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The relationship between patterns of intermittent hypoxia and
retinopathy of prematurity in preterm infants

Juliann M. Di Fiore', Farhad Kaffashi?, Kenneth Loparo?, Abdus Sattar®, Mark Schluchter?, Ryan Foglyano', Richard J. Martin'

and Christopher G. Wilson'

BACKGROUND: \We have previously shown an increased inci-
dence of intermittent hypoxemia (IH) events in preterm infants
with severe retinopathy of prematurity (ROP). Animal models
suggest that patterns of IH events may play a role in ROP sever-
ity as well. We hypothesize that specific IH event patterns are
associated with ROP in preterm infants.

METHODS: Variability in IH event duration, severity, and the
time interval between IH events (<80%, >10 s, and <3 min)
along with the frequency spectrum of the oxygen saturation
(Sp0) waveform were assessed.

RESULTS: Severe ROP was associated with (i) an increased
mean and SD of the duration of IH event (P < 0.005), (i) more
variability (histogram entropy) of the time interval between IH
events (P < 0.005), (iii) a higher IH nadir (P < 0.05), (iv) a time inter-
val between IH events of 1-20min (P < 0.05), and (v) increased
spectral power in the range of 0.002-0.008 Hz (P < 0.05), corre-
sponding to SpO, waveform oscillations of 2-8 min in duration.
Spectral differences were detected as early as 14 d of life.
CONCLUSION: Severe ROP was associated with more vari-
able, longer, and less severe IH events. Identification of specific
spectral components in the SpO, waveform may assist in early
identification of infants at risk for severe ROP.

etinopathy of prematurity (ROP), a vasoproliferative disor-

der of the retina that can produce significant loss of vision,
continues to cause major morbidity in the preterm population.
Reduction in oxygen levels has been only partially success-
ful in reducing the incidence of this disease (1-3). The first
phase of ROP is associated with hyperoxia, which is thought to
downregulate vascular endothelial growth factor and initiate
avascularization or vascular regression. In the second phase,
the retina becomes hypoxic, upregulating vascular endothelial
growth factor and other growth factors, leading to rebound
neovascularization. In animal models, short fluctuations in
oxygen levels also play a role in neovascularization and retinal
levels of vascular endothelial growth factor (4-6).

We have previously shown that intermittent hypoxemia (IH)
events are associated with severe ROP in preterm infants. In
neonates of 24-28 wk gestation, the occurrence of IH events
increases with advancing postnatal age. In infants with mild

or no ROP, the incidence of IH events is relatively low during
the first week of life, increases through the fifth week of life,
followed by a decrease in IH events thereafter (7). In contrast,
after 5wk of age, the prevalence of IH events remains elevated
in infants with severe ROP. Anecdotally, there is a wide range
in the patterns of these events both within and between infants,
as IH events can occur in isolated episodes or clusters such as
those accompanying periodic breathing. Timing of IH events
may affect the extent of neovascularization. Rodent data have
shown that clustered IH events result in increased neovascular-
ization and higher levels of retinal vascular endothelial growth
factor as compared with a comparable number of equally dis-
persed IH events (4). Therefore, the purpose of this study was
to characterize the patterns of IH events associated with severe
ROP in preterm infants.

RESULTS

The study population included 63 infants with mild or no ROP
and 16 infants with severe ROP requiring laser therapy. As pre-
viously reported (7), the infants with severe ROP had lower
birth weights (730 + 156 vs. 863 + 180¢g, P < 0.01), lower ges-
tational age (25.5 + 0.7 vs. 26.2 £ 1.2wk, P < 0.001), and had
a higher percentage of males (69 vs. 36%, P < 0.05). There was
no difference between infant groups in multiple births (25 vs.
21%) or race (63 vs. 41% Caucasian). The infants with severe
ROP received more days of supplemental oxygen therapy (51
+12vs.34£20d, P < 0.001) and ventilatory support (40 + 18
vs. 14 + 15 d, P < 0.001) and had fewer days on caffeine (34 +
16 vs. 44 + 12 d, P < 0.01); there was a higher incidence of TH
events in the severe ROP group after 35 d of life (7).

Given that the higher number of IH episodes might be
attributed to lower mean oxygen saturation in the ROP
group, both the mean oxygen saturation and the mean
baseline oxygen saturation, excluding IH events, were cal-
culated. Mean and baseline oxygen saturation levels were
significantly lower in the ROP group (P < 0.05 and P <
0.01, respectively, Figure 1) after 42 d of life (P < 0.05). Of
note, infants with severe ROP had decreased event severity
(P = 0.04), as defined by a higher nadir, after 14 d of life
(P <0.05, Figure 2).
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Figure 1. Mean and baseline SpO, in infants with and without severe
ROP. Both (a) mean SpO, and (b) baseline SpO,, excluding IH events,

were significantly lower in the severe ROP group (P < 0.05 and P < 0.01,
respectively). Open circles, no or mild ROP; filled squares, severe ROP; solid
line, covariate-adjusted models. Mean + SEM. IH, intermittent hypoxemia;
ROP, retinopathy of prematurity; SpO,, oxygen saturation.
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Figure 2. There was an increase in event severity with increasing age
in both infant groups. Infants with severe ROP had less severe events, as
defined by a higher nadir, after 14 d of life (P < 0.05). Open circles, no or

mild ROP; filled squares, severe ROP; solid line, covariate-adjusted models.
Mean + SEM. ROP, retinopathy of prematurity.

Duration of IH Events

The mean and SD of the duration of IH events decreased with
increasing age in the no or mild ROP group. In contrast, both
parameters remained constant in the severe ROP group, with
a longer mean and higher SD as compared with the no or mild
ROP group (both P < 0.005), with significantly longer mean
durations 221 d of life (P < 0.005) and higher SDs of the dura-
tion of IH events 228 d of life (P = 0.004) (Figure 3). There were
no differences in the coefficient of variation of the IH event

Copyright © 2012 International Pediatric Research Foundation, Inc.

a
60 -
z
c
o
E
>
©
C
[
(9]
=
©O NoROP
101 mROP
0 T T T T T .
0 10 20 30 40 50 60
b 50 1
@
&
°
(2]
c
i)
g
=}
kel
k)
[a)
» 10 4
O T T T T T 1
0 10 20 30 40 50 60
C
=
C
kel
®
S
©
2
o
<
[0}
k]
T
0.5 T T T T T 1
0 10 20 30 40 50 60

Postnatal age (days)

Figure 3. Mean and variability of IH duration in infants with and without
severe ROP. The (a) mean, (b) SD, and (c) histogram (Hist) entropy of the
duration of IH events decreased with increasing postnatal age in the no or
mild ROP group. In contrast, these parameters remained relatively constant
in the severe ROP group after the first week of life, with a longer mean

(P < 0.05), higher SD (P < 0.05), and higher histogram entropy (P < 0.0001)
as compared with the no or mild ROP group. Histogram entropy may be a
more sensitive marker, with earlier differences identified between groups
at >14d of life (P < 0.05), followed by mean duration >21 d of life (P < 0.005)
and SD of IH event durations at >28 d of life (P = 0.004). Open circles, no or
mild ROP; filled squares, severe ROP; solid line, covariate-adjusted models.
Mean + SEM. IH, intermittent hypoxemia; ROP, retinopathy of prematurity.

durations between infant groups (data not shown). Histogram
entropy of the durations decreased with increasing postnatal
age in the no or mild ROP group, indicating a trend toward
reduced variability and complexity in the IH event time series.
In contrast, histogram entropy was higher in the severe ROP
group (P < 0.0001) and remained relatively constant, reveal-
ing a significantly less predictable pattern of event durations in
that infant cohort at 214 d of life (P < 0.05) (Figure 3c).
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Figure 4. Stratification of events by a time interval between events of (a)
<1min, (b) 1-20min, and (c) >20min. (a) A substantial number of events
occurred <1 min apart; however, there were no differences between infant
groups. (b) A higher number of IH events in the severe ROP group was
associated with a time interval of 1-20min between IH events, with a
significant difference at 28 d of life (P < 0.05) and a trend toward a higher
frequency of events at 21 and 35 d (both P = 0.064). (c) Relatively few IH
events occurred with a time interval of >20 min between IH events, with
no overall difference between infant groups. Open circles, no or mild ROP;
filled squares, severe ROP; solid line, covariate-adjusted models. Mean +
SEM. IH, intermittent hypoxemia; ROP, retinopathy of prematurity.

Time Interval Between Events
The mean and SD of the time interval between IH events
declined over the first 3wk of life, with no differences between
infant groups, and the coeflicient of variation remained con-
stant (data not shown). Histogram entropy of the time intervals
was higher in the severe ROP group (P < 0.005), with signifi-
cant differences between infant groups at 28 d life (P = 0.033).
Because of the wide variability in the time interval between
IH events, the number of IH events was stratified into three
time interval windows: those that occurred with a time interval
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Figure 5. There was an increase in sample entropy with increasing
postnatal age in both infant groups. Although there was a slightly higher
sample entropy in the ROP group, there was no significant difference
between groups. Open circles, no or mild ROP; filled squares, severe ROP;
solid line, covariate-adjusted models. Mean + SEM. ROP, retinopathy of
prematurity.

between events of <1 min, 1-20 min, and >20 min (Figure 4). A
substantial number of events occurred <1 min apart, however,
there were no differences between infant groups at this time
interval range. Relatively few ITH events occurred with a time
interval of >20 min between IH events, also with no overall dif-
ference between infant groups. Of note, the higher number of
IH events in the severe ROP group was associated with a time
interval of 1-20 min between IH events, significantly different
at 28 d of life (P < 0.05) and with a trend toward a higher fre-
quency of events at 21 and 35 d (both P = 0.064).

Oxygen Saturation Waveform Analysis

To detect differences between groups that may have been
missed by the arbitrary thresholds chosen to define an IH
event, sample entropy (SamEn) and wavelet analyses were
applied to the entire raw oxygen saturation (SpO,) waveform.
There was an increase in SamEn of the SpO, waveform with
increasing postnatal age in both infant groups, with no signifi-
cant difference between groups (Figure 5). Wavelet analysis
revealed differences in spectral power between the two infant
groups that were frequency and age dependent (Figure 6). At
higher frequencies (D1: 0.125-0.250 Hz, D2: 0.063-0.125 Hz,
and D3: 0.031-0.063 Hz), the severe ROP infant group had sig-
nificantly lower spectral power (all P < 0.05) from 21 to 49 d of
life at level D1 (P < 0.05) and at >14 d of life at levels D2 and
D3 (both P < 0.05). In contrast, there was a shift toward a sig-
nificantly higher spectral power in the severe ROP group at the
two lowest frequency levels (D6: 0.004-0.008 Hz, 21-28 d of
life (P < 0.05), D7: 0.002-0.004 Hz, 21-35 d of life (P < 0.05)).
Therefore, the ROP group had lower power in SpO, waveform
oscillations of 4-30 s in duration and higher power in SpO,
waveform oscillations of 2-8 min in duration.

Postmenstrual Age

In addition to the above analyses, which were based on postna-
tal age, we also compared IH events between ROP groups over
postmenstrual age. There were IH events of longer duration at

Copyright © 2012 International Pediatric Research Foundation, Inc.
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Figure 6. Wavelet analysis of the SpO, waveform. At the higher frequencies levels, (a) D1: 0.125-0.250 Hz, (b) D2: 0.063-0.125 Hz, and (c) D3:0.031-
0.063 Hz, the severe ROP infant group had significantly lower spectral power from 21 to 49 d of life at level D1 (P < 0.05) and at >14 d of life at levels D2
and D3 (all P < 0.05). There were no differences between groups at mid-frequencies (d) D4: 0.016-0.031 Hz and (e) D5: 0.008-0.016 Hz. At the two lowest
frequency levels (f) D6: 0.004-0.008 Hz and (g) D7: 0.002-0.004 Hz, there was a shift toward a significantly higher spectral power in the severe ROP group
from 21 to 28 d of life at level D6 (P < 0.05) and from 21 to 35 d of life at D7 (P < 0.05). Open circles, no or mild ROP; filled squares, severe ROP; solid line,
covariate-adjusted models. Mean + SEM. ROP, retinopathy of prematurity; SpO,, oxygen saturation.
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a postmenstrual age of >28 wk (P < 0.05), and more IH events
at 1-20 min intervals in the severe ROP group from 29 to 30 wk
(P < 0.05). There was lower power in the D1 frequency range
and higher power in the D7 frequency range in the severe ROP
group at 29-33wk (P < 0.05) and 29-30wk (P < 0.05) post-
menstrual age, respectively.

DISCUSSION

Previous work by our group found more IH events in this cohort
of preterm infants with severe ROP. This study gives novel new
insights into the patterns of these events. Infants with severe
ROP had longer, more variable, and less predictable TH event
durations. Standard statistical summary measures (mean and
SD) were inadequate in their ability to distinguish group differ-
ences in IH event time intervals, but stratification of IH events
by time interval ranges revealed a higher number of TH events
in the severe ROP group associated with 1-20min intervals
between events. SamEn, an unbiased measure of predictabil-
ity based on the entire SpO, waveform data, was found to be
slightly but not significantly increased in the severe ROP group.
Finally, wavelet analysis revealed time-frequency-dependent
differences in spectral power between infant groups. In sum-
mary, this study identifies potential tools that can be used to
identify infants who may be at future risk for severe ROP based
on dynamic temporal and time-frequency patterns of the oxy-
gen saturation waveform.

Using standard statistical descriptors (mean and SD) and his-
togram entropy (8), we now show that infants with severe ROP
have longer and less predictable IH event durations. This may
be due to decreased oxygen reserve destabilizing respiration. A
mathematical model incorporating pulmonary uptake dynam-
ics found that low pre-apneic alveolar PO, caused early onset of
desaturation (9). The lower baseline oxygen saturation levels in
the severe ROP group, which suggest a decreased oxygen reserve,
may have initiated an early onset of desaturation and prolonged
the duration of IH events in this infant cohort. The instability
related to an immature respiratory system compounded by low
baseline oxygen saturation may lead to more complex or variable
duration patterns showing a higher histogram entropy value in
the ROP group. Of note, even with longer, less predictable dura-
tions, the infants with ROP had less severe events. Nock et al.
(10) showed an augmented ventilatory response to hypoxia in
preterm infants with increased apnea. This might imply that IH
events accompanying apnea may initiate a downstream protec-
tive cascade, although the differential effects of this response on
the duration and severity of IH events are unknown.

Although ROP is associated predominantly with hyperoxia,
infants with severe ROP were found to have a lower baseline
SpO, after 42 d of life. It may be that both infant groups were
exposed to relative “hyperoxia” during early postnatal life;
however, the subsequent lower baseline oxygen saturation in
the ROP group exacerbated the rebound neovascularization,
leading to increased ROP.

Although our ability to detect differences between infant
groups in the overall time interval between events using the pro-
posed mathematical models was limited, we were able to isolate a
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window of time between IH events of 1 and 20 min that was asso-
ciated with severe ROP. Chronic intermittent hypoxia has been
shown to increase oxidative stress in adults (11) and oxidative
stress has been linked to ROP through mechanisms related to
oxygenation of retinal tissue (12). In a rodent model, superoxide
anion concentration, a marker of oxidative stress, has been shown
to increase during the re-oxygenation phase following hypoxic
exposure (13) with a delay in the response of a few minutes.
This time span corresponds to the differences between groups
seen in this study at a time interval between events of 1-20 min.
Although there were a substantial number of events occurring
<lmin apart, the incidence was comparable between groups,
indicating that this time interval may not be long enough for
an oxidative stress response, related to the initiation of the ROP
cascade, to occur. This may also suggest that periodic breathing,
associated with short intervals between IH events, may not play a
role in the relationship between IH events and ROP.

In this study, quantification of possible patterns of oxygen
saturation associated with ROP was limited by the arbitrarily
chosen definition of an IH event. Therefore, SamEn and wave-
let analyses were used to evaluate unbiased patterns of the
entire SpO, waveform. Both spectral and SamEn measure-
ments have been shown to be useful tools in revealing respira-
tory patterns associated with morbidity (14) and maturation
(15). SamEn has been used by our group and others in animal
(16) and human models (15,17) to assess respiratory and elec-
troencephalogram arousal pattern variability. After minimiz-
ing the influence of autocorrelation on the SamEn calculations
(18) and defining a constant tolerance (SD = 16) within and
between infant groups, we have shown a trend toward a higher
SamEn in the severe ROP group; however, this was not statisti-
cally significant. A larger sample size may be needed to detect
these subtle pattern differences between groups.

The number of infants with severe ROP may be a limita-
tion of this study given that significant differences were found
between infant groups in demographics and clinical course.
After controlling for gestational age, race, gender, and mul-
tiple births in the statistical model, we were still able to detect
differences in patterns of IH events between infant groups.
However, with respiratory support and oxygen changing on a
day-by-day basis, we were unable to control for these variables
in the analyses. Therefore, the results of this study reveal an
association and not a causal relationship between IH events
and severe ROP. To distinguish intermittent hypoxia from
prolonged changes in baseline oxygenation, we prospectively
defined our IH events by a duration range from 10 s to 3 min;
therefore, events >3 min were not included in the analysis.
Subsequent analysis of the data looking at IH events >3 min
shows that these events would account for a median of 5% and
3% of all events in the severe ROP and no or mild ROP groups,
respectively. Therefore, we feel that inclusion of these events
would have minimal impact on our findings. Finally, inclu-
sion of infants with mild ROP in the control group may have
affected our results. As there is interexaminer variability in this
area, we chose what we thought to be the clearest distinction
between groups.

Copyright © 2012 International Pediatric Research Foundation, Inc.
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Wavelet analysis is the most promising tool, revealing distin-
guishing patterns between the infant groups that were frequency
and age dependent. Infants with severe ROP have lower power in
the D1-D3 frequency range associated with short SpO, oscilla-
tions of 4-30 s, such as those occurring during periodic breath-
ing or short apnea. In contrast, infants with severe ROP had
increased power in the D6-D7 frequency range, associated with
longer SpO, oscillations of 2-8 min. These frequency-dependent
differences between groups were detected as early as 14 d of life.
In contrast to adult rats, neonatal rats have been shown to have
an enhanced carotid body response to acute hypoxia follow-
ing chronic intermittent hypoxic exposure (19). This sensitized
carotid body activity may lead to a change in gain of the central
nervous system (20) with resultant overcompensation of ventila-
tion. The ventilatory gain mismatch may drive CO, down, lead-
ing to ventilatory depression with accompanying oscillations in
oxygen saturation and may explain the increased power seen in
the SpO, oscillations of long duration. The wavelet analysis meth-
odology uses the entire SpO, waveform without the restriction
of arbitrarily defined thresholds or durations of I[H events, can
identify early distinguishable patterns in the oxygen saturation
waveform, and may prove useful in the neonatal intensive care
unit setting to identify infants at risk for severe ROP.

Application of the mathematical models presented in this
study requires higher sample rates and shorter averaging times
than conventionally used in clinical practice and previous stud-
ies. Prior infant data have suggested a relationship between fluc-
tuations in oxygenation and ROP, with interpretation of results
limited by intermittent blood gas monitoring (21-23). This study
included minimally processed (24) and highest-resolution data
available from the Masimo pulse oximeter (Irvine, CA) with data
continuously recorded over 8wk of life (7), allowing for identi-
fication of subtle SpO, waveform patterns associated with ROP.
Storage of high-resolution data is currently limited by the pulse
oximeter data storage capacity. Further development of long-term
data storage at the bedside, along with automated application of
mathematical signal analysis algorithms, may lead to identifica-
tion of these early morbidity markers in the clinical setting.

At-risk IH patterns were analyzed by both postnatal and
postmenstrual age. Palmer et al. (25) found an association
between both postnatal and postmenstrual age and onset of
pre-threshold ROP, with less variability when data were ana-
lyzed by postmenstrual age. Although we also detected group
differences in IH patterns by postmenstrual age, these differ-
ences corresponded to 28-35 d of life in our youngest infants,
of 24wk gestation. In contrast, the postnatal age model com-
parisons revealed group differences as early as 14 d of life.
Therefore, we believe postnatal age to be the superior model
given that it may lead to earlier intervention in this infant
cohort with an increased chance of preventing this morbidity.

In conclusion, infants with severe ROP have a higher incidence
of IH events of longer, more variable and less predictable dura-
tion. These events are more likely to occur with a time interval
between events of 1-20min. Infants who go on to have severe
ROP have a slightly lower baseline SpO,, which may destabi-
lize respiratory control and/or lead to more complex patterns of

Copyright © 2012 International Pediatric Research Foundation, Inc.

oxygen saturation that may be identified by more comprehen-
sive data analysis models such as SamEn or wavelet analysis. The
results of this study may elucidate early patterns of IH events that
put infants at risk for future development of severe ROP.

METHODS

The study population was our prior cohort in which we character-
ized the incidence of IH events in preterm infants. It comprised 79
infants (gestational age, 24-27 6/7 wk) admitted to the Rainbow Babies
& Children’s Hospital between 2005 and 2009. Infants with no con-
genital malformations were eligible for enrollment regardless of their
need for ventilatory support or supplemental oxygen. Given that this
study included previously acquired data, Rainbow Babies & Childrens
Hospital Institutional Review Board approval and waiver of consent
were obtained for the study.

Patients received normal clinical care and were kept in an oxygen
saturation target range of 85-95%. To minimize disparities in diagno-
sis of less severe forms of ROP, infants were stratified into two groups:
those requiring laser therapy for severe ROP and those having no or
mild ROP. The guidelines of the Early Treatment for Retinopathy of
Prematurity Cooperative Trial were used to determine the need for
laser treatment (26).

IH events were documented from continuous, high-resolution (2-s
averaging and 0.5 Hz sampling rate) recordings of oxygen saturation
(Radical, Masimo) over the first 8wk of life. To distinguish IH events
from prolonged changes in baseline oxygenation, an IH event was
defined as a fall in SpO, to <80% for >10 s and <3min in duration.
Customized software was developed to identify the incidence, dura-
tion, severity (nadir), and the time interval between IH events. A suite
of linear and nonlinear analysis software algorithms was developed to
quantify patterns of IH events including mean, SD, and coefficient of
variation to quantify changes in frequency and variability of IH events,
and algorithms derived from time-frequency signal analysis (wavelets),
information theory (histogram entropy), and statistical signal process-
ing (SamEn), were used to quantify different aspects of IH pattern vari-
ability. During the monitoring periods, there were intermittent times
when signal loss occurred due to infants not being monitored, corrupt
files, and noise or motion artifacts. Periods with 0% SpO, or 0 bpm for
heart rate were considered artifacts and removed from the data stream
with the remaining data analyzed in 24 h (mean, SD, coefficient of varia-
tion, and histogram entropy) or 1-h (SamEn and wavelet analysis) slid-
ing windows. Large areas of missing data, i.e., 24h, were treated as miss-
ing cells in the statistical analysis.

Histogram entropy was used to further understand how the pattern-
ing of the duration and time interval between hypoxic events influ-
ences the development of ROP. This measure can be used to quantify
the degree of randomness in the data. For example, a signal with higher
histogram entropy has a wider distribution of values, meaning the data
are more variable and, thus, less predictable. The uniform distribution
would have maximal histogram entropy. Accurate computation of his-
togram entropy requires a reliable distribution of the dataset; there-
fore, days with <10 events were excluded from this particular analysis.

Although histogram entropy is used for analyses in which variables
can be sorted, such as IH event durations or time intervals between
events, SamEn is used for continuous waveform data. Similar to his-
togram entropy, SamEn quantifies predictability in time series data
based on the likelihood that a given window of SpO, data will, over
time, remain close to the last window of SpO, data—e.g., given 1 h of
SpO, data, will the next 1h window of data ée similar in extent and
variability? Examining this measure across groups offers a relative
comparison of the “complexity” of the time series with higher values of
SamEn associated with less predictability or higher system complexity.
SamEn was computed using the formula:

n—mt

>4
SamEn (m,r,n) = —lnE =-In :»:T

35
i=1
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where m = pattern length, r = the tolerance parameter, n = number
of samples, T = time delay, A, = the number of points in the time
series within tolerance r for the m + 1-dimensional pattern, and B, =
the number of points in the time series within tolerance r for the
m-dimensional pattern. SamEn was calculated using m = 2, r = 0.2 x
SD, and T = 20 samples. A nonunity time delay (T was chosen to reduce
the contribution of the linear statistical autocorrelation properties of
the signal (18). The value of T = 20 samples was chosen based on pilot
data in 10 infants identifying a time delay where the linear (auto)cor-
relation was minimized. Because SamEn detects SpO, patterns falling
within a given tolerance (= 0.2 x SD), the same tolerance criteria were
used for comparison within and between infants. A constant SD of 16
was chosen based on the maximum SD of SpO, values for all days in
all infants.

When viewing an overall SpO, waveform over time, it can be seen
that the waveform consists of oscillations throughout both “normal”
and “hypoxic” ranges of SpO,. These oscillations can be decomposed
into separate frequency components, using time-frequency (wavelet)
analysis, allowing for quantifiable comparisons of the power of individ-
ual frequency ranges between the two infant groups. A seven-level 1-D
stationary wavelet decomposition was performed using a Daubechies
(fourth in the series) orthogonal wavelet decomposition filter over the
entire waveform time series. The total power in each frequency range
(D1: 0.125-0.250 Hz, D2: 0.063-0.125 Hz, D3: 0.031-0.063 Hz, D4:
0.016-0.031 Hz, D5: 0.008-0.016 Hz, D6: 0.004-0.008 Hz, D7: 0.002-
0.004 Hz, and A7: 0-0.002 Hz) was calculated for each 1-h window.
Power in the D1-D3 frequency range corresponds to SpO, waveform
oscillations of 4-30 s in duration, such as those associated with peri-
odic breathing or short apnea, whereas power in the D6-D7 frequency
range corresponds to longer SpO, waveform oscillations of 2-8 min.
Data were analyzed, using both wavelet and SamEn algorithms, in 1-h
sliding windows with no overlap, and windows with missing data were
excluded from the analyses.

Statistical analysis of all measures was performed on daily averages
computed for each subject from the hourly data. A logarithmic or
square root transformation was applied when the original data were
skewed. A t-test was used for demographic comparisons between
infant groups. Data are presented as mean + SEM. Longitudinal pro-
files of severe ROP and no or mild ROP groups were estimated and
compared using linear mixed models, modeling the nonlinear rela-
tionship of each outcome with age using cubic splines with knots at 10,
14, and 30 d (27). Simpler quadratic or cubic models were used for five
variables (entropy of the time intervals, mean SpO,, nadir, IH events
with time interval of 1-20 min, wavelet D1, and wavelet D2). Models
included terms for gestational age, race, gender, multiple births, and
their interactions with terms involving day. A likelihood ratio test was
used to compare overall mean curves of severe ROP vs. no or mild
ROP with post comparisons at days 1, 7, 14, ..., 56. Analyses were con-
ducted using SAS version 9.2 (SAS Institute, Cary, NC).
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