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Abstract
Background—Intrauterine growth restriction (IUGR) is a fetal condition characterized by
growth-rate reduction. Afflicted fetuses tend to display abnormalities in heart rate.

Objective—To study the differences in the heart-rate variability of low-risk fetuses and IUGR
fetuses during different behavioral states.

Methods—A total of 40 fetal magnetocardiograms were recorded from 20 low-risk and 20 IUGR
fetuses using a 151-sensor SQUID-array system. The maternal cardiac signals were attenuated
using signal-space projection. Fetal R waves were identified using an adaptive Hilbert transform
approach and fetal heart rate calculated. In each three-minute window, the heart rate was classified
into patterns reflective of quiet sleep (pattern A) and active sleep (pattern B) using the criteria of
Nijhuis. Two adjacent 3-minute windows exhibiting the same pattern were selected for analysis
from every dataset. Heart-rate variability in that 6-minute window was characterized using three
measures, Standard Deviation of Normal to Normal (SDNN), Root Mean Square of Successive
Differences (RMSSD) and Phase Plane Area (PPA).

Results—All three measures tended to be lower in the IUGR group compared to the low-risk
group. However, when the measures were analyzed in patterns, only PPA showed significant
difference between the risk groups in Pattern A, where as both PPA and SDNN showed highly
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significant risk-group differences in Pattern B. RMSSD did not show any significant risk-group
difference.

Conclusion—The result signifies that the heart-rate variability of IUGR fetuses is different from
that of low-risk fetuses, and only PPA was able to capture the HRV differences in both quiet and
active states. The difference between these two groups of fetuses shows that the fetal-activity
states are potential confounders when characterizing heart-rate variability.

Introduction
Intrauterine growth restriction (IUGR) is a condition characterized by reduction in fetal
growth rate [1]. Fetuses with IUGRare identified by having estimated weights below the
10th percentile for gestational age (GA) by ultrasound measurement[2]. IUGR increases
morbidity and mortality among premature neonates [3]. Maternal conditions such as chronic
hypertension and preeclampsia often result in compromised placental function and,
therefore, a decrease in fetal nutrition and inadequate transplacental delivery of oxygen
(hypoxemia)[4]. When these conditions are severe, the fetus develops IUGR. During
hypoxemia, the fetal cardiovascular-system function becomes impaired, resulting in
abnormalities in heart-rate characteristics such as reduction in variability and amplitude of
heart rate accelerations and movements [1,4,5].

The human fetus undergoes transitions through different characteristics of quiet and active
sleep cycles with increasing gestational age; this is indicative of maturation of the autonomic
nervous system [6]. In order to improve the assessment of fetal well-being, Nijhuis [7]
proposed the concept of classifying fetal behavior states. To define these states he included
the variability in the heart rate in combination with eye and body movements. In the process
of characterizing the fetal state, Nijhuis defined and labeled these heart rate patterns as A, B,
C and D. Each of these FHR patterns is based on the oscillation bandwidth and the absence
or presence of acceleration. Patterns A and C are stable patterns with no or infrequent
accelerations with C exhibiting wider oscillation bandwidth than A. Pattern B also has wider
oscillation bandwidth but with frequent accelerations during movements whereas D is
unstable with large and long-lasting accelerations [7,8].Sleep cycles and their dampening
effect on heart-rate patterns are one of the major confounders in the study of fetal HRV.
Since the heart rate’s characteristics are different for the quiet and active sleep states, it is
important to analyze HRV based on fetal heart rate patterns. It has been shown that better
characterization of HRV can be achieved if viewed in the light of fetal heart-rate patterns
[6]. Thus HRV in conjunction with pattern classification may provide a better insight into
fetal well-being.

Over the past few years, fetal magnetocardiographic (fMCG) recordings have been used to
obtain the heart rate parameters [9–11]. It has been shown and is well documented that the
fMCG is capable of accurately and reliably detecting cardiac rhythm [12–14]. In general, the
peak of the QRS is detected to acquire the RR intervals and calculate the heart rate [13]. In
our recent work we introduced a new HRV measure, Phase Plane Area (PPA) and applied it
to fMCG recordings[15]. PPA is a non-linear metric based on the concept of Poincaré
analysis that is used to characterize the recurrence property of trajectories in the phase space.
We compared the ability of PPA and other standard HRV measures such as standard
deviation of normal to normal interval (SDNN) and root mean square of successive
differences (RMSSD) in distinguishing the different heart patterns. The results of the study
showed that PPA performed markedly better in identifying the patterns A, B and D in
fetuses that were defined as low-risk and exhibiting normal growth.

In this study, we use the same three measures to study the differences in the heart-rate
variability between IUGR and low-risk fetuses. Although the heart-rate variability of IUGR
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and normal fetuses has been investigated and compared in the past using SDNN and
RMSSD, the results reported from these studies differed based on severity of IUGR and fetal
state [16,17]. In this study we wanted to investigate if the PPA, with its shown ability to
distinguish fetal heart rate patterns, would also prove to be a better method to study the
differences in the HRV characteristics between the two groups. In order to accomplish this,
we defined the status variable called Pattern, to indicate visually scored fetal heart rate
pattern during a given 6-minute window. We then we analyzed the three HRV measures
adjusting for Pattern and gestational age.

Methods
Subjects

We obtained 40 fetal magnetocardiogram (fMCG) datasets, 20 from low-risk fetuses and the
other 20from IUGR fetuses. The gestational ages ranged from 30 weeks GA to 38 weeks
GA in both groups. The duration of the recordings lasted between 10 and 30 minutes. The
sampling rate was 312.5 Hz [18,19]. This study was approved by the University of Arkansas
for Medical Sciences institutional review board, and all study subjects gave their informed
written consent to participate. The exclusion criteria for study groups were fetal heart-related
complications during pregnancy such as fetal arrhythmia or fetal cardiac-conduction defects
and a history of drugs known to cause abnormal fetal heart-rate tracings. For the IUGR
condition, fetuses having estimated weights below the 10th percentile for gestational age by
ultrasound measurement were selected. The research protocol included the performance of
the following ultrasound measurements at each visit: fetal biparietal diameter, head
circumference (HC), and abdominal circumference (AC). The IUGR fetuses were recorded
serially until delivery and a continued reduction in growth rate was observed in each case.
For this study, only the recording of the last IUGR visit was chosen in order to minimize the
imbalance in GA distributions between IUGR and low-risk fetuses.Table 1 shows the
growth measurements of IUGR fetuses at first diagnosis, and HC and AC at the time of last
fMCG measurement.

Data Analysis
The data were band-pass filtered between 0.5 Hz and 50 Hz. Interfering maternal cardiac
signals were attenuated using signal-space projection [20]. Using the adaptive Hilbert-
transform approach [21], the fetal R waves were identified and the heart rate in beats per
minute (bpm) was calculated. We analyzed the heart rate using three different measures,
namely, SDNN, RMSSD and PPA. Using Nijhuis’ definition of patterns, the heart rate was
scored visually in each disjoint three-minute window by experts. We applied the following
criteria for scoring - Pattern A: Steady heart rate with infrequent accelerations and an
oscillation bandwidth of less than 5 beats per minute (bpm); Pattern B: Varying heart rate
with frequent acceleration and wider oscillation bandwidth greater than 5 bpm; Pattern C:
Stable heart rate with no accelerations and an oscillation bandwidth slightly greater than 5
bpm; Pattern D: Long-lasting and large acceleration from the baseline with a wider
oscillation bandwidth of greater than 10 bpm. Patterns A and B correspond to quiet and
active sleep states, respectively, whereas patterns C and D correspond to quiet and active
awake states, respectively.

Although all four patterns were scored, in this work we focused only on patterns A and B.
We excluded windows scored as pattern C and D from the analysis because they were found
in less than 1% of the data. Further, we included only the windows in which both experts
mutually agreed on a pattern and excluded all windows with spurious beats.Figure 1 shows
3-minute windows of pattern A and pattern B of an IUGR fetus and a low-risk fetus.
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After pattern classification, the difference in the HRV of the low-risk and IUGR fetuses
were studied. Since the standard minimum time window to analyze HRV is 5 minutes[22],
we combined two adjunct 3-minute windows having the same pattern to form a 6-minute
window. Only the first 6-minute window was picked from each dataset and the three
measures were calculated. The SDNN was calculated as the standard deviation of the heart
rate, RMSSD was calculated as the root-mean-square of the successive difference of the
heart rate and PPA was calculated as the area of the trajectory obtained by plotting heart rate
versus derivative of the heart rate, which is called the phase plane plot. The heart rate was
calculated as hri = 60/ti- ti-1, where ti was the time marker of the ith R wave and t the time in
seconds. The derivative of heart rate (hr’) is defined as

The area was calculated by a Monte Carlo approach, in which the phase plane was populated
with uniformly distributed random numbers and the probability (P) of the random number
that fell on the trajectories of the heart rate and its time derivative was calculated. The
probability P multiplied by the range of the hri and the range of hr’i will provide the area
occupied by the trajectories.

Statistical Analysis
Gestational ages and heart-rate patterns were compared for imbalance between risk groups
by Wilcoxon rank-sum and Fisher exact tests, respectively. Data for the 3 HRV measures
were transformed to their base-2 logarithms to stabilize variance and facilitate inference on
fold changes, then analyzed via Analysis of Covariance (ANCOVA), with Risk Group,
Pattern, and their interaction as class variables and Gestational Age (GA) as the continuous
covariate. The ANCOVA post-hoc comparisons focused on the risk-group differences
within each heart-rate pattern, and the resulting estimated differences were reverse-
transformed by base-2 exponentiation to yield GA-adjusted IUGR/LR ratios in the original
units of the HRV measure. Statistical significance was defined as P<0.05 despite the
multiple comparisons, in order not to inflate Type II error.

Results
The two groups of 20 each were well-balanced with respect to GA at the time of the SARA
recording, with means (standard deviations) of 34.3 (1.9) weeks in the IUGR group versus
35.1 (2.1) weeks in the low-risk group (P=0.20). The two groups were also well-balanced
with respect to heart-rate pattern during the recording, with the 6-minute windows classified
as pattern A and pattern B in 13 (65%) and 7 (35%) recordings, respectively, from IUGR
fetuses, compared to12 (60%) and 8 (40%) recordings, respectively, from low-risk fetuses
(P=1.00).

In total, 40 six-minute segments were analyzed, 20 from each risk-group. Table 2 presents
the results of the ANCOVA post-hoc comparisons between risk groups. In every case, after
adjusting for GA, the IUGR group had lower average HRV than the low-risk group. For
PPA, the decrease in the IUGR group attained statistical significance in both patterns, being
36% lower in the pattern-A recordings (IUGR/LR ratio = 0.637; P=0.042) and 52% lower in
the pattern-B recordings (IUGR/LR ratio = 0.479; P=0.013). For SDNN, the decrease in the
IUGR group was 49% lower in pattern-B recordings (IUGR/LR ratio = 0.511; P=0.0010),
but only 19% lower in pattern-A recordings (IUGR/LR ratio = 0.810; P=0.15). For RMSSD,
however, the decreases with IUGR were not statistically significant in either pattern, being
only 17% in the pattern-A recordings (P=0.096) and only 14% in the pattern-B recordings
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(P=0.25).Figure 2 shows the scatter plot of the three measures and the two patterns in both
the risk groups in each gestational age. The Y-axes are the values of the three measures in
log scale. The lines are constructed from the predicted mean of low-risk and IUGR fetuses at
different GAs, and illustrate the GA-adjusted risk-group differences quantified in Table 2.

Discussion
Fetal heart-rate assessment is a cornerstone of modern obstetrical practice and a primary
means of ensuring fetal well-being. Assessment of fetal HRV is critical to appropriate
interpretation of a heart-rate tracing, and a key component of the standardized categorization
currently used for clinical decision-making in the United States [23]. Pathologically
decreased HRV has been attributed to fetal injury-induced metabolic acidosis that depresses
the fetal brainstem [24]. Because metabolic acidosis and the resultant changes in HRV is
more likely in the setting of the IUGR fetus, this population was an ideal target for
determining the optimal HRV metric for detection of IUGR-related heart-rate changes.

As mentioned earlier, the heart-rate variability of IUGR and normal fetuses has been
investigated and compared in the past. Lange et al, compared SDNN and RMSSD values of
low-risk and IUGR fetuses but did not show a clear difference: a finding that is quite
contrary to the anticipation that distress in IUGR fetuses may display different HRV
properties compared to low-risk fetuses. They attributed this discrepancy to low degree of
severity of IUGRs included in their study [16]. In a later study Schneider et al, reported a
difference in SDNN and RMSSD where one-third of the IUGR study population included
compromised fetuses with only segments from the quiet sleep state analyzed [17]. Further,
Detrended Fluctuation Analysis (DFA) of fetal heart-rate tracings has shown that, even
though the normal fetuses’ short-term (α1) scaling exponent is not significantly different
from that of IUGR fetuses or those deemed small for gestational age (SGA), the long-term
(α2) scaling exponent of IUGR/SGA were significantly higher than that of normal fetus,
indicating that heart-rate dynamics of IUGR fetuses are different from those of normal
healthy fetus [25]. This implies that DFA shows the difference between low-risk and IUGR/
SGA fetuses only in low-frequency components but not in high-frequency components. A
phase-rectified signal-averaging technique showed that acceleration-related fluctuations are
important when studying the heart rate of an IUGR fetus, since it tends to show decreased
variations [26]. Further, complexity analysis of heart rate showed that the heart rate of IUGR
fetuses exhibits decreased complexity when compared to low-risk fetuses [27].

Conflicting findings are not surprising considering that the variation in the severity of
IUGRs included in these studies, and that the metabolic acidosis associated with decreased
HRV is usually associated with severe fetal compromise and precedes fetal death.

A physiologic decrease in HRV during quiet sleep confounds the standard visual
interpretation of fetal heart rate that is used in clinical practice, and can cause a misleading,
non-reassuring reading. Thus far, the PPA measure is unique in its ability to differentiate the
low-risk and IUGR fetus based on HRV during the quiet-sleep state, which predominates
throughout pregnancy, but especially during earlier gestational ages. In the pattern-A
recordings, which are dominated by high-frequency components that indicate
parasympathetic activity [8], PPA, clearly distinguished the two groups of fetuses in this
study while the other two measures failed. Also, in the pattern-B recordings, which is
characterized predominantly by low-frequency components (accelerations) that indicate both
sympathetic and parasympathetic activity [8], PPA, along with SDNN, showed differences
that reached two-fold between risk groups in this study. One possible reason for the
differences in performance may be because SDNN and RMSSD quantify the low- and high-
frequency components, respectively, whereas in PPA these two frequency components and
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their interactions are kept intact. In PPA, the interaction between low-frequency and high-
frequency components is quantified in terms of the fill factor which is a fraction of the phase
plane area occupied by the trajectories. A first step towards the characterization of a time
series using the tools of nonlinear dynamics is to represent the one-dimensional signal in a
multidimensional phase space using Taken’s embedding theorem [28]. This is usually
accomplished using the delayed coordinates with delay representing the decorrelation time
(corresponds to time at which autocorrelation falls to 30%). In this work, instead of a delay
coordinate, the derivative of heart rate is used as a second coordinate. Heart rate can be
thought of as a complex interaction between sympathetic and parasympathetic arms of the
autonomic nervous system (ANS) to maintain homeostasis. Thus, the very presentation of
the heart rate and its derivative in phase plane provides opportunity to quantify the
dynamics, and interactions between the two branches of the ANS. This property makes PPA
superior to SDNN and RMSSD. The latter two capture only one arm of the ANS, and not the
dynamical interaction occurring between the arms of ANS. Furthermore, our results also
suggest that the interaction between the low- and high-frequency components plays a
significant role in characterizing fetal heart rate, and that PPA captures this interaction
reliably regardless of the fetal state.

IUGR fetuses demonstrate movement to a lesser extent [29]and do not respond as well to
external stimuli, and their heart rates do not accelerate like those of normal fetuses [30]. This
explains the decreased average HRV obtained for IUGR fetuses compared to low-risk fetus.

In summary, our fetal MCG results show that the heart-rate variability of IUGR fetuses is
different from that of low-risk fetuses in both patterns using PPA analysis. The difference
between these two groups of fetuses shows that the fetal-activity states are potential
confounders when characterizing heart-rate variability.
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Figure 1.
Represents fetal heart rate patterns A and B of IUGR and low-risk fetuses.
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Figure 2.
Scatter plots of the three metrics in log2 value. The X indicates IUGR and O indicates low-
risk fetuses. The Y-axis is shown in log log scale. The lines represent the predicted means of
the measures.
** indicates P value <0.05.
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Table 1

Growth measurements of IUGR fetuses at first diagnosis and HC and AC at the time of last FMCG
measurement.

IUGR
PatID

US GA and growth %
when first diagnosed in

clinic
Actual (by LMP or

early US) GA

Head Circumference (cm)
with corresponding US GA
estimate

Abdominal Circumference
(cm) with corresponding US
GA estimate

hr66 34 weeks 38 weeks 5 days 32.64 (36 weeks 3 days) 30.68 (34 weeks 5 days)

0 day b3%

hr77 27 weeks 32 weeks 5 days 29.45 (32 weeks 1 day) NM*

0 day b3%

hr78 32 weeks 35 weeks 3 days 30.80 (33 weeks 6 days) 29.77 (33 weeks 6 days)

2 days 8%

hr79 31 weeks 35 weeks 0 days NM* NM*

1 day 3%

hr82 33 weeks 38 weeks 0 days 32.32 (36 weeks 0 days) 33.08 (37 weeks 1 day)

6 days 9.3%

hr110 31 weeks 33 weeks 2 days NM* NM*

1 day 9%

hr128 30 weeks 36 weeks 3 days 27.75 (30 weeks 3 days) 29.21 (33 weeks 1 day)

1 day b3%

hr130 23 weeks 32 weeks 4 days 30.12 (33 weeks 3 days) 28.54 (32 weeks 4 days)

2 days 7%

hr137 33 weeks 35 weeks 1 day 29.68 (32 weeks 6 days) 31.24 (35 weeks 1 day)

5 days <2%

hr139 28 weeks 32 weeks 0 days 28.61 (31 weeks 4 days) 22.80 (27 weeks 1 day)

6 days b3%

hr141 30 weeks 33 weeks 4 days 28.62 (31 weeks 2 days) 28.41 (32 weeks 2 days)

1 day 9%

hr143 30 weeks 37 weeks 1day 31.59 (35 weeks 3 days) 28.60 (32 weeks 4 days)

6 days b3%

hr155 30 weeks 32 weeks 6 days 28.30 (31 weeks 0 days) 26.00(30 weeks 1 day)

5 days b3%

hr158 27 weeks 32 weeks 5 days 27.10 (29 weeks 4 days) 22.79 (27 weeks 1 day)

3 days 3%

hr164 28 weeks 33 weeks 4 days 29.11 (32 weeks 1 day) 21.82 (26 weeks 2 days)

6 days <10%

hr173 33 weeks 36 weeks 6 days 30.4 0(33 weeks 6 days) 28.20 (32 weeks 2 days)

4 days 4%

hr178 32 weeks 32 weeks 4 days 28.28 (31 weeks 0 days) 26.83 (31 weeks 0 days)

1 day 9%

hr179 32 weeks 35 weeks 2 days 29.99 (33 weeks 2 days) 29.07 (33 weeks 1 day)

4 days 10%

hr181 31 weeks 36 weeks 1 day 28.30 (31 weeks 0 days) 29.50 (33 weeks 3 days)
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IUGR
PatID

US GA and growth %
when first diagnosed in

clinic
Actual (by LMP or

early US) GA

Head Circumference (cm)
with corresponding US GA
estimate

Abdominal Circumference
(cm) with corresponding US
GA estimate

2 days <3%

hr190 30 weeks 34 weeks 2 days 28.17 (30 weeks 6 days) 29.95 (33 weeks 6 days)

1 day <2%

*
NM – Not measured during the last recording only.
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