
Biomedicine & Pharmacotherapy 143 (2021) 112161

Available online 16 September 2021
0753-3322/© 2021 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Pharmacokinetics and pharmacodynamics of sildenafil in fetal lambs on 
extracorporeal support 

Felix R. De Bie a,b,*, Francesca M. Russo a, Pieter Van Brantegem c, Barbara E. Coons a, 
James K. Moon a, Zexuan Yang a, Chengcheng Pang a, Janaina C. Senra a, Camilla Omann a, 
Pieter Annaert c, Karel Allegaert b,c,d, Marcus G. Davey a, Alan W. Flake a, Jan Deprest b 

a Center for Fetal Research, Children’s Hospital of Philadelphia, Philadelphia, United States 
b MyFetUZ, Department of Development and Regeneration, KU Leuven, Leuven, Belgium 
c Department of Pharmaceutical and Pharmacological Sciences, KU Leuven, Belgium 
d Department of Hospital Pharmacy, Erasmus MC University Medical Center, Rotterdam, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Sildenafil citrate 
Fetal therapies 
Fetal lamb 
Extracorporeal circulation 

A B S T R A C T   

Background: Maternal transplacental administration of sildenafil is being considered for a variety of fetal con-
ditions. Clinical translation also requires evaluation of fetal safety in a higher species, such as the fetal lamb. 
Experiments with the pregnant ewe are curtailed by minimal transplacental transfer as well as limited access to 
the fetus. The EXTra-uterine Environment for Neonatal Development (EXTEND) model renders the isolated fetal 
lamb readily accessible and allows for direct fetal administration of sildenafil. 
Methods: Five fetal lambs were placed on extracorporeal support in the EXTEND device and received continuous 
intravenous (IV) sildenafil (0.3–0.5–0.7 mg/kg/24hr) for a duration of one to seven days. Plasma sildenafil 
concentrations were sampled at regular intervals to establish the pharmacokinetic profile using population 
pharmacokinetic modeling. Serial Doppler ultrasound examination, continuous non-invasive hemodynamic 
monitoring and blood gas analysis were done to evaluate the pharmacodynamic effects and fetal response. 
Findings: The target concentration range (47–500 ng/mL) was attained with all doses. Sildenafil induced an 
immediate and temporary reduction of pulmonary vascular resistance, mean arterial pressure and circuit flow, 
without change in fetal lactate levels and acid-base status. The duration of the systemic effects increased with the 
dose. 
Interpretation: Immediate temporary pulmonary vascular and systemic hemodynamic changes induced by sil-
denafil were biochemically well tolerated by fetal lambs on extracorporeal support, with the 0.5 mg/kg/24 h 
dose balancing rapid attainment of target concentrations with short-lived systemic effects. 
Research in context: None. 
Search strategy before undertaking the study: A literature review was conducted searching online databases 
(Medline, Embase and Cochrane), using search terms: fetal OR prenatal OR antenatal AND sildenafil, without 
time-limit and excluding human studies. Where relevant, investigators were contacted in order to avoid dupli-
cation of work. 
Evidence before this study: Prenatal therapy with sildenafil, a phosphodiesterase-5 inhibitor with vasodilatory and 
anti-remodeling effects on vascular smooth muscle cells, has been considered for a variety of fetal conditions. 
One multicenter clinical trial investigating the benefit of sildenafil in severe intrauterine growth restriction (the 
STRIDER-trial) was halted early due to excess mortality in the sildenafil-exposed arm at one treatment site. Such 
findings demonstrate the importance of extensive preclinical safety assessment in relevant animal models. 
Transplacentally administered sildenafil leads to decreased pulmonary arterial muscularization, preventing or 
reducing the occurrence of pulmonary hypertension in rat and rabbit fetuses with diaphragmatic hernia (DH). 
Validation of these results in a higher and relevant animal model, e.g. fetal lambs, is the next step to advance 
clinical translation. We recently demonstrated that, in contrast to humans, transplacental transfer of sildenafil in 
sheep is minimal, precluding the in vivo study of fetal effects at target concentrations using the conventional 
pregnant ewe model. 
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Added value of this study: We therefore used the extracorporeal support model for fetal lambs, referred to as the 
EXTra-uterine Environment for Neonatal Development (EXTEND) system, bypassing placental and maternal 
metabolism, to investigate at what dose the target concentrations are reached, and what the fetal hemodynamic 
impact and response are. Fetal hemodynamic and metabolic tolerance to sildenafil are a crucial missing element 
on the road to clinical translation. This is therefore the first study investigating the pharmacokinetics, hemo-
dynamic and biochemical effects of clinical-range concentrations of sildenafil in fetal lambs, free from placental 
and maternal interference. 
Implications of all the available evidence: We demonstrated self-limiting pulmonary vasodilation, a decrease of both 
systemic arterial pressures and circuit flows, induced by clinical range concentrations of sildenafil, without the 
development of fetal acidosis. This paves the way for further investigation of prenatal sildenafil in fetal lambs on 
extracorporeal support. A dose of 0.5 mg/kg/24 h offered the best trade-off between rapid achievement of target 
concentrations and shortest duration of systemic effects. This is also the first study using the EXTEND as a model 
for pharmacotherapy during pregnancy.   

1. Introduction 

Sildenafil is a potent vasodilator currently approved for treatment of 
pulmonary hypertension in adult and pediatric populations [1–3]. Via 
inhibition of phosphodiesterase 5 (PDE5), sildenafil acts on the nitric 
oxide vasodilatory pathway, by preventing degradation of cyclic gua-
nosine monophosphate (cGMP) and cyclic adenosyl monophosphate 
(cAMP) in vascular smooth muscles cells. In addition to a vasodilatory 
action, sildenafil also has an antiproliferative action on vascular smooth 
muscle cells when administered chronically [4,5]. 

Antenatal therapy with sildenafil has been investigated for several 
maternal and fetal conditions such as preeclampsia [6–8], preterm de-
livery [9], oligohydramnios [10], congenital diaphragmatic hernia 
(CDH) [11–17], intrapartum fetal distress (RIDSTRESS trial) [18,19] 
and intrauterine growth restriction (IUGR) (STRIDER trials) [20,21]. 
One of the STRIDER trials was halted early due to potential harm related 
to an increased incidence of persistent pulmonary hypertension of the 
newborn and a non-significant trend towards an increase in neonatal 
death in fetuses exposed to sildenafil [22]. Furthermore, experimental 
studies have demonstrated altered fetal vascular development and 
impaired functional adaptation to chronic hypoxemia in fetal lambs 
with IUGR treated with sildenafil [23–25]. In view of these safety con-
cerns, further preclinical fetal safety studies have become a priority on 
the translational pathway of antenatal sildenafil, irrespective of the 
indication. 

Prenatal administration of sildenafil in the rat and rabbit model for 
CDH, leads to a decreased pulmonary smooth arteriolar muscularization 
and increased pulmonary vascular branching, improving pulmonary 
hypertension features in treated CDH pups [11,14]. The logical next step 
on the translational pathway is efficacy studies in a fetal lamb model. 
There are however several challenges in performing such a study. We 
previously demonstrated that, contrary to rats, rabbits and humans, 
transplacental transfer of sildenafil in sheep is minimal (3–4%), which 
makes attaining target concentrations impossible without reaching toxic 
concentrations in the ewe [26]. In addition, whereas surgical catheter-
ization of the fetus provides direct intravenous access and allows for 
invasive pressure monitoring, it is in our experience associated with 
high rates of catheter malfunction, sepsis and fetal demise limiting 
duration of studies. Furthermore, due to confinement of the fetus to the 
maternal womb, non-invasive measurement methods such as Doppler 
interrogation of selected fetal vessels, are not robust, especially with 
multiple gestations. 

To overcome these challenges, we conducted a study in a highly 
innovative model called the EXTrauterine Environment for Neonatal 
Development or EXTEND. Via umbilical cannulation, the model sup-
ports fetal lambs in a womb-like environment for a duration up to 28 
days, insuring continued organ maturation while maintaining fetal cir-
culation [27]. Besides a potential revolutionary treatment modality in 
perinatology, the EXTEND device may be used as a unique research tool, 
providing direct access to the fetal lamb with no placenta acting as a 

barrier for sildenafil transfer, and no maternal and placental metabolism 
of the drug. 

The aim of our study was threefold: (1) to characterize the phar-
macokinetic profile of sildenafil in fetal lambs on EXTEND support, (2) 
to measure the pharmacodynamic effect of sildenafil on pulmonary and 
systemic hemodynamics and (3) to monitor for adverse fetal effects. 

2. Materials and methods 

2.1. IRB approval and animal ethics 

This study was approved by the Institutional Animal Care and Use 
Committee of Children’s Hospital of Philadelphia Research Institute 
(Protocol no.: 19-000984), Philadelphia, PA and followed the ‘Animal 
Research: Reporting of In Vivo Experiments’ (ARRIVE) guidelines for 
reporting on animal research [28]. The animal vendors and facilities 
operated under national guidelines put forth by the United States 
Department of Agriculture (USDA). 

2.2. Preliminary testing of sildenafil adherence 

Adherence of sildenafil to the tubing and oxygenator of the EXTEND 
circuit was assessed in a preliminary ex-vivo benchtop study as 
described in Supplement A. 

2.3. The EXTEND-model 

Lambs from time-mated pregnant Suffolk ewes were delivered by 
caesarean section at gestational age (GA) 103–112 days (term: 145 
days), transferred onto the pumpless EXTEND circuit (Fig. 1) via surgical 

Fig. 1. The EXTEND model. (A) Umbilical vein continuous sildenafil infusion. 
(B) Umbilical artery sampling site. 
Figure adapted from De Bie et al. [35] after obtaining copyright. 
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cannulation of the umbilical vessels, and placed in a sterile amniotic 
fluid environment as previously described [27,29]. Gas exchange was 
accomplished via a Maquet Quadrox-ID Pediatric Oxygenator (Maquet 
Cardiopulmonary AG, Rastatt, DE). Fetal lambs received total parenteral 
nutrition and maintenance fluids. Continuous prostaglandin E1 
(500 mcg/mL, Prostin VR Pediatric®, Pfizer, NY, USA) infusion was 
given to maintain ductal patency and hence preserve intact fetal circu-
lation. Heparin (1000 USP/mL, Mylan®, PA, USA) was also continu-
ously infused, aiming for an activated clotting time of 180–200 s, to 
prevent blood clotting throughout the extracorporeal circuit. 

2.4. Sildenafil: chemical, administration regimen and target range 

Sildenafil citrate (0.8 mg/mL, Auromedics Pharma LLC, NJ, USA) 
was diluted in saline (0.9% Sodium Chloride, Viaflex, Baxter, IL, USA). 
Three different doses of continuous, intravenous sildenafil solution were 
examined: 0.3, 0.5 and 0.7 mg/kg/24 h. This dose-range was chosen 
based on data from previous sheep and clinical studies [30–33]. Sil-
denafil solutions were prepared daily, adjusted to the estimated fetal 
weight and infused in the umbilical vein (Fig. 1). 

After cannulation, a minimum of 24 h was allowed for hemodynamic 
stabilization before starting sustained sildenafil administration (expo-
sure period). Following exposure, infusion was interrupted (interruption 
period), after which a different dose was tested on condition that the 
lamb was hemodynamically stable. The duration of exposure and 
interruption was gradually increased during the study, based on phar-
macokinetic (PK) profiles of previous animals. The target range of sil-
denafil concentration was 47–500 ng/mL as previously described [1,14, 
26]. At the lower limit of 47 ng/mL, the unbound concentration of sil-
denafil produces a 53% inhibition of PDE5 activity (IC50 = half maximal 
inhibitory concentration). In male adults, peak concentrations 
exceeding 500 ng/mL caused vascular events and visual disturbances, in 
25% and 40% of cases respectively [34]. 

2.5. Pharmacokinetics 

2.5.1. Plasma sildenafil concentrations 
During both the administration and interruption periods, fetal blood 

samples (0.5 mL) were collected at 0, 5, 15, 30 min, 1, 2, 4, 12, 24, 48 h 
after starting or stopping drug infusion, and every 24 h subsequently. 
After sterile centrifugation (Supplement B), the plasma was stored at 
− 80 ◦C and sent for analysis to an external bioanalytical laboratory 
(BioNotus, Niel, BE). Concentrations of sildenafil citrate were measured 
by high performance liquid chromatography and mass spectrometry 
(Supplement C) in several batches. 

2.5.2. Population pharmacokinetic modeling 
Population PK modeling was performed with NONMEM version 7.4 

(ICON Development Solutions, Ellicott City, MD, USA), using the first 
order estimation method with the interactions option (FOCE-I) and 
subroutine ADVAN 6 as differential equation solver (Supplement D). The 
model was used to simulate sildenafil concentrations for the three 
studied doses (0.3, 0.5, 0.7 mg/kg * (baseline bodyweight)/24 h) over a 
period of 14 days. 

2.6. Pharmacodynamics 

2.6.1. Doppler echocardiography 
Fetal echocardiography was performed upon starting or stopping 

sildenafil infusion, at baseline, 15 and 30 min, 1, 2, 4, 24 h and every 
24 h subsequently for as long as animals remained unaffected by um-
bilical venous spasms. During the first four hours after starting or 
stopping sildenafil infusion, no changes were made to the total fluid or 
oxygen fraction administration. Examinations and analysis were done 
by two trained fetal ultra-sonographers (CP & ZY), blinded to the tested 
dose of sildenafil. A pediatric S8-3 probe and Philips IE33 xMATRIX 

(Philips Ultrasound, WA, USA) ultrasound machine was used. All ani-
mals were positioned in left lateral decubitus position. Echocardio-
graphic diameters of the pulmonary artery (PA), aorta (Ao) and ductus 
arteriosus (DA) were measured in the right ventricular outflow tract, left 
ventricular outflow tract and the three vessel and trachea (3VT) view 
respectively [36]. Flow velocity waveforms were measured at the 3VT 
for the DA [37,38]. Doppler flow waveforms were calculated offline and 
included: peak systolic velocity, pulsatility index (PI), and acceleration 
time/ejection time ratios (AT/ET). Right and left cardiac output (CO) 
were calculated as the semilunar valve cross sectional area 

(π
(

Diameter
2

)2
) × fetal heart rate × velocity time integral across the valve 

in systole, using the diameter of the pulmonary artery and the aorta 
respectively [39]. PI was defined as (peak systolic velocity − end dia-
stolic velocity)/mean velocity [40]. AT was defined as the time interval 
from the start of the ventricular systole to reaching the peak velocity. ET 
was measured from the start until the end of the ventricular systole [41]. 
The AT/ET ratio was calculated to correct for heart rate [42]. The right 
pulmonary artery (RPA) AT/ET, reflects distal pulmonary vasodilation 
and was chosen as the pharmacodynamic primary outcome and is 
affected by sildenafil administration in human adults [43,44]. Decrease 
in ductus arteriosus output (DAO) relative to the right ventricular stroke 
volume (RVSV), reflects preferential flow to the pulmonary arteries and 
was chosen as secondary outcome. 

2.6.2. Hemodynamic parameters 
Systolic and diastolic blood pressure within the pre-oxygenator limb 

of the circuit, heart rate, circuit blood flow rates, and arterial and venous 
oxygen saturations were continuously archived and subsequently 
analyzed using Labchart software (LabChart 7, AD Instruments Inc., CO, 
USA). Circuit flows, shunt ratio (SR), mean pre-oxygenator circuit 
pressure (MAP) and heart rate (HR) were empirically chosen as proxies 
of fetal hemodynamic effects. In EXTEND, the systolic circuit blood 
pressure is the same as in the animal. The diastolic circuit blood pressure 
however is 17–20 mmHg lower than in the animal, hence also is the 
calculated MAP by 10–15 mmHg. Pharmacodynamic changes in hemo-
dynamic parameters were expressed as percentages of baseline. Baseline 
values were defined as the arithmetic average of measurements during 
the four hours preceding the administration or interruption of sildenafil. 

2.6.3. Biochemical parameters 
At 8-hour intervals, blood gases, electrolytes and glucose levels were 

measured using an i-Stat® System (Abbott Point of Care Inc., NJ, USA) 
[27]. Lactate and pH were chosen as parameters reflecting biochemical 
effects. 

2.7. Historic Control Data 

Historic control data from healthy lambs on EXTEND that underwent 
no intervention (n = 8, cannulated at GA 104-113, on circuit for 16 
(± 5) days), was used to determine the range of normal variability for all 
Doppler-ultrasound, hemodynamic and biochemical parameters. The 
coefficient of variation (CV) was calculated for each parameter and 
considered as the normal range of variation. Study animals from whom 
parameters were outside of the CV determined in these historic controls, 
are further referred to as “responders”. 

2.8. Statistical analysis 

Descriptive data are reported either as means and standard deviation 
or medians and interquartile range for continuous variables, depending 
on the normality of the distribution assessed with Shapiro-Wilk test. 
Univariate analyses included Chi-square tests, Unpaired Student t-tests 
and Mann-Whitney tests, and were performed with the Graphpad 
(V8.1.1, San Diego, CA, USA). A two-tailed P < 0.05 was considered 
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significant. 
In order to identify and correct for confounding factors indepen-

dently influencing Doppler ultrasound parameters, a generalized linear 
mixed effect model (GLMEM) was constructed using data from the eight 
historical controls. First, ultra-sonographer, animal number and mea-
surement number were hypothesized as random effects, and gestational 
age, predicted weight, saturation, circuit pressure, heart rate, circuit 
flows and shunt ratio as fixed effects. Then, the Spearman’s Rank-Order 
correlation test was used to assess correlation between ultrasound pa-
rameters and the hypothesized fixed effects. Only gestational age and 
animal weight correlated significantly (P < 0.05) with ultrasound pa-
rameters and were therefore included in the final GLMEM as fixed ef-
fects. The resulting GLMEM was used to correct ultrasound 
measurements obtained in experimental study animals. The Spearman’s 
Rank-Order correlation test and GLMEM were performed using the 
IBM® SPSS® Statistics Software (IBM Corporation, NY, USA). 

2.9. Role of the funding source 

The funding sources had no role in the design or conduct of the study; 
including the collection, analysis, interpretation and preparation of the 
data or the drafting, editing, review or approval of the manuscript, as 
well as the decision to submit for publication. 

3. Results 

3.1. Preliminary testing of sildenafil adherence to the circuit 

There was no difference in the proportion of remaining sildenafil in 
the ex-vivo EXTEND circuit as compared to the control environment 
throughout time, up to 48 h (86.8% ± 7.7% vs 88.1% ± 6.0%, 
p = 0.936, Supplemental Fig. S1b). 

3.2. Animal characteristics and experiments 

Six fetal lambs were exposed to sildenafil on EXTEND. In one pilot 
animal, sildenafil was administered at 0.5 mg/kg/day starting two hours 
after completion of a different experiment (at GA 121) and maintained 
for 48 h. This animal remained hemodynamically stable proving feasi-
bility of sildenafil administration on EXTEND (data not shown). These 
results were excluded from all analyzes due to the potential confounding 
effects of the previous experiment. The next five animals were dedicated 

to the aforementioned aims. The conditions of the experiment are dis-
played per animal in Table 1. Sildenafil was administered eight times 
using three doses; 0.3 (n = 3), 0.5 (n = 3) and 0.7 (n = 2) mg/kg/24 h, 
each exposure lasting between 4 and 168 h. In four lambs, the above 
sildenafil infusion was interrupted for 72–192 h, prior to re-exposure to 
a different dose. 

3.3. Pharmacokinetics 

A two-compartment model with first-order elimination best fitted the 
data and is characterized in Supplement D. Population modeling 
demonstrated attainment of steady state concentrations within the 

Table 1 
Sildenafil administration regimen (mg/kg/24 h) for each animal.  

Fig. 2. Population-modeled PK profiles of different doses of sildenafil in 
lambs on EXTEND. (A) Graphic depiction of the simulated PK profiles of the 
three tested doses of sildenafil (0.3, 0.5 and 0.7 mg/kg/24 h). The gray shaded 
area represents the target range of sildenafil (47–500 ng/mL). The dotted lines 
represent the 10th and 90th percentiles of sildenafil concentrations. (B) Css: 
Steady state concentration, onset time: time to reach the 47 ng/mL (IC50), time 
to 90% PTA: time to 90% probability of target attainment (PTA) of 47 ng/ 
mL (IC50). 
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target concentration range for all three doses (Fig. 2). The calculated 
half-life was 43.0 h and the distribution volume (VD) at steady state 
27.2 L [45]. Complete plasma disappearance of sildenafil was not ob-
tained, not even 192 h (8 days) after administration was halted. 

3.4. Pharmacodynamics 

3.4.1. Pulmonary vascular resistance 
Administration of sildenafil increased the RPA AT/ET outside the 

range of normal variation in 5/8 exposures to sildenafil (Fig. 3a). 
Although the magnitude of the increase seemed non dose-dependent, the 
number of responders seemed to increase with higher doses (0.3: 1/3, 
0.5: 2/3 and 0.7: 2/2). In responders, the median peak increase of RPA 
AT/ET was 20.4% (11.3) on average, and was achieved within two hours 
after starting sildenafil. The RPA AT/ET fell back towards the range of 
normal variability 24–48 h after start of administration. In responders, 

the RPA AT/ET peaks were achieved at concentrations (3.1–8.3 ng/mL) 
well below the target range (Fig. 3c). A response was recorded in ani-
mals receiving a second infusion of sildenafil at a different dose, even 
with residual concentrations of sildenafil. Animal 2 did not respond to 
either the 0.3 or the 0.5 dose. 

The DAO/RVSV decreased upon infusion of 0.5 and 0.7 doses, 
however not in animal 2, in which it increased (Fig. 3b). The degree of 
relative decrease in right ventricular output going over the ductus was 
dose-dependent. In responders, the median nadir decrease was 33.4% 
(21.9%), achieved within two hours of sildenafil infusion. 

3.4.2. Systemic effects 
Exposure to sildenafil caused an immediate and temporary decrease 

of MAP in all five animals and in 6/8 exposures (Fig. 4a). The magnitude 
of the relative decrease in pressures seemed non dose-dependent. On the 
contrary, the number of responders (0.3: 1/3, 0.5: 3/3 and 0.7: 2/2) and 

Fig. 3. Pulmonary effects of sildenafil. Relative changes in (A) RPA AT/ET (CV = 9.7%) and (B) DAO/RVSV (CV = 16.2%) upon infusion of sildenafil. (C) 
Graphical representation of the relative RPA AT/ET per measured concentration of sildenafil. One-third (33.9%) of all RPA AT/ET measurements were increased 
outside of the zone of normal variability at concentrations below the target range. Blue rectangle represents the range of normal variability (CV = 9.7%). The thick 
horizontal black line marks the upper limit of normal variability. The gray shaded area represents the target range (47–500 ng/mL). The numbers in the legend refer 
to the lambs, (*) marks the second exposure of the animal to a different sildenafil dose. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.). 
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the duration of the decreased pressures increased with a higher dose 
(0.3: 3⋅5 h, 0.5: 3 h and 0.7: 5 h). In responders, the median nadir was 
13.2% (5.6–26.2%), achieved within four hours of sildenafil infusion. 

Sildenafil infusion also induced an immediate and temporary 
reduction of circuit flows in 4/5 lambs and 5/8 exposures (Fig. 4b). In 
responders, the median nadir in flows was 15.6% (5.4–23.0%) and was 
not dependent on the dose. However, the number of responders (0.3: 1/ 
3, 0.5: 2/3 and 0.7: 2/2) and the duration of decreased flows (0.3: 2.5 h; 
0.5: 3⋅5 h and 0.7: 4 h) increased congruently with the dose. 

During the first four hours after sildenafil administration, the shunt 
ratio (SR) decreased outside of the normal variability range in 3/8 ex-
posures (0.3 and 0.5 doses) (Supplemental Fig. S2a). In the other five 
exposures (0.3, 0.5 and 0.7 doses), the SR remained within the normal 
range of variation during the first 24 h. By the fifth day of sildenafil 
administration in animal 3, an umbilical vein aneurysm caused turbu-
lent flow, increasing resistance and reducing the fraction of circuit flow. 

No consistent pattern was found across animals or doses in both the 
combined cardiac output (CCO) during the first 24 h, and the heart rate 
(HR) during the first 8 h after starting sildenafil infusion (Supplemental 
Fig. S2b and c). 

Over a period of 48 h after administration sildenafil, no relevant 
changes in lactate and pH were observed (Supplemental Fig. S3). 

4. Discussion 

This study demonstrates that prenatal administration of sildenafil to 
fetal lambs on EXTEND, leads to drug concentrations in the clinical 
range, inducing a temporary reduction in pulmonary vascular resis-
tance, circuit flows and systemic pressures, without adverse biochemical 
impact. This suggests good acute fetal hemodynamic and metabolic 
tolerance of the drug. The systemic impact however increases congru-
ently with the dose, with the 0.5 mg/kg/24 h dose optimally balancing 
rapid attainment of target concentrations without causing hemody-
namic instability. 

Being a relatively lipophilic drug (Log P = 2.75), sildenafil is at risk 
for circuit adsorption [46–50]. Therefore, we first assessed potential 
adherence of sildenafil to the EXTEND circuit in an initial ex-vivo 

benchtop study. Since sildenafil is in-vivo 96% bound to plasma pro-
teins, the benchtop experiment using NaCl 0.9% solution as perfusate, 
mimicked a ‘worst-case-scenario’. Relative concentrations of sildenafil 
in both the EXTEND circuit and the control environment were similar 
after 48 h, suggesting negligible drug decay or adherence to the 
oxygenator and/or tubing. This is to be expected as the EXTEND’s 
bioactive surface coated tubing is relatively inert to drug adsorption, as 
are hollow-fiber polymethyl pentene (PMP) oxygenators compared to 
their silicone-membrane equivalents [51,52]. 

Subsequently, the pharmacokinetic profile of sildenafil in fetal lambs 
on EXTEND was characterized. The long half-life of sildenafil on 
EXTEND (43 h vs 3–5 h hours in adult humans) [53], suggests low fetal 
metabolism. In humans, sildenafil metabolism through demethylation is 
primarily performed by the hepatic CYP3A and CYP 2C19 isoenzymes, 
which were both shown to be present and active prenatally [54–56]. The 
resulting active metabolite (responsible for 50% of sildenafil’s activity), 
desmethyl-sildenafil was not found in sheep, suggesting a different 
metabolic pathway may be involved [4,26]. The existence of an un-
known, potentially active, sheep-specific metabolite may have resulted 
in overestimation of the pharmacodynamic effects of sildenafil con-
centrations measured in our study. Jaillard et al. catheterized 
late-gestational fetal lambs (GA 130–132, n = 12) and administered 
sildenafil intravenously at a dose of 1 mg/h, roughly a ten-fold increase 
over the doses administered in our study [30]. The sildenafil concen-
trations measured after 24 h of infusion were 22 ± 8 ng/mL, similar to 
what we obtained at 24 h with the lower 0.3 mg/kg/24 h dose, which 
suggests important placental metabolism and/or absorption and/or 
back-transfer to the maternal circulation. 

Next, we assessed the pharmacodynamic impact of sildenafil, 
monitoring pulmonary and systemic hemodynamics, and biochemical 
status. The temporary increase in RPA AT/ET reflects a distal reduction 
of PVR, and the simultaneous decrease in DAO/RVSV, a preferential 
flow towards the pulmonary vasculature. These findings are in line with 
findings of our previous study assessing fetal hemodynamic responses to 
maternally administered sildenafil and to those of Jaillard et al. [26,30]. 
Both studies demonstrated a 60–78% decrease in pulmonary vascular 
resistance (PVR) and simultaneous increase in pulmonary artery flow of 

Fig. 4. Systemic effects of sildenafil. Relative changes in (a) MAP (CV = 6.9%) and (b) circuit flow (CV = 4.1%) upon infusion of sildenafil. (*) marks the second 
exposure of the animal to a different sildenafil dose. 
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160–312%, upon sildenafil infusion. Despite the similar trending, the 
magnitude of the increased pulmonary flow was more than five times 
higher in the study by Jaillard. The most likely explanation for that is 
that the older lambs (130–132 vs 106–124 days GA) in their study 
reacted more intensely to sildenafil. Fetal pulmonary vascular responses 
to oxygen and vasoactive agents in lambs have indeed been shown to 
evolve with gestational age [57,58]. The short duration of the pulmo-
nary effects of sildenafil may be explained by a compensatory increase of 
PVR by the fetus, in turn bringing it back to baseline to minimize ‘futile’ 
pulmonary blood flow. Remarkably this compensatory mechanism 
seems to be resistant to increasing sildenafil concentrations. Another 
remarkable finding is that animal 2 did not respond to sildenafil with 
pulmonary vasodilation, but with a temporary decrease in RPA AT/ET 
and increase of DAO upon administration of both (0.3 and 
0.5 mg/kg/24 h) doses, suggesting pulmonary vasoconstriction instead. 
While the explanation for the paradoxical reaction remains unclear, it’s 
etiology merits further investigation, as non-response to sildenafil may 
be correlated with unfavorable long-term outcomes in children with 
pulmonary hypertension [59] and the development of pulmonary hy-
pertension in normal lungs exposed to sildenafil remains a clinical 
conundrum [14,22,60]. 

The hemodynamic and metabolic tolerance proxies in our study i.e. 
MAP’s, circuit flows, SR, HR and CCO were chosen to reflect systemic 
vasodilatory effects of sildenafil [61]. Similarly, pH and lactate were 
selected to monitor hypoperfusion and hypo-oxygenation causing lactic 
acidosis. Upon sildenafil administration, fluid and oxygenation re-
quirements remained stable. Empirically, we observed that the ultra-
sound examination itself seemed to agitate the lambs and consistently 
change the heart rate, inducing both tachy- and bradycardia. During the 
15 min following ultrasound examinations, the range of normal varia-
tion in our historical control animals doubled to 12.2% instead of the 
usual 5.8%, before eventually returning to the pre-ultrasound baseline. 
This may have complicated inferring a distinct HR pattern upon starting 
sildenafil. Since the CCO is affected by the heart rate, we tried to mea-
sure the CCO at the very beginning of every ultrasound examination. 

Contrary to previous studies in catheterized fetal lambs, we did 
observe a temporary decrease in MAP’s [26,30]. This difference in 
pressures may be due to central (catheterized studies) vs peripheral (at 
the level of the oxygenator in EXTEND) measurement of pressures. In the 
scenario that part of the circulating volume shifted towards the pul-
monary circulation, peripheral pressures would decrease, whereas cen-
tral pressures may remain unaffected because of the existence of the 
patent fetal cardiac shunts. The question remains however whether 
decreased MAP’s and circuit flows observed on EXTEND are due solely 
to pulmonary vasodilation (causing volume shift towards the pulmonary 
circulation), or whether there is a component of peripheric vasodilation 
involved. Although our findings demonstrated no dose-dependency in 
the magnitude of the pulmonary vasodilation, the duration of the sys-
temic effects (reduction in MAP’s and circuit flows) increased congru-
ently to the tested dose, suggesting better tolerance of lower sildenafil 
doses. Hemodynamic changes were observed upon exposing animals to a 
second sildenafil infusion, even without complete clearing of the drug 
from a previous administration. If confirmed by further studies, this 
might support sustained rather than pulsatile fetal drug administration, 
minimizing hemodynamic changes. 

Both the pulmonary and the systemic changes took place at minimal 
sildenafil concentrations, well below those currently targeted in the 
clinical setting. This may indicate that the fraction of unbound sildenafil 
in fetal (sheep) plasma might be higher than in human adults, and 
suggests that pulmonary vasodilation in fetuses can occur at lower levels 
of PDE5 receptor inhibition. Concentrations below the IC50 may hence 
be appropriate in studies investigating the functional hemodynamic 
impact of sildenafil, however this is not necessarily true for sildenafil’s 
anti-remodeling effect. It may therefore be wise to keep the IC50 as the 
lower limit of target concentrations in studies investigating the latter 
effect of sildenafil, such as for the indication of congenital 

diaphragmatic hernia. For such studies on EXTEND, the 0.5 mg/kg/24 h 
seems an adequate balance between timely reaching Css above the IC50 
concentration and tolerable systemic effects. 

4.1. Limitations 

Non-invasive fetal monitoring enables longitudinal and clinically 
more relevant monitoring of PVR and systemic effects in our EXTEND 
lambs, compared to catheterized models, with less mortality and 
morbidity, in turn reducing the use of laboratory animals. Although 
Doppler ultrasound was experimentally validated to measure fetal flows, 
the gold standard for cardiac pressure measurements remains cardiac 
catheterization [62]. Central catheterization also allows for central ox-
ygen tension measurement on blood gas analysis, a critical parameter 
lacking in our study, especially since PVR changes based on pulmonary 
artery oxygen tensions [63]. We assessed potential correlations between 
the ultrasound PVR measurements and several proxies of PA oxygen 
tension (i.e. pre- and post-oxygenator oxygen tensions and saturations, 
oxygen delivery) in our historic controls lambs to include it as a fixed 
effect in the GLMEM. However, no significant correlations were found, 
presumably due to the mixing of the oxygenated (returning from the 
oxygenator) and deoxygenated (returning from the animal) blood at the 
level of the inferior vena cava. Since we could hence not correct for this 
critical parameter, gas settings were kept identical during the first four 
hours of sildenafil administration. The lack of an exact pulmonary artery 
oxygen tension, complicates inter-individual comparison and the anal-
ysis of timepoints later than the initial four hours after sildenafil infu-
sion, since from then onwards routine changes to the gas settings were 
made based on blood gas analysis. 

Our ability to draw conclusions from this study is curtailed by the 
low sample size. We were mainly limited in the number of study animals 
due to the suspension of research in the context of the SARS-CoV-2 
pandemic and limited time available to the researcher. Nevertheless, 
modeling is typically used in small populations. 

Our study was designed as an acute and hemodynamic-functional 
study. Crucial information currently lacking is the assessment of long 
term effects and of organ-specific toxicity of sildenafil on the fetal liver, 
brain and retina. Due to the unequal duration of exposure and inter-
ruption of sildenafil infusion, histological and tissular analysis was 
deemed of limited interest. It could however have been of interest to 
analyze the tissue in animal 2 potentially explaining its paradoxical 
reactions. 

Finally, our study was performed in lambs on EXTEND with normal 
lung and cardiovascular development. It has been shown however, that 
in congenital diaphragmatic hernia, in which antenatal therapy with 
sildenafil likely is of interest, pulmonary vasodilatory pathways are 
altered. In human lungs for example the expression of endothelin is 
upregulated and prostacyclin downregulated [64]. In neonatal lambs 
with induced pulmonary hypertension PDE5 activity is increased [65]. 
Furthermore, antenatal sildenafil structurally altered the pulmonary 
vasculature in normal rabbits, showing increased thickness of the 
smooth muscle wall of the pulmonary arterioles and decreased vascular 
branching [14,60]. These findings may cause the results of our current 
study to differ from the pharmacodynamic effects of sildenafil that may 
be observed in lambs with CDH. 

In conclusion, this is the first pharmacokinetic and pharmacody-
namic study utilizing the EXTEND model investigating tolerance and 
hemodynamic effects of sildenafil in fetal lambs. We established the 
dose-exposure relation of sildenafil on EXTEND and identified a dose of 
0.5 mg/kg/24 h as the best trade-off between reaching target concen-
trations timely and minimizing duration of systemic effects. Besides 
decreased systemic pressures and circuit flow, sildenafil caused a 
marked pulmonary vasodilation that was self-limiting and did not affect 
biochemical parameters reflecting fetal well-being, suggesting toler-
ance. These findings are reassuring and enable further clinical trans-
lation of prenatal therapy with sildenafil for congenital diaphragmatic 
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hernia among other indications. 
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