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Significant reduction in umbilical artery metabolic
acidosis after implementation of intrapartum ST
waveform analysis of the fetal electrocardiogram
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BACKGROUND: Although the evidence regarding the benefit of using waveform analysis of the fetal electrocardiogram. Logistic regression was
ST waveform analysis of the fetal electrocardiogram is conflicting, ST

waveform analysis is considered as adjunct to identify fetuses at risk for

asphyxia in our center. Most randomized controlled trials and meta-

analyses have not shown a significant decrease in umbilical metabolic

acidosis, while some observational studies have shown a gradual decrease

of this outcome over a longer period of time. Observational studies can give

more insight into the effect of implementation of the ST technology in daily

clinical practice.

OBJECTIVE: To evaluate the change in frequency of perinatal inter-

vention and adverse neonatal outcome after the implementation of ST

waveform analysis of the fetal electrocardiogram from 2000 to 2013.

STUDY DESIGN: This retrospective longitudinal study was conducted
in a tertiary referral center. A total of 19,664 medium- and high-risk

singleton pregnancies with fetuses in cephalic presentation, a gesta-

tional age of �36 weeks, and the intention to deliver vaginally were

included. ST waveform analysis of the fetal electrocardiogram was

implemented in the year 2000 and by 2010 all deliveries were monitored

using this technology. Data were collected on the following perinatal

outcomes: fetal blood sampling, mode of delivery, umbilical cord blood

gases, Apgar scores, neonatal encephalopathy, and perinatal death.

Longitudinal trend analysis was used to detect changes over time in all

deliveries monitored by cardiotocography either alone or in adjunct to ST
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used to correct for possible confounders.

RESULTS: The umbilical artery metabolic acidosis rate declined from

2.5% (average rate of 2000þ 2001þ 2002) to 0.4% (average of 2011þ
2012 þ 2013) (P < .001), which represents an 84% decrease. This

decrease largely occurred between 2006 and 2008, during the Dutch

randomized trial on fetal electrocardiogram ST waveform analysis. At this

time, approximately 20% of deliveries were monitored using this method.

Furthermore, there were significant reductions in fetal blood sampling rate

(P < .001). Overall cesarean and vaginal instrumental deliveries

decreased significantly (P< .001), but not for fetal distress. There were no

changes in the Apgar scores. The incidence of neonatal encephalopathy

was significantly lower in the second part of the study (odds ratio 0.39,

95% confidence interval 0.17e0.89).
CONCLUSION: There was an 84% decrease in the incidence of um-

bilical artery metabolic acidosis in all deliveries between 2000 and 2013.

The neonatal encephalopathy rate, fetal blood sampling rate, and the total

number of cesarean and vaginal instrumental deliveries also decreased.
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ntrapartum fetal monitoring aims to
I identify fetuses at risk of perinatal
asphyxia. Continuous electronic fetal
heart rate monitoring using car-
diotocography (CTG) was introduced in
the 1960s to detect fetal hypoxia. Several
studies have shown that CTG was asso-
ciated with a decrease in umbilical artery
metabolic acidosis and hypoxia-related
perinatal mortality compared to
intermittent auscultation.1e5 However,
other studies did not show neonatal
benefit other than a reduction of
neonatal seizures.6,7

Furthermore, the interpretation of
CTG is susceptible to intra- and inter-
observer variation.8e10 Owing to limi-
tations of CTG, there has been a demand
for a complementary test to CTG in or-
der to identify those fetuses that are truly
at risk of injury and to reduce the rate of
unnecessary cesarean deliveries.
The combination of CTG and auto-

mated ST waveform analysis of the fetal
electrocardiogram (ECG) may be su-
perior as a measure of fetal hypoxic
distress. Changes in the ST waveform,
either a biphasic ST segment or an in-
crease in the T/QRS ratio, are signs of
myocardial ischemia and are associated
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with fetal hypoxia.11,12 Changes in the
ST waveform generate ST events. The
ST clinical guidelines provide a protocol
for intervention based on CTG classi-
fication and the type and magnitude of
the ST event.13 The aim of ST tech-
nology is to improve diagnostic accu-
racy and in turn reduce unnecessary
operative deliveries.

Six randomized trials and 10 meta-
analyses comparing CTG in adjunct to
fetal ECG ST waveform analysis with
CTG alone have been conducted, with
conflicting results.10,14e30 Only the
Swedish trial showed a significant
reduction in the umbilical artery meta-
bolic acidosis rate.15,16 Of the 4 meta-
analyses including all 6 trials, 2 showed
a significant reduction in umbilical ar-
tery metabolic acidosis.10,30
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Why was this study conducted?
To evaluate perinatal intervention rates and adverse neonatal outcome in the 14
years following the introduction of ST waveform analysis of the fetal electro-
cardiogram for intrapartum monitoring.

Key findings
With time there was an 84% reduction in the incidence of umbilical artery
metabolic acidosis. There was also a decrease in the rate of neonatal encepha-
lopathy, fetal blood sampling rate, and overall cesarean and vaginal instrumental
deliveries.

What does this add to what is known?
The findings suggest that the introduction of intrapartum ST waveform analysis
methodology has resulted in a striking improvement of perinatal outcome. This
does not necessarily imply that ST monitoring itself is the reason for the
considerably better outcome. Other factors such as training and improved care
during the ST randomized trial (Hawthorne effect) may have been more
important.

Original Research OBSTETRICS ajog.org
Several observational studies have
demonstrated improved perinatal
outcome after implementation of ST
waveform analysis of the fetal ECG.31e41

The rate of umbilical artery metabolic
acidosis decreased gradually over time
with increasing use of ST technol-
ogy.32,33,38,41 Studies have also demon-
strated that there is a learning period
whenworking with new technology such
as ST waveform analysis, during which
staff gain experience with its use and
increasingly incorporate the guidelines
in their clinical decision making.33,38,41

Since there is a discrepancy between
randomized trial results, which are ob-
tained in a controlled research setting in
a specific population, and experience
from daily clinical practice,42 we evalu-
ated the change in the frequency of
perinatal interventions and adverse
neonatal outcome in the 14 years after
implementation of STwaveform analysis
for the fetal ECG in intrapartum moni-
toring in our tertiary referral center.

Materials and Methods
Study population
This retrospective longitudinal study was
performed at University Medical Center
Utrecht in the Netherlands, a tertiary
referral center with approximately 2500
deliveries a year. We evaluated rates of
umbilical artery metabolic acidosis,
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cesarean and instrumental vaginal de-
liveries, fetal blood sampling, and
neonatal outcomes between 2000
and 2013.
All deliveries of medium- and high-

risk singleton pregnancies with a fetus
in cephalic presentation, a gestational
age of �36 weeks, and the intention of
vaginal delivery were included. Me-
dium- and high-risk pregnancies were
defined by the presence of at least 1 of
the following factors: preexisting
maternal disease, hypertensive disor-
ders, complicated obstetric history, in-
trauterine growth restriction, ruptured
membranes >24 hours, postterm de-
livery, meconium-stained amniotic
fluid, a nonreassuring fetal heart rate at
intermittent auscultation by a midwife,
induction of labor, failure to progress,
or need for analgesia. Fetuses with
congenital anomalies were also
included. Deliveries were managed by
residents or midwives under the su-
pervision of obstetricians. Institutional
review board approval was obtained
from the University Medical Center in
Utrecht.

Fetal surveillance
ST waveform analysis (STAN S21, S31;
Neoventa, Mölndal, Sweden) was
introduced in our labor ward in July
2000 as part of a European Community
gy JULY 2019
multicenter project (European Union
Innovation grant, no. IPS-1999-
00029).43 Our hospital was the coordi-
nating center of the Dutch randomized
trial on ST waveform analysis, which
was conducted from January 2006 until
July 2008.19,20 ST waveform analysis has
been used increasingly since the
implementation of the first monitor in
July 2000. The numbers and types of
monitors are listed in Table 1.43 By
April 2010, all 9 delivery rooms were
equipped with a fetal ECG STwaveform
analysis unit. From that time onward,
nearly all deliveries were monitored
using this technology. During the trial
the use of ST technology was 23.3%
(n ¼ 306) in 2006 and 21.0% (n ¼ 251)
in 2007. As the use of ST technology
was not recorded during the other
years, it was expressed as the number of
monitors in use.

There were no major (technical) in-
terventions aiming to improve perinatal
outcome during the study period. In our
hospital it is common practice that all
term deliveries receive internal fetal
heart rate monitoring after rupture of
the membranes (unless there is a
contraindication for a scalp electrode).
Simultaneous maternal heart rate
monitoring was always available, but
indications for its use might have been
expanded.

Women received continuous elec-
tronic fetal monitoring by CTG alone
or in adjunct with ST waveform anal-
ysis. Labor ward staff were trained and
certified to use the ST waveform anal-
ysis clinical guidelines,13 which
included CTG interpretation according
to the FIGO guidelines.44 After imple-
mentation of the technology in 2000,
the training consisted of lectures, the ST
waveform analysis textbook, and
multimedia-based teaching using pre-
viously recorded cases.42,45 Staff were
certified after passing an examination.
During the first phase after imple-
mentation, an ST waveform analysis
expert was always available for assis-
tance during the daytime. Before initi-
ation of the randomized trial, all
gynecologists, residents, and midwives
received additional training from 4 in-
structors.19,20 Thereafter, routine
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TABLE 1
History of fetal electrocardiogram ST waveform analysis usage at Wilhelmina Children’s Hospital

Time period Jul ’00 e Jun ’02 Jul ’02 e May ’07 Jun ’07 e Sep ’09 Oct ’09 e Nov ’09 Dec ’09 e Mar ’10 Apr ’10 e Dec ’13

Number and type
of units

1 STAN S21 2 STAN S21 2 STAN S21
1 STAN S31

2 STAN S21
2 STAN S31

4 STAN S31 9 STAN S31

Landman et al. Observational study of intrapartum STwaveform analysis. Am J Obstet Gynecol 2019.
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training sessions and daily discussions
of difficult cases during the morning
report were pursued to maintain
compliance with these guidelines.

Fetal blood sampling was available
as an additional assessment of the fetal
condition for both ST-monitored and
CTG-only-monitored labors. The
procedure was performed as described
by the NICE guideline.46 From 2000
until 2006 there was no strict protocol
for fetal blood sampling and it was
performed at the discretion of
the obstetrician. Since the beginning of
the Dutch randomized trial in 2006,
the following indications for fetal
blood sampling have been applied in
cases where labor was monitored by ST
waveform analysis: (1) start of ST-
segment recording with an interme-
diary or abnormal CTG trace; (2) more
than 60 minutes of abnormal CTG
tracing during the first stage of labor
without ST events; and (3) poor ECG
signal quality in the presence of an
intermediary or abnormal CTG trace.
Immediate delivery, or other measures
for intrauterine resuscitation, were
required when fetal blood sampling
was nonreassuring (pH < 7.20). In the
event of a borderline result (pH
7.20e7.25), fetal blood sampling was
repeated after 30 minutes.

Outcome measures
Umbilical artery and vein samples were
routinely obtained after birth. The base
deficit in the extracellular fluid was
calculated using the Siggaard-Andersen
acid base chart algorithm.47 Arterial
and venous samples with a pH differ-
ence of <0.03 units were treated as a
single vessel sample of venous origin.
Severe umbilical artery acidosis (arterial
pH < 7.00)48 and umbilical artery
metabolic acidosis (arterial pH < 7.05
and a base deficit in the extracellular
fluid > 12 mmol/L) were used as in-
termediate markers for adverse
neonatal outcome. The same definition
for metabolic acidosis was used for
single-vessel samples.
The number of fetal blood samples

was also recorded. Delivery outcomes
consisted of cesarean deliveries for fetal
distress, vaginal instrumental deliveries
for fetal distress, and total cesarean and
vaginal instrumental delivery rates.
Apgar scores (1-minute score< 4 and

5-minute score < 7) and neonatal en-
cephalopathy according to the Sarnat
and Sarnat grading systemwere reported
as neonatal outcomes (Appendix,
Supplemental Table 1.).49

Data collection
Data of deliveries from January 1, 2000
to December 31, 2013 were extracted
from our digital obstetric patient regis-
tration system on the following vari-
ables: maternal age at time of delivery,
parity, gestational age, postterms (births
> 42þ0 weeks of gestation), medical
indications to deliver under the super-
vision of an obstetrician, meconium-
stained amniotic fluid, induction of
labor, use of epidural analgesia, oxytocin
augmentation of labor, neonatal sex, and
birthweight. Medical indications
included maternal disease, hypertensive
disorders (chronic hypertension,
pregnancy-induced hypertension, [pre]
eclampsia), (gestational) diabetes, prel-
abor rupture of membranes (>24 hours
before labor), and intrauterine growth
restriction (<10th percentile). Log
books and medical records were used to
complete the data. Finally, the neonatal
charts of all admissions to the Neonatal
Intensive Care Unit (level III) were
reviewed for cases of intrapartum
asphyxia and subsequently scored for the
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presence of neonatal encephalopathy by
a neonatologist (F.G.).

Statistical analysis
All data were analyzed using SPSS
version 21 (IBM Corp, Armonk, NY).
Trends in the data were identified using
the c2 test for trend for dichotomous
variables, the ANOVA linear trend
analysis for continuous values, and the
Jonckheere-Terpstra test for continuous
nonparametric data. Ranges of outcome
measures were derived by calculating the
average of both the first (2000e2002)
and last 3 years (2011e2013) of the
study.

Generalized estimating equations
with logistic regression were used to
simultaneously account for changes in
population characteristics during the
study period with a possible confound-
ing effect on the outcome measures (ie,
the increasing use of epidural analgesia
and oxytocin augmentation of labor),
and to adjust for those mothers who had
more than 1 delivery during the study.
Odds ratios (OR) and 95% confidence
intervals (CI) were calculated in refer-
ence to the year 2000.

For all analyses probability values of a
< 0.05 were considered significant.

Results
During the study there were 28,627 de-
liveries, of which 19,664 met the inclu-
sion criteria. Baseline characteristics are
summarized in Table 2.

Over the years, significantly fewer
postterm births occurred and there was a
significant increase in oxytocin
augmentation of labor, induction of la-
bor, and the use of epidural analgesia.
The number of mothers with gestational
diabetes increased significantly, while
there was a significant decrease in
maternal hypertensive disorders.
rican Journal of Obstetrics & Gynecology 63.e3
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TABLE 2
Baseline characteristics of all singleton pregnancies in cephalic presentation ‡36 weeks of gestational age with intention to deliver vaginally

Characteristics 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 P value

Total number of

deliveries, n

1953 1808 1804 1914 2040 1948 1947 1774 1944 2196 2340 2326 2381 2252

Included deliveries,

n

1295 1221 1183 1278 1426 1341 1315 1197 1318 1497 1698 1691 1651 1553

Maternal age at

delivery (years)

32 (28e35) 32 (29e35) 32 (28e36) 32 (28e35) 31 (28e35) 32 (28e35) 32 (28e35) 32 (28e35) 32 (28e35) 32 (28e35) 32 (28e35) 32 (28e35) 32 (28e35) 32 (28e35) .998b

Gestational

age (days)

282 (274e

287)

282 (274e

288)

281 (274e

287)

282 (275e

288)

282 (276e

288)

282 (275e

289)

282 (275e

287)

281 (274e

287)

280 (273e

287)

281 (274e

287)

281 (273e

286)

281 (273e

287)

281 (274e

287)

281 (274e

287)

<.001b

Postterm (>42þ0

weeks)

88 (6.8) 86 (7.0) 89 (7.5) 85 (6.7) 103 (7.2) 100 (7.5) 77 (5.9) 57 (4.8) 41 (3.1) 43 (2.9) 14 (0.8) 24 (1.4) 30 (1.8) 28 (1.8) <.001a

Nulliparous women 621 (48.0) 595 (48.7) 67 (47.9) 619 (48.4) 684 (48.0) 689 (51.4) 705 (53.6) 636 (53.1) 663 (50.3) 761 (50.8) 815 (48.0) 818 (48.4) 800 (48.5) 731 (47.1) .731a

Pregnancy

complications

Hypertensive

disorders

187 (14.4) 163 (13.3) 172 (14.5) 204 (16.0) 210 (14.7) 200 (14.9) 200 (15.2) 175 (14.6) 210 (15.9) 217 (14.5) 255 (15.0) 233 (13.8) 125 (7.6) 106 (6.9) <.001a

Diabetes

mellitus and

gestational

diabetes

26 (2.0) 34 (2.8) 50 (4.2) 55 (4.3) 50 (3.5) 57 (4.3) 64 (4.9) 61 (5.1) 68 (5.2) 118 (7.9) 131 (7.7) 197 (11.6) 119 (7.2) 156 (10.0) <.001a

Prelabor rupture

of membranes

100 (7.7) 94 (7.7) 115 (9.7) 111 (8.7) 120 (8.4) 126 (9.4) 92 (7.0) 81 (6.8) 84 (6.4) 81 (5.4) 91 (5.4) 75 (4.4) 94 (5.7) 79 (5.1) <.001a

Intrauterine

growth

restriction

35 (2.7) 20 (1.6) 27 (2.3) 40 (3.1) 36 (2.5) 45 (3.4) 34 (2.6) 38 (3.2) 32 (2.4) 26 (1.7) 39 (2.3) 42 (2.5) 38 (2.3) 36 (2.3) .438a

Meconium-stained

amniotic fluid

294 (22.7) 316 (25.9) 326 (27.5) 306 (23.9) 405 (28.4) 367 (27.4) 331 (25.1) 300 (25.1) 320 (24.3) 332 (22.2) 341 (20.1) 340 (20.1) 377 (22.8) 314 (20.2) <.001a

Epidural analgesia 253 (19.5) 203 (16.6) 185 (15.6) 239 (18.7) 271 (19.0) 323 (24.1) 476 (36.2) 315 (26.3) 423 (32.1) 534 (35.6) 694 (40.8) 679 (40.2) 636 (38.5) 611 (39.3) <.001a

Induction of labor 292 (22.5) 237 (19.4) 255 (21.5) 223 (17.4) 232 (16.3) 250 (18.6) 270 (20.5) 250 (20.9) 334 (25.3) 473 (31.6) 626 (36.9) 592 (35.0) 467 (28.3) 449 (28.9) <.001a

Oxytocin

augmentation

70 (5.4) 72 (5.9) 92 (7.8) 151 (11.8) 187 (13.1) 126 (9.4) 161 (12.2) 173 (14.5) 235 (18.2) 435 (29.0) 473 (27.8) 492 (29.1) 547 (33.1) 536 (34.5) <.001a

Neonatal female

sex

663 (51.2) 563 (46.1) 558 (47.2) 611 (47.8) 698 (51.1) 645 (48.1) 614 (46.7) 591 (49.4) 605 (45.9) 772 (51.5) 856 (49.6) 811 (48.0) 741 (44.9) 724 (46.6) .285a

Neonatal

birthweight (g)

3505 (3200e

3850)

3500 (3160e

3845)

3500 (3160e

3860)

3480 (3120e

3800)

3495 (3155e

3880)

3505 (3168e

3850)

3510 (3160e

3860)

3505 (3175e

3850)

3500 (3174e

3830)

3460 (3115e

3800)

3455 (3119e

3780)

3465 (3140e

3805)

3475 (3150e

3800)

3470 (3145e

3825)

<.001b

Continuous variables are illustrated as nonparametric data: median (interquartile range); dichotomous variables are presented as: n (%).

a c2 test for trend; b Kruskal-Wallis for trend analysis with the Jonckheere-Terpstra test for nonparametric data.

Landman et al. Observational study of intrapartum STwaveform analysis. Am J Obstet Gynecol 2019.
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TABLE 3
Obstetric interventions: fetal blood sampling rates and delivery outcomes

Year
Deliveries,
n

Fetal blood sampling
rate, %

Cesarean delivery
rate, %

Instrumental delivery
rate, %

For fetal
distress Total

For fetal
distress Total

2000 1295 9.4 2.6 17.2 5.5 14.2

2001 1221 12.0 2.5 14.1 6.6 13.6

2002 1184 14.0 3.1 12.2 6.8 13.7

2003 1278 10.6 2.2 9.4 6.6 13.6

ajog.org OBSTETRICS Original Research
Obstetric interventions
A total of 2983 fetal blood samples were
performed in 2201 women (11.2%).
Between 2000 and 2013 there was a sig-
nificant reduction in the number of fetal
blood samples, from approximately
11.8% to 8.8% (Table 3, Figure 1, A).

After adjustment for possible con-
founders (meconium-stained amniotic
fluid, epidural analgesia, oxytocin
augmentation of labor, induction of la-
bor, and total number of vaginal
instrumental deliveries), there was a
strong decline in fetal blood sampling
rate, which reached statistical signifi-
cance in 2009. The adjusted OR from
2013 compared to 2000 was 0.45 (95%
CI 0.34e0.60) (Appendix, Supplemental
Table 2).

There was a statistically significant
reduction in the total number of vaginal
instrumental deliveries, from approxi-
mately 13.8% to 10.3%. Cesarean and
vaginal instrumental deliveries for fetal
distress and the total number of cesarean
deliveries remained the same (Table 3,
Figure 1, B).

After adjustment of the data, the
declining trend in the total number of
cesarean deliveries over time was more
evident, based on lower odds ratios and
narrower confidence intervals. The
decrease in vaginal instrumental de-
liveries was also stronger and was sig-
nificant from 2006 forward. For cesarean
deliveries the adjusted OR from 2013 vs
2000 was 0.62 (95% CI 0.50e0.77) and
for instrumental vaginal deliveries it was
0.43 (95% CI 0.34e0.55) (Appendix,
Supplemental Table 2).
2004 1426 15.8 3.6 12.3 5.1 11.6

2005 1341 16.2 3.9 12.6 6.3 12.8

2006 1315 11.6 4.3 12.8 5.9 11.5

2007 1197 13.8 3.1 11.2 5.4 12.3

2008 1288 12.3 2.1 11.3 5.6 9.9

2009 1498 8.8 3.7 11.9 5.5 12.4

2010 1699 8.5 3.4 12.5 7.7 13.7

2011 1691 10.8 3.3 12.2 6.7 11.1

2012 1653 9.1 2.5 11.7 5.5 10.7

2013 1565 6.5 3.0 13.1 4.7 9.1

P a <.001 .674 .185 .525 <.001
a c2 test for trend.

Landman et al. Observational study of intrapartum STwaveform analysis. Am J Obstet Gynecol 2019.
Neonatal outcomes
The sampling rates and neonatal out-
comes are shown in Table 4. Umbilical
cord blood data were obtained in 18,192
(92.5%) women. After 2001, the sam-
pling rate was >90%. There were 1265
(7.0%) samples with an arteriovenous
pH difference < 0.03 units and 3830
(21.1%); newborns had only a single
umbilical cord sample.

The incidence of umbilical artery
metabolic acidosis decreased signifi-
cantly, from approximately 2.5% to
0.4%, which is a reduction of 84%. As
shown in Figure 1, C, this decrease
started with the beginning of the ran-
domized trial in 2006. Umbilical artery
acidosis also declined significantly, from
approximately 1.3% to 0.4%.
The reduction in umbilical artery

metabolic acidosis remained significant
after adjustment for possible confounders,
but the effect sizewas slightly reduced,with
marginally broader confidence intervals.
Starting in 2008, the decline became sig-
nificant compared to the reference year
2000. In 2013 the adjusted OR for umbil-
ical artery metabolic acidosis was 0.14
(95% CI 0.04e0.47). The decrease in
umbilical artery acidosis was no longer
significant after adjustment. (Appendix,
Supplemental Table 3).
There were no significant changes

with time for Apgar scores < 4 at 1
minute and Apgar scores < 7 at 5 mi-
nutes (Table 4).
Fourteen cases of moderate neonatal

encephalopathy and 10 cases of severe
neonatal encephalopathy occurred.
JULY 2019 Ame
Eight perinatal deaths occurred. The
incidence of moderate and severe
neonatal encephalopathy was 1.56 per
1000 births in the years 2000e2007 and
0.86 in 2008e2013, with an OR of 0.39
(c2; 95% CI 0.17e0.89; P ¼ .035). One
case with severe and 4 with moderate
neonatal encephalopathy did not have
umbilical artery metabolic acidosis, but
did exhibit mild umbilical cord blood
acidosis (pH <7.20).

Comment
Principal findings
Over a 14-year period during which ST
waveform analysis methodology was
implemented, we found an 84% reduc-
tion in the incidence of umbilical artery
metabolic acidosis in neonates of 19,664
medium- and high-risk pregnant
women. The rate declined from
approximately 2.5% to 0.4%. Further-
more, there was a significant reduction
in fetal blood sampling, cesarean de-
liveries, and vaginal instrumental
rican Journal of Obstetrics & Gynecology 63.e5
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FIGURE 1
Perinatal outcomes between 2000 and 2013

A, Fetal blood sampling rates; B, Delivery outcomes expressed as percentages of cesarean deliveries
for fetal distress, total number of cesarean deliveries, vaginal instrumental deliveries for fetal
distress, and total vaginal instrumental deliveries; C, Incidence of umbilical artery metabolic acidosis
(pH< 7.05 and base deficit in the extracellular fluid> 12 mmol/L) and umbilical artery acidosis (pH
< 7.00). Usage of fetal electrocardiogram ST waveform analysis, expressed as the number of
monitors, is depicted under the graphs.

Landman et al. Observational study of intrapartum STwaveform analysis. Am J Obstet Gynecol 2019.
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deliveries. It is striking that the reduction
in umbilical artery metabolic acidosis
occurred during the period of the ran-
domized trial, when only 20e25% of all
women in labor were monitored with
CTGþSTwaveform analysis. Thereafter,
the incidence of acidosis did not decrease
any further, despite the increasing use of
ST technology to nearly 100% by 2010.
There was a significant reduction in the
incidence of neonatal encephalopathy
when comparing the years before and
after the randomized trial.

Interpretation
The continuing decrease in umbilical ar-
tery metabolic acidosis rate in the years
following implementation of ST wave-
form analysis—with increasing use of the
technique as well as increasing experience
of personnel—is in linewith other studies
with a similar design.32,33,38,41While these
studies showed a gradual decrease in the
incidence of umbilical artery metabolic
acidosis over time, the incidence in our
study did not decline parallel to the
increasing use of ST waveform analysis.
Rather, the greatest share of the decrease
in umbilical artery metabolic acidosis
took place in the period from 2006 to
2008 (80% between 2005 and 2008; from
2.47% to 0.48%). The incidence rate
subsequently remained low.

The Dutch trial showed a nonsignifi-
cant 30% lower incidence of umbilical
artery metabolic acidosis in the arm
testing ST waveform analysis.19,20 The
present study demonstrates that the
overall decrease in umbilical artery
metabolic acidosis rate during this
period was much larger. This implies
that ST waveform analysis technology
alone cannot have resulted in the
observed decrease in acidosis and that
other factors associated with its imple-
mentation must also have contributed,
leading to improved outcomes of the
CTG-monitored deliveries through
crossover effects.50 This can be explained
by the intensified training of obstetric
personnel in line with the clinical
guidelines of ST waveform analysis,
which also focused considerably on the
classification and interpretation of CTG.
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TABLE 4
Neonatal outcomes

Year Deliveries, n

Umbilical
cord sampling
rate, %

Single vessel
sampling, %

Umbilical artery
metabolic acidosis,a %

Umbilical
artery
acidosis, %

Apgar scores
<4 at 1 minute, %

Apgar scores
<7 at 5 minutes, %

2000 1295 78.6 20.3 2.16 1.18 0.8 0.8

2001 1221 80.3 19.1 2.75 1.33 1.2 1.6

2002 1184 91.9 18.2 2.67 1.29 1.7 1.4

2003 1278 94.1 17.4 2.25 1.25 1.5 1.6

2004 1426 91.2 20.1 2.62 1.54 1.2 1.7

2005 1341 93.4 19.5 2.47 1.52 1.9 1.2

2006 1315 96.1 22.5 1.34 0.95 1.4 1.0

2007 1197 95.8 19.0 0.87 1.39 0.9 0.5

2008 1288 93.9 19.2 0.48 0.24 1.1 1.4

2009 1498 95.1 20.7 0.35 0.35 0.9 1.4

2010 1699 94.1 19.4 0.31 0.31 1.2 1.6

2011 1691 96.2 17.9 0.43 0.37 1.4 1.2

2012 1653 95.4 19.3 0.44 0.63 1.4 1.6

2013 1565 95.2 20.2 0.20 0.34 0.7 1.0

P b <.001 <.001 .325 .888

The rates of umbilical artery metabolic acidosis and arterial pH <7.00 were calculated using the cases with available umbilical cord acid-base data, but using the total number of deliveries as the
denominator did not have any consequences for the level of significance.

a Defined as pH < 7.05 and base deficit in the extracellular fluid > 12 mmol/L; b c2 test for trend.
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The effects of the Dutch trial itself
could also have contributed to the major
reduction in umbilical artery metabolic
acidosis through the Hawthorne effect.
The Hawthorne effect concerns all ef-
fects that are a consequence of research
participation—thus being observed
constantly—which are non-
intervention-related and might impact
behavior of both participants and med-
ical personnel. This leads to improved
results in both study arms of randomized
trials owing to non-treatment-related
factors such as increased clinical sur-
veillance and more attention to adher-
ence to clinical guidelines.51 The
Hawthorne effect is difficult to quantify,
but, together with improved outcomes
in CTG-monitored labors, it might have
influenced the absence of a significant
reduction in the incidence of umbilical
artery metabolic acidosis in favor of the
ST waveform analysis arm in several
randomized trials.

Moreover, many randomized trials
were underpowered to show a significant
change in umbilical artery metabolic
acidosis because the incidence of meta-
bolic acidosis was lower than antici-
pated, which is probably partially
attributable to improved perinatal out-
comes in both study arms.15e17,19e21

Similar trends were observed in other
randomized trials assessing intrapartum
fetal heart rate monitoring.52,53

Education and the learning curve
following implementation of new tech-
nology might also explain conflicting
results in different study designs. The
presence of a learning curve is strongly
supported by the Swedish randomized
trial, which has shown significantly
improved results in its second half.15,16

This learning curve can mask a signifi-
cant effect in a randomized trial.
Furthermore, several observational
studies also demonstrate a learning
curve through a continuing decrease in
umbilical artery metabolic acidosis
rate.32,33,38,41

Continuous training and the discus-
sion of cases in an audit setting reduced
JULY 2019 Ame
the number of protocol violations.54

Still, the human role remains the
limiting factor in fetal surveillance owing
to misclassification of CTG, (unrecog-
nized) poor signal quality of ST wave-
form analysis, and failure to adhere to
the clinical guidelines.55e58 However,
the addition of ST waveform analysis to
CTG does seem to have improved
agreement regarding when to intervene,
when not to intervene, and the timing of
intervention.59e65

Research implications
Although randomized controlled trials
represent the highest level of evidence,
they do not always reflect daily clinical
practice. Results may be influenced by
the Hawthorne effect, but also by factors
such as technical complexity, operator
training, the learning curve, and even
factors independent of the technology
itself, eg, the experience and decision
making of the acting clinicians.66,67 This
matter has been addressed in detail in
other studies.67,68 Real-world evidence,
rican Journal of Obstetrics & Gynecology 63.e7
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ie, monitoring of outcome before, dur-
ing, and after the introduction of new
technology, may well give additional
insight into its clinical value.42 In this
respect, it would be interesting to know
the trends with time before, during, and
after the US randomized trial, especially
since the rate of the primary outcome
was very low.

Strengths and limitations
A strength of our study is that it is a large
cohort of deliveries with detailed infor-
mation on perinatal outcomes and few
missing data. However, there are some
limitations of this study that need to be
addressed.

First, an important shortcoming is
that no record was kept of which de-
liveries were monitored with ST wave-
form analysis. Therefore, a definite
causal relationship between ST wave-
form analysis and the observed results
cannot be determined. However, a
reduction of this magnitude during the
short period of the randomized trial
cannot be explained by continuing
health care improvement strategies
alone. It rather indicates that the ran-
domized trial itself and implementation
of the ST waveform analysis method-
ology must have contributed, as this
was the only major intervention at our
labor ward directly aiming to improve
the identification of intrapartum fetal
hypoxia and thus neonatal outcome.
We do not believe simultaneous
maternal heart rate monitoring could
have significantly altered the results
because internal fetal heart rate moni-
toring was applied.

Second, significant changes in the
study population occurred during the
study, which may have altered the risk of
adverse outcome. Although results were
adjusted for possible confounders, there
might be confounders that we were not
aware of or that were not recorded, eg,
bodymass index and smoking. However,
we consider it unlikely that changes in
the population may have altered the risk
importantly. Moreover, the characteris-
tics of the study population did not
change between 2006 and 2008 when the
greatest decline in umbilical artery
metabolic acidosis occurred.
63.e8 American Journal of Obstetrics & Gynecolo
The third limitation is the retrospec-
tive nature of the study, which has im-
plications for data collection. However,
after data extraction all cases with
missing data were manually reviewed
and completed. Still, umbilical cord
acid-base data were not obtained in 7.5%
of the samples, and 20.1% were of
venous origin, which implies that cases
of umbilical artery metabolic acidosis
may have been missed. However, this
potential error was reduced by reviewing
all Neonatal Intensive Care Unit admis-
sions for cases with unfavorable
outcome that were possibly related to
asphyxia. Moreover, missing data may
have reduced the effect on our observed
decline in umbilical artery metabolic
acidosis, taking into account that
missing umbilical cord samples
decreased during the study.

Conclusion
Implementation of ST waveform anal-
ysis of the fetal ECG has improved
the outcomes of both CTG- and
ST-monitored deliveries. We observed
an 84% decrease in umbilical artery
metabolic acidosis associated with
participation in the Dutch randomized
controlled trial. This is presumably
largely attributable to several factors
in addition to ST technology itself,
eg, training according to ST clinical
guidelines and the Hawthorne
effect. Real-world observations differ
from those obtained by randomized
trials. n
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SUPPLEMENTAL TABLE 1
Classification of neonatal encephalopathy by Sarnat and Sarnat49

Mild (stage I) Moderate (stage II) Severe (stage III)

Level of consciousness Hyperalert Lethargic or obtuned Coma

Muscle tone Normal Mild hypotonia Flaccid

Seizures None Frequent (focal or
multifocal)

Uncommon (excluding
decerebration)

Complex reflexes Weak Weak or absent Absent

Autonomic function Generalized
sympathetic

Generalized
parasympathetic

Both systems depressed

Electroencephalogram
findings

Normal Early: low-voltage
continuous delta and theta
Late: periodic pattern

Early: periodic pattern with
isopotential phases
Later: totally isopotential

Duration Less than 24
hours

2e14 days Hours to weeks
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SUPPLEMENTAL TABLE 2
Obstetric outcomes analyzed using Generalized Estimating Equations with logistic regression

Year

Fetal blood sampling Total cesarean deliveries Total vaginal instrumental deliveries

Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted

% OR (95% CI) OR (95% CI) % OR (95% CI) OR (95% CI) % OR (95% CI) OR (95% CI)

2000a 9.4 17.2 14.2

2001 12.0 1.32 (1.02e1.70) 1.37 (1.05e1.78) 14.1 0.82 (0.65e1.03) 0.83 (0.66e1.05) 13.6 0.95 (0.76e1.19) 0.95 (0.76e1.19)

2002 14.0 1.57 (1.22e2.01)c 1.62 (1.25e2.10)c 12.2 0.76 (0.60e0.97)b 0.77 (0.61e0.96)b 13.7 0.96 (0.76e1.20) 0.94 (0.75e1.18)

2003 10.6 1.14 (0.88e1.47) 1.15 (0.88e1.50) 9.4 0.58 (0.45e0.74)c 0.59 (0.46e0.74)c 13.6 0.95 (0.76e1.19) 0.90 (0.72e1.13)

2004 15.8 1.80 (1.43e2.28)c 1.90 (1.49e2.42)c 12.3 0.78 (0.63e0.98)b 0.74 (0.59e0.93)b 11.6 0.80 (0.64e0.996)b 0.74 (0.59e0.93)b

2005 16.2 1.86 (1.47e2.35)c 1.82 (1.42e2.33)c 12.6 0.83 (0.66e1.04) 0.80 (0.64e0.99)b 12.8 0.88 (0.71e1.10) 0.84 (0.67e1.05)

2006 11.6 1.26 (0.98e1.62) 1.14 (0.88e1.50) 12.8 0.85 (0.68e1.06) 0.74 (0.59e0.92)c 11.5 0.78 (0.62e0.99)b 0.71 (0.57e0.90)b

2007 13.8 1.54 (1.20e1.97)b 1.40 (1.08e1.81)b 11.2 0.72 (0.57e0.92)b 0.63 (0.50e0.80)c 12.3 0.85 (0.67e1.07) 0.76 (0.60e0.96)b

2008 12.3 1.35 (1.05e1.73)b 1.17 (0.90e1.52) 11.3 0.76 (0.60e0.96)b 0.62 (0.50e0.77)c 9.9 0.68 (0.53e0.86)b 0.58 (0.46e0.74)c

2009 8.8 0.92 (0.71e1.19) 0.61 (0.46e0.80)c 11.9 0.83 (0.66e1.03) 0.58 (0.47e0.73)c 12.4 0.86 (0.69e1.07) 0.65 (0.52e0.81)c

2010 8.5 0.90 (0.70e1.16) 0.55 (0.42e0.71)c 12.5 0.86 (0.70e1.07) 0.61 (0.49e0.75)c 13.7 0.96 (0.78e1.18) 0.73 (0.59e0.90)b

2011 10.8 1.17 (0.92e1.49) 0.78 (0.60e1.00) 12.2 0.85 (0.69e1.05) 0.57 (0.46e0.71)c 11.1 0.76 (0.61e0.94)b 0.57 (0.45e0.71)c

2012 9.1 0.96 (0.75e1.24) 0.64 (0.49e0.84)b 11.7 0.89 (0.72e1.10) 0.62 (0.50e0.76)c 10.7 0.72 (0.68e0.90)b 0.52 (0.42e0.66)c

2013 6.5 0.67 (0.51e0.88)b 0.45 (0.34e0.60)c 13.1 0.92 (0.74e1.14) 0.62 (0.50e0.77)c 9.1 0.60 (0.48e0.76)c 0.43 (0.34e0.55)c

Data are adjusted for meconium-stained amniotic fluid, epidural analgesia, oxytocin-augmentation of labor, induction of labor and total number of vaginal instrumental deliveries

CI, confidence interval; OR, odds ratio.

a Reference year for the calculation of odds and 95% confidence intervals for the consecutive years; b IP < .05; c P < .001.
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SUPPLEMENTAL TABLE 3
Neonatal outcomes analyzed using Generalized Estimating Equations with logistic regression

Year

Umbilical artery metabolic acidosis Umbilical artery acidosis

Unadjusted Adjusted Unadjusted Adjusted

% OR (95% CI) OR (95% CI) % OR (95% CI) OR (95% CI)

2000a 2.16 1.18

2001 2.75 1.28 (0.73e2.27) 1.29 (0.73e2.31) 1.33 1.13 (0.51e2.48) 1.15 (0.52e2.55)

2002 2.67 1.24 (0.71e2.17) 1.31 (0.74e2.32) 1.29 1.09 (0.50e2.38) 1.17 (0.53e2.57)

2003 2.25 1.04 (0.59e1.84) 1.15 (0.64e2.14) 1.25 1.06 (0.49e1.27) 1.19 (0.55e2.58)

2004 2.62 1.22 (0.71e2.09) 1.37 (0.79e2.39) 1.54 1.31 (0.64e2.69) 1.54 (0.74e3.22)

2005 2.47 1.15 (0.66e2.00) 1.25 (0.71e2.21) 1.52 1.29 (0.62e2.67) 1.46 (0.70e3.08)

2006 1.34 0.62 (0.33e1.17) 0.72 (0.38e1.38) 0.95 0.80 (0.36e1.80) 1.00 (0.44e1.26)

2007 0.87 0.40 (0.19e0.85)b 0.47 (0.22e1.00) 1.39 1.19 (0.56e2.52) 1.47 (0.68e3.18)

2008 0.48 0.22 (0.09e0.55)c 0.29 (0.11e0.72)b 0.24 0.20 (0.06e0.72)b 0.27 (0.08e0.99)b

2009 0.35 0.16 (0.06e0.42)c 0.21 (0.08e0.58)b 0.35 0.30 (0.10e0.84)b 0.42 (0.14e1.25)

2010 0.31 0.14 (0.05e0.38)c 0.19 (0.07e0.51)b 0.31 0.26 (0.09e0.75)b 0.37 (0.13e1.07)

2011 0.43 0.20 (0.08e0.46)c 0.28 (0.11e0.69)b 0.37 0.31 (0.12e0.83)b 0.48 (0.17e1.33)

2012 0.44 0.20 (0.09e0.48)c 0.28 (0.12e0.68)b 0.63 0.54 (0.23e1.24) 0.81 (0.34e1.95)

2013 0.20 0.09 (0.03e0.31)c 0.14 (0.04e0.47)b 0.34 0.29 (0.10e0.81)b 0.47 (0.16e1.38)

Data are adjusted for meconium-stained amniotic fluid, epidural analgesia, oxytocin-augmentation of labor, induction of labor and total number of vaginal instrumental deliveries.

CI, confidence interval; OR, odds ratio.

a Reference year for the calculation of odds and 95% confidence intervals for the consecutive years; b P < .05; c P < .001.
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