensitivity analysis

New estimates were obtained after applying the Knapp-Hartung 
correction in order to provide adjustments for the small-sample 
size.25 Moreover, the 95% prediction intervals were calculated 
as an estimation of the effects to be expected by future studies. 
Prediction intervals take into consideration the variation of the re-
sults across studies and present the existing heterogeneity at the 
same scale as the outcome of interest. Calculation of the predic-
tion intervals was performed according to the formulas proposed 
by IntHout et al26 Credibility ceilings were also calculated for each 
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study under the assumption that an observational study is not able 
to provide more than a maximum certainty that a specific effect is 
in a particular direction, due to its inherent methodological limita-
tions. The credibility ceiling test was conducted by following the 
methodology suggested by Salanti et al,27 applying a 5% and 10% 
ceiling. Furthermore, leave-one-out analysis was performed in order 
to explore the influence of individual studies. To accomplish this, one 
study was sequentially omitted at a time and thus its effect on the 
overall outcome was evaluated. This analysis was conducted using 
the Open Meta-Analyst software.28 Sensitivity analyses were per-
formed for the pair-wise meta-analyses.

3  | RESULTS

3.1 | Study selection

The process of study selection is schematically depicted in the 
PRISMA flowchart (Appendix 1—Figure  S1). Overall, 1321 review 
papers were identified and 17 of them were retrieved as full texts. 
Subsequently, 3 studies were excluded after reading the full text.29-31  
Specifically, one study evaluated renal hemodynamics among preg-
nant and non-pregnant women but did not include a preeclamptic 
group.31 Moreover, one study was not included as it did not report 
the absolute RIVI values,30 while another one represented a small 
case series of preeclamptic women without comparing them with 
healthy controls.29 As a result, 14 studies32-45 were included in the 
present review, with a total of 1118 women. Among them, 594 were 
diagnosed with preeclampsia, while 524 women were recruited as 
healthy pregnant controls.

3.2 | Included studies

The methodological characteristics (country, study design, exclu-
sion criteria, timing of measurement, ultrasound characteristics, and 
examined parameters) of the included studies are summarized in 
Table 1. The majority of the studies (64.3%) presented a case-control 
design, while 4 of them (28.6%) adopted a cross-sectional design and 
1 study (7.1%) was a prospective cohort. The most common reasons 
for patient exclusions were chronic kidney disease, pre-existing hy-
pertension, and diabetes mellitus. All studies except for one37 evalu-
ated Doppler parameters during the 3rd trimester of pregnancy. 
Ultrasound indices were measured using 3.0-7.5 MHz probes. The 
main patients' characteristics (maternal age, gestational age, sys-
tolic blood pressure, body mass index, birthweight) are described in 
Appendix 2 (Table S1).

3.3 | Quality assessment

The outcomes of the Newcastle-Ottawa Scale score are presented 
in Table 1. Overall, specifically, the overall quality was judged to be 

fair, as 2 studies (14.3%) were found to be at low risk of bias and 
12 studies (85.7%) at moderate risk of bias (Appendix 3, Tables S2-
S4). Potential risk of bias may have arisen from the domain of pa-
tients' comparability in non-age-matched studies, as well as from 
the domain of cases representativeness in studies that did not re-
port whether preeclamptic women were consecutively selected. No 
studies were found to be at high risk of bias.

3.4 | Qualitative synthesis

The outcomes of arterial indices are summarized in Table  S5 
(Appendix 4). Renal resistive index was evaluated in 6 studies, with 3 
of them finding no association with the disease. One study proposed 
that RRI was significantly higher in preeclamptic women, while an-
other one observed this association only in patients with early-on-
set disease. On the contrary, Kublickas et al39 found increased RRI 
values in the healthy pregnant control group. Regarding pulsatility 
index, one study indicated significantly higher values in the disease, 
while another one proposed that PI was higher only in women with 
early-onset preeclampsia. Nevertheless, the opposite effect was ob-
served in 2 studies, while another one found no significant associa-
tion of PI with the disease. Arterial pulse transit time was assessed 
in only 1 study, reporting significantly lower values in pregnancies 
complicated with preeclampsia, while systolic-to-diastolic ratio was 
evaluated in 2 studies, with one of them observing significantly 
lower values in preeclamptic women.

The results of venous circulation indices are presented in 
Table S6 (Appendix 4). Studies evaluating renal interlobar vein im-
pedance during the 3rd trimester found significantly higher values in 
women with preeclampsia, indicating a more pronounced difference 
in early-onset disease. However, one prospective study measuring 
RIVI during the 1st trimester of pregnancy proposed that its values 
were not different in women that subsequently developed pre-
eclampsia. Concerning venous pulse transit time, preeclampsia was 
associated with significantly decreased values compared to healthy 
controls, while women with early-onset disease tended to present 
lower values than those with late-onset preeclampsia.

3.5 | Quantitative synthesis

Pair-wise meta-analysis indicated that RRI values were not different 
among preeclamptic and healthy pregnant women (MD: 0.00, 95% 
CI: [−0.03, 0.04], 6 studies). PI also did not differ among the exam-
ined groups (MD: −0.01, 95% CI: [−0.14, 0.12], 5 studies) (Figure 1). 
RIVI was estimated to be significantly higher in preeclampsia (MD: 
0.07, 95% CI: [0.06, 0.09], 7 studies), while VPTT was significantly 
lower (MD: −0.10, 95% CI: [−0.14, −0.05], 4 studies) in women with 
the disease (Figure 2).

Subgroup analysis demonstrated that RIVI was increased in both 
early (MD: 0.11, 95% CI: [0.09, 0.13], 4 studies) and late-onset (MD: 
0.05, 95% CI: [0.03, 0.07], 4 studies) preeclampsia compared to healthy 
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pregnancies, with higher values to be observed in women with ear-
ly-onset disease (MD: 0.07, 95% CI: [0.05, 0.09], 4 studies). RIVI was 
estimated to be increased in preeclampsia when measured both in the 
right (MD: 0.09, 95% CI: [0.07, 0.10], 7 studies) and the left (MD: 0.06, 
95% CI: [0.05, 0.07], 7 studies) kidney. Right kidney RIVI values were 
found to be significantly higher compared to left kidney ones in pre-
eclamptic women (MD: 0.03 [0.01, 0.04], 7 studies).

VPTT was calculated to be significantly lower in both early (MD: 
−0.10, 95% CI: [−0.14, −0.06], 3 studies) and late-onset (MD: −0.07, 
95%: [−0.10, −0.03], 3 studies) disease that in the control group. Early-
onset preeclampsia was associated with decreased VPTT compared to 
late-onset disease (MD: −0.04, 95% CI: [−0.07, −0.01], 3 studies). Low 
VPTT values were evident in the preeclampsia group when evaluated 
both in the right (MD: −0.08, 95% CI: [−0.10, −0.05], 4 studies) and the 
left (MD: −0.10, 95% CI: [−0.13, −0.07], 4 studies) kidney. No differ-
ence was found when the two sides of measurements were compared 
(MD: 0.00, 95% CI: [−0.01, 0.02], 4 studies) (Table 2).

The network of the comparisons used in the Bayesian meta-anal-
ysis is illustrated in Appendix 5 (Figure S2). Density plots revealed 
that RIVI had the greatest probability to be highest in women with 
early-onset preeclampsia when measured in the left kidney. In addi-
tion, VPTT was estimated to be lowest in early-onset preeclamptic 
women, regardless the side of measurement (Figure  3). The out-
comes of all comparisons among the different subgroups are sum-
marized in league tables (Figure 4). Ranking of treatments indicated 
that RIVI was highest when measured in the left kidney of women 
with early-onset preeclampsia (SUCRA: 93.9%) and lowest in the 

right kidney of healthy controls (SUCRA: 0.1%). Inversely, VPPT 
was estimated to be highest in the left kidney of healthy pregnant 
women (SUCRA: 98.9%) and lowest in the left kidney of those with 
early-onset preeclampsia (8.6%) (Appendix 5, Figure S3; Table S7).

3.6 | Sensitivity analysis

The Knapp-Hartung adjustment resulted in similar outcomes with 
the primary analysis, with RIVI to be significantly higher (MD: 0.07, 
95% CI: [0.06, 0.09]) and VPTT significantly lower (MD: −0.10, 95% 
CI: [−0.17, −0.03]) in preeclampsia. The estimated 95% prediction 
intervals were significant for both RIVI (−0.18 to −0.02) and VPTT 
(−0.18 to −0.02), indicating that significant effects should be ex-
pected by future studies. In addition, RIVI and VPTT passed both 
the 5% and 10% credibility ceiling tests, as their outcomes remained 
statistically significant. On the contrary, no significant effects were 
calculated for RI and PI (Table 3). The outcomes of the leave-one-out 
analysis demonstrated that the overall results regarding RI, PI, RIVI, 
and VPTT remained stable, since the omission of no study altered 
their statistical significance (Appendix 6, Figure S4).

4  | DISCUSSION

The present meta-analysis supports that preeclampsia is associ-
ated with altered renal venous hemodynamics, as it was linked to 

F I G U R E  1   Forest plot depicting the outcomes of arterial indices. Renal resistive (A) and pulsatility (B) indices did not differ among 
preeclamptic and healthy pregnant women

(A)

(B)
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significantly elevated RIVI and lower VPTT values. These effects 
were estimated to be more pronounced in early than in late-onset 
disease, while side of measurement was suggested to affect RIVI, as 
its values were higher when evaluated in the left kidney of preec-
lamptic women. On the contrary, no role was proposed for the ar-
terial circulation indices, since renal RI and PI did not differ among 
preeclamptic and healthy pregnant women. Data regarding APTT 
was limited, and thus, no conclusions can be drawn about its poten-
tial utility in the disease.

Combining the evidence presenting above, it can be assumed 
that dysfunction of the venous compartment represents a signifi-
cant part of the preeclamptic pathogenetic process, which may arise 
from intra-abdominal hypertension combined with venous overfill 
and increased vascular tone.46 High RIVI is associated with the pres-
ence of the venous pre-acceleration nadir (VPAN) Doppler wave, 
which reflects a pronounced retrograde rebound of right atrial con-
traction,47 while low VPTT implies a shorter time interval between 
atrial contraction and the A-deflection.48 These findings together in-
dicate a fast and distant atrial contraction rebound through the ve-
nous compartment of the circulation, suggesting a state of increased 
vascular stiffness.

It is also interesting that preliminary data suggest abnormal RIVI 
and VPTT values as unique findings of preeclampsia, since nonpro-
teinuric gestational hypertension was not associated with altered 
renal venous hemodynamics.36 Moreover, it is important that in-
creased RIVI has been identified in women who developed early-on-
set preeclampsia several weeks before the onset of proteinuria,30 

while a significant correlation of RIVI with the degree of proteinuria 
(r =  .218, P value =  .009) was observed in patients with late-onset 
disease.34 From a pathophysiologic point of view, it can be thus hy-
pothesized that renal venous congestion may represent an import-
ant step of preeclampsia, as it may lead to increased glomerular 
pressure and subsequently promote the development of proteinuria 
through endothelial and podocyte damage.49

4.1 | Strengths and limitations of the study

The present systematic review gathered, for the first time, all the 
available evidence regarding the role of renal Doppler parameters 
in women with preeclampsia. To accomplish this, 5 independent 
literature databases were searched, applying no date or language 
restrictions. A network meta-analysis was implemented in order 
to simultaneously compare and rank all subgroups concerning the 
values of RIVI and VPTT. Furthermore, heterogeneity was further 
investigated with the calculation of prediction intervals, indicating 
that future studies are supposed to show a significant association of 
RIVI and VPTT with preeclampsia. Small-sample adjustments were 
applied using the Knapp-Hartung approach, obtaining stable results.

On the other hand, the majority of the included studies pre-
sented a case-control design, and thus, potential risk of bias due to 
confounding or selection of participants cannot be safely excluded. 
To address the inherent limitations of observational studies, cred-
ibility ceilings were estimated, enhancing the robustness of the 

F I G U R E  2   Forest plot illustrating the outcomes of venous indices. Preeclampsia was associated with significantly higher renal interlobar 
vein impedance (A) and lower venous pulse transit time (B)

(A)

(B)
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TA B L E  2   Outcomes of the subgroup analysis

Subgroup Comparison Studies no.
Mean difference (95% 
CI)

Heterogeneity
Test for 
overall effect

P value I2 P value

Renal interlobar vein impedance index

Preeclampsia onset EOP vs control 4 0.11 (0.09, 0.13) .70 0% <.001

LOP vs control 0.05 (0.03, 0.07) .81 0% <.001

EOP vs LOP 0.07 (0.05, 0.09) .77 0% <.001

Side of measurement Left kidney PE vs left 
kidney control

7 0.06 (0.05, 0.07) .14 38% <.001

Right kidney PE vs right 
kidney control

0.09 (0.07, 0.10) .53 0% <.001

Left kidney PE vs right 
kidney PE

0.03 (0.01, 0.04) .61 0% <.001

Venous pulse transit time

Preeclampsia onset EOP vs control 3 −0.10 (−0.14, −0.06) .70 0% <.001

LOP vs control −0.07 (−0.10, −0.03) .38 0% <.001

EOP vs LOP −0.04 (−0.07, −0.01) .77 0% .003

Side of measurement Left kidney PE vs left 
kidney control

4 −0.10 (−0.13, −0.07) .51 0% <.001

Right kidney PE vs right 
kidney control

−0.08 (−0.10, −0.05) .21 34% <.001

Left kidney PE vs right 
kidney PE

0.00 (−0.01, 0.02) .94 0% .71

Abbreviations: CI, confidence intervals; EOP, early-onset preeclampsia; I2: inconsistency index; LOP, late-onset preeclampsia.

F I G U R E  3   Density plots depicting 
the posterior densities for estimates 
of renal interlobar vein impedance and 
venous pulse transit time in the different 
subgroups. EOP, early-onset preeclampsia; 
LOP, late-onset preeclampsia; RIVI, renal 
interlobar vein impedance; VPTT, venous 
pulse transit time

(A) (B)

F I G U R E  4   League table comparing 
renal interlobar vein impedance and 
venous pulse transit time among all 
subgroups. Significant differences (P 
value < 0.05) are highlighted in bold. EOP, 
early-onset preeclampsia; LOP, late-onset 
preeclampsia; RIVI, renal interlobar vein 
impedance; VPTT, venous pulse transit 
time
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outcomes as their significance remained unchanged. Only one pro-
spective study was included and thus separate analysis of longitu-
dinal cohort studies was not feasible. Measurements were mainly 
conducted during the 3rd trimester of pregnancy; therefore, data 
about the potential predictive nature of RIVI and VPTT are cur-
rently lacking. Moreover, classification of cases into mild and severe 
ones was not performed in most studies, and thus, it remains un-
known whether renal Doppler parameters differ between the two 
forms of the disease. Cases with chronic kidney disease were ex-
cluded from the majority of studies; however, patient eligibility cri-
teria were unclear in the study of Gudmundsson et al,33 although 
leave-one-analysis indicated no significant impact of this study on 
the overall outcome. It should be also stated that evaluation of ultra-
sound indices represents an objective method, while inter-observer 
and intra-observer were not widely reported in order to evaluate the 
effects of scanning technique on the observed outcomes.

4.2 | Implications for current clinical practice and 
future research

The present meta-analysis supports the role of RIVI and VPTT as 
promising preeclampsia markers, since their values significantly dif-
fered among women with the disease and healthy pregnant controls. 
These findings suggest that renal Doppler parameters may serve as 
candidate novel screening markers, while they provide new insights 
in the pathophysiology of preeclampsia by underlying the importance 
of venous compartment dysfunction. Specifically, RIVI was found to 
be highest when measured in women with early-onset preeclampsia, 
indicating the severity of early-onset disease which is commonly as-
sociated with hemodynamic dysfunction. In addition, the increased 
RIVI values in the left kidney may reflect the compression of the left 
renal vein by the gravid uterus, potentially leading to renal hypoper-
fusion. Nevertheless, several aspects should be elucidated in order 
to fully clarify the exact role of RIVI and VPTT in clinical practice. 
Future large-scale should prospectively assess these parameters 
by conducting sequential measurements throughout pregnancy, 

in order to determine their exact pattern of increase or decrease 
and find out whether their alterations precede the clinical onset of 
preeclampsia. Cases need to be classified according to disease se-
verity and onset, while the potential association of Doppler indices 
with both maternal and fetal outcomes remains to be examined. In 
addition, the efficacy of renal venous circulation markers should be 
investigated by introducing cutoff values and subsequently evaluat-
ing their accuracy in predicting the disease alone or in combination 
with other established biomarkers, such as PAPP-A and PlGF. Finally, 
correlations with the degree of proteinuria, as well as with markers 
of podocyte dysfunction should be assessed in order to shed light 
on the exact effects of retrograde venous congestion in the course 
of preeclampsia.

5  | CONCLUSIONS

The findings of the present meta-analysis indicate that preeclamp-
sia is associated with significantly elevated renal interlobar vein 
impedance and shorter venous pulse transit time, proposing the im-
portance of venous compartment dysfunction in the pathogenetic 
process of the disease. No role was suggested for renal resistivity 
and pulsatility indices. Future studies should prospectively define 
the optimal timing of measurement, introduce cutoff values, and in-
corporate renal venous Doppler parameters in preeclampsia screen-
ing models to achieve optimal predictive accuracy.
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Outcome
Knapp-Hartung 
adjustment

95% prediction 
intervals

Credibility ceilings

5% 10%

RI 0.00 [−0.03, 
0.04]

[−0.06, 0.07] 0.00 [−0.02, 
0.03]

0.01 [−0.01, 
0.03]

PI −0.01 [−0.24, 
0.21]

[−0.38, 0.36] −0.02 [−0.14, 
0.11]

−0.01 [−0.03, 
0.01]

RIVI 0.07 [0.06, 0.09]* [0.06, 0.09]* 0.06 [0.03, 
0.09]*

0.06 [0.02, 
0.10]*

VPTT −0.10 [−0.17, 
−0.03]*

[−0.18, −0.02]* −0.07 [−0.12, 
−0.02]*

−0.07 [−0.13, 
−0.01]*

Note: Data expressed as mean difference [95% confidence intervals]
Abbreviations: PI, pulsatility index; RI, resistive index; RIVI, renal interlobar vein impedance index; 
VPTT, venous pulse transit time.
*P value < .05. 

TA B L E  3   Outcomes of the sensitivity 
analysis
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