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exposure IAl, we used the later diagnosis of EONS in the offspring as a proxy. EONS is strongly
associated to IAl and was considered a better proxy for IAl than the histological diagnosis of
acute chorioamnionitis, since acute chorioamnionitis can be observed in the absence of both
positive microbiology and biochemical markers for inflammation. Cardiotocography traces were
analyzed by a computerized algorithm for short-term variation of the fetal heart rate, which was
the main outcome measure.

Results: Twenty-seven pregnancies were categorized as having an IAl, based on the proxy
diagnosis of EONS after birth. Fetuses exposed to IAl had significantly lower short-term variation
values in the last cardiotocography trace before birth than fetuses who were not exposed (5.25
vs 6.62ms; unadjusted difference: —1.37, p=0.009). After adjustment for smoking and diabetes,
this difference remained significant. IAl with a later positive blood culture in the neonate (n=12)
showed an even larger absolute difference in STV (—1.65; p=0.034), with a relative decrease of
23.5%.

Conclusion: In pregnancies with PPROM, fetuses exposed to IAl with EONS as a proxy have lower
short-term variation of the fetal heart rate than fetuses who are not exposed. Short-term variation
might be useful as adjunct surveillance in pregnancies with PPROM.
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Introduction

Preterm prelabor rupture of membranes (PPROM)
occurs in 1%-3% of pregnancies and causes approxi-
mately one third of preterm births [1,2]. One of the
main complications associated with PPROM is intraam-
niotic infection (lAl), a microbial infection of the amni-
otic fluid, fetus, placenta, fetal membranes and/or the
decidua [3,4]. IAl increases the risk of severe maternal
and neonatal complications such as early-onset neona-
tal sepsis (EONS) [3,5-8].

Women with PPROM are usually monitored for signs
of IAl by combining clinical assessment, blood tests
and fetal monitoring. Unfortunately, these tools have
shown poor diagnostic and prognostic performance
regarding Al and EONS [9-13]. The delicate decision of
iatrogenic delivery, weighing risks of IAl against risks of
prematurity, would benefit from diagnostic tools with a
better performance. Antenatal cardiotocography (CTG)
has been suggested as a supplementary tool in moni-
toring for signs of IAl. CTG is a noninvasive method
used in daily obstetrical practice, and is thus an opti-
mal instrument for further development.

The short-term variation (STV) of the fetal heart rate
is the change in the time interval between consecutive
beats, analyzed with computerized cardiotocography.
STV is known to be affected by metabolic acidemia,
gestational age, fetal sleep, fetal tachycardia, maternal
diabetes, maternal smoking and medications such as
corticosteroids [14-19]. The effect of IAl on STV has
only been scarcely studied but in a small cohort study,
Vandenbroucke et al. found a lower STV of the fetal
heart rate in women with acute histologic chorioamni-
onitis (HCA) than in women without HCA [20]. This
could imply a possible effect of 1Al on STV.

The aim of our study was to investigate the associ-
ation between the exposure to IAl and the outcome of
short-term variation of the fetal heart rate.

Material and methods

We performed a historical cohort study. The inclusion
criteria were PPROM in a singleton pregnancy and a
live-born offspring delivered from 24+0 to 33+6 ges-
tational weeks in Stockholm County, Sweden, between
2012 and 2019. We collected data from medical records
and performed computerized analyses of electronically
stored CTG traces. In Stockholm County, there are five
delivery units with approximately 30 000 births each
year. All women are offered free antenatal and peripar-
tum care including an ultrasound in the second tri-
mester with an estimation of the gestational age and
to detect fetal abnormalities and multiple pregnancies.

We excluded women with < 12h between PPROM
and birth to exclude rupture of the membranes as
part of impending labor. Women with insufficient data
and intrauterine fetal death were excluded, as were
women who delivered a neonate with any kind of
cerebral malformation because STV is mainly con-
trolled by the autonomic nervous system.

The main exposure of the study was IAl. As no
easily available method exists for the confirmation of
IAl antepartum, a proxy for IAl is commonly used.
HCA has often been used as such, but HCA can be
observed in the absence of positive microbiology and
biochemical markers for inflammation [21-23]. Its
prevalence at the time of delivery is high in women
with PPROM and the association with neonatal out-
come unclear [24,25]. It may therefore not be an
ideal proxy for the exposure IAl. We consider the
development of EONS, defined as occurring within
72 h after birth, to be a better proxy. EONS is consid-
ered to be caused by vertically transmitted patho-
gens from the mother to the infant and is strongly
associated with IAl. Most preterm infants with EONS
are born to mothers with 1Al [8,26,27]. We have there-
fore chosen EONS as a proxy for IAl when studying
the association between the exposure IAl and the
outcome STV. EONS was defined as sepsis within 72h
from birth with three or more clinical symptoms of
sepsis (respiratory, circulatory, neurological, gastroin-
testinal or hematological), at least one laboratory test
indicating infection (white blood cell count < 5x 10%/L,
neutrophil count < 1.5x 10%L, platelet count < 100 x
10°/L or C-reactive protein concentrations >20mg/L)
and treatment with antibiotics for at least 5 consecu-
tive days [28]. We divided the neonates with EONS
into those with or without positive blood cultures
(confirmed and suspected EONS, respectively). We
also performed two secondary analyses, with
HCA and a fetal inflammatory response in the
placenta as proxies for the exposure IAl instead of
EONS. These were diagnosed by a perinatal patholo-
gist in accordance with the Amsterdam Placental
Workshop Group Consensus Statement defining HCA
as leukocyte infiltration in the chorion and the
amnion upon microscopic examination, and fetal
inflammatory response as leukocyte infiltration in the
fetal blood vessels of the chorion and/or the umbili-
cal cord [29].

The main outcome of the study was STV, calculated
according to the Dawes/Redman algorithm [30]. In this
algorithm, each minute of a CTG trace is divided into
16 segments of 3.75s. The average pulse interval of
each segment is calculated and expressed in ms, and
the average difference between consecutive segments



within each minute is the STV. Our research group has
developed an algorithm for extracting the mean base-
line frequency and the mean STV values from existing
CTG traces. Our algorithm is described in details in
previous publications [31,32]. Using this algorithm, the
mean STV in the last 30-min CTG trace before the start
of labor was calculated. Traces registered during labor
were excluded to rule out labor-related effects on STV.
CTG traces exceeding 30min were divided into 30-min
segments, and only the last 30-min segment was used.
Traces with more than 10-min continuous signal loss
were excluded. Decelerations were excluded from the
STV analysis. The fetal heart rate was recorded with
one of the following monitors: Sonicaid™ (Huntleigh,
United Kingdom), Avalon™ (Philips, Netherlands) or
EDAN™ (EDAN Instruments, China). The STV analysis
was carried out utilizing the CTG analysis scripts imple-
mented in MATLAB 2022a (MathWorks Inc., Natick,
MA, USA).

PPROM was diagnosed by clinical presentation and
an examination. A sterile vaginal speculum examina-
tion was performed for leakage of amniotic fluid and
in cases of uncertainty, some of the delivery units
used a test for placental alpha microglobulin-1 protein
(Amnisure®; AGHealth Ltd., London, England). Women
with confirmed PPROM were hospitalized and treated
with a course of corticosteroids (12mg betametha-
sone, two doses 24 h apart) and antibiotics (oral eryth-
romycin or clarithromycin for 10days). Expectant
management was applied after this initial therapy,
during which the women were monitored for signs of
infection. Expectant management was applied until
34-37 gestational weeks in the absence of indications
for earlier delivery. We only included women who
delivered before 34 gestational weeks because the
timing of induction of labor after PPROM varies with
some obstetric units inducing birth already after 34
gestational weeks. During preterm labor, all women
received intravenous penicillin as a prophylaxis against
Group B Streptococcus.

We collected information on maternal age at deliv-
ery, body mass index, smoking status, parity, diabetes,
hypertension and preeclampsia. We documented the
timepoints of PPROM, administration of corticosteroids,
start of labor and birth. The birthweight, sex, Apgar
scores and umbilical artery gas measures were
recorded. Small for gestational age (defined as weight
below two standard deviations from the mean birth
weight of the current gestational age) [33] was also
determined. Women with no smoking information
were assigned a separate level in the smoking cate-
gory. There was no missing information for other
covariates.
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Statistical analyses

Continuous data of baseline characteristics in the
exposed |Al group and the non-exposed group with-
out |Al, respectively, are presented as the median and
interquartile range, and the groups were compared
with the Mann-Whitney U test. Categorical data are
presented as percentages, and the groups were com-
pared with Pearson’s chi-square test.

Results are displayed as the absolute and relative
differences between groups, using linear regression for
the absolute difference, and log linear regression for
the relative difference, together with 95% confidence
intervals and t-test p values. The STV values were
moderately positive skew and had a median about 0.5
less than the mean. In the analysis of absolute differ-
ence in STV we did not transform the original STV, our
interest was in the group means and we anticipated
the standard errors to be slightly larger, and the con-
fidence intervals slightly wider because of the devia-
tion from normality in the STV values. However, when
log transforming the STV values for the analysis of rel-
ative difference, the residuals in the model were nor-
mally distributed.

Based on previous knowledge, a directed acyclic
graph was created (Figure 1), seeking to identify
potential confounders and mediators. A mediator is a
variable that lies in the causal pathway between the
exposure and outcome, while a confounder affects
both exposure and outcome. This led to a minimally
adjusted regression model including the known con-
founders smoking and diabetes.

We examined additional covariates for collinearity
and tested adding them one by one to the minimally
adjusted regression model to determine if the results
were changed. This resulted in a more comprehensive
adjusted model with addition of covariates affecting
the results: fetal sex, the duration from PPROM to birth
(in days) and the baseline fetal heart rate frequency
(in beats/minute). These three covariates are consid-
ered mediators in our directed acyclic graph. Adjusting
for mediators can introduce bias [34], and therefore
the results of this second model were interpreted
with awareness of the possibility of overadjustments
and bias.

Lag time between corticosteroid treatment and
STV value has been shown to affect STV [35]. However,
as this lag time does not affect the risk for infection
[36] it was not regarded as a confounder. Furthermore,
this lag time did not change our estimates and was
therefore not added to the adjustment models. The
same applies for gestational age; it is also known to
affect the STV but since it does not affect the risk for
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Figure 1. Directed acyclic graph showing the relationship between exposure, outcome, and covariates. Green arrows: causal path-
ways; pink arrows: biasing pathways; black pathways: neither causal nor biasing pathways, but adjusting for baseline frequency
makes the pathway through fetal sex a causal pathway; pink circles: confounders (common causes of exposure and outcome);
blue circles: covariates affecting the outcome; green circle: covariate affecting exposure. Abbreviations: BMI, body mass index; CTG,

cardiotocography.

infection it was not regarded as a confounder and not
added to the adjustment models.

The 95% confidence intervals are shown for
the absolute and relative differences, and for all analy-
ses a p value of < 0.05 was considered statistically
significant.

Statistical analyses were performed with SAS ver-
sion 9.4 (SAS Institute, Cary, NC, USA).

Ethics statement

The study was reviewed and approved by the Swedish
Ethical Review Authority on March 8, 2017
(2017/323-31), with the approval of additions on June
16, 2019 (2019-03026) and June 25, 2020 (2020-02197).
Requirement for consent was waived by the review
authority since this is a historical cohort study where
all data is deidentified and the results are only pre-
sented in aggregated form.

Results

A total of 922 women fulfilled the inclusion criteria. We
excluded 186 women who had PPROM < 12h before
giving birth and 58 women because of other reasons
(Figure 2). We included 678 women in the final study
population. The demographic and clinical characteris-
tics of the study population are shown in Table 1. There
were significantly more smokers and more women with
diabetes in the IAl group (16.0% vs 6.0% [p=0.044] and
14.8% vs 3.7% [p=0.004], respectively), and neonates
exposed to IAl had lower 1-min and 5-min Apgar scores
than those not exposed (6 vs 8 [p=0.003] and 8 vs 9
[p=0.017], respectively). Information on smoking was
missing for 50 (7.4%) women. Placenta pathology anal-
ysis was available for 365 women.

Mean STV values, the absolute and the relative dif-
ference in STV are shown in Table 2. In the entire
study population, neonates exposed to IAl had signifi-
cantly lower STV values in the last CTG trace before
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Figure 2. Flow chart showing study population selection. Abbreviations: PPROM, preterm prelabor rupture of membranes; CTG,

cardiotocography.

birth than those who were not exposed to IAl (5.25 vs
6.62 ms; absolute unadjusted difference: —1.37 [95% Cl
—2.40 to —0.34]; p=0.009). After adjusting for the pre-
specified confounders of smoking and diabetes, this
difference remained significant (absolute adjusted dif-
ference: —1.34 [95% Cl -2.38 to —0.30]; p=0.012).
When we only included IAl with a later positive blood
culture in the neonate (confirmed EONS), the absolute
unadjusted difference was —1.65 (95% Cl -3.19 to
—0.12; p=0.034) with a relative decrease of 23.5% (95%
Cl —37.9% to —5.7%; p=0.012), and it remained signif-
icant after adjusting for smoking and diabetes.

Table 3 shows the secondary analyses with compar-
ison between pregnancies with and without IAl, using
HCA and fetal inflammatory response as proxies
instead of EONS. Fetuses in pregnancies with HCA had
significantly lower STV values (absolute unadjusted dif-
ference: —0.89 [95% Cl —1.35 to —0.43], p<0.001; rela-
tive unadjusted difference: —13.7% [95% Cl —19.8% to

—7.2%], P = <0.001), as well as fetuses with an inflam-
matory response (absolute unadjusted difference:
—1.04 [95% Cl —1.49 to —0.60], p<0.001; relative unad-
justed difference: —15.8% [95% Cl —21.5% to —9.6%],
p<0.001), than those without HCA or fetal inflamma-
tory response. These differences remained significant
after adjusting for confounders.

Discussion

Among pregnancies complicated by PPROM, fetuses
affected by an IAl developed lower STV than fetuses
not affected by IAl. This decrease was observed regard-
less of whether EONS, HCA or fetal inflammatory
response was used as a proxy for IAl. The difference
remained significant after adjustment for diabetes and
smoking.

We believe the shown effect on STV in infants
exposed to IAl is not a result of metabolic acidemia,
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Table 1. Maternal and neonatal characteristics, and comparison of neonates exposed and non-exposed to intraamniotic infection,

using early-onset neonatal sepsis as a proxy for intraamniotic infection.

No intraamniotic infection

(n=651) Intraamniotic infection (n=27) p value?
Maternal characteristics
Age (years) 33 (29-36) 32 (28-35) 0.333
Body mass index (kg/m?)P 23.1 (21.2-26.7) 25.2 (22.3-28.2) 0.102
Smoking® 6.0% 16.0% 0.044
Parity: 0, 1, 2+ 30.3%, 44.9%, 24.9% 37.0%, 37.0%, 26.0% 0.685
Gestational age at PPROM (weeks) 30.9 (27.7-32.6) 30.6 (24.9-32.7) 0.621
Interval from PPROM to birth (days) 3.9 (1.8-9.4) 3.3 (2.1-5.8) 0.595
Diabetes¢ 3.7% 14.8% 0.004*
Hypertension® 1.1% 0.0% 0.588
Preeclampsia 0,8% 3.7% 0.111
Lag time from the last corticosteroid administration to the last 86.0 (24.0-245.1) 54.1 (24.6-311.3) 0.863
30min CTG trace (hours)
Lag time from the last 30 min CTG trace to birth (hours) 6.4 (3.1-12.8) 4.1 (1.5-13.4) 0.162
Mean baseline frequency in the last 30 min CTG trace before 145.4 (138.3-152.0) 145.1 (137.4-164.0) 0.192
start of labor
Neonatal characteristics
Gestational age at birth (weeks) 32.0 (29.4-33.1) 31.6 (26.0-33.3) 0.320
Birthweight (grams) 1762 (1332-2126) 1589 (990-2030) 0.284
Female gender 44.7% 29.6% 0.122
Small for gestational age? 10.0% 11.1% 0.849
pH in umbilical artery at birth 7.31 (7.25-7.35) 7.25 (7.23-7.35) 0.533
Base deficit in umbilical artery at birth (mmol/L) 2.6 (0.9-5.0) 4,0 (1.3-6.0) 0.375
Apgar scores at 1min 8 (6-9) 6 (4-9) 0.003*
Apgar scores at 5min 9 (8-10) 8 (6-10) 0.017*
Apgar scores at 10 min 10 (9-10) 10 (8-10) 0.455
Neonatal death within 28days from birth 1.2% 0% 0.562

Data are presented as medians with interquartile ranges, or as percentages.

“Indicates p < 0.05.

Abbreviations: PPROM, preterm prelabor rupture of membranes; CTG, cardiotocography.
2Mann-Whitney U test and Pearsons Chi2-test were used where appropriate.

PRegistered at first visit to maternity care.
“Existing before pregnancy or diagnosed during pregnancy.

dDefined as Ph weight below 2 standard deviations from mean birth weight at current gestational age.

Table 2. Mean short-term variation (STV) in fetuses non-exposed and exposed to intraamniotic infection (IAl), with early-onset
neonatal sepsis (EONS) as a proxy for IAl, with standard deviation (SD).

N exposed Mean STV (SD) in the last CTG  Absolute difference in Relative difference in

(% of total) trace before birth STVinms (95% Cl) p value  STVin % (95% Cl)  p value
No intraamniotic  Intraamniotic
infection infection Unadjusted comparison of non-lAl and 1Al

1Al (all EONS as proxy) 27 (4.0) 5.25(1.88)  —1.37 (-2.40, —0.34) 0.009" —-20.5 (-31.0, -8.5) 0.002*
IAI (only confirmed EONS as proxy) 12 (1.8) 662 (2.69) 496 (496) —1.65 (=3.19, =0.12) 0.034* —235 (=379, =57)  0.012*

Adjusted comparison of non-IAl and IAl, model 12
IAl (all EONS as proxy) —-1.34 (-2.38, -0.30) 0.012*  —20.5 (-31.1, -8.3)  0.002*
1Al (only confirmed EONS as proxy) -1.63 (-3.17, —0.09) 0.038* -23.4 (=37.9, —5.6) 0.013*

Adjusted comparison of non-IAl and IAl, model 2°
1Al (all EONS as proxy) —0.18 (—1.00-0.64) 0.671 —6.3 (-16.3-4.8) 0.252
1Al (only confirmed EONS as proxy) —0.54 (—-1.74-0.65) 0.373 —11.4 (-24.7-4.4) 0.148

The absolute difference in ms, relative difference in percentage, and 95%
positive blood culture.

“Indicates p < 0.05.

2Adjusted for smoking and diabetes.

bAdjusted for smoking, diabetes, the duration between PPROM and birth,

but of the infection itself. This is supported by blood
gas analyses from the umbilical cords, as shown in
Table 1, as well as by studies on neonates with
decreased heart rate variation preceding the clinical
signs of neonatal sepsis [37]. The effect of infection on
heart rate variation is thought to be mediated through
vagal nerve activation via the cholinergic
anti-inflammatory pathway, direct effect of infection

Cl are shown. Adjusted results are according to two models. Confirmed EONS:

the baseline frequency, neonatal gender.

on the electrical activity of the sinoatrial node pace-
maker cells and proinflammatory cytokines that can
depress heart rate variation [38].

In our study population, the incidence of EONS was
4.0% (confirmed EONS: 1.8%), which is in line with
other studies on outcomes after PPROM [39,40].
Unfortunately, there is no international consensus
regarding the criteria for the diagnosis of neonatal
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Table 3. Mean short-term variation (STV) in fetuses non-exposed and exposed to intraamniotic infection (IAl), with acute histo-
logic chorioamnionitis (HCA) and a fetal inflammatory response (FIR) as proxies for IAl, shown with standard deviation (SD).

N exposed (%

Mean STV (SD) in the last CTG trace

Absolute difference in Relative difference in

of total) before birth STVin ms (95% Cl)  p value STVin % (95% Cl)  p value
No intraamniotic Intraamniotic
infection infection Unadjusted comparison of non-lAl and IAl
IAl (with HCA as proxy) 236 (64.7) 6.63 (2.19) 574 (2.12) —-0.89 (-1.35, -0.43) <0.001" -13.7 (-19.8, -7.2) <0.001*
IAI (with FIR as proxy) 212 (58.1) 6.66 (2.19) 5.61 (2.08) —-1.04 (-1.49, -0.60) <0.001* -15.8 (-21.5, -9.6) <0.001*

Adjusted comparison of non-IAl and IAl, model 12

IAl (with HCA as proxy)
IAl (with FIR as proxy)

—0.89 (-1.35, -0.42) <0.001* -13.8 (-19.9, -7.2) <0.001*
-1.05 (-1.50, —0.60) <0.001* -16.0 (-21.8, —9.9) <0.001*

Adjusted comparison of non-lIAl and 1AI, model 2°

IAl (with HCA as proxy)
IAl (with FIR as proxy)

0.2077
0.1963

—-0.21 (-0.61, 0.18) 0.2889 -39 (=97, 2.2)
—0.21 (-0.60, 0.18) 0.2909  —4.0(-9.7, 2.1)

The absolute difference in ms, relative difference in percentage, and 95% Cl are shown. Adjusted results are according to two models.

“Indicates p < 0.05.
2Adjusted for smoking and diabetes.

bAdjusted for smoking, diabetes, the duration between PPROM and birth, the baseline frequency, neonatal sex.

sepsis [41,42]. The clinical presentation varies with ges-
tational age, and preterm neonates often have subtle
and nonspecific clinical signs and symptoms, as well as
a limited ability to produce inflammatory markers. The
use of antenatal and intrapartum antibiotics may result
in false negative blood cultures in the neonate. Taking
into consideration the above-mentioned possibilities,
some infected neonates might not have been diag-
nosed with EONS according to the applied criteria, and
thereby been falsely grouped as neonates without
infection. If this was the case, we might have underes-
timated the difference in STV between the groups
exposed and non-exposed to IAl, when using EONS as
a proxy for IAL

Previous studies on the effect of IAl on STV are
scarce with contradicting results. Buhimschi et al.
found that non-reassuring CTG (recurrent late deceler-
ations, severe variable deceleration and prolonged
deceleration or fetal bradycardia with absent variabil-
ity) at admission was significantly more common in
neonates who later developed EONS than in those
who did not (35% vs 5%, p<0.001) [43]. Salafia et al.
found a significant relationship between HCA and
decreased fetal heart rate variation among patients in
preterm labor, but this relationship was not observed
in patients with PPROM [44]. Our results are in line
with the results of Vandenbroucke et al. [20] where
pregnancies complicated by HCA had lower STV val-
ues than those without HCA. Meanwhile, a small
case-control study by Day et al. showed no significant
difference in the CTGs of newborns that developed
EONS compared with those without EONS [45].

The strengths of this study include the large popu-
lation it was performed on and, to the best of our
knowledge, this is the first study on the relationship
between STV and IAl using EONS as proxy in women

with PPROM. Most previous studies have used HCA as
proxy but this is suboptimal due to its low specificity
and sensitivity for both IAl and neonatal outcome [21-
25]. We instead decided to use EONS as a proxy for IAl
and motivated our choice with the strong association
between IAl and EONS and the speculated plausibility
of a correlation between the degree of severity of an
IAl and the development of EONS [8,26]. When manag-
ing women with PPROM, it is important not only
addressing the risk of 1Al, but also considering to what
extent the neonate becomes affected.

One limitation of the study could be the historical
cohort using variables not registered specifically for
this study, but we consider the information bias to be
low for several reasons. In Sweden, the medical records
from antenatal visits include a standardized list of
questions, resulting in few missing covariate data. The
variables were registered prospectively at the time of
pregnancy which diminishes recall bias. We included
the entire Stockholm County, which increased the gen-
eralizability of the study. Residual confounding cannot
be controlled for in an observational study, which
should be taken into consideration when interpreting
our results. Another possible limitation is the choice of
30-min CTG tracing segments. Fetuses mature enough
to have cyclicity in their sleep-activity periods (after
approximately 28 gestational weeks) might have been
registered only when active or when in quiet sleep
(resulting in a higher/lower STV value than that if the
CTG trace also contained a quiet sleep/active period)
[46,47]. However, this possible information bias would
be non-differential because these two scenarios should
occur equally.

This study shows lower STV value in PPROM preg-
nancies complicated by an IAl leading to EONS. Better
diagnostic tools for IAl and predictors for neonatal
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infection can decrease under- and overdiagnoses,
which can improve maternal and neonatal outcomes.
Our findings indicate that STV could be an additional
tool in the delicate balance between expectancy and
intervention. The association between STV and
intraamniotic infection needs to be confirmed in pro-
spective studies to establish its usefulness in clinical
practice, and to define its diagnostic performance and
possible cutoff values.
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