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Comparison of ECG-based physiological markers for hypoxia

in a preterm ovine model

Alex Zwanenburg'?3, Ben JM Hermans'#, Peter Andriessen®¢, Hendrik J Niemarkt®, Reint K Jellema’,
Daan RMG Ophelders?*, Rik Vullings?, Tim GAM Wolfs*>7, Boris W Kramer*>” and Tammo Delhaas'?

BACKGROUND: Current methods for assessing perinatal
hypoxic conditions did not improve infant outcomes. Various
waveform-based and interval-based ECG markers have been
suggested, but not directly compared. We compare perfor-
mance of ECG markers in a standardized ovine model for fetal
hypoxia.

METHODS: Sixty-nine fetal sheep of 0.7 gestation had ECG
recorded 4 h before, during, and 4 h after a 25-min period of
umbilical cord occlusion (UCO), leading to severe hypoxia.
Various ECG markers were calculated, among which were
heart rate (HR), HR-corrected ventricular depolarization/
repolarization interval Qr), and ST-segment analysis (STAN)
episodic and baseline rise markers, analogue to clinical STAN
device alarms. Performance of interval- and waveform-based
ECG markers was assessed by correlating predicted and actual
hypoxic/normoxic state.

RESULTS: Of the markers studied, HR and Qr, demonstrated
high sensitivity (=86%), specificity (=96%), and positive pre-
dictive value (PPV) (=86%) and detected hypoxia in >90% of
fetuses at 4 min after UCO. In contrast, STAN episodic and base-
line rise markers displayed low sensitivity (<20%) and could
not detect severe fetal hypoxia in 65 and 28% of the animals,
respectively.

CONCLUSION: Interval-based HR and QT_ markers could
assess the presence of severe hypoxia. Waveform-based STAN
episodic and baseline rise markers were ineffective as markers
for hypoxia.

Continuous monitoring of the fetal heart rate (HR) is
assumed to provide clinical information about the well-
being of the fetus (1). Cardiotocography (CTG) allows non-
invasive real-time assessment of fetal HR and its response to
uterine contractions and is nowadays used in clinics world-
wide. However, HR patterns in CTG are often not predictive for
hypoxia (2). Introduction of CTG in clinics did not significantly

reduce occurrences of neonatal death or cerebral palsy but did
lead to an increase in caesarean sections (1). Consequently,
analysis of the ECG ST waveform (STAN) was proposed as an
additional analysis method. STAN assesses hypoxia-induced
changes in the ST waveform of the ECG (3) and operates in
conjunction with CTG. Implementation of STAN in clinical
practice was initially associated with a beneficial reduction in
hypoxia-induced outcomes (metabolic acidosis and moderate/
severe neonatal encephalopathy) compared to CTG alone (4).
However, recent meta-analyses of clinical trials demonstrated
no clear advantage of STAN with CTG over CTG alone with
respect to primary outcomes (5,6).

STAN markers are based on the shape of the ECG wave-
form. Other ECG markers for hypoxia detection have been
suggested, namely, atrioventricular (AV) conduction delay
(PR) (7,8), the relationship of AV delay and HR (PR/RR and
PR-HR) (9,10) and ventricular activation and repolarization
(QT) (11) and HR-corrected QT (QT_, ., and Qt_, dges), as
well as heart rate variability (HRV) in the temporal and fre-
quency domain. These markers are all interval-based, i.e.,
they use time intervals between characteristic points in the
ECG. A major difference between waveform-based markers
and interval-based markers is the dependency of the former
on the projection angle of the ECG lead with the heart vec-
tor. Variation in orientation of the heart vector can lead to
different results for waveform-based markers. An example
based on the relative height of the T-wave with respect to the
QRS complex (T/QRS ratio) is demonstrated in Figure 1.
Interval-based markers are less dependent on differences in
projection angle and might perform better in detecting fetal
hypoxia.

Direct comparison of ECG markers is hampered because the
different markers have previously been studied under different
circumstances. Therefore, we compare performance of wave-
form- and interval-based ECG markers for hypoxia in a stan-
dardized preclinical ovine fetal model of hypoxia-ischemia.
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Figure 1. Influence of heart axis orientation on waveform-based T/QRS values. The same signal is projected to simulate a rotation of the heart axis by 30
and 60 degrees to the right. This affects the shape of the ECG waveform and the T/QRS ratio, defined as the maximum deviation of the T wave with regard

to baseline divided by the amplitude of the QRS complex.

RESULTS

Presence of Umbilical Cord Occlusion Induced Hypoxia-Ischemia
Blood gas measurements confirm a clinically relevant umbili-
cal cord occlusion (UCO), with a decrease in partial oxy-
gen pressure, an increase in partial carbon dioxide pressure,
pH < 7.1 (Supplementary Figure S1 online), and bradycardia
(Supplementary Figure S2 online). HR accelerates to above
normal values within the first 15min after resolution of the
UCO. It then returns to almost normal values within the first
hour after UCO and subsequently gradually increases again.
Arterial pH values recover within the first hour. Arterial blood
oxygen content directly rises after UCO and remains elevated
during the first hour after UCO, whereas carbon dioxide con-
tent decreases to normal values within 10 min.

Classification Performance of ECG Markers

Interval-based markers for hypoxia generally performed bet-
ter than waveform-based markers. HR, PR/RR ratio, and
HR-corrected QT ;e and QT dges markers demonstrate near-
perfect behavior on the receiver-operating characteristic (ROC)
curve (Figure 2), which is reflected in the area under curve
(AUC) value (Table 1). In contrast, both STAN-device analogue
episodic and baseline T/QRS rise markers show AUC values
close to random (0.50). This contrast is likewise visible in the
degree of correlation between predicted and actual hypoxic/nor-
moxic states. Interval-based HRV markers in the form of nor-
malized low frequency (LF; 0.04-0.15 Hz) and high frequency
(HF; 0.40-1.50 Hz) band autospectral power and waveform-
based episodic and baseline T/QRS rise markers show a weak
correlation (Matthews correlation coefficient; MCC < 0.35) (12),
whereas interval-based HR, PR/RR ratio, and both HR-corrected
QT markers were strongly correlated (MCC > 0.67).
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Identification of Hypoxic Individuals During UCO

Low sensitivity does not directly imply that on the individual
level hypoxia will not be detected. We tested the individual
detection rates based on the assumption that a single positive
result during the UCO period would constitute a detection of
hypoxia. Accumulative detection of individuals during UCO is
shown in Figure 3. The percentage of individuals with marker
values indicating hypoxia at the 4-min mark, 12-min mark, and
end of the UCO is shown in Supplementary Table S1 online.
At the 4-min mark (pH < 7.1), hypoxia can be most clearly dis-
tinguished by assessing HR (96% of individuals), PR/RR ratio
(96%), and Hodges’ (91%) and Bazett’s corrected QT length
(90%). By 12 min of hypoxia (pH < 7.0), these markers identify
97 to 99% of the fetuses as hypoxic. Waveform-based STAN
episodic and baseline rise markers for hypoxia do not perform
well. Sixty-five and 28% of the severely asphyxiated individuals
were not detected by the end of the UCO using these markers.

Baseline and Threshold Values

An overview of population mean baseline values and positive
and negative threshold values for predicting hypoxic/normoxic
state is shown in Supplementary Table S2 online. Alarms were
produced when the change with respect to the baseline value
exceeded the positive threshold or decreased below the nega-
tive threshold. HR and PR/RR ratio markers only produced
alarms when values decreased below the negative threshold.
The STAN-device analogue episodic and baseline rise mark-
ers only produced alarms when values exceeded the positive
threshold. Other markers produced alarms above positive and
below negative threshold values. Notably, the T/QRS ratio
marker produced 53% of its alarms when it exceeded the posi-
tive threshold and 47% of its alarms when it decreased below

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Figure 2. ROC curves for ECG markers for hypoxia. (a) Heart rate (solid line), heart rate variability (HRV; dashed line), low frequency (LF) HRV (thin
dash-dot line), high frequency (HF) HRV (thin dotted line), normalized LF HRV (thick dash-dot line), and normalized HF HRV (thick dotted line). (b) PR

interval (solid line), PR/RR ratio (dashed line), PR-HR correlation (dash-dot line). (c) QT (solid line), QT

(dashed line), QT

¢Hodges

(dash-dot line). (d) T/QRS

c,Bazett

ratio (solid line), STAN baseline rise (dashed line), STAN episodic rise (dash-dot line).

the negative threshold, in contrast to the STAN-device ana-
logue markers that only produce alarms on positive changes.

DISCUSSION
Interval-based ECG markers generally performed better than
waveform-based markers in detecting hypoxia in a standardized
preterm ovine model for severe hypoxia-ischemia. The standard-
ized period of complete UCO resulted in severe asphyxia which
was characterized by acidosis. Hence, any potential clinically rele-
vant marker was expected to deviate from baseline values at some
point during UCO. Changes in interval-based HR, PR interval,
PR/RR ratio, and Bazett’s and Hodges corrected QT correlated
strongly with hypoxia. In contrast, waveform-based STAN epi-
sodic and baseline rise markers were only weakly correlated.
Decreases in fetal HR with respect to baseline were found
to be sensitive and specific for hypoxia in our model. HR
decelerations are a well known effect of hypoxia but can also
be due to other factors, such as maternal movement, uterine

Copyright © 2016 International Pediatric Research Foundation, Inc.

contractions, and fetal sleep cycles, limiting specificity of the
marker in clinical practice (1). Due to our experimental setup,
the influence of nonhypoxic factors on HR was estimated to
be less than within clinical settings, which led to near-perfect
behavior based on the ROC curve.

Other interval-based markers were related to HR variabil-
ity, both in the temporal and frequency domain. Depressed
temporal HR variability correlates to acidosis, (13) and fre-
quency domain-based normalized LF and HF HRV markers
were likewise correlated to acidosis (14). Temporal HRV was
calculated as the SD of HRs of 5min, and this is reflected in
sharp transitions at the start and end of UCO (Supplementary
Figure S3 online), when HR abruptly changes. The temporal
HRYV marker has a PPV of 38%, which indicates that low tem-
poral HRV also occurs during baseline period and not only
during UCO. PPV might be improved by determining tempo-
ral HRV over longer periods of time, but at the cost of sensitiv-
ity and time to detection.
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LF and HF HRV markers performed better than after their
respective normalization by the total power in the 0.04-1.50
Hz band of the RR interval autospectrum. This contrasts with
the findings by van Laar et al. (14), who did not find signifi-
cant hypoxia-induced changes in the LF and HF HRV markers
but did find significant changes in their normalized counter-
parts. The different findings might be due to age of the sub-
jects involved (term vs. preterm), which would indicate that
domain-based HRV markers for hypoxia are age specific.

Changes in PR/RR ratio were found to be highly corre-
lated to hypoxia. However, the specificity of the PR/RR ratio
as a marker for hypoxia and acidemia has been disputed (15).
While the decrease in PR/RR ratio during UCO was clear,
Westgate et al (15) concluded that under conditions of no or
only mild acidosis a decrease in PR/RR ratio was a marker of
reflex responses to HR decelerations and that it did not provide
additional information concerning the metabolic reserves of
the fetus.

PR interval reflects atrioventricular delay and was found
to strongly correlate with hypoxia. AV delay was generally
increased during UCO (Supplementary Figure S4 online).
Others have reported a decrease in AV delay due to hypoxia
(8,10). It is tempting to postulate that the different duration
and number of hypoxic events are responsible for the observed
differences. More precisely, a single long occlusion instead of
a series of shorter occlusions was used in our study to induce
hypoxia and acidosis. Atrioventricular delay may be increased
due to severely depleted metabolic reserves during the single
occlusion. Because the PR marker seems to depend on the
precise course of hypoxia, its clinical effectiveness is question-
able. A similar observation can be made with regard to PR-HR
correlation. For the PR-HR correlation marker, 64 and 36%
of alarms for hypoxia were due to respectively an increase
above the positive threshold or a decrease below the negative
threshold. Therefore, PR and PR-HR correlation are unlikely
to be clinically effective markers, which is corroborated by the
inconclusive results with regard to these markers found in the
clinical trial by Strachan et al (16).

We assessed Hodges and Bazett’s corrected QT markers
because the former is least correlated with HR (17) and the lat-
ter is a commonly used correction to the QT interval. Changes
in Hodges’ and Bazett’s corrected QT markers were found to
be very sensitive and specific to hypoxia and demonstrated
high PPV as well. QT interval length was stable during the
baseline period and decreased during hypoxia. This finding is
supported by the observations of Oudijk et al. (11), who dem-
onstrated that QT interval shortening did not depend on
HR and was unrelated to normal labor stress. QT shortening
may be linked to a catecholamine surge that is released when
energy balance in the myocardium becomes negative due to
hypoxia and anaerobic myocardial glycolysis starts (11,18-20).
The HR-corrected QT interval markers may therefore be use-
ful as specific markers for hypoxia.

Because clinical guidelines for STAN are specified for infants
older than 36 wk of gestation, it can be argued that STAN is
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Table 1. Classification performance of individual ECG markers for
hypoxia

ECG marker Sensitivity ~ Specificity PPV NPV MCC AUC
Heart rate 0.96 1.00 0.98 0.99 0.97 0.99
HRV 0.58 0.88 038 0.94 0.38 0.82
LFHRV 0.66 0.95 064 0.95 060 0.89
HF HRV 0.40 0.95 050 0.92 039 0.79
Normalized LF HRV 0.22 0.92 0.28 0.90 0.16 0.62
Normalized HFHRV ~ 0.17 0.97 043 0.90 0.21 0.65
PRinterval 0.75 0.99 091 097 080 0.95
PR/RR ratio 0.90 0.99 0.93 0.99 0.91 0.97
PR-HR correlation 0.37 0.97 064 0.92 044 0.79
QT orected 0.50 0.95 0.53 094 046 083
(O] (<N 0.86 0.98 086 0.98 084 0.97
QTC, e 0.94 1.00 098 099 0.96 0.99
T/QRS ratio 0.70 0.95 065 0.96 0.63 0.91
STAN episodic rise? 0.10 1.00 0.84 0.88 0.26 0.58

STAN baseline rise? 0.20 0.98 064 0.90 032 0.61

Performance values above 0.90 are emphasized using boldface.

AUC, area under curve; HF, high frequency; HRV, heart rate variability; LF, low frequency;
MCC, Matthews correlation coefficient; NPV, negative predictive value; PPV, positive
predictive value; STAN, ST-segment analysis.

*Marker is not corrected for individual baseline, by definition.

not applicable to a preterm ovine model, such as the one used
here. However, it was demonstrated that the response of the
ST waveform to hypoxia is similar in preterm and term ovine
fetuses (21,22) and thus that ST waveform analysis can be reli-
ably performed even in the preterm fetus.

However, STAN-device analogue episodic and baseline rise
markers did not differ from normoxic baseline values in 65
and 28% of the fetuses at any point during UCO. The negligible
correlation and low sensitivity for these markers indicate that
these markers cannot be used to distinguish between hypoxia
and normoxia. Our analysis did not provide evidence to sup-
port the hypothesis that STAN episodic and baseline markers
are clinically useful. Whereas UCO in our model resulted in
severe hypoxia and acidemia, in clinical practice, perinatal
hypoxia is commonly manifested through multiple shorter
periods of hypoxia and is usually less severe. The fact that
STAN episodic and baseline rise markers performed poorly
under severe hypoxic conditions makes better performance
under less severe conditions unlikely.

Waveform-based STAN episodic and baseline rise markers
have already been implemented in a clinical device. The poor
performance of these markers is thus surprising, yet supported
by meta-analyses of clinical trials (5,6). As the name suggests,
STAN episodic and baseline rise markers assume that hypoxia
induces a rise in T/QRS ratio. In our model, several subjects
responded to hypoxia by developing more negative T waves
(Supplementary Figure S5 online). This is ignored by focus-
ing solely on positive T/QRS ratio changes.

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Figure 3. Detection plots for the percentage of individuals where hypoxia was detected during UCO. (a) Heart rate (solid line), heart rate variability (HRV;
dashed line), low frequency (LF) HRV (thin dash-dot line), high frequency (HF) HRV (thin dotted line), normalized LF HRV (thick dash-dot line), and normal-

ized HF HRV (thick dotted line). (b) PR interval (solid line), PR/RR ratio (dashed line), PR-HR correlation (dash-dot line). (c) QT (solid line), QT
(dash-dot line). (d) T/QRS ratio (solid line), STAN baseline rise (dashed line), STAN episodic rise (dash-dot line).
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A general disadvantage of waveform-based markers is that the
shape of the ECG waveform depends on the orientation of the
ECG lead with respect to the heart vector (Figure 1). Differences
in lead orientation, differences in cardiac anatomy, and differ-
ences in cardiac response to hypoxia between individuals cause
variance in waveform-based marker values. Interval-based
markers do not rely directly on the shape of ECG waveforms.
Therefore, interval-based markers are hypothesized to provide
more stable performance than waveform-based markers.

As mentioned above, fetuses in this study were exposed to
profound hypoxia—ischemia. Because profound hypoxia-isch-
emia should produce a clear change in any potential marker
for hypoxia, our model allowed evaluation and comparison of
markers to identify potential markers for hypoxia. Generally,
the clinical onset of hypoxia is gradual. In clinical cases, the
baseline period is harder to define, and HR patterns are far less
predictive (2). We expect that marker performance in clinical
cases will be lower than that reported here.

Copyright © 2016 International Pediatric Research Foundation, Inc.

(dashed

c,Bazett

Conclusion

The most suitable ECG markers for detecting fetal hypoxia
were interval-based, rather than waveform-based. Interval-
based markers HR and HR-corrected QT length were able
to detect fetal hypoxia in our standardized ovine model and
constitute promising markers for detecting hypoxia in human
fetuses. In contrast, waveform-based STAN episodic and
baseline T/QRS rise markers, which were our analogue of the
markers implemented in clinical STAN devices, could not
assess severe hypoxia—ischemia.

METHODS

Animals

The study group for this retrospective study consisted of 74 fetuses
of both genders of time-mated Texel ewes, measured in the period
from February 2010 to November 2013. Five animals were excluded
due to incomplete UCOs. The study group was originally set up to
investigate processes and treatment of preterm hypoxic-ischemic
encephalopathy (23-25). The original studies were approved by the
local Animal Ethics Research Committee (DEC-UM, Maastricht
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University, Maastricht, the Netherlands; approval reference numbers:
DEC 2010-131, DEC 2012-064) and conducted at the Maastricht
University Medical Center, Maastricht, the Netherlands.

Surgical Procedure

Fetuses were instrumented at 101.5+1.2 (mean = SD) d of gesta-
tional age (GA; full gestation equals 146 d). The surgical procedure
was described previously (24). Ewes received intravenous prophy-
lactic antibiotics (1,000 mg amoxicillin and 200 mg clavulanic acid).
Anesthesia was induced by i.v. administered thiopenthal (15 mg/kg).
After intubation, general anesthesia was maintained with 1 to 2%
isoflurane guided by depth of sedation and supplemented by remi-
fentanyl iv. (0.75 pg/kg/min) for analgesia. During surgery, vital
parameters and depth of sedation were continuously monitored by
certified personnel. A catheter was placed in the maternal long saphe-
nous vein to provide access for a perioperative saline drip (250 ml/h)
and for postoperative blood sampling and administration of prophy-
lactic antibiotics for 4 d.

The fetus was exposed through a lower midline laparotomy. Two
catheters (3.5 French polyurethane umbilical vessel catheters; Tyco
Healthcare Group, Mansfield, MA) were inserted in the brachial vein
and femoral artery. A vascular occluder (OC16HD, In Vivo Metric,
Healdsburg, CA) was placed around the umbilical cord. Three sil-
ver electrodes (5mm; Cooner Wire, Chatsworth, CA) were fixed
s.c. with sutures for continuous fetal ECG recording, forming ECG
leads I, II, and III. After repositioning the fetus, an amniotic cath-
eter was inserted into the amniotic cavity and used to fill the cav-
ity with warm sterile saline and 80 mg of Gentamycin. The electrode
leads and catheters were exteriorized through the flank of the ewe,
and incisions were sutured. After surgery, catheters were continuously
perfused with heparinized saline (25 IU/ml, 0.2ml/h). The ewe and
fetus were allowed to recover from surgery for 3 to 4 d. At 105.6+1.0

912 Pediatric RESEARCH Volume 79 | Number 6 | June 2016

(mean * SD) days, the umbilical cord was occluded for 25 min by rap-
idly inflating the occluder with sterile saline. Blood pressure and HR
were monitored, and intermittent blood gas measurements were per-
formed before, during, and after UCO.

Animals were housed together when possible and had ad libitum
access to water and food. Surgical wounds were inspected daily and
treated with chlortetracycline spray to prevent infection. The welfare
of the animals was monitored daily by certified personnel. The animals
were maintained for 7 d after occlusion. At this point, both ewe and
fetus were killed by i.v. administration of pentobarbital (200 mg/kg).

Data Acquisition

ECG data were acquired and digitized by an MPAQ unit (Maastricht-
Programmable AcQuisition System; Maastricht Instruments,
Maastricht, The Netherlands) (26) at a sample frequency of 250 Hz
in the first 12 fetuses or, after update of the AD-converter, 1,000 Hz
in the remaining 57 fetuses. ECG data were analyzed from 4h before
UCO until 4h after occlusion.

Data Processing

All data processing and analysis was automatically performed using
custom scripts in Matlab 2014a (The MathWorks, Natick, MA). The
first step of the analysis was pre-processing ECG data for each fetus to
derive averaged ECG waveforms (ECGavg) for every 30 beats. The pre-
processing steps are illustrated in Figure 4. In short, ECG was filtered
using a 0.05-100 Hz third-order bidirectional Butterworth bandpass
filter and a 50 Hz third-order bidirectional infinite impulse response
notch filter to reduce signal drift, high frequency noise, and mains
noise (Figure 4a). To remove major baseline deviations, the ECG was
subsequently decomposed using a Daubechies 5-wavelet, up to the
6th (250 Hz) or 8th (1,000 Hz) level (27). The residual was regarded as
a baseline deviation and subtracted from the ECG signal (Figure 4b).

Copyright © 2016 International Pediatric Research Foundation, Inc.
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To imitate the unipolar scalp electrode used to record invasive ECG
for ST waveform analyses, leads I and II were digitally projected to a
negative aVF lead (Figure 4c). To determine cycle length (CL), and
to define a suitable feature for waveform averaging, we determined
the position of the Q wave top in the -aVF lead using our adapta-
tion of the Pan Tompkins algorithm (28) (Figure 4d). Q wave top
was used instead of R wave top because the R wave was split in all
fetuses. The split R wave tops varied in amplitude and position, and
therefore did not represent a stable feature in the ECG. Differences
between vertical positions of subsequent Q wave tops were linearly
interpolated and subtracted, thus aligning each Q wave top with 0
(Figure 4e) (29). To derive ECGavg, we set the 25th percentile of cycle
lengths from 30 subsequent individual ECG waveforms (ECG, ,) as
CL25. Each of the 30 ECG, , waveforms was truncated in the interval
(Q—-0.4*CL25,Q + 0.8 * CL25). This interval was chosen to capture
relevant features and intervals of the ECG waveform. The truncated
waveforms were averaged by omitting 30% of the outermost values
at each sample point and calculating the mean over the remaining
70% (Figure 4f). Occasionally, ECG, thus derived should be omitted
due to low signal quality of part of the 30 ECG,_, from which ECG_
was derived. Quality of ECG_ was verified By deriving a signal-
to-noise ratio. This signal-to-noise ratio was defined as the base-10
logarithm of the squared length of ECG_ —a surrogate for true signal
variance—divided by the mean squarea Ilength of the corresponding
30 ECG, ,—a surrogate for noise-induced variance. Waveforms with
signal-to-noise ratio below the empirically established threshold of
—0.25 were removed from further analysis.

ECG-Based Physiological Markers

Figure 4g illustrates characteristic points, segments, and intervals of
the ECG. Q wave onset, P wave onset, R wave top, S wave top, ] point,
and T wave end were detected in ECG_ using our adaptation of the
Pan Tompkins algorithm. Q wave onset’and P wave onset were also
detected in ECG, ,. Q wave onset was used as ECG baseline, since at
high HRs, the T wave partially overlaps and merges with the P wave,
thereby slanting the PQ segment commonly used to define the ECG
baseline.

Values for all ECG markers were updated every 30 beats, i.e., at
every subsequent derivation of ECG, . The values of the various
markers were calculated as follows.

HR was determined by calculation of the mean HR of the 30 most
recent ECG, , (30). HR variability was calculated by determining the
SD of HRs of ECG,, in the previous 5min (30). Frequency domain

Copyright © 2016 International Pediatric Research Foundation, Inc.
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was given if the change in T/QRS ratio was above the positive threshold (+;
T/QRS = 0.37) or was below the negative (-; T/QRS = —0.34) threshold.

markers for HR variability were calculated as defined by van Laar et al.
(14) Specifically, spectral power was calculated in the LF (0.04-0.15
Hz) and HF (0.40-1.50 Hz) bands of the RR interval autospectrum
for RR intervals in the previous 64 s. Next to LF and HF band spectral
power, normalized power was calculated by dividing the LF and HF
band spectral power by the total spectral power in the 0.04-1.50 Hz
band.

Atrioventricular conduction delay was estimated by the length of
the PR interval. The PR interval was defined as the interval between
the onset of the P wave and the start of the QRS complex. The PR/RR
ratio is calculated for by dividing the PR interval by the RR interval for
the 30 most recent ECG, ; and calculating their mean value. We used
the approach of van Wijngaarden et al. (9) to assess the PR-HR rela-
tionship and calculated the Pearson correlation coefficient between
PR intervals and HRs of ECG, , in the previous 150s.

QT interval length represents ventricular activation and repolariza-
tion time. The QT interval was defined as the time interval between
the onset of the Q wave and the end of the T wave in ECGan. QT
interval length decreases with increasing HR and is therefore cor-
rected for HR to reduce HR dependency. In addition to Hodges’
correction (QTC,HO s = QT + 1.75 (HR — 60)) and Bazett’s correc-
tion (QT ;.. =Q (HR/6O)”2), we also assessed the uncorrected QT
interval.

T/QRS ratio was calculated as the maximal positive or negative
deflection between S wave top or ] point—when present—and the end
of the T wave, divided by the amplitude of the QRS complex in ECG_,
(Figure 4g). The clinically used and commercially available STAN
device assesses episodic and baseline rise in T/QRS values as ECG
markers for hypoxia. Analogue to STAN device alarms, episodic rise
in T/QRS value was defined as a positive change between the actual
T/QRS value and the median T/QRS value of the previous 10 min (4).
Also analogue to STAN device alarms, baseline rise in T/QRS value was
defined asa positive change from baseline by comparison of the median
T/QRS value of the last 10 min with the baseline T/QRS value (4).
The baseline T/QRS value was defined as the lowest nonnegative
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median T/QRS value in a 20-min moving window within the previ-
ous 3h of recording.

Blood Gasses

We sampled fetal arterial blood to obtain baseline values for blood
acidity (pH), arterial partial oxygen pressure (Pao,), and arterial par-
tial carbon dioxide pressure (Paco,). Samples for the baseline period
were drawn 1 h before UCO took place. During UCO, samples were
withdrawn at 5, 10, 15, and 20 min after UCO start. In the recovery
period, samples were drawn at 3, 10, 20, 30, and 60 min after UCO
ended.

Performance Analysis

Interval- and waveform-based ECG markers were grouped within
1-min windows as follows to facilitate comparison between markers.
Markers within each 1-min window were represented by the median
value, except for STAN episodic and baseline rise markers, which
were represented by the maximum value within the 1-min window.
We based performance analysis on changes in marker values with
respect to the baseline in the individual fetus. We defined the indi-
vidual baseline as the mean value of the marker during the baseline
period for the fetus under consideration. STAN episodic or baseline
rise markers were not corrected for the individual baseline, as they
were already corrected for baseline in a different way. Subsequently,
the individual baseline value was subtracted from windowed marker
values to determine (normalized) changes with respect to baseline.

Area under the ROC curve (AUC) is a general measure for the abil-
ity of an ECG marker to differentiate between hypoxic and normoxic
states. To construct ROC curves, normalized values during the base-
line and UCO period were first sorted. Then, detection thresholds
for positive and negative changes were iteratively increased. A con-
tingency table was calculated for each combination of positive and
negative thresholds. Sensitivity and specificity were calculated from
these contingency tables for the purpose of creating the ROC curve.
Subsequently AUC was calculated.

MCC (31,32) was calculated for each of the contingency tables under-
lying the ROC curve to define the optimal correlation between actual and
predicted hypoxic/normoxic states. The positive and negative thresholds
corresponding to the optimal correlation were used to define sensitivity,
specificity, PPV, and negative predictive values (Figures 5 and 6).

Performance analysis using ROC disregards the temporal behav-
ior of ECG markers during UCO. To assess the ability of ECG-based
markers to distinguish between a normoxic and hypoxic state on the
individual level, we constructed cumulative detection curves. The
detection curves were subsequently used to tabulate the percentage
of detected individuals at several time points during UCO. The per-
centage of detected individuals was assessed at 4 min (onset of meta-
bolic acidosis; pH < 7.1 (33,34)), 12 minutes (progressive acidosis;
pH < 7.0) (35), and at the end of the UCO at 25 min.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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