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Abstract

Rationale: Immature control of breathing is associated with
apnea, periodic breathing, intermittent hypoxemia, and
bradycardia in extremely preterm infants. However, it is not clear
if such events independently predict worse respiratory outcome.

Objectives: To determine if analysis of cardiorespiratory
monitoring data can predict unfavorable respiratory outcomes at
40weeks postmenstrual age (PMA) and other outcomes, such as
bronchopulmonary dysplasia at 36weeks PMA.

Methods: The Prematurity-related Ventilatory Control (Pre-
Vent) study was an observational multicenter prospective cohort
study including infants born at ,29weeks of gestation with
continuous cardiorespiratory monitoring. The primary outcome
was either “favorable” (alive and previously discharged or
inpatient and off respiratory medications/O2/support at 40 wk
PMA) or “unfavorable” (either deceased or inpatient/previously
discharged on respiratory medications/O2/support at 40 wk PMA).

Measurements and Main Results: A total of 717 infants were
evaluated (median birth weight, 850 g; gestation, 26.4 wk),

53.7% of whom had a favorable outcome and 46.3% of whom
had an unfavorable outcome. Physiologic data predicted
unfavorable outcome, with accuracy improving with advancing age
(area under the curve, 0.79 at Day 7, 0.85 at Day 28 and 32 wk
PMA). The physiologic variable that contributed most to
prediction was intermittent hypoxemia with oxygen saturation as
measured by pulse oximetry ,90%. Models with clinical data
alone or combining physiologic and clinical data also had good
accuracy, with areas under the curve of 0.84–0.85 at Days 7 and
14 and 0.86–0.88 at Day 28 and 32weeks PMA. Intermittent
hypoxemia with oxygen saturation as measured by pulse oximetry
,80% was the major physiologic predictor of severe
bronchopulmonary dysplasia and death or mechanical ventilation
at 40weeks PMA.

Conclusions: Physiologic data are independently associated
with unfavorable respiratory outcome in extremely preterm
infants.

Keywords: extremely premature infant; bronchopulmonary
dysplasia; apnea; intermittent hypoxemia; predictive value of tests;
heart rate
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Preterm birth is a major cause of infant
mortality and morbidity worldwide (1, 2)
and a leading contributor to disability (3).

Abnormal control of breathing is common
in preterm infants and usually manifests as
apnea, intermittent hypoxemia (IH),
bradycardia, and periodic breathing (PB).
Apnea generally resolves by term-corrected
age (4), although some infants have delayed
resolution of apnea and/or bradycardia (5, 6).
Extremely preterm infants may also have
impaired gas exchange caused by respiratory
distress syndrome and subsequent
bronchopulmonary dysplasia (BPD). The
combination of apnea and lung disease
often leads to more prolonged episodes
of IH (5). Such chronic IH is associated
with worse short-term outcomes (e.g.,
increased respiratory support, retinopathy of
prematurity) (7) and neurodevelopmental
impairment (8) that are difficult to predict in
the neonatal ICU (9).

Because extreme prematurity
predisposes to both abnormalities of control
of breathing (apnea, IH, bradycardia, and
PB) and worse respiratory outcomes, the
association between abnormal control of
breathing and worse outcomesmay be due
to the common antecedent of more extreme
immaturity. Respiratory outcomes such as
BPD are operational definitions based on the
magnitude of respiratory support and do not
indicate the contribution of impaired control
of breathing. Caffeine is known to decrease
apnea and reduces BPD (10), suggesting that
repeated apneic episodes may contribute to
(and are not just associated with) pulmonary
outcomes. However, although caffeine
reduces apnea, hypoxemic episodes persist
(11), and higher doses or extended treatment
may be needed (12, 13). Importantly,
preterm infants experience PB, very brief
bradycardic episodes, and IH not identified
by clinical cardiorespiratory monitors. The
importance and relationship of these
“non–clinically evident” events to outcomes
is not established.

The Pre-Vent (Prematurity-related
Ventilatory Control; ClinicalTrials.gov
identifier NCT03174301) study was an NIH-
funded (NHLBI) cooperative agreement

among six academic centers (five clinical
sites and one data coordinating center) with
the primary goal of elucidating the role of
ventilatory control as a determinant of
respiratory dysfunction in preterm infants
(14). The hypothesis of the Pre-Vent
multicenter protocol was that features of
ventilatory control instability using clinical
neonatal ICU cardiorespiratory monitoring
data can predict unfavorable respiratory
outcomes at 40weeks postmenstrual age
(PMA), as well as other respiratory outcomes
such as BPD.

Methods

Additional details regarding the methods are
provided in the online supplement.

Study Population
This was a multicenter prospective cohort
study including infants,29weeks
gestational age (GA) with continuously
archived cardiorespiratory monitoring data
(Figure 1) (14). Institutional review board
approval was obtained at all sites, with waiver
of consent at three clinical centers and
informed consent required at two clinical
centers. Oversight was provided by an
observational safety monitoring board
appointed by NHLBI.

Outcome
Primary outcome. Primary outcome was
defined as follows:

� Favorable: Either 1) an inpatient at
40 weeks PMA and not on oxygen, not
on other flow/pressure respiratory
support, and not on inhaled/oral/
intravenous respiratory medications,
or 2) discharged home before 40 weeks
PMA and not on respiratory medications,
oxygen, or other respiratory support.

� Unfavorable: Either 1) deceased at or
before 40 weeks, 2) inpatient on
medications or O2 or other respiratory
support at 40 weeks PMA, or 3)
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discharged before 40 weeks on
medications or O2 or other respiratory
support.

Unfavorable outcome was further
categorized as highly unfavorable (death or
invasive mechanical ventilation [IMV] at
40 wk PMA), moderately unfavorable
(noninvasive mechanical ventilation/
continuous positive airway pressure [CPAP]
at 40 wk PMA), or mildly unfavorable
(O2 or only medications at 40 wk PMA or
discharged home onmedications or O2 at
,40 wk PMA).

Secondary outcomes. Prespecified
secondary outcomes included the following:

1. Highly unfavorable outcome (death or
IMV at 40 wk PMA)

2. Moderate or severe BPD at 36 wk PMA
(Eunice Kennedy Shriver National
Institute of Child Health and Human
Development [NICHD] consensus
definition) (15)

3. Grade 3 BPD (IMV at 36 wk PMA) (16)

Data
Clinical data consisted of baseline clinical
characteristics and variables of neonatal
illness severity, medications, outcomes,
neonatal comorbidities, and respiratory
support. Physiologic data consisted of
features extracted from cardiorespiratory
monitoring data (defined in the online

supplement). These features were quantified
as the count of events per day, total daily
duration of all events, and average duration
per event (dpe) for each of the five control of
breathing variables:

1. Apnea (>20 s [17])
2. PB (wavelet transform using a five-

breath template [18])
3. IH events with oxygen saturation as

measured by pulse oximetry,80%
(IH80) (for 10–300 s [19])

4. IH events with oxygen saturation as
measured by pulse oximetry,90%
(IH90) (for 10–300 s [19])

5. Bradycardia (,80 beats/min for 5 s or
longer)

Analysis
Prediction models were developed (see
online supplement) at four time points of
Day 7, Day 14, Day 28, and 32weeks PMA
using 24hours of data as a cross-sectional
snapshot. At each time point, models were
developed using 1) physiologic data variables
alone, 2) clinical variables alone, and 3)
combined physiologic1 clinical variables.
Additional prespecified analyses were done
using the longitudinal burden of data up to
the time point in each infant to determine if
this improved predictive ability.

The primary outcome (favorable vs.
unfavorable) was compared using
multivariable logistic regression.

The cross-validated area under the curve
(cvAUC) using 10-fold cross-validation was
used as a primary performance measure.
Penalized logistic regression (least absolute
shrinkage and selection operator) selected
model variables, with the final model chosen
to optimize cvAUC. Goodness of fit was
assessed byMcFadden’s pseudo R2 (20).
Additional leave-one-site-out analyses were
done for validation.

Results

Patient Characteristics
Overall, 717 infants were evaluated
(mean6 SD; median: birth weight [BW]
8716 259 g; 850 g; GA, 26.46 1.7 wk;
26.4 wk) (Table 1, Figure 1). A total of
385 infants (53.7%) had a favorable outcome
(BW, 9896 226 g; 961 g; GA, 27.26 1.3 wk;
27.4 wk), whereas 332 (46.3%) had an
unfavorable outcome (BW, 7356 226 g;
692.5 g; GA, 25.66 1.7 wk; 25.4 wk).

Outcomes and neonatal comorbidities
are listed in Table 2, respiratory support in
Table 3, and medication use in Table E1 in
the online supplement. Of the 332 infants
with unfavorable outcomes, 113 (34%) had a
highly unfavorable outcome (16% of total)
because of either IMV at 40weeks PMA or
death before or at 40weeks PMA (20% of
unfavorable; 9% of total) (Table E2). Forty-
three (13% of unfavorable; 6% of total) had a
moderately unfavorable outcome (nasal IMV

739 enrolled

22 ineligible, transferred or
withdrawn before 40wk PMA 717 included in 40wk outcome

1487 potentially eligible
(NICU admission <29w GA)

1012 met inclusion/exclusion criteria

239 not enrolled

67 Deceased by 40wk 262 Discharged home by 40wk 388 Inpatient at 40wk

67 Unfavorable

240 Favorable

243 Unfavorable22 Unfavorable

145 Favorable

Figure 1. Flow diagram of infants studied in Pre-Vent. GA=gestational age; NICU=neonatal ICU; PMA=postmenstrual age.

ORIGINAL ARTICLE

Ambalavanan, Weese-Mayer, Hibbs, et al.: Prematurity-related Ventilatory Control Outcomes 81



T
ab

le
1.

P
er
in
at
al

an
d
D
em

og
ra
ph

ic
In
fo
rm

at
io
n
an

d
Ill
ne

ss
S
ev

er
ity

by
O
ut
co

m
e

V
ar
ia
b
le

C
o
m
b
in
ed

P
o
p
u
la
ti
o
n

F
av

o
ra
b
le

O
u
tc
o
m
e

U
n
fa
vo

ra
b
le

O
u
tc
o
m
e

B
as

el
in
e
in
fo
rm

at
io
n

B
irt
h
w
ei
gh

t,
g,

m
ea

n
6
S
D
;
m
ed

ia
n;

25
th
–
75

th
,
n

87
1.
3
6
25

9;
85

0;
67

6–
1,
05

0;
n
=
71

7
98

8.
7
6
22

6;
96

1;
83

0–
1,
14

0;
n
=
38

5
73

5.
2
6
22

6;
69

3;
57

9–
84

8;
n
=
33

2
,
10

%
pe

rc
en

til
e
w
ei
gh

t
(F
en

to
n)
,
%

(n
/N

)
11

.3
(8
1/
71

7)
3.
1%

(1
2/
38

5)
20

.8
%

(6
9/
33

2)
B
irt
h
w
ei
gh

t
pe

rc
en

til
e
(F
en

to
n)
,
m
ea

n
6

S
D
;
m
ed

ia
n;

25
th
–
75

th
,
n

51
6

28
;
53

;
26

–
75

;
n
=
71

5
57

6
26

;
61

;
38

–
77

,
n
=
38

5
43

6
30

;
44

;
16

–
70

;
n
=
33

0
B
irt
h
le
ng

th
,
cm

,
m
ea

n
6

S
D
;
m
ed

ia
n;

25
th
–
75

th
,
n

33
.6
6

3.
5;

33
.5
;

31
–
36

;
n
=
69

7
35

.1
6
2.
8;

35
;

33
–
37

,
n
=
37

6
31

.8
6
3.
2;

31
;

29
.5
–
33

.6
;
n
=
32

1
B
irt
h
he

ad
ci
rc
um

fe
re
nc

e,
cm

,
m
ea

n
6

S
D
;
m
ed

ia
n;

25
th
–
75

th
,
n

23
.7
6

2.
5;

23
.5
;

22
–
25

.5
;
n
=
68

5
24

.7
6

2.
1;

24
.5
;

23
.5
–
26

.0
;
n
=
37

1
22

.4
6
2.
3;

22
;

21
–
23

.5
;
n
=
31

4
G
A
,
w
k,

m
ea

n
6
S
D
;
m
ed

ia
n;

25
th
–
75

th
,
n

26
.4
3
6

1.
71

;
26

.4
;

25
.1
4–

28
.0
;
n
=
71

7
27

.1
8
6

1.
34

;
27

.4
;

26
.1
–
28

.3
;
n
=
38

5
25

.6
6

1.
7;

25
.4
;

24
.3
–
26

.9
;
n
=
33

2
S
ex

(M
),
%

(n
/N
)

51
%

(3
66

/7
17

)
47

.5
%

(1
83

/3
85

)
55

.1
%

(1
83

/3
32

)
M
ul
tip

le
ge

st
at
io
n,

%
(n
/N
)

23
%

(1
65

/7
17

)
23

.6
%

(9
1/
38

5)
22

.3
%

(7
4/
33

2)
B
or
n
ou

ts
id
e
st
ud

y
ce

nt
er
,
%

(n
/N
)

8.
9%

(6
4/
71

7)
8.
1%

(3
1/
38

5)
9.
9%

(3
3/
33

2)
C
lin

ic
al

ch
or
io
am

ni
on

iti
s,

%
(n
/N

)
2.
2%

(1
3/
59

1)
2.
5%

(8
/3
16

)
1.
8%

(5
/2
75

)
H
is
to
lo
gi
ca

lc
ho

rio
am

ni
on

iti
s,

%
(n
/N

)
35

.9
%

(2
12

/5
91

)
35

.8
%

(1
13

/3
16

)
36

%
(9
9/
27

5)
R
up

tu
re

of
m
em

br
an

es
be

fo
re

de
liv
er
y,

%
(n
/N
)

40
.7
%

(2
77

/6
80

)
43

.8
%

(1
61

/3
68

)
37

.2
%

(1
16

/3
12

)
R
up

tu
re

of
m
em

br
an

es
fo
r
.
18

h,
%

(n
/N

)
68

.3
%

(1
81

/2
65

)
63

%
(9
7/
15

4)
75

.7
%

(8
4/
11

1)
R
up

tu
re

of
m
em

br
an

es
.
7
d,

%
(n
/N
)

D
en

om
in
at
or

N
=
al
lb

ab
ie
s
w
ho

an
sw

er
ed

ye
s
to

th
e
ab

ov
e
va

ria
bl
e

32
.1
%

(8
5/
26

5)
29

.9
%

(4
6/
15

4)
35

.1
%

(3
9/
11

1)

A
nt
en

at
al

st
er
oi
ds

:
no

ne
,
%

(n
/N

)
8.
5%

(5
9/
69

6)
8.
0%

(3
0/
37

5)
9.
0%

(2
9/
32

1)
A
nt
en

at
al

st
er
oi
ds

:
nu

m
be

r
of

co
m
pl
et
e

co
ur
se

s
pe

r
in
fa
nt
,
m
ea

n
6
S
D
;

m
ed

ia
n,

25
th
–
75

th
;
n

0.
76

6
0.
58

;
1;

0–
1;

n
=
69

4
0.
80

6
0.
59

;
1.
0;

0–
1.
0;

n
=
37

4
0.
72

6
0.
55

;
1.
0;

0–
1.
0;

n
=
32

0

M
at
er
na

la
nt
ib
io
tic

s,
%

(n
/N
)

77
.1
%

(n
=
51

6/
66

9)
77

.1
%

(n
=
28

0/
36

3)
77

.1
%

(n
=
23

6/
30

6)
P
re
se

nt
at
io
n,

ve
rt
ex

,
%

(n
/N
)

52
.7
%

(n
=
32

0/
60

7)
54

.1
%

(1
80

/3
33

)
51

.1
%

(1
40

/2
74

)
M
od

e
of

bi
rt
h,

ce
sa

re
an

se
ct
io
n,

%
(n
/N
)

67
.8
%

(n
=
48

6/
71

7)
68

.3
%

(2
63

/3
85

)
67

.2
%

(2
23

/3
32

)
M
at
er
na

li
nf
or
m
at
io
n

M
at
er
na

lr
ac

e,
B
la
ck

,
%

(n
/N
)

51
%

(n
=
34

6/
67

8)
53

.3
%

(1
95

/3
66

)
48

.4
%

(1
51

/3
12

)
M
at
er
na

le
th
ni
ci
ty
,
H
is
pa

ni
c,

%
(n
/N
)

16
.1
%

(n
=
11

2/
69

6)
15

.7
%

(5
9/
37

6)
16

.6
%

(5
3/
32

0)
M
at
er
na

la
ge

,
yr
,
m
ea

n
6
S
D
,
m
ed

ia
n,

25
th
–
75

th
;
n

29
.3
6
6
6.
1;

29
;

25
–
34

;
n
=
71

7
29

.4
7
6
5.
7;

29
;
25

–
34

;
n
=
38

5
29

.2
2
6
6.
5;

30
;

24
–
34

;
N
=
33

2
B
ab

y’
s
he

al
th

in
su

ra
nc

e,
M
ed

ic
ai
d/
pu

bl
ic
,
%

(n
/N
)

63
.2
%

(4
50

/7
12

)
63

.4
%

(2
41

/3
80

)
63

.0
%

(2
09

/3
32

)
B
ab

y’
s
he

al
th

in
su

ra
nc

e,
pr
iv
at
e,

%
(n
/N
)

33
.4
%

(2
38

/7
12

)
34

.5
%

(1
31

/3
80

)
32

.2
%

(1
07

/3
32

)
M
at
er
na

lh
yp

er
te
ns

io
n,

%
(n
/N
)

40
.2
%

(2
50

/6
22

)
40

.2
%

(1
35

/3
36

)
40

.2
%

(1
15

/2
86

)
M
at
er
na

lh
yp

er
te
ns

io
n
be

fo
re

pr
eg

na
nc

y,
%

(n
/N

)
59

.1
%

(1
39

/2
35

)
60

.6
%

(7
7/
12

7)
57

.4
%

(6
2/
10

8)
M
at
er
na

lg
es

ta
tio

na
ld

ia
be

te
s,

%
(n
/N
)

5.
3%

(3
2/
60

3)
5.
9%

(1
9/
32

2)
4.
6%

(1
3/
28

1)
M
at
er
na

ld
ia
be

te
s
m
el
lit
us

be
fo
re

pr
eg

na
nc

y,
%

(n
/N
)

6.
0%

(3
6/
59

9)
6.
6%

(2
1/
31

7)
5.
3%

(1
5/
28

2)

(C
on

tin
ue

d
)

ORIGINAL ARTICLE

82 American Journal of Respiratory and Critical Care Medicine Volume 208 Number 1 | July 1 2023



or CPAP at 40 wk PMA), whereas 176 (53%
of unfavorable; 25% of total) had a mildly
unfavorable outcome.

Physiologic Data over Time
Physiologic data were graphed over
chronological age (Figure 2, left panels) and
PMA (Figure 2, right panels) with number of
events per day (Figure 2, top panels),
minutes per day (Figure 2, middle panels),
and dpe (Figure 2, bottom panels) shown as
trajectories over time in terms of outcome
(favorable, mildly unfavorable, moderately or
highly unfavorable) and as heatmaps
representing individual infants. Because
apnea and PB were not evaluable when
infants were intubated and onmechanical
ventilation, the data are shown only for times
of spontaneous breathing (including
noninvasive ventilation) without invasive
respiratory support. These features are
summarized in Table E3.

Apnea. Infants with moderately or
highly unfavorable outcomes could not be
analyzed for association with apnea (or PB),
because there were few infants with such
outcomes not intubated at the four time
points. Excluding days on IMV when apnea
could not be evaluated, infants with
favorable outcomes initially had more
apneic events and of longer daily duration
in the first 4weeks (until 33 wk PMA) than
did those with mildly unfavorable outcomes
but subsequently less apnea thereafter.
Because infants may be intubated due to
apnea, these results may not reflect the
relationship between apnea and outcome.
Apnea cessation (median) was generally by
8weeks chronologic age in infants with a
favorable outcome, by 12weeks in those
with a mildly unfavorable outcome, and by
35–36weeks PMA in both groups because
infants with unfavorable outcomes were
more premature than those with
favorable outcomes.

PB. PB, similar to apnea, was also
increased in both number and duration
among infants with a favorable outcome as
compared with those with a mildly
unfavorable outcome (as with apnea, many
infants with unfavorable outcomes were
intubated on IMV and were not evaluable for
PB). PB persisted until 40weeks PMA in
infants with favorable andmildly
unfavorable outcomes.

IH. Data are shown for IH80 and IH90.
IH75 and IH85 were also investigated but did
not improve prediction (data not shown).
Infants with unfavorable outcomes hadT

ab
le

1.
(C

on
tin

ue
d
)

V
ar
ia
b
le

C
o
m
b
in
ed

P
o
p
u
la
ti
o
n

F
av

o
ra
b
le

O
u
tc
o
m
e

U
n
fa
vo

ra
b
le

O
u
tc
o
m
e

M
at
er
na

la
st
hm

a
du

rin
g
pr
eg

na
nc

y
in

m
ed

ic
al

re
co

rd
,

%
(n
/N
)

10
.4
%

(n
=
62

/5
97

)
12

.5
%

(4
0/
32

1)
8.
0%

(2
2/
27

6)

A
nt
ep

ar
tu
m

he
m
or
rh
ag

e,
%

(n
/N

)
16

.1
%

(9
6/
59

7)
16

.3
%

(5
2/
32

0)
15

.9
%

(4
4/
27

7)
M
ed

ic
at
io
ns

to
pr
ol
on

g
pr
eg

na
nc

y,
%

(n
/N

)
35

.9
%

(2
43

/6
77

)
34

.6
%

(1
26

/3
64

)
37

.4
%

(1
17

/3
13

)
M
at
er
na

lt
ob

ac
co

sm
ok

in
g,

%
(n
/N
)

11
.9
%

(7
3/
61

1)
11

.5
%

(3
8/
33

1)
12

.5
%

(3
5/
28

0)
M
at
er
na

lo
pi
at
es

(o
ra
l/i
nt
ra
ve

no
us

)
or

se
da

tiv
es

or
ot
he

r
ill
ic
it
dr
ug

s,
%

(n
/N
)

12
.6
%

(7
7/
61

3)
13

.3
%

(4
4/
33

0)
11

.7
%

(3
3/
28

3)

Ill
ne

ss
se

ve
rit
y

A
pg

ar
sc

or
e
at

1
m
in
,
m
ed

ia
n;

25
th
–
75

th
,
n

4;
2–

6;
n
=
70

4
5;

3–
7,

n
=
37

7
3;

2–
5;

n
=
32

7
A
pg

ar
sc

or
e
at

5
m
in
,
m
ed

ia
n;

25
th
–
75

th
,
n

7;
5.
5–

8;
n
=
70

4
7;

6–
8;

n
=
37

7
6;

4–
7;

n
=
32

7
R
es

us
ci
ta
tio

n
at

bi
rt
h:

O
2
,
%

(n
/N
)

89
.6
%

(6
38

/7
12

)
86

.3
%

(3
28

/3
80

)
93

.4
%

(3
10

/3
32

)
R
es

us
ci
ta
tio

n
at

bi
rt
h:

C
P
A
P
,
%

(n
/N

)
58

.6
%

(4
17

/7
12

)
67

.1
%

(2
55

/3
80

)
48

.8
%

(1
62

/3
32

)
R
es

us
ci
ta
tio

n
at

bi
rt
h:

ba
g
an

d
m
as

k,
%

(n
/N

)
77

.0
%

(5
48

/7
12

)
72

.6
%

(2
76

/3
80

)
81

.9
%

(2
72

/3
32

)
R
es

us
ci
ta
tio

n
at

bi
rt
h:

in
tu
ba

tio
n,

%
(n
/N

)
53

.9
%

(3
84

/7
12

)
40

.0
%

(1
52

/3
80

)
69

.9
%

(2
32

/3
32

)
R
es

us
ci
ta
tio

n
at

bi
rt
h,

ch
es

t
co

m
pr
es

si
on

,
%

(n
/N
)

2.
0%

(1
4/
71

2)
1.
1%

(4
/3
80

)
3.
0%

(1
0/
33

2)
R
es

us
ci
ta
tio

n
at

bi
rt
h
ep

in
ep

hr
in
e,

%
(n
/N

)
0.
6%

(4
/7
12

)
0.
5%

(2
/3
80

)
0.
6%

(2
/3
32

)
A
dm

is
si
on

te
m
pe

ra
tu
re

to
N
IC

U
,
� C

,
m
ea

n
6
S
D
,
n

36
.8

6
0.
8;

n
=
71

7
36

.9
6
0.
7;

n
=
38

5
36

.7
6
0.
8;

n
=
33

2
P
ro
ph

yl
ac

tic
in
do

m
et
ha

ci
n,

ib
up

ro
fe
n,

ac
et
am

in
op

he
n,

%
(n
/N
)

37
.7
%

(n
=
26

8/
71

0)
33

.1
%

(n
=
12

6/
38

1)
43

.2
%

(n
=
14

2/
32

9)

D
e
fin

iti
o
n
o
f
a
b
b
re
vi
a
tio

n
s:

C
P
A
P
=
c
o
n
tin

u
o
u
s
p
o
si
tiv
e
a
ir
w
a
y
p
re
ss

u
re
;
G
A
=
g
e
st
a
tio

n
a
l
a
g
e
;
N
IC
U
=
n
e
o
n
a
ta
l
IC
U
.

ORIGINAL ARTICLE

Ambalavanan, Weese-Mayer, Hibbs, et al.: Prematurity-related Ventilatory Control Outcomes 83



T
ab

le
2.

O
ut
co

m
es

an
d
O
th
er

N
eo

na
ta
lM

or
bi
di
tie

s
in

S
ur
vi
vo

rs
O
nl
y

V
ar
ia
b
le

C
o
m
b
in
ed

P
o
p
u
la
ti
o
n

P
ri
m
ar
y
F
av

o
ra
b
le

O
u
tc
o
m
e

P
ri
m
ar
y
U
n
fa
vo

ra
b
le

O
u
tc
o
m
e

F
av

or
ab

le
pr
im

ar
y
ou

tc
om

e
O
nl
y
on

re
sp

ira
to
ry

m
ed

ic
at
io
ns

at
di
sc

ha
rg
e
,
40

w
k
P
M
A
,

%
(n
/N
)

1.
5%

(1
1/
71

7)
0%

(0
/3
85

)
3.
3%

(1
1/
33

2)

O
nl
y
on

re
sp

ira
to
ry

su
pp

or
t
at

di
sc

ha
rg
e
,
40

w
k
P
M
A
,

%
(n
/N
)

0.
7%

(5
/7
17

)
0%

(0
/3
85

)
1.
5%

(5
/3
32

)

O
n
re
sp

ira
to
ry

m
ed

ic
at
io
ns

an
d
re
sp

ira
to
ry

su
pp

or
t
at

di
sc

ha
rg
e
,
40

w
k
P
M
A
,
%

(n
/N
)

0.
8%

(6
/7
17

)
0%

(0
/3
85

)
1.
8%

(6
/3
32

)

O
nl
y
on

re
sp

ira
to
ry

m
ed

ic
at
io
ns

as
in
pa

tie
nt

at
40

w
k
P
M
A
,

%
(n
/N
)

3.
1%

(2
2/
71

7)
0%

(0
/3
85

)
6.
6%

(2
2/
33

2)

O
nl
y
on

re
sp

ira
to
ry

su
pp

or
t
as

in
pa

tie
nt

at
40

w
k
P
M
A
,

%
(n
/N
)

11
.6
%

(8
3/
71

7)
0%

(0
/3
85

)
25

.0
%

(8
3/
33

2)

O
n
re
sp

ira
to
ry

m
ed

ic
at
io
ns

an
d
re
sp

ira
to
ry

su
pp

or
t
as

in
pa

tie
nt

at
40

w
k
P
M
A
,
%

(n
/N
)

19
.2
%

(1
38

/7
17

)
0%

(0
/3
85

)
41

.6
%

(1
38

/3
32

)

D
ea

th
<
40

w
k
P
M
A
,
%

(n
/N
)

9.
3%

(6
7/
71

7)
0%

(0
/3
85

)
20

.2
%

(6
7/
33

2)
D
is
ch

ar
ge

d
al
iv
e
on

no
re
sp

ira
to
ry

m
ed

ic
at
io
ns

or
re
sp

ira
to
ry

su
pp

or
t
,
40

w
k
P
M
A
,
%

(n
/N

)
33

.5
%

(2
40

/7
17

)
62

.3
%

(2
40

/3
85

)
0%

(0
/3
32

)

A
liv
e
on

no
re
sp

ira
to
ry

m
ed

ic
at
io
ns

or
re
sp

ira
to
ry

su
pp

or
t
as

in
pa

tie
nt

at
40

w
k
P
M
A
,
%

(n
/N
)

20
.2
%

(1
45

/7
17

)
37

.7
%

(1
45

/3
85

)
0%

(0
/3
32

)

S
ec

on
da

ry
ou

tc
om

es
M
od

er
at
e
B
P
D

(N
IC

H
D

de
fin

iti
on

,
%

(n
/N
)

N
ee

d
fo
r
an

y
ox

yg
en

at
36

w
k
P
M
A
or

di
sc

ha
rg
e,

w
hi
ch

ev
er

co
m
es

fir
st
;
36

w
k
su

rv
iv
or
s
on

ly

44
%

(2
88

/6
54

)
17

.4
%

(6
7/
38

5)
82

.2
%

(2
21

/2
69

)

S
ev

er
e
B
P
D

(N
IC

H
D

de
fin

iti
on

),
%

(n
/N
)

N
ee

d
fo
r
>
30

%
ox

yg
en

an
d/
or

po
si
tiv

e
pr
es

su
re

(P
P
V
or

N
C
P
A
P
)
at

36
w
k
P
M
A
or

di
sc

ha
rg
e,

w
hi
ch

ev
er

co
m
es

fir
st
;
in
fa
nt
s
al
iv
e
at

36
w
k
P
M
A

31
.2
%

(2
04

/6
54

)
7.
0%

(2
7/
38

5)
65

.8
%

(1
77

/2
69

)

S
ev

er
e
B
P
D
,
%

(n
/N

)
O
n
in
va

si
ve

m
ec

ha
ni
ca

lv
en

til
at
io
n
at

36
w
k
P
M
A
;
in
fa
nt
s

al
iv
e
at

36
w
k
P
M
A

9.
9%

(6
5/
65

4)
0.
5%

(2
/3
85

)
23

.4
%

(6
3/
26

9)

H
ig
hl
y
un

fa
vo

ra
bl
e
ou

tc
om

e:
de

at
h
or

IM
V
at

40
w
k
P
M
A
,

%
(n
/N
)

15
.8
%

(1
13

/7
17

)
0%

(0
/3
85

)
34

.0
%

(1
13

/3
32

)

M
od

er
at
el
y
un

fa
vo

ra
bl
e
ou

tc
om

e:
no

ni
nv

as
iv
e
po

si
tiv

e
pr
es

su
re

at
40

w
k
P
M
A
,
%

(n
/N
)

6.
0%

(4
3/
71

7)
0%

(0
/3
85

)
13

.0
%

(4
3/
33

2)

M
ild

ly
un

fa
vo

ra
bl
e
ou

tc
om

e:
na

sa
lc

an
nu

la
or

on
ly

m
ed

ic
at
io
ns

at
40

w
k
P
M
A
or

di
sc

ha
rg
ed

ho
m
e
on

m
ed

ic
at
io
ns

or
ox

yg
en

be
fo
re

40
w
k,

%
(n
/N

)

24
.5
%

(1
76

/7
17

)
0%

(0
/3
85

)
53

.0
%

(1
76

/3
32

)

D
ur
at
io
n
of

re
sp

ira
to
ry

su
pp

or
t
(I
M
V
or

C
P
A
P
or

O
2
),
d,

m
ea

n
6
S
D
;

m
ed

ia
n,

25
th
–
75

th
,
n
th
ro
ug

h
di
sc

ha
rg
e,

up
to

40
w
k

(in
fa
nt
s
al
iv
e
at

40
w
k
P
M
A
)

57
.7
9
6

33
.2
1;

59
,

28
.2
5–

88
;
n
=
65

1
38

.8
8
6
25

.5
3;

36
;
16

–
58

;
n
=
38

5
85

.1
6
6

22
.1
2;

90
;
75

–
10

1;
n
=
26

6

D
ur
at
io
n
of

m
ec

ha
ni
ca

lv
en

til
at
io
n,

d,
m
ea

n
6
S
D
;
m
ed

ia
n,

25
th
–
75

th
,
n
th
ro
ug

h
di
sc

ha
rg
e,

up
to

40
w
k;

40
w
k

su
rv
iv
or
s
on

ly

21
.5
7
6
28

.0
1;

7;
1–

35
.7
5,

n
=
65

1
7.
94

6
13

.2
;
2;

0–
9.
25

;
n
=
38

5
41

.2
8
6
31

.8
3;

38
;

10
–
65

;
n
=
26

6

P
ul
m
on

ar
y
hy

pe
rt
en

si
on

di
ag

no
si
s
.
34

w
k

(e
ch

oc
ar
di
og

ra
ph

y
pr
ov

en
),
%

(n
/N
)
th
ro
ug

h
di
sc

ha
rg
e
up

to
40

w
k;

40
w
k
su

rv
iv
or
s
on

ly

9.
4%

(6
1/
65

0)
0.
5%

(2
/3
85

)
22

.3
%

(5
9/
26

5)

O
th
er

m
or
bi
di
ty

in
40

w
k
su

rv
iv
or
s

A
ny

in
tr
av

en
tr
ic
ul
ar

he
m
or
rh
ag

e
(g
ra
de

s
1–

4)
th
ro
ug

h
ex

it
or

36
w
k
P
M
A
,
%

(n
/N
)

30
.3
%

(1
97

/6
51

)
22

.9
%

(8
8/
38

5)
41

%
(1
09

/2
66

)

10
.0
%

(6
5/
65

1)
5.
7%

(2
2/
38

5)
16

.2
%

(4
3/
26

6) (C
on

tin
ue

d
)

ORIGINAL ARTICLE

84 American Journal of Respiratory and Critical Care Medicine Volume 208 Number 1 | July 1 2023



T
ab

le
2.

(C
on

tin
ue

d
)

V
ar
ia
b
le

C
o
m
b
in
ed

P
o
p
u
la
ti
o
n

P
ri
m
ar
y
F
av

o
ra
b
le

O
u
tc
o
m
e

P
ri
m
ar
y
U
n
fa
vo

ra
b
le

O
u
tc
o
m
e

S
ev

er
e
in
tr
av

en
tr
ic
ul
ar

he
m
or
rh
ag

e
(g
ra
de

3
or

4)
th
ro
ug

h
ex

it
or

36
w
k
P
M
A
,
%

(n
/N
)

P
er
iv
en

tr
ic
ul
ar

le
uk

om
al
ac

ia
th
ro
ug

h
ex

it
or

36
w
k
P
M
A
,

%
(n
/N
)

4.
1%

(2
7/
65

1)
2.
3%

(9
/3
85

)
6.
8%

(1
8/
26

6)

P
os

th
em

or
rh
ag

ic
hy

dr
oc

ep
ha

lu
s
th
ro
ug

h
ex

it
or

36
w
k
P
M
A
,

%
(n
/N
)

9.
4%

(6
1/
65

1)
4.
7%

(1
8/
38

5)
16

.2
%

(4
3/
26

6)

E
ar
ly
-o
ns

et
se

pt
ic
em

ia
(b
lo
od

cu
ltu

re
po

si
tiv

e
be

fo
re

72
h
of

ag
e)
,
%

(n
/N
)

2.
51

%
(1
8/
71

7)
0.
52

%
(2
/3
85

)
4.
82

%
(1
6/
33

2)

La
te
-o
ns

et
se

pt
ic
em

ia
(b
lo
od

cu
ltu

re
po

si
tiv

e
be

yo
nd

3
d
of

ag
e)

th
ro
ug

h
ex

it
up

to
40

w
k,

%
(n
/N
)

20
.3
9%

(1
45

/7
11

)
10

.9
%

(4
2/
38

5)
31

.6
0%

(1
03

/3
26

)

A
nt
ib
io
tic

co
ur
se

s
of

>
5
d
du

ra
tio

n
w
ith

ou
t
po

si
tiv

e
cu

ltu
re
s

th
ro
ug

h
ex

it
up

to
40

w
k,

%
(n
/N

)
0.
14

%
(1
/7
17

)
0%

(0
/3
85

)
0.
30

%
(1
/3
32

)

R
et
in
op

at
hy

of
pr
em

at
ur
ity

(R
O
P
):
an

y
st
ag

e/
zo

ne
th
ro
ug

h
ex

it
up

to
52

w
k
(o
f
in
fa
nt
s
w
ho

re
ce

iv
ed

an
R
O
P

ex
am

),
%

(n
/N
)

57
.1
%

(3
58

/6
27

)
41

.4
%

(1
54

/3
72

)
80

.0
%

(2
04

/2
55

)

R
et
in
op

at
hy

of
pr
em

at
ur
ity

(R
O
P
):
se

ve
re

(n
ee

di
ng

la
se

r/
be

va
ci
zu

m
ab

/s
ur
ge

ry
)
th
ro
ug

h
ex

it
up

to
40

w
k,

%
(n
/N

)
7.
9%

(5
0/
63

4)
1.
6%

(6
/3
72

)
16

.8
%

(4
4/
26

2)

P
at
en

t
du

ct
us

ar
te
rio

su
s:

an
y
(d
ia
gn

os
ed

on
ec

ho
ca

rd
io
gr
ap

hy
)
th
ro
ug

h
ex

it
up

to
40

w
k,

%
(n
/N
)

40
.5
%

(2
63

/6
50

)
31

.2
%

(1
20

/3
85

)
54

.0
%

(1
43

/2
65

)

P
at
en

t
du

ct
us

ar
te
rio

su
s:

di
ag

no
se

d
th
ro
ug

h
ex

it
up

to
40

w
an

d
m
ed

ic
al
ly

tr
ea

te
d
w
ith

in
do

m
et
ha

ci
n/
ib
up

ro
fe
n/

ac
et
am

in
op

he
n
th
ro
ug

h
ex

it
up

to
52

w
k,

%
(n
/N

)

26
.9
%

(1
75

/6
50

)
19

.0
(7
3/
38

5)
38

.5
%

(1
02

/2
65

)

P
at
en

t
du

ct
us

ar
te
rio

su
s:

su
rg
ic
al
ly

lig
at
ed

or
ca

rd
ia
c

ca
th
et
er

cl
os

ur
e
th
ro
ug

h
ex

it
up

to
40

w
k,

%
(n
/N
)

4.
6%

(3
0/
65

0)
1.
0%

(4
/3
85

)
9.
8%

(2
6/
26

5)

N
ec

ro
tiz

in
g
en

te
ro
co

lit
is
:
m
ed

ic
al

(s
ta
ge

II
or

III
)
th
ro
ug

h
ex

it
up

to
40

w
k,

%
(n
/N
)

4.
8%

(3
1/
65

0)
3.
6%

(1
4/
38

5)
6.
4%

(1
7/
26

5)

N
ec

ro
tiz

in
g
en

te
ro
co

lit
is
:
su

rg
ic
al

(s
ta
ge

II
or

III
)
th
ro
ug

h
ex

it
up

to
40

w
k,

%
(n
/N
)

3.
4%

(2
2/
65

0)
1.
0%

(4
/3
85

)
6.
8%

(1
8/
26

5)

S
po

nt
an

eo
us

in
te
st
in
al

pe
rf
or
at
io
n
th
ro
ug

h
ex

it
up

to
40

w
k,

%
(n
/N
)

3.
1%

(2
0/
65

0)
1.
3%

(5
/3
85

)
5.
7%

(1
5/
26

5)

D
is
ch

ar
ge

w
ei
gh

t,
g,

at
ex

it
up

to
52

w
k,

m
ea

n
6
S
D
;

m
ed

ia
n;

25
th
–
75

th
,
n

3,
50

6.
03

6
1,
16

2;
3,
23

0;
2,
61

1–
4,
12

5;
n
=
64

9
2,
94

6.
26

6
70

6;
2,
85

5;
2,
39

0–
35

1;
n
=
38

5
4,
32

2.
36

6
1,
21

3;
4,
17

7.
5;

3,
34

7.
5–

5,
12

0;
n
=
36

4
D
is
ch

ar
ge

w
ei
gh

t
pe

rc
en

til
e
fo
r
P
M
A

at
ex

it
up

to
52

w
k,

m
ea

n
6
S
D
;
m
ed

ia
n;

25
th
–
75

th
,
n

50
.5
6
28

.6
;
50

.4
;

25
.5
–
75

.2
;
n
=
64

9
36

.6
6
23

.5
;
34

.4
;

16
.4
–
55

.2
;
n
=
38

5
70

.6
6

22
.9
;
76

.6
;

55
.2
–
89

.2
;
n
=
26

4
D
is
ch

ar
ge

le
ng

th
,
cm

,
m
ea

n
6
S
D
;
m
ed

ia
n;

ra
ng

e,
n
at

ex
it

up
to

52
w
k

48
.7
7
6
4.
67

;
48

;
45

.5
–
51

.5
0;

n
=
64

9
47

.0
7
6
3.
63

;
46

.5
;

44
.5
–
49

.5
0,

n
=
38

5
51

.2
6
6
4.
9;

51
;

48
.0
–
54

.5
;
n
=
26

4
D
is
ch

ar
ge

le
ng

th
pe

rc
en

til
e
fo
r
P
M
A
,
m
ea

n
6
S
D
;
m
ed

ia
n;

25
th
–
75

th
,
n
at

ex
it
up

to
52

w
k

50
.6
6

28
.6
;
48

;
25

.8
–
75

.2
;
n
=
64

9
39

.9
6
25

.2
;
35

.8
;

17
.3
–
59

.9
;
n
=
38

5
66

.2
6

26
.0
;
71

.6
;

48
.0
–
88

.3
;
n
=
26

4
D
is
ch

ar
ge

he
ad

ci
rc
um

fe
re
nc

e,
cm

,
at

ex
it
up

to
52

w
k,

m
ea

n
6
S
D
;
m
ed

ia
n;

25
th
–
75

th
,
n

34
.5
7
6
2.
99

;
34

.5
;

32
.9
4–

36
.1
3;

n
=
64

9
33

.3
5
6
2.
34

;
33

.5
;

32
–
34

.5
;
n
=
38

5
36

.3
4
6
2.
94

;
36

.0
;

34
.5
–
38

.0
;
n
=
26

4
D
is
ch

ar
ge

he
ad

ci
rc
um

fe
re
nc

e
pe

rc
en

til
e
fo
r
P
M
A
at

ex
it
up

to
52

w
k,

m
ea

n
6
S
D
;
m
ed

ia
n;

25
th
–
75

th
,
n

50
.4
6
28

.6
;
53

.5
;

28
.6
–
73

.7
;
n
=
64

9
38

.6
6
24

.7
;
37

.0
;

19
.1
–
53

.5
;
n
=
38

5
67

.7
6

24
.8
;
72

.5
;

53
.5
–
88

.0
,
n
=
26

4
H
os

pi
ta
ll
en

gt
h
of

st
ay

,
d,

m
ea

n
6
S
D
;
m
ed

ia
n;

25
th
–
75

th
,
n

11
1
6

44
;1
99

;
76

–
13

8;
n

=
64

9
86

6
26

;
83

;
67

–
10

0;
n
=
38

5
14

8
6
40

;
14

5;
11

9–
18

2;
n
=
26

4

D
e
fin

iti
o
n
o
f
a
b
b
re
vi
a
tio

n
s:

B
P
D
=
b
ro
n
c
h
o
p
u
lm

o
n
a
ry

d
ys

p
la
si
a
;
C
P
A
P
=
c
o
n
tin

u
o
u
s
p
o
si
tiv
e
a
ir
w
a
y
p
re
ss

u
re
;
IM

V
=
in
va

si
ve

m
e
c
h
a
n
ic
a
l
ve

n
til
a
tio

n
;
N
C
P
A
P
=
n
a
sa

l
c
o
n
tin

u
o
u
s

p
o
si
tiv
e
a
ir
w
a
y
p
re
ss

u
re
;
N
IC
H
D
=
E
u
n
ic
e
K
e
n
n
e
d
y
S
h
ri
ve

r
N
a
tio

n
a
l
In
st
itu

te
o
f
C
h
ild

H
e
a
lth

a
n
d
H
u
m
a
n
D
e
ve

lo
p
m
e
n
t;
P
M
A
=
p
o
st
m
e
n
st
ru
a
l
a
g
e
;
P
P
V
=
p
o
si
tiv
e
p
re
ss
u
re

ve
n
til
a
tio

n
.

ORIGINAL ARTICLE

Ambalavanan, Weese-Mayer, Hibbs, et al.: Prematurity-related Ventilatory Control Outcomes 85



T
ab

le
3.

C
lin

ic
al

R
es

pi
ra
to
ry

D
at
a

V
ar
ia
b
le

C
u
m
u
la
ti
ve

fr
o
m

D
ay

1
to

32
W
k
P
M
A
*

D
ay

1
D
ay

7
D
ay

14
D
ay

28
32

W
k
P
M
A

R
es

pi
ra
to
ry

su
pp

or
t
(a
ny

)
(%

;
n/
N
)

90
.0
1%

(n
=
71

4/
71

7)
98

.7
4%

(n
=
70

7/
71

6)
91

.3
2%

(n
=
64

2/
70

3)
88

.7
6%

(n
=
60

8/
68

5)
84

.4
3%

(5
64

/6
68

)
81

.8
5%

(n
=
54

1/
66

1)
A
ny

in
va

si
ve

IM
V

(%
;
n/
N
)

78
.5
2%

(n
=
56

3/
71

7)
68

.0
1%

(n
=
48

7/
71

6)
43

.1
%

(n
=
30

3/
70

3)
39

.1
2%

(n
=
26

8/
68

5)
31

.7
%

(n
=
21

2/
66

8)
19

.5
1%

(n
=
12

9/
66

1)
M
ea

n
ai
rw

ay
pr
es

su
re

on
IM

V
(m

ea
n
6

S
D
;
m
ed

ia
n,

25
th
–
75

th
,
n

10
.0
6

2.
8;

9.
5;

8–
11

.1
;
n
=
56

3
8.
0
6
2.
2;

8;
6.
8–

9;
n
=
48

4
9.
2
6
2.
2;

8.
9;

7.
7–

10
;
n
=
30

3
10

.2
6
2.
7;

9.
9;

8.
4–

12
;
n
=
26

8
10

.4
6

2.
5;

10
;

8.
8–

12
;
n
=
20

9
11

.0
6
2.
9;

10
;

9–
13

;
n
=
12

8

O
n
C
P
A
P
,
%

(n
/N

)
23

%
(5
47

/7
17

)
20

.3
%

(1
45

/7
16

)
26

.5
%

(1
86

/7
03

)
23

.2
%

(1
59

/6
85

)
21

.1
%

(1
41

/6
68

)
25

.6
%

(1
69

/6
61

)
O
n
su

pp
le
m
en

ta
lo

xy
ge

n,
ye

s/
no

,
%

75
.9
%

(7
06

/7
17

)
79

.9
%

(5
72

/7
16

)
68

.9
%

(4
84

/7
03

)
73

.9
%

(5
06

/6
85

)
69

.3
%

(4
63

/6
68

)
65

.4
%

(4
32

/6
61

)

F
I O

2
(c
lo
se

st
to

no
on

),
m
ea

n
6

S
D
;

m
ed

ia
n,

25
th
–
75

th
,
n

0.
33

6
0.
18

;
0.
26

;
0.
21

–
0.
37

;
n
=
71

7
0.
28

6
0.
12

;
0.
24

;
0.
21

–
0.
30

;
n
=
71

6
0.
30

6
0.
15

;
0.
24

;
0.
21

–
0.
32

;
n
=
70

3
0.
34

6
0.
19

;
0.
26

;
0.
21

–
0.
36

;
n
=
68

5
0.
32

6
0.
17

;
0.
25

;
0.
21

–
0.
36

;
n
=
66

8
0.
30

6
0.
16

;
0.
23

;
0.
21

–
0.
32

;
n
=
66

1
F
I O

2
cl
os

es
t
to

no
on

is
.
30

%
=
ye

s,
%

(n
/N
)

34
.6
%

(5
71

/7
17

)
23

.5
%

(1
68

/7
16

)
26

.0
%

(1
83

/7
03

)
34

.7
%

(2
38

/6
85

)
32

.6
%

(2
18

/6
68

)
25

.9
%

(1
71

/6
61

)

M
ax

im
um

P
a C

O
2
,
%
,
m
ea

n
6
S
D
;

m
ed

ia
n,

25
th
–
75

th
,
n

52
.2

6
13

;
40

;
44

–
59

;
n
=
57

5
47

.9
6
11

.5
;

46
;
40

–
54

;
n
=
41

8
55

.3
6

11
.3
;
54

;
48

–
64

,
n
=
93

59
.4
6

32
;
50

;
43

–
58

.5
;
n
=
15

58
.6
6

17
.9
;
53

.5
;

43
.5
–
73

;
n
=
8

51
.0
6

4.
6;

51
.5
;

48
–
54

.1
;
n
=
4

M
ax

ca
pi
lla

ry
or

ve
no

us
P
C
O

2
,
%
,

m
ea

n
6
S
D
;
m
ed

ia
n,

25
th
–
75

th
,
n

53
.0

6
10

.5
;
52

;
46

–
59

;
n
=
69

3
46

.6
6

11
;
45

;
40

–
51

;
n
=
25

0
50

.8
6
10

.7
;
49

;
44

–
57

;
n
=
42

5
54

.1
6
10

.4
;
53

;
47

–
60

;
n
=
68

5
53

.2
6
10

.4
;
52

;
46

–
59

;
n
=
32

2
53

.7
6

10
.2
;
52

;
47

–
60

;
n
=
22

1
Lo

ng
itu

di
na

lb
ur
de

n
of

re
sp

ira
to
ry

su
pp

or
t:
nu

m
be

r
of

da
ys

al
iv
e

an
d
of
f
ve

nt
ila

tio
n,

m
ea

n
6
S
D
;
m
ed

ia
n,

25
th
–
75

th
,
n

N
/A

N
/A

3.
8
6
3.
4;

4;
0–

7;
n
=
70

3
8.
1
6
6.
4;

11
;

0–
14

;
n
=
68

5
17

.2
6

12
;
23

;
2–

28
;

n
=
66

8
22

.8
6

12
.9
;
24

;
14

–
31

;
n
=
66

1

N
um

be
r
of

da
ys

al
iv
e
an

d
of
f

ve
nt
ila

tio
n
in

pa
st

2
w
k,

m
ea

n
6

S
D
;
m
ed

ia
n,

25
th
–
75

th
,
n

N
/A

N
/A

N
/A

N
/A

9
6

6.
2;

14
;

0–
14

;
n
=
66

8
10

.8
6
5.
4;

14
;

9–
14

;
n
=
66

1

D
e
fin

iti
o
n
o
f
a
b
b
re
vi
a
tio

n
s:

IM
V
=
in
va

si
ve

m
e
c
h
a
n
ic
a
l
ve

n
til
a
tio

n
;
P
M
A
=
p
o
st
m
e
n
st
ru
a
l
a
g
e
.

*F
o
r
th
e
c
u
m
u
la
tiv
e
d
a
ta

c
o
lu
m
n
,
%

is
th
e
p
e
rc
e
n
ta
g
e
o
f
d
a
ys

u
n
til

3
2
w
e
e
ks

P
M
A
;
n
/N

re
p
re
se

n
ts

in
fa
n
ts

o
n
a
n
y
d
a
y
u
n
til

3
2
w
e
e
ks

P
M
A
.

ORIGINAL ARTICLE

86 American Journal of Respiratory and Critical Care Medicine Volume 208 Number 1 | July 1 2023



A

B

C

D

E

F

Postnatal (Chronological) Age

tnuoC yliaD
noitaruD yliaD

tnevE rep noitaruD

Figure 2. Trajectories and heat maps for daily counts, daily duration, and median duration per event of apnea, periodic breathing, intermittent
hypoxemia (IH)<80%, IH<90%, and bradycardia for infants enrolled in Pre-Vent. Chronologic (postnatal) age is shown on the x-axis in the left panels
(A–F) and postmenstrual age is shown on the x-axis in the right panels (G–L). Data are shown from 3days of age, and a minimum number of 30 infants
was required to calculate a trajectory curve. Only infant days that have at least 12hours of signal available are included. Top row of graphs (A,G) and
heatmaps (B, H) show data for daily counts, whereas the middle row of graphs (C, I) and heatmaps (D, J) show data for daily duration of events, and
bottom row of graphs (E, K) and heatmaps (F, L) show data for median duration per event. The top row of graphs (A,G) shows trajectories of daily count
of event by outcome (color-coded lines), with the number of events on the y-axis and age on the x-axis. The second row of panels shows heatmaps
(B, H) for daily counts of events. The heat map shows data for all infants, with each infant per horizontal line, grouped by outcome as favorable (at top),
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Figure 2. (Continued ). mildly unfavorable (in middle), and moderately or highly unfavorable (at bottom). Within each category of outcome,
infants are grouped by gestational age with oldest infants at the bottom and youngest infants at the top, with the data plotted horizontally by
chronological age on the x-axis. Color coding for number of events per day is shown with yellow indicating more events and deepening shades
of blue indicating fewer events. Black indicates no data, such as for apnea or periodic breathing when the infant is on a ventilator. The gray
area represents data truncation when the infant has reached 36weeks, 6 days postmenstrual age, the predetermined endpoint for the Pre-Vent
physiologic outcomes analysis. The middle row of graphs (C, I) shows trajectories of daily duration of event by outcome (color-coded lines), with
the number of events on the y-axis and the age on the x-axis. The second row of panels shows heatmaps (D, J) for daily duration of the events.
The lower row of graphs (E, F) shows trajectories of median duration per event by outcome (color-coded lines), with the number of events on
the y-axis and the chronologic age on the x-axis. The bottom row of panels shows heatmaps (F, L) for median duration per event.
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increased IH80 and IH90 counts and daily
duration. IH90 dpe and IH80 dpe
discriminated best among the different
categories of outcome, with different
trajectories over time between infants with
favorable, mildly unfavorable, moderately
unfavorable, and highly unfavorable
outcomes (Figures 2E and 2F). The median
daily counts, daily duration, and dpe for the
infants with favorable and unfavorable
outcomes diverged from the earliest time
point (25 wk PMA), with dpe again
illustrating maximal separation among
different outcomes (Figures 2K and 2L).

Bradycardia. Bradycardia trajectories of
infants with favorable outcomes and
different categories of unfavorable outcomes
had overlap, with convergence by�14weeks
chronologic age or 33weeks PMA for counts
and daily duration.

Primary outcome. The primary
outcome was measured using unfavorable
versus favorable outcome models with
24-hour (snapshot) data.

Physiologic Models
Physiologic data predicted unfavorable
outcomes, with the accuracy of prediction
increasing with advancing postnatal age
(Tables 4–7, Figures 3 and 4). The AUC of
the receiver operating characteristic curve
(ROC) of models improved from 0.792 at
Postnatal Day 7 to 0.825 at Day 14, 0.855 at
Day 28, and 0.845 at 32weeks PMA. The
primary variables contributing the most
overall to predictive accuracy were IH,90%
(IH90) duration per event (IH90dpe),
followed by IH90 total duration per day and
IH90 count per day. In contrast, longer PB
and apnea events (dpe) were associated with
favorable outcomes, but these variables could
be evaluated only in infants not on a
ventilator, andmany infants with
unfavorable outcome were mechanically
ventilated at earlier time points.

Clinical Models
Clinical data models predicted unfavorable
outcomes with good accuracy at Day 7 (AUC

of ROC, 0.841), which remained relatively
stable over time (0.849 on Day 14, 0.864 on
Day 28, and 0.871 at 32 wk PMA) (Tables
4–7, Figure 3). At Day 7, lower GA, being
small for gestational age (SGA), on high
(.0.3) FIO2

, and on IMV or positive pressure
(including CPAP or nasal IMV) were the
major contributors to unfavorable outcomes.
These variables were also important at Days
14 and 28, although the relative importance
was different because GA (most important
on Day 7) was replaced by IMV on Day 14
and Day 28 as the most contributory
variable. Black infants had lower odds of
unfavorable outcome at Days 7 and 14,
although this was no longer statistically
significant at Day 28 or 32weeks PMA. At
32weeks PMA, being SGA, on IMV, and of
lower GA were the major contributors.

Physiologic and Clinical Models
Models combining physiologic and clinical
data had good accuracy, with AUC of ROC
of 0.846 at Day 7, 0.854 on Day 14, 0.872 on

Table 4. Model at 7 Days of Age, Including Survivors to Day 7 (Limited to Importance 0.0005 or More)

Variable (Selected by LASSO) AUC C-Statistic
Importance of

Variable
OR (95% CI)
or Similar P Value

Clinical variables alone model 0.841
Gestational age 0.0117 0.51 (0.39–0.68) ,0.00001
SGA 0.0070 4.73 (2.04–10.97) 0.0003
FIO2

.0.3* 0.0050 2.28 (1.35–3.83) 0.002
IMV 0.0036 2.53 (1.27–5.05) 0.008
Positive pressure 0.0035 1.95 (1.1–3.47) 0.022
Black race 0.0028 0.57 (0.37–0.89) 0.014
Supplemental oxygen .12h/24 h 0.0026 1.76 (1.11–2.78) 0.016
Growth percentile 0.0024 0.74 (0.58–0.93) 0.010
Apgar 1-min score 0.0023 0.79 (0.65–0.96) 0.016
Sedatives 0.0014 2.42 (1.12–5.21) 0.024
Male 0.0012 1.40 (0.96–2.04) 0.084

Physiologic variables alone model 0.792
PB dpe 0.0179 0.56 (0.42–0.73) 0.00004
IH90 daily duration 0.0099 1.66 (1.2–2.32) 0.003
IH90 dpe 0.0006 1.15 (0.87–1.53) 0.321

Combined model (physiologic model1 clinical model) 0.846
SGA 0.0233 9.57 (4.18–21.91) ,0.00001
Gestational age 0.0095 0.53 (0.39–0.71) 0.00002
PB dpe 0.0064 0.60 (0.45–0.81) 0.0009
FIO2

.0.3* 0.0046 2.04 (1.16–3.58) 0.013
Black race 0.0038 0.61 (0.39–0.97) 0.035
IH90 daily duration 0.0038 1.45 (1.01–2.09) 0.045
Positive pressure 0.0027 2.04 (1.04–4.01) 0.037
Apgar 1-min score 0.0025 0.77 (0.63–0.95) 0.017
Caffeine 0.0006 0.63 (0.27–1.49) 0.295
IMV 0.0006 1.72 (0.74–4.0) 0.208

Definition of abbreviations: AUC=area under the curve; CI= confidence interval; dpe=duration per event; IH90= intermittent hypoxemia events
with oxygen saturation as measured by pulse oximetry ,90%; IMV= invasive mechanical ventilation; LASSO= least absolute shrinkage and
selection operator; OR=odds ratio; PB=periodic breathing; SGA=small for gestational age.
*When FIO2

is listed as a variable, it is the continuous variable of FIO2
value closest to noon. If FIO2

.0.3 is listed, it is the binary variable FIO2

.0.3.
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Day 28, and 0.879 at 32weeks PMA (Tables
4–7, Figure 3). This accuracy was comparable
to that with clinical data alone (less than 0.01
increase in AUC). The major clinical
variables included in this model were SGA
and GA on Day 7, SGA and positive pressure
on Day 14, FIO2

and SGA on Day 28, and
SGA and GA at 32weeks PMA. The major
physiologic variables were those related to
IH90 and PB (absence of PB in nonventilated
infants and duration of PB if present).

Secondary outcomes evaluated using
24-hour data at 28 days of age were as
outlined below.

1. Highly unfavorable outcome (Death or
IMV at 40w PMA) (Table 8; Figure 4).
The physiologic model had overall
model accuracy of 0.842 (cvAUC), with
the important variables in order of
contribution to AUC being higher
IH80 dpe, followed by lower PB
count, and increased bradycardia
daily duration. The clinical model had

accuracy of 0.862 with the important
variables being use of mechanical
ventilation, lower GA, SGA, higher
FIO2

, being male, lower 1 minute
Apgar, and non-Hispanic ethnicity.
The combined model had accuracy of
0.872, with major variables being SGA,
lower GA, use of sedatives, higher
IH80 dpe, non-Hispanic ethnicity,
and IH90 count and IH90 dpe.

2. BPD at 36 weeks PMA (NICHD
definition) (Table 9; Figure 4). The
physiologic model had an accuracy of
0.875, with major variables being
higher IH90 dpe and IH90 daily
duration, and lower Apnea dpe. The
clinical model had an accuracy was
0.883, with important contributors
being use of IMV, higher FIO2

, use of
positive pressure (CPAP, non-invasive
or invasive ventilation), prolonged
supplemental oxygen (.12 h/24 h),
SGA, lower 5 minute Apgar, and lack
of caffeine use. The combined model

had an accuracy of 0.894, with major
contributors being higher FIO2

, use of
positive pressure, non-Black race,
higher IH90 daily duration, SGA,
lower Apnea dpe, use of IMV, use of
supplemental oxygen, non-Hispanic
ethnicity, and lower 5 minute Apgar.

3. Grade 3 BPD (Jensen and colleagues
[16]. definition) (Table 10; Figure 4).
The physiologic model had an accuracy
of 0.871, with major contributors being
higher IH80 dpe, and lower PB daily
duration and Apnea daily duration.
The clinical model had an accuracy of
0.887, with major contributors being
use of IMV, sedation, SGA, lower 1
minute Apgar, lower GA, black race,
and high FIO2

(.0.3). The combined
model had an accuracy of 0.900, with
major contributors being use of
sedatives, SGA, IH80 dpe, lower GA,
less PB daily duration, less apnea
daily duration, and lower 1 minute
Apgar.

Table 5. Model at 14 Days of Age, Including Survivors to Day 14 (Limited to Importance 0.0005 or More)

Variable (Selected by LASSO) AUC C-Statistic
Importance of

Variable
OR (95% CI)
or Similar P Value

Clinical variables alone model 0.849
IMV 0.0170 6.70 (3.2–14) ,0.00001
SGA 0.0153 7.69 (3.57–16.56) ,0.00001
Positive pressure 0.0117 3.47 (1.9–6.32) 0.0001
FIO2

* 0.0069 1.66 (1.15–2.38) 0.006
Black race 0.0022 0.61 (0.39–0.94) 0.027
Gestational age 0.0021 0.64 (0.49–0.83) 0.0007
Apgar 1-min score 0.0014 0.81 (0.67–0.99) 0.035
Temperature at admission 0.0013 0.84 (0.68–1.05) 0.121
Hispanic ethnicity 0.0006 0.60 (0.33–1.07) 0.085
Sedatives 0.0005 2.30 (0.96–5.50) 0.062

Physiologic variables alone model 0.825
IH90 dpe 0.0156 1.71 (1.29–2.27) 0.0002
PB dpe 0.0094 0.57 (0.42–0.77) 0.0002
IH90 count 0.0038 1.30 (1.05–1.61) 0.014
Apnea dpe 0.0005 0.83 (0.62–1.10) 0.184

Combined model (physiologic model1 clinical model) 0.854
SGA 0.0083 6.00 (2.65–13.59) 0.00002
Positive pressure 0.0047 2.84 (1.46–5.56) 0.002
PB dpe 0.0046 0.58 (0.42–0.81) 0.001
Gestational age 0.0041 0.62 (0.47–0.82) 0.0009
FIO2

* 0.0016 1.38 (0.96–1.97) 0.082
IH90 dpe 0.0016 1.25 (0.91–1.72) 0.162
Male 0.0014 1.36 (0.89–2.09) 0.153
Apnea dpe 0.0010 0.83 (0.60–1.15) 0.267
Apgar 1-min score 0.0010 0.82 (0.67–1.01) 0.062
Sedatives 0.0008 2.09 (0.87–4.99) 0.097

Definition of abbreviations: AUC=area under the curve; CI= confidence interval; dpe=duration per event; IH90= intermittent hypoxemia events
with oxygen saturation as measured by pulse oximetry ,90%; IMV= invasive mechanical ventilation; LASSO= least absolute shrinkage and
selection operator; OR=odds ratio; PB=periodic breathing; SGA=small for gestational age.
*When FIO2

is listed as a variable, it is the continuous variable of FIO2
value closest to noon. If FIO2

.0.3 is listed, it is the binary variable FIO2

.0.3.
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Snapshot (24 h) versus longitudinal
models for outcome. Compared with the
snapshot (24 h) model at Day 28, the
aggregate model (summary data up to 28 d)
andmixed effects model (longitudinal model
using all daily data to 28 d) for unfavorable,
highly unfavorable, moderate/severe BPD
(NICHD [15]), and grade 3 BPD (Jensen and
colleagues [16]) had an accuracy about 0.01
AUC higher (Table E4).

Validation of models. In addition to
10-fold cross-validation, leave-one-site-out
analysis was done for internal validation.
Although there was some variation in
performance across sites as expected, out-of-
sample AUCs remained high for all models
(Table E5). Understanding the subtlety of site
differences remains a topic for
further research.

Discussion

The major findings of our study were that
mathematical models based on
cardiorespiratory bedside monitoring can

identify alterations in physiologic measures
that are independently associated with
unfavorable respiratory outcomes in
extremely preterm infants. We defined the
association of specific parameters of
abnormal physiologic data (apnea, PB, IH,
and bradycardia) with respiratory outcome
at 40weeks PMA. Both physiologic and
clinical variables contributed to good
prediction models, with the contribution by
physiologic variables increasing with
postnatal age. The major physiologic variable
associated with unfavorable respiratory
outcome was IH90, with the best predictor
being the IH90dpe.

Although apnea and bradycardia are
traditional measures of abnormal control of
breathing, our study suggests that IH90 and
IH80may be valuable biomarkers for poor
respiratory outcomes. Our observation of
IH90 and IH80 as predictors is consistent
with recent publications on the association
between IH80 daily duration and prolonged
IH80 events with BPD (21, 22) and
prolonged IH80 with pulmonary
hypertension and death in infants with

BPD (23). Because IH90 events were much
more frequent than IH80 in our study, and
because they were closer to the usual oxygen
saturation targets (91–95%) (24–26), this
suggests that inclusion of periods of “milder”
hypoxemia creates a more sensitive
biomarker of worse outcome than IH80.
An explanation for how IHmay be
mechanistically associated with worse
outcome requires further study. It is possible
that it is not just brief hypoxemia but the
associated reoxygenation and oxidative
stress that contribute to morbidity (8). It is
not clear if avoidance of or shortening
the duration of IH events, such as with
automated control of inspired oxygen
concentration (“closed-loop automated
oxygen control”) (27, 28), would reduce
unfavorable outcomes or whether IH90 is
simply a marker of illness severity. It is
possible that the risk factors identified in the
prediction models lie on causal pathways,
but our intent was not causal analysis. For
example, IH90 and IH80 were associated
with worse outcome, and it needs to be
determined if IH is in the causal pathway. If IH

Table 6. Model at 28 Days of Age, Including Survivors to Day 28 (Limited to Importance 0.0005 or More)

Variable (Selected by LASSO) AUC C-Statistic
Importance of

Variable OR (95% CI) P Value

Clinical variables alone model 0.864
IMV 0.0169 6.86 (3.64–12.92) ,0.00001
FIO2

* 0.0085 1.82 (1.24–2.69) 0.002
Positive pressure 0.0053 2.51 (1.48–4.27) 0.001
SGA 0.0039 3.55 (1.53–8.21) 0.003
Apgar 1-min score 0.0026 0.76 (0.62–0.93) 0.007
Supplemental oxygen .12h/24 h 0.0026 1.97 (1.15–3.39) 0.014
Birth weight 0.0020 0.73 (0.53–1.00) 0.050
Diuretics 0.0008 2.37 (0.80–7.0) 0.118
Male 0.0008 1.34 (0.89–2.01) 0.156

Physiologic variables alone model 0.855
IH90 dpe 0.0246 2.92 (2.04–4.18) ,0.00001
IH90 count 0.0042 1.48 (1.21–1.81) 0.0002
PB duration 0.0010 0.69 (0.44–1.08) 0.103
Apnea dpe 0.0009 0.83 (0.64–1.06) 0.142

Combined model (physiologic model1 clinical model) 0.872
FIO2

* 0.0092 1.89 (1.28–2.79) 0.0014
IH90 count 0.0067 1.49 (1.20–1.84) 0.0003
SGA 0.0054 4.11 (1.69–9.97) 0.002
Positive pressure 0.0041 3.00 (1.59–5.65) 0.0007
IMV 0.0024 3.70 (1.56–8.74) 0.003
Apnea dpe 0.0019 0.77 (0.58–1.02) 0.068
Hydrocortisone 0.0019 2.91 (0.92–9.19) 0.069
Multiple gestation 0.0011 0.75 (0.45–1.26) 0.277
IH90 dpe 0.0008 1.62 (1.11–2.38) 0.013

Definition of abbreviations: AUC=area under the curve; CI= confidence interval; dpe=duration per event; IH90= intermittent hypoxemia events
with oxygen saturation as measured by pulse oximetry ,90%; IMV= invasive mechanical ventilation; LASSO= least absolute shrinkage and
selection operator; OR=odds ratio; PB=periodic breathing; SGA=small for gestational age.
*When FIO2

is listed as a variable, it is the continuous variable of FIO2
value closest to noon. If FIO2

.0.3 is listed, it is the binary variable FIO2

.0.3.
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contributes to lung damage, reducing IH
would increase favorable outcome, but if
reoxygenation or clinical therapy of IH causes
unfavorable outcome, perhaps increasing

ventilator settings/FIO2
to reduce IH would

increase lung injury andmake outcomes worse.
We also found that baseline clinical

variables such as GA and SGA were strongly

associated with unfavorable outcome.
Respiratory outcomes such as BPD are
strongly dependent on the magnitude of
immaturity (29, 30). Models using BW and
GA in combination with respiratory support
variables such as FIO2

have good predictive
accuracy (30). Our models confirm that GA
or BW is an important variable soon after
birth, whereas the magnitude of respiratory
support becomes increasingly important
with advancing postnatal age (31). SGA
preterm infants are known to be at higher
risk of BPD (32–34), probably because of
impairment of lung development at critical
developmental stages.

Models combining physiologic and
clinical data did not substantially improve
overall predictive performance compared
with models with only clinical variables or
models with only physiologic variables at
later time points, even though the
contributing variables were different. It is
possible that predictive accuracies higher

Table 7. Model at 32 Weeks Postmenstrual Age, Including Survivors to 32 Weeks Postmenstrual Age (Limited to Importance
0.0005 or More)

Variable (Selected by LASSO) AUC C-Statistic
Importance of

Variable OR (95% CI) P Value

Clinical variables alone model 0.871
SGA 0.0142 6.76 (2.92–15.64) 0.00001
IMV 0.0136 6.86 (3.43–13.71) 0.00000
Gestational age 0.0105 0.56 (0.43–0.72) 0.00001
Positive pressure 0.0079 2.51 (1.57–4.01) 0.0001
FIO2

* 0.0050 2.17 (1.36–3.46) 0.001
Apgar 1-min score 0.0034 0.77 (0.62–0.95) 0.015
Diuretic 0.0033 2.96 (1.42–6.15) 0.004
Supplemental oxygen .12h/24 h 0.0022 2.09 (1.27–3.44) 0.004
Black race 0.0011 0.66 (0.41–1.08) 0.098

Physiologic variables alone model 0.845
IH90 dpe 0.0146 2.57 (1.74–3.81) ,0.00001
PB count 0.0084 0.53 (0.33–0.87) 0.012
IH90 count 0.0067 1.54 (1.23–1.93) 0.0002
Apnea dpe 0.0028 0.80 (0.62–1.02) 0.07

Combined model (physiologic model1 clinical model) 0.879
SGA 0.0101 5.33 (2.13–13.32) 0.0003
Gestational age 0.0052 0.58 (0.43–0.79) 0.0005
PB count 0.0037 0.63 (0.39–1.01) 0.054
Positive pressure 0.0025 1.94 (1.12–3.33) 0.017
IH90 count 0.0020 1.33 (1.03–1.70) 0.027
IMV 0.0018 2.63 (0.99–6.99) 0.053
Diuretic 0.0018 2.75 (1.24–6.08) 0.013
IH90 dpe 0.0016 1.62 (1.14–2.29) 0.007
Apgar 1-min score 0.0014 0.81 (0.64–1.03) 0.080
FIO2

.0.3* 0.0014 2.32 (1.25–4.31) 0.008
Apnea dpe 0.0012 0.82 (0.63–1.07) 0.144
Black race 0.0011 0.65 (0.41–1.05) 0.075

Definition of abbreviations: AUC=area under the curve; CI= confidence interval; dpe=duration per event; IH90= intermittent hypoxemia events
with oxygen saturation as measured by pulse oximetry ,90%; IMV= invasive mechanical ventilation; LASSO= least absolute shrinkage and
selection operator; OR=odds ratio; PB=periodic breathing; SGA=small for gestational age.
*When FIO2

is listed as a variable, it is the continuous variable of FIO2
value closest to noon. If FIO2

.0.3 is listed, it is the binary variable FIO2

.0.3.
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Figure 3. Graph of predictive accuracy of models using clinical, physiologic, and combined
(clinical and physiological) variables at different postnatal time points (Postnatal Days 7, 14,
and 28 and 32 wk PMA). PMA=postmenstrual age.
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than 0.90 may not be achievable, because
accuracies above 0.85 are already excellent,
and some infants develop severe illness later
(e.g., necrotizing enterocolitis, sepsis) with
respiratory deterioration. Future studies may
address discordance in prediction to identify
unidentified or unmeasured risk factors.
Some changes in clinical data (e.g.,
respiratory support) may be in response to
changes in physiologic measures (e.g.,
increases in FIO2

secondary to frequent IH or
provision of CPAP in response to frequent
apnea), and some changes in physiologic
data may be secondary to clinical therapies
(e.g., CPAP or caffeine). Hence, it is
necessary to consider the interdependence of
the physiologic and clinical data variables in
their contribution to outcomes.

It is important to compare and contrast
the physiologic variables associated with the
secondary outcomes versus the primary
outcome. IH80 dpe was a major physiologic

predictor of the “highly unfavorable”
outcome and grade 3 BPD (16) outcome,
whereas IH90 dpe and IH90 daily duration
were predictors of the moderate/severe BPD
(15) outcome. The deeper desaturations
(IH80) are associated with increased severity
of unfavorable outcome or BPD, whereas
desaturations closer to target range (IH90)
are associated with less unfavorable
outcomes. SGA and use of sedatives were
also stronger contributors to the highly
unfavorable and severe BPD outcomes,
whereas variables such as FIO2

and use of
positive pressure were associated with
moderate-severe BPD. The use of sedatives is
common in the neonatal ICU, especially in
younger gestation and SGA infants who
remain intubated at older postnatal ages (35)
and hence may be a marker for severe lung
disease, with the need for sedation reflecting
infant agitation in the setting of prolonged
mechanical ventilation.

Major strengths of this study are the
analysis of a large multicenter prospective
cohort with high-resolution cardiorespiratory
data. Events such as apnea, PB, IH, and
bradycardia were measured using
sophisticated algorithms. However, some
limitations need to be acknowledged. One
limitation is that the outcomes are short term
by 40weeks PMA/discharge, and longer-
term respiratory outcomes are pending
follow-up evaluation. Short-term outcomes
also introduce time-related bias because
prediction at later time points is closer to the
outcome. Also, apnea or PB could not be
detected during IMV because of the
intervention of mechanical breaths. Thus,
apnea and PB could not be adequately
characterized in infants with the anticipated
highest likelihood of worse outcomes.

It is essential to consider the relevance
of our results for the field of neonatology.
Despite advances in neonatal care and
reductions in neonatal mortality andmany
neonatal morbidities, the rate of BPD in
extremely preterm infants has increased in
recent years (36), indicating that additional
research on the causes of respiratory
morbidity is essential. Our data demonstrate
that although clinical variables such as BW,
GA, and magnitude of respiratory support
are strong predictors of respiratory outcome,
physiologic data that reflect abnormalities of
control of breathing are also associated with
poor outcome. Although there is only
incremental improvement in prediction
accuracy in combining physiologic and
clinical variables, physiologic data alone are
independent predictors of unfavorable
respiratory outcome. Indeed, many clinical
parameters such as respiratory support may
be responses to physiologic instability. It is
probable that better and clinically accessible
quantitative measurements of IH90 and
IH80 would advance clinical care. It is
possible that IH90 is a more sensitive marker
of worse outcome than apnea or bradycardia,
which are less frequent and associated with
more severe or prolonged IH. IHmay also be
secondary to agitation and other behavioral
changes in addition to abnormal control of
breathing and hence may have additional
predictive value. Early prediction of
outcomes by IH estimation, perhaps in
combination with clinical models (30) and
other measures such as lung ultrasound (37,
38), may enable selective use of potential
therapies, reducing adverse effects of such
therapies in infants at lower risk and
targeting therapies to those at higher risk
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Figure 4. Graph showing contributions of different physiologic variables (each variable
incorporating different features: duration per event, daily duration, and count) to outcome.
(A) Unfavorable versus favorable outcome at different time points. (B) Primary and secondary
outcomes at Postnatal Day 28. AUC=area under the curve; BPD=bronchopulmonary
dysplasia; IH80= intermittent hypoxemia events with oxygen saturation as measured by pulse
oximetry ,80%; IH90= intermittent hypoxemia events with oxygen saturation as measured by
pulse oximetry ,90%; PB=periodic breathing; PMA=postmenstrual age.
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Table 8. Secondary Outcomes: Highly Unfavorable Outcome at 40 Weeks Postmenstrual Age (Limited to Importance 0.0005 or More)

Variable (selected by LASSO) AUC C-Statistic
Importance of

Variable OR (95% CI) P Value

Clinical variables alone model 0.862
IMV 0.0156 3.92 (1.65–9.32) 0.002
Gestational age 0.0135 0.52 (0.33–0.80) 0.003
SGA 0.0133 4.77 (2.11–10.76) 0.0002
FIO2

* 0.0024 1.28 (0.95–1.72) 0.101
Male 0.0018 1.80 (0.96–3.39) 0.068
Apgar 1-min score 0.0016 0.79 (0.55–1.12) 0.183
Hispanic ethnicity 0.0005 0.49 (0.20–1.20) 0.120

Physiologic variables alone model 0.842
IH80 dpe 0.0490 1.86 (1.27–2.71) 0.001
PB count 0.0047 0.13 (0.01–2.37) 0.170
Bradycardia daily duration 0.0013 1.32 (1.02–1.71) 0.038

Combined model (physiologic model1 clinical model) 0.872
SGA 0.0134 4.73 (1.98–11.31) 0.0005
Gestational age 0.0112 0.50 (0.33–0.76) 0.001
Sedatives 0.0065 3.10 (1.26–7.65) 0.014
IH80 dpe 0.0056 1.69 (1.03–2.78) 0.038
Hispanic ethnicity 0.0025 0.45 (0.19–1.09) 0.078
IH90 count 0.0013 1.24 (0.90–1.71) 0.192
IH90 dpe 0.0013 1.50 (0.93–2.41) 0.097

Definition of abbreviations: AUC=area under the curve; CI= confidence interval; dpe=duration per event; IH80= intermittent hypoxemia events
with oxygen saturation as measured by pulse oximetry ,80%; IH90= intermittent hypoxemia events with oxygen saturation as measured by
pulse oximetry ,90%; IMV= invasive mechanical ventilation; LASSO= least absolute shrinkage and selection operator; OR=odds ratio;
PB=periodic breathing; SGA=small for gestational age.
*When FIO2

is listed as a variable, it is the continuous variable of FIO2
value closest to noon. If FIO2

.0.3 is listed, it is the binary variable FIO2
.0.3.

Table 9. Secondary Outcomes: Moderate-Severe Bronchopulmonary Dysplasia (Eunice Kennedy Shriver National Institute of
Child Health and Human Development) Outcome at 36 Weeks Postmenstrual Age (Limited to Importance 0.0005 or More)

Variable (Selected by LASSO) AUC C-Statistic
Importance of

Variable OR (95% CI) P Value

Clinical variables alone model 0.883
IMV 0.0182 9.47 (4.87–18.43) ,0.00001
FIO2

* 0.0104 1.87 (1.23–2.84) 0.0035
Positive pressure 0.0094 4.10 (2.37–7.08) ,0.00001
Supplemental oxygen .12h/24 h 0.0072 3.94 (2.26–6.86) ,0.00001
SGA 0.0051 4.22 (2.06–8.67) ,0.0001
Apgar 5-min score 0.0014 0.77 (0.62–0.96) 0.0213
Caffeine 0.0007 0.66 (0.26–1.71) 0.397

Physiologic variables alone model 0.875
IH90 dpe 0.0122 2.78 (1.83–4.20) ,0.00001
IH90 daily duration 0.0084 1.95 (1.46–2.61) 0.00001
Apnea dpe 0.0014 0.82 (0.64–1.06) 0.128

Combined model (physiologic model1 clinical model) 0.894
FIO2

* 0.0102 1.84 (1.22–2.79) 0.0038
Positive pressure 0.0059 3.53 (1.82–6.84) 0.0002
Black race 0.0059 0.50 (0.29–0.86) 0.012
IH90 daily duration 0.0057 1.62 (1.20–2.19) 0.002
SGA 0.0035 4.12 (1.80–9.43) 0.001
Apnea dpe 0.0032 0.73 (0.54–1.0) 0.047
IMV 0.0026 3.85 (1.62–9.15) 0.002
Supplemental oxygen 0.0023 2.78 (1.19–6.51) 0.019
Hispanic ethnicity 0.0021 0.58 (0.27–1.25) 0.165
Apgar 5min 0.0020 0.71 (0.55–0.92) 0.009

Definition of abbreviations: AUC=area under the curve; CI= confidence interval; dpe=duration per event; IH90= intermittent hypoxemia events
with oxygen saturation as measured by pulse oximetry ,90%; IMV= invasive mechanical ventilation; LASSO= least absolute shrinkage and
selection operator; OR=odds ratio; PB=periodic breathing; SGA=small for gestational age.
*When FIO2

is listed as a variable, it is the continuous variable of FIO2
value closest to noon. If FIO2

.0.3 is listed, it is the binary variable FIO2
.0.3.
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(39). Future clinical studies may identify
mechanisms regulating IH (e.g., by
alterations in peripheral chemosensitivity
[40]), determine optimal interventions to
reduce IH (e.g., by servo-controlled oxygen
supplementation, increasing caffeine dose
or duration, prolonged CPAP), and then
test in randomized trials if such interventions
improve outcomes in preterm infants.�
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