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a b s t r a c t
Neonates at risk for sudden infant death syndrome (SIDS) are hospitalized for cardiorespiratory monitoring however, monitoring is costly and generates large quantities of averaged data that serve as poor
predictors of infant risk. In this study we used a traditional autocorrelation function (ACF) testing its
suitability as a tool to detect subtle alterations in respiratory patterning in vivo. We applied the ACF
to chest wall motion tracings obtained from rat pups in the period corresponding to the mid-to-end
of the third trimester of human pregnancy. Pups were drawn from two groups: nicotine-exposed and
saline-exposed at each age (i.e., P7, P8, P9, and P10). Respiratory-related motions of the chest wall were
recorded in room air and in response to an arousal stimulus (FI O2 14%). The autocorrelation function
was used to determine measures of breathing rate and respiratory patterning. Unlike alternative tools
such as Poincare plots that depict an averaged difference in a measure breath to breath, the ACF when
applied to a digitized chest wall trace yields an instantaneous sample of data points that can be used to
compare (data) points at the same time in the next breath or in any subsequent number of breaths. The
moment-to-moment evaluation of chest wall motion detected subtle differences in respiratory pattern
in rat pups exposed to nicotine in utero and aged matched saline-exposed peers. The ACF can be applied
online as well as to existing data sets and requires comparatively short sampling windows (∼2 min). As
shown here, the ACF could be used to identify factors that precipitate or minimize instability and thus,
offers a quantitative measure of risk in vulnerable populations.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Sudden infant death syndrome (SIDS) is deﬁned as the sudden
sleep related death of an infant <12 months of age that is unexplained despite an autopsy and post-mortem examination (Hilaire
et al., 2010; Willinger et al., 1991). Maternal tobacco smoking or
exposure to environmental tobacco smoke are major risk factors for
SIDS (Mitchell and Milerad, 2006) and infants born to mothers that
smoke exhibit increased nicotinic acetylcholine receptor expression in brainstem nuclei that control normal respiration, arousal
(Cohen et al., 2005; Duncan et al., 2008; Machaalani et al., 2011)
and integrate information from cardiovascular, pulmonary, respiratory tract and gastrointestinal receptor afferents (Machaalani et al.,
2011; Machaalani and Waters, 2008; Waters et al., 1999). Despite
neuro-pathologic evidence of morphological and receptor binding
abnormalities affecting multiple brainstem nuclei (Jaiswal et al.,
2013; Machaalani et al., 2011; Slotkin et al., 1987; Smith et al.,
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2010), there is no consistent phenotype associated with gestational or developmental exposure to cigarette smoke or to nicotine.
And, although SIDS victims show a higher incidence of respiratory abnormalities including apneas, delayed arousal responses
and diminished ventilatory chemo-reﬂexes, the frequency of
those events is low and of limited diagnostic and therapeutic
utility.
There is a pressing need for novel approaches to better identify respiratory patterns that may increase the risk for SIDS. One
approach to the problem has been the use of nonlinear analyses
such as Poincaré plots (Barrett et al., 2012; Brennan et al., 2002;
Dick et al., 2014). Although this approach also can be used to
detect respiratory instability, Poincare plots represent an average
of the data points within the breath rather than considering individual data points within each breath. In view of this limitation,
we applied a standard autocorrelation function (ACF) to digitized
respiration-related chest wall motion traces to obtain unrestricted
estimates of respiratory system stability using this approach to test
the hypothesis that rats exposed to nicotine in utero i.e., subject to
developmental nicotine exposure (DNE), will exhibit greater respiratory instability relative to age-matched, sham-treated controls.
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2. Materials and methods
2.1. Study animals
Thirty-four Sprague-Dawley rat pups (Charles-River Laboratories) were studied on postnatal days 7–10 (P7–P10). Pups were
drawn from two experimental groups: nicotine-exposed (n = 11)
and saline-exposed (n = 23) at each age (i.e. P7, P8, P9, and P10) corresponding to the developmental stage of preterm and term human
infants (i.e., mid-to-end of the third trimester of human pregnancy)
(Clancy et al., 2007). Animals had access to nutrition via the dam
and were housed under a 12 h light/12 h dark cycle. All experimental procedures were approved by the Institutional Animal Care and
Use Committee at the University of Arizona and adhered to the Public Health Service Policy on Humane Care and Use of Laboratory
Animals.
2.2. Developmental nicotine and saline exposure
Procedures related to nicotine and saline exposure were based
on prior reports (Luo et al., 2004; Robinson et al., 2002). Brieﬂy,
pregnant dams were delivered to the Animal Care facility at the University of Arizona and given 24 h to acclimate. On the following day,
dams were anesthetized via intramuscular injection of 0.75 cc kg−1
“rabbit mix” (5 cc ketamine, 8 cc 20 mg ml−1 xylazine, 2 cc acepromazine) into the hind limb, followed by a subcutaneous injection
of analgesic (Buprenex, 0.5 mg kg−1 ) and preparation of the surgical site. Absence of limb withdrawal to paw pressure was assessed
every 15 min to conﬁrm a sufﬁcient plane of anesthesia.
An incision was made at the base of the neck and an osmotic
mini pump (Alzet 2ML4, Durect Corp., Cupertino, CA) was inserted
through the incision and sutured shut (nylon). Antibiotics (CombiPen-48, Bimedi Inc.) were provided via a subcutaneous injection
upon completion of the surgery. Post-operative care included analgesia (Buprenex, 0.5 mg kg−1 ) every 12 h for a period of 36 h and an
antibiotic injection 24 h post-surgery. Surgeries were performed on
embryonic day 5 to coincide with embryonic implantation in the
uterine wall (Serra et al., 2001) and pumps were charged to deliver
saline or nicotine bitartrate at 6 mg kg−1 day−1 which corresponds
to 2.1 mg kg−1 day−1 of free base nicotine; similar to a moderate to
heavy smoker (Stephan-Blanchard et al., 2013). Because the Alzet
2ML4 pump delivers over 28 days, pups were exposed to nicotine
or saline through the remainder of gestation to P10 via milk from
the dam hence, we use the term developmental nicotine exposure
(DNE) to indicate exposure to nicotine that continues after birth.
2.3. Study design
The following experimental conditions applied to all pups. Pups
were studied in a ﬂow through chamber the details of which have
been published elsewhere (Kidder et al., 2014). Pups were sedated
via an intraperitoneal injection of barbiturate (35 mg kg−1 , Inactin
hydrate, Sigma–Aldrich) to minimize movement and to permit
recording of respiratory-related motions of the chest wall. Sedation was titrated on the basis of breathing rate and did not drop
below 110 ± 10 breaths min−1 . Chest wall motions were detected
via a force transducer (World Precision Instruments, FORT100) in
contact with the chest wall. Pups’ respiration was recorded for
2 min in room air and in normocapnic hypoxia (0.14 FI O2 ) to assess
the arousal response. Humidiﬁed gas mixtures were introduced
into the chamber via a rotameter (Matheson Tri-gas, model FM1050-VO-3T). The composition of the inspired gas was mixed online
and monitored with O2 and CO2 gas analyzers (VacuMed 17518
and 17515). Rectal temperature was obtained via a thermocouple
probe (IT-18, Physitemp Instruments) and maintained at 37 ± 0.9 ◦ C
with a heating pad. Temperature and humidity were controlled

Fig. 1. Representative chest wall motion traces from a saline exposed pup obtained
on post-natal day 7. Negative deﬂections correspond to inspirations (i.e., chest wall
expansion). Note periodic oscillations in the magnitude of the chest wall excursion.

online and monitored via a thermometer hygrometer (FLUKER’S
CF-22642). Experimental sessions were captured on video using a
Microsoft LifeCam Studio web camera synchronized with EMG signals via Spike2 (version 7.1) software. All data were recorded using
Spike2 software (Cambridge Electronic Design, UK) and analyzed
off-line in MATLAB. For each pup, we obtained 2 min of chest wall
motion associated with an otherwise stable period of rest breathing
uninterrupted by movement or apnea was included in the analysis
(see Fig. 1).
Breathing rates were measured by summation of peak chest wall
expansions (inspirations) in 1-min epochs for each gas condition.
Heart rates were determined from the EKG signal obtained from the
intercostal EMG lead and R wave events were discriminated from
the lead signal and summed over 1-min epochs for each gas condition. Initially, we used a univariate ANOVA to assess differences in
body mass between DNE and saline pups and assessed the effects
of experimental group and post-natal age on average heart rate and
breathing frequency via a general linear ANOVA and via a negative
binomial for apnea frequency. We subsequently obtained an autocorrelation function of each respiratory trace using a 10 s (5001
sample) window that encompassed at least 18 breaths that was
devoid of spontaneous apneas and/or movement-related artifact.
3. Analysis
The ACF is the Pearson product-moment correlation of a signal
with a copy of itself that is delayed in time. The delay is measured in
lags, wherein each lag corresponds to a delay of a single data point –
an estimate of where a given data point will occur (some) time later
based on upon its current location. Representative ACFs for a salineexposed pup are shown in Fig. 1. Each ACF highlights betweengroup differences in the regularity of the functions, peak heights
and the rates at which the peak heights approach zero as a function
of the elapsed time. By contrasting ACFs in this manner it is possible
to make statements regarding the stability of a (given) measure for
each rat pup over time (see below). Note that in applying the ACF
to the respiratory trace directly, the ACF considers the stability of
individual data points over successive breaths. It does not represent
an average of data points across breaths as is the case in a Poincare
plot. In this regard, the ACF can be used to quantify stability based
on instantaneous samples of the digitized trace, affording a highly
sensitive view of system stability over the short, mid-range or long
term.
The application of the ACF to a data trace is demonstrated in
Fig. 2, which shows a section of a representative respiratory trace
obtained from a saline-exposed rat pup. The trace as shown in
Panel A when overdrawn with a time lagged copy of itself (Panels
B, C and D) can be used to assess instantaneous similarities and
differences in chest wall motion as a function of time. The differences in respiratory patterning subsequently were assessed using
repeated-measures ANOVA with one between-subjects factor,
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Fig. 2. (A–D) Representative chest wall traces (5.0 s) from a saline-exposed rat. Solid and dotted lines contrast the respiratory traces with a trace that is time shifted. The
offset between the traces is the time lag and is indicated in each panel. Arrows in each panel indicate the magnitude of the lag in each case. Panels (B) and (D) are examples
of lags equal to integer multiples of the period and panel (C) shows a shift of an incomplete number of cycles and demonstrate the potential to predict timing of events. Panel
(E) shows the ACF of the entire recording with vertical lines indicating the ACF value associated with panels B–D.

experimental group, and one within-subjects factor, breath distance. Greenhouse–Geisser corrections for sphericity (Greenhouse
and Geisser, 1959) were employed as appropriate.
4. Results
Consistent with previous literature, DNE had no effect on
body mass relative to age-matched saline-treated pups (p = 0.174)
(St-John and Leiter, 1999; Fewell et al., 2001; Robinson et al.,
2002; Huang et al., 2004) and pups in both groups made steady
gains in weight with post-natal age (p < 0.001). Pups of all ages
exhibited spontaneous apneas however neither apnea frequency
nor duration differed between DNE and saline treated pups and
nor were they different as a function of post-natal age (data
not shown). Averages for heart rate and breathing rate also
failed to distinguish between the two groups (p = 0.678) (data not
shown).
As shown in Fig. 2A, the respiratory trace is an almost periodic
signal and the shape of each chest wall excursion is similar, but not
identical, between cycles. The alignment of the two signals is more
or less correlated depending upon the time-delay, and two signals
attain maximal alignment at (some) ﬁxed interval that is designated
as the period (P) of the underlying function. Maximal alignment
results in local maxima in the ACF (see for example Fig. 2E) for lag
values that are near integer multiples of the period (and see Fig. 2B
and D). By extension, low values occur at time points between peaks
(see for example Fig. 2C). The time point associated with the ACF
highest maximum value (i.e., at lag 225 in Fig. 2E) is the period of the
function (P) (Boersma, 1993) and can be used to derive the average
breathing rate for each record. And, since P is the period of a breath,
the value of the ACF at integer multiples of P yields the correlation
of the respiratory trace with itself some number of breaths away,
based on the global estimate of average breath duration. Thus, the
value of the ACF at P quantitates the similarity of a breath to the
breath that follows (Fig. 2B), the value of the ACF at 2P relates a

breath to the breath two cycles away, and the value of the ACF at
nP gives information regarding a breath and the breath n cycles
away. On this basis, the value of the ACF at each of these locations
provides an estimate of respiratory stability as a function of breath
distance.
A representative chest wall motion trace obtained from a
nicotine-exposed pup is shown in Fig. 3. This trace has been subject
to the same unpacking of the calculation of the ACF as presented
in Fig. 2 and underscores several key differences between the nicotine and saline exposed pups. Note ﬁrst that there is more breath to
breath variability evident in the chest wall excursion trace in this
DNE pup relative to a saline-exposed pup of the same age (compare Fig. 3A with Fig. 2A). A greater variability is reﬂected in a more
irregular ACF shown in Fig. 3E (relative to Fig. 2E) and which serves
as a direct indicator of system instability. Second, there is evident
misalignment of the two signals in Fig. 3B, compared to a near perfect overlap of signals in the saline-exposed pup of the same age
(see Fig. 2B). The misalignment results in a lower ﬁrst-peak maximal value in Fig. 3E (relative to 2E), and indicates that over the
course of a single respiratory cycle, the DNE rat pup begins to depart
from respiratory regularity (Fig. 4). Indeed, the third ACF peak for
the saline-exposed pup (Fig. 2E) has a value of ∼0.2 that is equal
to the value of the ﬁrst peak in the ACF for the DNE pup (Fig. 3E).
Whereas saline exposed pups exhibit comparable chest wall excursion patterns for instantaneous events one, two and three breath
cycles removed from the ﬁrst, the trajectory of chest wall excursion exhibited by DNE pups is highly dissimilar both in magnitude
and timing such that there is remarkably little similarity between
consecutive breaths (Fig. 3D). Thus, chest wall motions in DNE pups
vary considerably within very short time windows whereas breath
cycles of saline exposed pups exhibit minimal variation across multiple breath cycles (Fig. 2D).
Group distributions for ACF values as a function of breath
distance are presented in Fig. 5A. This analysis reveals a main
effect for breath distance [F(3, 96) = 99.0, p < 0.0001], a breath
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Fig. 3. (A–D) Sections (5 s) of a longer respiratory trace from a nicotine-exposed rat. (A–D) Solid and dotted lines contrast the respiratory traces with lagged versions of each
trace. The offset between the traces, measured in lags, is indicated in each panel. Arrows indicate the magnitude of the shift in time in each panel. Panels (B) and (D) represent
lags equal to integer multiples of the period, while panel (C) show a shift of an incomplete number of cycles. (E) The ACF of the entire record (not simply the 5 s window
displayed here). Vertical lines indicate ACF values associated with panels B–D.

distance × treatment group interaction [F(3, 96) = 4.05, p = 0.016],
and a main effect for treatment group [F(1, 32) = 0.18, p = 0.67]. The
absence of a signiﬁcant main effect for treatment group and the
signiﬁcant breath distance × treatment group interaction indicate
discrepant effects as a function of time for the two groups. To assess
group differences in the rates of decline of the ACF (indicated by the
treatment × breath distance interaction), we determined the rate
of decline of respiratory stability for each rat, as a function of the
ﬁrst three breaths. The distribution of these slopes is presented in
Fig. 5B and highlights a difference between the groups (p = 0.006)

and conﬁrms markedly reduced respiratory stability in DNE pups
relative to their saline-exposed peers.
5. Discussion
The calculation of the ACF uses an arbitrary time window and
can be performed online to obtain a visual summary of respiratory
rate and stability for a given recording epoch. In this case, when
the ACF was applied to chest wall traces it detected greater instability in DNE pups than for sham-treated pups. We consider this an
important ﬁnding given that standard (i.e., averaged) analyses of
breathing frequency, heart rate and apnea counts as applied here
and elsewhere previously (Huang et al., 2004), failed to differentiate between the groups. Although saline and DNE pups attained
the same measure of similarity within four breath cycles, the rate at
which breaths departed from similarity differed for the two groups.
Thus, multiple breaths taken by saline-exposed pups differ modestly from one another whereas single breaths taken by DNE pups
are poor approximations of the preceding and following breaths,
and reach a nadir in similarity within 3 breaths. The rapid decline in
the ACF exhibited by DNE pups is evidence of signiﬁcant respiratory
instability that would otherwise pass undetected.
5.1. Critique of method

Fig. 4. Representative autocorrelation functions derived from respiratory traces
obtained from two pups: (A) a saline-exposed pup and (B) a nicotine-exposed pup.
Vertical lines indicate the expected locations of local maxima associated with contiguous breaths given the estimated breathing-rate for each record.

The effect of pre- or perinatal tobacco smoke or nicotine exposure in human neonates remains somewhat controversial due in
part to a broad range of experimental protocols. Because of the
heterogeneity of approaches and the inability to identify common results or mechanisms, even fundamental questions may
better be addressed initially in (non-human) mammalian neonates
(Stephan-Blanchard et al., 2013). In this case, we studied rat pups
exposed either to saline (control) or to nicotine until post-natal day
10. Nicotine and saline infusion was achieved via osmotic minipump that delivers substrate on a controlled and continuous basis
avoiding ﬂuctuations in concentration and minimizing stress. In
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Fig. 5. (A) Distribution of ACF values across breath number and treatment group. Error bars indicate standard error of the mean. (B) Decline in the ACF as a function of
successive breaths (i.e., breath distance) for DNE vs saline-exposed pups. Error bars indicate standard deviations.

this case, the dose rate was set at 6 mg kg−1 day−1 of nicotine bitartrate, equivalent to 2.1 mg kg−1 day−1 of free base nicotine and to
the levels detected in moderate-heavy smokers (Benowitz et al.,
2002) but does not exert any deleterious effects on fetal growth
(Bamford et al., 1996). Although mini-pump delivery provides the
opportunity to isolate nicotine from the confounding effect of
tobacco smoke, pump delivery also ensures stable nicotine concentrations that cannot replicate the large, transient ﬂuctuations
in nicotine concentration experienced by the human embryo of a
mother that smokes (McKinney et al., 2010; Rose et al., 1999).
We elected to study pups on P7–10 to approximate the perinatal period (Adlard et al., 1973; Clancy et al., 2007; Dobbing and
Sands, 1979; Romijn et al., 1991). This age range encompasses both
preterm and very early post-natal periods of the human infant.
Although the risk for respiratory instability and SIDS is predicted
to peak at P12–13, corresponding to the “critical period” in rat
brainstem development (Liu et al., 2006; Liu and Wong-Riley, 2010;
Wong-Riley and Liu, 2008), the present ﬁndings serve as proof of
concept and demonstrate the potential to apply ACF in detection of
respiratory disturbances at the very earliest development stages.
The technique for tracking chest wall excursions in pups of this
size (i.e., <30 g) has been reported previously, and faithfully tracks
chest wall excursions during rest breathing when pups are quiet
(Kidder et al., 2014). To reduce the potential for movement related
artifact, we sedated pups and selected Inactin for this purpose
based on duration of action and minimal alteration of physiological functions in rats (Lorenz, 2002; Walter et al., 1989). We
took care to titrate sedation on the basis of breathing frequency,
which did not drop below 110 ± 10 breaths min−1 from a baseline
of 170 ± 10 breaths min−1 . Although barbiturates enhance gammaaminobutyric acid mediated chloride currents (30), the primary
inhibitory signal within the CNS, because pups in both DNE and
saline groups were exposed to the same sedation protocol we consider this manipulation an experimental constant. Consistent with
mild sedation, pups in both groups exhibited comparable responsiveness to mild hypoxia (FI O2 = 0.14) and became mobile within
∼2.0 min of exposure, conﬁrming preservation of arousal responses
(Romijn et al., 1991). Note that due to pup mobility in mild hypoxia,
we were unable to obtain measures of respiratory stability from
either group in this condition.
5.2. Respiratory stability
Previous in vitro studies have shown that DNE affects synaptic
mechanisms and chemosensory properties of the respiratory network (Eugenin et al., 2008; Fregosi and Pilarski, 2008). Moreover,
ﬁctive respiratory cycles recorded in DNE brainstem preparations

are more irregular than those observed in control animals (Eugenin
et al., 2008). It is worth remembering however, that respiratory dysfunctions in vivo are relatively rare-events (Campos et al., 2009)
and the majority of infants born to mothers that smoke will not
succumb to SIDS. Somewhat surprisingly, for those infants who do
fall victim to SIDS, there is very little evidence of gross respiratory
abnormality (Bamford and Carroll, 1999), although subtle abnormalities in breath-to-breath interval variability have been reported
(Schechtman et al., 1996).
Identifying factors that mitigate or augment respiratory instablity remains a major clinical challenge. In this case, it was
necessary to sedate pups to minimize movement artifact but
whether temporary sedation for surgery or pain management
serves to mitigate or further impair the progression toward and
devlopment of long term respiratory stability warrants investigation (McPherson and Grunau, 2014). Certainly, the application
of ACFs in these more clinical contexts may make it possible to
determine the rate at which a data point/s at one time in a breath
cycle depart from the normal trajectory at the same time in subsequent breaths. The approach is highly sensitive to any abberation
in central and/or peripheral mechanisms of respiratory control.
Thus, given some perturbation (e.g., lowered blood oxygen level,
lowered temperature) the initial ventilatory response will decay
gradually resulting in higher local maxima in the ACF that reﬂect
greater similarity and thus stability estimates. However, if regulatory mechansisms (e.g., chemoreceptor, mechanoreceptor, or
homeostatic) exhibit a heightened sensitivity then any modest perturbation, whether in blood gases, body temperature or state may
exacerbate the respiratory adjustment resulting in overshoot drive
responses and lower local ACF maxima that reﬂect greater instability (Szlyk and Jennings, 1987).
5.3. Summary
Despite evidence that DNE affects development of central respiratory control and increases the risk for central and obstructive
apneas (Golding, 1997; Kahn et al., 1994), the signs or symptoms
of signiﬁcant respiratory impairment are very often too subtle to
detect. Accordingly, our focus was on the potential to distinguish
between DNE and saline exposed rat pups using a global index
of respiratory system stability that compares instantaneous data
points within and across breath cycles. Although chest wall motions
are used extensively in clinical research and pulmonary function
testing, they are not as well utilized at the bedside. In view of
the present ﬁndings obtained in rat pups, we suggest that the
ACF might next be applied to respiratory motion traces obtained
from human infants and available to clinicians via commercially
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available patient monitoring systems. Because the ACF is applied
to time series data and does not rely upon traditional respiratory
averages (i.e., inspiratory/expiratory time, tidal volume or breathing frequency) or summary statistics it offers a highly sensitive
means of detecting instability (Tobin et al., 1995) that requires minimal signal processing and can assess multiple dimensions of each
breath simultaneously.
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