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Abstract

Objectives: The aim was to evaluate the sensitivity and
specificity of centaflow (CF) in a prospective multicenter
study, and secondary to evaluate the safety of the CF device
in a randomized multicenter study.
Methods: A sponsor-initiated multicenter randomized
controlled clinical trial with termination of the randomiza-
tion after enough women had been included to evaluate
safety. The study proceeded as a prospective multicenter
study including high-risk women (estimated fetal weight
<−15 %, FGR). The first part randomized women to either
standard care (SC) or SC+CF. Participants underwent CF
evaluation with subsequent analysis for sensitivity and
specificity for FGR at birth. Secondarily, adverse events were
evaluated. Clinical assessments of fetal size conducted by
midwives served as a reference. The performance of CF and
SC was compared by McNemar’s Test. The performance
analysis of CF was done per-protocol sample.

Results: A total of 1,601 pregnant women were enrolled,
with 886 undergoing CF evaluation. A total of 123 were FGR
(<3rd percentile) at birth, of which 88 were evaluated by CF,
and 117 had a clinical assessment of the estimated fetal
weight. CF demonstrated no evidence of benefit for detecting
FGRwith a sensitivity of 50 %and specificity of 43 %. Adverse
events associated with CF use were limited to minor skin
irritation. McNemar’s test showed SC was superior to CF
regarding specificity as a screening tool (p=0.014).
Conclusions: While CF was safe to use, we found no evi-
dence that CF can be used as a predictor of FGR. Further
refinement of signal analysis is necessary to enhance CFs
diagnostic utility.
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Key message

– Centaflow was safe to use on pregnant women.
– There was no evidence that Centaflow can be used to

detect fetal growth restriction.
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Introduction

Fetal growth restriction (FGR) affects approximately 3 % of
all pregnancies [1, 2] and is a condition related to abnormal
placental development when no chromosomal aberrations
or immunization are responsible [3, 4]. FGR is associated
with an increased risk of intrauterine death, preterm birth,
and a series of long-term adverse consequences including
cardiovascular and metabolic disease in both mother and
child and altered neurodevelopmental outcomes in the child
[5–9]. However, FGR is not easily identified prenatally, as
in vivo assessment of the placental development and func-
tion have not yet been convincing. Therefore, clinical
assessment and measurement of the symphysis fundal
height as well as the fetal heartbeat using a stethoscope, in
locations with no universal 3rd-trimester ultrasound
screening, have been the reference standard [10]. Never-
theless, these widely used screening methods have low
sensitivities [1], which increases the risk of intrauterine
deaths and neonatal complications that could potentially be
reduced with correct antenatal identification of FGR [11, 12].

The existence of maternal vascular murmurs (MVM)
from the uteroplacental unit and the association with FGR
was previously reported by Riknagel et al. based on small
cross-sectional studies [13–15]. They tested a device called
Centaflow™ (CF), which is a wireless patch with micro-
phones placed on the lower abdomen of the pregnant
women to assess the presence of MVM [13–15]. Their results
showed that the majority of cases of FGR do exhibit MVM,
but on the contrary, not all healthy pregnancies or preg-
nancies with fetuses <10th percentile with normal umbilical
artery flow, present MVM [14]. Due to the size and type of
previous studies, the possible clinical implications still need
to be investigated. Moreover, the overall safety of use of CF
on the mother and the child needs to be determined on a
larger scale.

Hence, the overall aim was to evaluate the sensitivity
and specificity of CF, and secondary to evaluate the safety of
the CF device. We hypothesized that the device is safe to use
and has a higher sensitivity than standard care.

Materials and methods

This was a sponsor-initiated multicenter randomized
controlled clinical trial (RCT) with a termination of the
randomization after enough women had been included to
evaluate the safety of CF. After the termination of the
randomization, the study proceeded as a prospective
multicenter study. Performance was evaluated in both the

randomized part and the prospective part of the study. The
study was conducted between 03/06/2020 and 21/03/2022 at
Copenhagen University Hospital Rigshospitalet, Copenhagen
and Regional Hospital Central Jutland, Viborg, and Regional
Hospital West Jutland, Herning. Women +18 years of age
with a singleton pregnancymore than 12 weeks’ gestation up
until delivery were invited to participate. Exclusion criteria
were fetal abnormality known to affect fetal growth or affect
the birth weight (including malformations, genetic disor-
ders, and immunization) diagnosed at any given time pre-
natally and up to 12 days postpartum. In the prospective
study, only high-risk pregnancies, defined as an estimated
fetal weight <15 %, were invited to participate to include
women with growth restricted babies to evaluate the
sensitivity of CF. This part also included women from
Copenhagen University Hospital Herlev, Copenhagen and
Copenhagen University Hospital North Zealand, Hillerod.

In Denmark, we have tax-paid universal healthcare,
hence the prenatal screening program and obstetric care are
free of charge for the individual. All pregnant women are
offered two prenatal ultrasound screening exams – one in
the 1st trimester screening for trisomies and one in the 2nd
trimester screening for malformations with an attendance
ofmore than 95 %of the pregnant population [16].Moreover,
women are offered 5–7 antenatal visits with a midwife and
three visits with a general practitioner. If any complications
are suspected, the patients are referred to the obstetric
department for further evaluation. This is nationwide
standard. All womenwere recruited through antenatal visits
at the midwife or at the ultrasound clinic.

The Centaflow device

The system is not yet CE-marked under the medical device
regulation (MDR) and is investigated as a Class IIa medical
device. The indication of use is the detection of murmurs
(MVM) as a sign of intra-arterial turbulence in the maternal
side of the placenta. The CF System consists of an active
device with two sets of bilateral microphones (one set placed
on the inner side and another on the outer side) and seven
electrocardiogram (ECG) electrodes mounted to an adhesive
patch (Figure 1, image). The CF device is placed on the lower
abdomen of the pregnant woman. A computer tablet is
connected to control the recordingwhere the recorded audio
and ECG is stored and sent to a central server. The ECG
electrodesmeasure thematernal pulse to segment the sound
recording from the R-wave in the ECG and are not used for
other purposes. The body-contact microphones were devel-
opedwith the Cardio-technology group at AalborgUniversity
(Department of Health Science & Technology) and the
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Acoustics Group (Department of Electronic Systems) and
have previously been tested [15].

Training of investigators and trial personnel included
investigational device usage, electronic case report form
completion, medical device Good Clinical Practice (GCP) (ISO
14155), and trial personnel responsibilities.

The CF recorded for 3 min. A data complier function
provided information of a) sufficient data or b) insufficient
data. If b) was displayed, a new option for recording was
provided, and by acceptance, an additional three-minute
recording proceeded. After this, a new evaluation was per-
formed by the compiler function and provided information
of either a) or b). If the data were still insufficient, the ex-
amination was registered as incomplete.

All recordingsweremanually assessed by aminimumof
two assessors. The recordings went through several steps of
interpretation and analyses: 1) assessment of the quality; 2)
evaluation of the recording by two independent, and blinded
assessors (blinded for estimated fetal size and outcome); 3)
and consensus meeting when disagreement occurred be-
tween the assessors. Step 2 was categorized as 1–3) murmur;
4) no murmur; and 5) uncertain. A murmur was classified as
persistent systolic high frequency like described in previous
studies [13–15]. A positive signal was defined as a signal
classified between 1 and 3, where the signals were grouped 1,
2, or 3 depending on noise.

Sensitivity and specificity of CF

FGR was defined as a birth weight <3rd percentile for the
gestational age according to Marsal’s formula (Z score 1.881)
[17]. The pilot data reported by Riknagel et al. showed that CF
had a sensitivity for detecting FGR of 85 % and a specificity of
88 % [14]. We assumed that the sensitivity of standard care
(SC) (symphysis fundal height, clinical assessment, and fetal
heart rate) for FGR was 60 % and, for the same screen

positive rate as SC, the sensitivity of CF was 80 %. For 90 %
power, with a two-sided test at the 5 % level, a conservative
estimate of the number of cases of true FGR, to show a sig-
nificant difference between the sensitivities, was 133.

Randomization for safety evaluation

To evaluate the safety of CF, the first part of the study was
randomized and planned to continue for 12 months with a
minimum of 500 participants included in the CF group if no
adverse events were recorded. Each included woman was
randomized to receive either the fetal-growth assessment by
[1] SC or [2] SC+CF by simple randomization. Immediately
before the patient’s assessments, the randomization
sequence was accessed by the healthcare provider from the
sponsor’s website. The clinical monitor, the healthcare pro-
vider performing the fetal growth screening, and the subject
were blinded to the results of the CF assessment, and there
was no intervention related to the CF assessment. Each
enrolled subject was to remain in the trial until completion
of the required follow-up period of 12 days postpartum.
However, a subject could be withdrawn from the trial due to
death, voluntary withdrawal, withdrawal indicated by the
physician, or lost-to-follow-up defined as follows: If the
subject missed two consecutive scheduled follow-up time
points, and the attempts at contacting the subject were un-
successful (a minimum of two phone calls on different days
followed by a letter). After inclusion, the status of the fetus
was evaluated by either SC or SC+CF at each routine visit.

Adverse events

We registered any occurrence of adverse events (AE) and
serious adverse events (SAE) during the entire trial period
(from inclusion to 12 days postpartum). An AEwas defined as
any untoward medical occurrence in a subject enrolled in
the clinical trial, which did not necessarily have a causal
relationship with the trial device. Elective procedures for a
pre-existing condition without progression were not
considered as AEs. An SAE was defined as an event that
included death or were life-threatening and resulted in
illness or injury, required inpatient hospitalization or pro-
longation of existing hospitalization, persistent or significant
disability, a congenital malformation, fetal death, fetal
distress, or medical or surgical intervention to prevent
permanent impairment to body structure or body function.
Determination ofwhether therewas a reasonable possibility
that the CF device caused or contributed to an AE was
determined by the investigator. Determinationwas based on

Figure 1: Image of the Centaflow device.
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an assessment of temporal relationships, biological plausi-
bility, association (or lack of association) with underlying
disease, and presence (or absence) of a more-likely cause.
Definitions for determination of the relationship included: 1)
not related: Exposure to the device had not occurred, the
occurrence of the AE was not reasonably related in time,
there was a definite alternative etiology, or it was biologi-
cally implausible for the AE to be related to the use of the
device; 2) possible: Exposure to the device had occurred or
the AE was reasonably related in time, and the device was
more likely than other alternative causes to be responsible
for the adverse event; 3) unknown: Exposure to the device
and the occurrence of an AE could not be reasonably
determined to be unrelated to the device. If the relationship
was identified as unknown, it was treated as related to the
device. The investigatormonitored the occurrence of AEs for
each subject during the clinical trial, and all AEs reported by
either subject, investigator, or documented in medical re-
cords were recorded in the study, whether determined to be
related or unrelated to the device. All AEs and SAEs were
reported to the National Medicines Agency.

Baseline characteristics and follow-up

Baseline characteristics included age, ethnicity, body mass
index (BMI), parity, smoking status, mode of conception, and
gestational age at inclusion and were obtained from the
patient files after enrollment. After the delivery, data
regarding delivery, birth weight, and possible complications
were obtained from the mother and child’s patient files with
a follow-up time of 12 days postpartum.

Statistical analyses

Baseline characteristics are presented for the randomized/
non-randomized groups and for SC/CF groups. The charac-
teristics are described with numbers and proportions and
medians with interquartile ranges.

The performance analysis of CF was done per-protocol
sample, defined as those women who completed the CF
assessment, and had a final diagnosis of FGR or no FGR at
birth. The sensitivity and specificity of CF and SC were
calculated. SC was defined as true positive if, at any visit, SC
screened a fetus FGR, and the child was true FGR at birth. A
Chi2 test was used to assess the performances. Moreover, the
positive-predictive values, negative predictive values, and
false-positive rates were calculated. We calculated Z-scores
for the clinical assessment of the estimated fetal weight and
for the symphysis-fundal height for all visits and used the

lowest Z-scores to establish receiver operating characteristic
(ROC) curves [17, 18]. The CF was considered positive, if at
any visit, CF resulted in a positive signal (MVM category 1–3).

To compare the performance (sensitivity and specificity)
of SC with CF, a cut-offwas determined for the CF score that
gave the same screen positive rate as SC. McNemar’s test was
applied by comparison of discordant counts (discordance
between screen positives between CF and SC in FGR fetuses)
among the randomized participants. A significance level of
0.05 was chosen.

The safety evaluation including AE and SAE was per-
formed on data where patients were included according to
the intention-to-treat protocol, defined as those women who
had at least one attempt at an assessment with CF. The
assessment did not need to have been completed.

Funding

CentaFlowHolding A/S sponsored the project. The authors of
the paper did not receive any funds from CentaFlowHolding
A/S. The sponsor designed the study, obtained relevant
permissions to conduct the trial, and analyzed the CF signals.
Execution of the study was done in collaboration between
the sponsor and the study sites. The analyses of the data,
interpretation of the results, andwriting the paper was done
by the authors. The final draft of the paper was approved by
the sponsor.

Permissions and consent

Eligible women were given oral and written information
about the study, as well as a minimum of 24 h of consider-
ation. If the woman consented to participate, a written
consent formwas completed. The studywas approved by the
National Ethical Committee (1-10-72-169-19), the National
Medicines Agency (2019-07-3411), and the Danish Data Pro-
tection Agency (1-16-02-0323-19). The study was registered on
ClinicalTrials.gov (NCT04438668).

The manuscript followed the CONSORT guidelines.

Results

A total of 1,601 pregnant womenwere included: 1,418 women
were randomized to either SC+CF (n=703) or SC (n=715), and
183 women were included in the prospective study after the
termination of the randomization (Figure 2, Flowchart).
Hence, 886 were evaluated by CF. Baseline characteristics
for those randomized are shown in Table 1.
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Of the 886 participants evaluated by CF, 501 were
screened positive at least once (56.5 %). A total of 123 children
were FGR (<3rd percentile) at birth, of which 88 were eval-
uated by CF, and 117 had a clinical assessment of the esti-
mated fetal weight. We needed to include 133 pregnancies
with true FGR according to our sample size calculation,
however, due to an error in the equation in one of the
sponsor’s systems used when including patients, we ended
up with a population of 123 FGR cases.

In a total of 18 women, no clinical assessment of the fetal
weight was registered. Table 2 shows the calculated sensi-
tivity and specificity of CF. There was no evidence of any
association between CF and FGR (p=0.192). The CF device
gave a sensitivity of FGR of 50 % with a false positive rate of
57 %. Table 3 shows the sensitivity and specificity of clinical
assessment of FGR. There was a sensitivity for FGR of 31.6 %
with a false positive rate of 4.6 %.

Figure 3 shows the ROC-curves for the clinical assess-
ment of the estimated fetal weight and symphysis-fundal
height with areas under the curve of 0.82 and 0.73, respec-
tively. For the same false-positive rate as CF, McNemar’s test
showed that SC was superior to CF (p=0.014) (Supplementary
Table 1).

In the CF group, two patients experienced AEs as
redness after removal of the adhesive patch which resolved
spontaneously (0.3 %). The distribution of reported SAEs can
be seen in Supplementary Table 2. The SAEs covered
abnormal prenatal flow measurements, anhydramnion,
polyhydramnion, elevated liver enzymes, hypertension,

Figure 2: Flowchart of study population.

Table : Baseline characteristics of the randomized study population.

Randomized
to SC n=

Randomized to
SC+CF n=

Maternal age in years, median (IQR)  (–)  (–)
Ethnicity, caucasian, n (%)  (.)  (.)
Pregestational BMI, median (IQR) . (.–.) . (.–.)
Nulliparous, n (%)  (.)  (.)
Smoker, n (%)
Missing

 (.)
 (.)

 (.)
 (.)

Spontaneous conception, n (%)
Missing

 (.)
 (.)

 (.)
 (.)

Gestational age at inclusion, days (IQR)  (–)  (–)

SC, standard care; CF, Centaflow.

Table : Sensitivity and specificity of Centaflow in all tested participants.

Outcome

FGR AGA Total

CF test result Screen positive    PPV=.%
Screen negative    NPV=.%
Total   

Sensitivity=% Specificity=%

χ=., p=.. FGR, fetal growth restriction; AGA, appropriate for gestational age; PPV, positive predictive value; NPV, negative predictive value.

Table : Sensitivity and specificity of clinical assessment to assess FGR.

Outcome

FGR AGA Total

SC test result Screen positive    PPV=.%
Screen negative  , , NPV=.%
Total  , ,

Sensitivity=.% Specificity=.%

χ=., p<.. FGR, fetal growth restriction; AGA, appropriate for gestational age; PPV, positive predictive value; NPV, negative predictive value.
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preeclampsia, HELLP syndrome, maternal infection, pul-
monary embolism, shortened cervix, premature rupture of
membranes/preterm premature rupture of membranes,
intrapartum fever, placental abruptio, instrumental de-
livery, emergency cesarean section, peripartum hemor-
rhage, asphyxia, 3rd degree rupture of perineum, preterm
birth (<37 weeks’ gestation), endometritis, mastitis, post-
partum urinary retention, malformation, neonatal apnea,
neonatal hypoglycemia, neonatal icterus, neonatal immu-
nization, neonatal infection, respiratory distress syndrome,
neonatal weight loss, foetus mors (n=5), and neonatal death
(n=1). There were significantly more SAEs in the SC group
compared to the CF group (p<0.001). There were two cases of
intrauterine fetal death in the CF group and three cases in
the SC group. The case of neonatal deathwas in the CF group.
None of the SAEs were found to be associated with the use
of CF.

Discussion

In this study, we evaluated the performance and the safety of
CF for the first time in a large randomized controlled study
(safety+performance) and a prospective study (perfor-
mance). Overall, we found that CF is safe with no risk of
serious adverse events, and only 0.3 % experienced minor
skin problems (redness) from the adhesive patch. We found
no evidence that CF can be used as a predictor of FGR, as the
CF had a low sensitivity of 50 % and a specificity of 43 %. The
positive predictive value was very low (8.8 %), though
possibly affected by the low incidence of FGR, while the
negative predictive value was acceptable (88.6 %). Thus, we
were unable to replicate previous findings regarding the
clinical performance of CF.

The performance of CF to detect FGR has previously
been evaluated in one study [14]. Riknagel et al. performed a

cross-sectional study over three months, including singleton
pregnancies between 28- and 34-weeks’ gestation at a single
center in Denmark. They investigated the correlation be-
tweenMVM obtained from the CF device and estimated fetal
weight<10th percentile along abnormal Doppler flow. They
analyzed 63 pregnant women of which 25 were estimated to
be fetal growth restricted based on ultrasound. The sensi-
tivity for the outcome of interest was 36 %, specificity 79 %,
and screen positive rate 27 %. The sensitivity and specificity
improved markedly when the outcome was combined with
abnormal umbilical artery PI (sensitivity 85 % and specificity
88 %). Our current results show a higher sensitivity, possibly
due to the definition of FGR in the current study (<3rd-
percentile), but a much lower specificity.

There are several possible reasons for the performance
results including 1) The interpretation of the CF signals; 2)
the design of the study to include patients in the entire third
trimester; and 3) the definition of the outcome. This study
was planned with manual annotations of the CF signals,
i.e., a person listened to the recordings and categorized the
sounds/murmurs. Despite efforts to minimize variability,
this method implies a relative subjectivity in the evaluation
of the sound signals, which introduces bias. It seems possible
that it is more difficult for a person to reject abnormality
than accept it, which could partly explain the low positive
predictive value. Moreover, it is also possible that listening
for a murmur is not the correct use of the CF. It is likely that
more detailed, systematic, and objective signal analysis and
assessment of the sound signals could improve the perfor-
mance of CF. The study also included women through the
entire third trimester, however, it has not been established
atwhich gestational age the performance of CF is best. Itmay
be independent of gestational age, though it appears more
likely that the signal changes throughout pregnancy, similar
to changes in the uterine artery Doppler flow observed at
different gestational ages [19]. Lastly, the outcome was

Figure 3: ROC-curves illustrating the performance of the clinical assessment by the midwife (A) and the symphysis-fundal height (B).
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defined as FGR. The CF device can possibly detect adverse
blood flow in the placenta, hence possibly detect poor
placenta-associated outcomes not limited to FGR – and
sometimes not related to FGR. Consequently, the appropriate
outcome for CF could be adverse outcome associated with
placental insufficiency.

Though the performance of CF was poor in detecting
FGR, we found that the clinical assessment of the fetal weight
performed bymidwives performedwell with an AUC of 0.82.
The sensitivity was not remarkable, but the specificity of
more than 95 % shows how accurately the Danish midwives
can identify fetuses with normal growth. The results are
better than what has been previously reported on the per-
formance of clinical assessment to identify FGR [20].

The study has limitations. The sample size calculation
estimated a need for 133 pregnancies with true FGR. How-
ever, due to a systematic error (error in the equation) in one
of the systems used when including patients, we ended up
with a population of 123 FGR cases. This is unfortunate, but
we do not believe it would have changed any results. Also,
due to the manual annotations of the signal, we believe that
the results from this study should be interpreted with great
caution. Moreover, we do not know the implications of the
location of the placenta in the annotation of signals. This
should be explored further in the future.

Though this study failed to show the possible potential of
CF to detect FGR, we, as clinicians, still see the potential in
this new biomarker. Despite the limitations, this study has
demonstrated that the CF signal analysis and categorizations
need to be reevaluated, and time windows of usage should
be explored to determine the potential benefit of CF for FGR
detection. Hence, future studies need to include 1) a new
approach to assess the CF signals, i.e., through machine
learning, and 2) more placenta-associated outcomes,
i.e., preeclampsia and not only FGR. Moreover, the sounds of
the normal pregnancy at low risk needs to be ascertained as
well as the changes in the signal over time. By investigating
and establishing these parameters, a more solid foundation
could be laid to determine the possible usage of this new
biomarker – alone or in combination with existing
biomarkers.

In conclusion, we found that CF is safe to use, the per-
formance of CF to detect FGR was poor. However, as there is
still room for great improvement in both the characteriza-
tion and analysis of the signal, we have not yet ruled out
the possibility of CF as a new biomarker in the detection
or prediction of placenta-associated adverse pregnancy
outcomes.
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