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OBJECTIVE: To investigate postnatal neural conduction in the auditory brainstem in neonatal bronchopulmonary dysplasia (BPD)
survivors.
METHODS: Thirty-two very preterm BPD survivors were studied at 57–58 weeks of postconceptional age. Brainstem auditory-
evoked response was studied using maximum length sequence. Wave latencies and intervals were analyzed in detail. The controls
were 37 normal term infants and 35 very preterm non-BPD infants.
RESULTS: Compared with normal term controls, BPD survivors showed significantly shortened I–III interval but significantly
prolonged III–V interval and greater III–V/I–III interval ratio. Compared with very preterm non-BPD controls, BPD survivors showed a
significant shortening in waves III latency and I–III interval, moderate prolonged III–V interval, and significantly greater III–V/I–III
interval ratio. These differences were generally similar at all click rates used. The slopes of latency- and interval-click rate functions
in BPD survivors did not differ significantly from the two control groups.
CONCLUSIONS: Brainstem neural conduction in BPD survivors differed from normal term and age-matched non-BPD infants; neural
maturation is accelerated in caudal brainstem regions but delayed in rostral regions. Neonatal BPD survivors are associated with
differential maturation in neural conduction at caudal and rostral brainstem regions, which may constitute an important risk for
postnatal neurodevelopment in BPD survivors.
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IMPACT:

● We found that brainstem neural conduction at PCA 57–58 weeks in neonatal BPD survivors differs from normal term and age-
matched non-BPD infants.

● No major differences were found between normal term and very preterm non-BPD infants in brainstem auditory conduction.
● Neural conduction in BPD survivors is accelerated in caudal brainstem regions but delayed in rostral regions.
● Neonatal BPD survivors are associated with differential maturation in neural conduction at caudal and rostral brainstem regions.
● The abnormality may constitute an important risk for postnatal neurodevelopment in BPD survivors.

INTRODUCTION
Infants born very preterm are often associated with various perinatal
complications or problems. Improved perinatal care and survival of
very preterm infants have led to an increased number of infants with
neonatal bronchopulmonary dysplasia (BPD).1–3 As severe respiratory
morbidity and mortality, neonatal BPD has been recognized to be a
very high risk for neurological impairment and developmental
deficits in infants born very preterm.4–9 Cortical auditory processing
seems to be influenced by clinical conditions, mainly BPD,
complicating very or extremely preterm birth.10 Cerebral magnetic
resonance imaging studies found that neonatal BPD was significantly
associated with delayed brain maturation, and a significant predictor
of delayed brain maturation.11 At term equivalent age neonatal BPD
is a prominent perinatal risk factor for delayed brain maturation in
very preterm infants. Whether such maturational delay extends to
postnatal age is subject to further investigation.

It was not until recently that neural conduction in the brainstem in
BPD neonates was found to be significantly abnormal at term age.12

Using the maximum length sequence brainstem auditory-evoked
response (MLS BAER), we studied functional integrity of the
brainstem auditory pathway in very preterm infants. In an early
multivariate analysis of risk factors for MLS BAER abnormalities in
very preterm infants, we found that BPD was a potential major risk
for the abnormalities (unpublished data). We then carried out a
specific MLS BAER study in very preterm BPD infants at 40 weeks of
postconceptional age (PCA), i.e., shortly after neonatal BPD was
diagnosed at PCA 36 weeks.12 These infants were found to have
major abnormalities in the MLS BAER variables that mainly reflect
brainstem neural conduction, suggesting a significant delay or
impairment in neural conduction of the auditory brainstem, mainly at
more central or rostral brainstem regions. Clearly, at term equivalent
age neonatal BPD and associated perinatal conditions exert a
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detrimental effect on neural conduction of the immature brainstem.
A preliminary study of auditory function shortly after term in BPD
infants showed minor auditory abnormalities in conventional BAER,
i.e., the BAER recorded and analyzed with conventional averaging
technique.13

So far, little is known about postnatal changes in the major
abnormalities in brainstem neural conduction in BPD infants
found at term age by Wilkinson et al.12 The understanding is
important for postnatal management of BPD survivors to improve
their outcome. It is plausible that the detrimental effect of
neonatal BPD and associated perinatal conditions on neural
conduction of the auditory brainstem continues beyond the full
term age in BPD survivors. We hypothesize that the major
neurological impairment, i.e., significantly delayed neural conduc-
tion in the brainstem, found at term age in BPD infants would
improve or change with increasing age but there would still be
some longer-term abnormalities unresolved.
To address this issue, we studied brainstem neural conduction

at PCA 57–58 weeks in very preterm BPD survivors using MLS
BAER, which improves the detection of brainstem auditory
abnormality.14,15 Detailed analysis was focused on MLS BAER
wave latencies and, in particular, interpeak intervals to assess
postnatal neural conduction of the auditory brainstem. The MLS
BAER data in the BPD survivors were compared with those in
normal term infants to detect any abnormalities in BPD survivors,
and with those in age-matched very preterm infants who did not
suffer neonatal BPD (non-BPD) to assess any postnatal effect of
very preterm birth. The findings should enhance our under-
standing of functional maturation of the auditory brainstem in
BPD survivors and postnatal effect of neonatal BPD on brainstem
neural conduction, proving valuable information for postnatal
management of very preterm infants who survive BPD.

METHODS
Study population
Three groups of infants were recruited at a mean PCA of 57–58 weeks,
equivalent to four months of corrected age (i.e., adjusted for prematurity),
from the Children’s Hospital of Fudan University: very preterm BPD (study)
group, normal term (control) group, and very preterm non-BPD (control)
group. Prior to the study, approved by the Children’s Hospital Ethics
Committee, informed parental consent was obtained for each infant. Those
infants who had major perinatal complications or problems (except BPD in the
study group) that could affect the functional integrity of the brainstem
auditory pathway were excluded to minimize any possible confounding effect
on the results.15,16 The major conditions or problems included severe perinatal
hypoxia-ischemia, grades III and IV intraventricular hemorrhage, periventri-
cular leukomalacia, hyperbilirubinemia, necrotizing enterocolitis, congenital
malformation or chromosomal anomalies, congenital or perinatal infection of
the central nervous system, and syndromes, family history of hearing loss. Any
infants who had a monaural BAER threshold great than 20 dB normal hearing
level (nHL) were also excluded to minimize the effect of any peripheral
hearing problems on the MLS BAER.
The BPD (study) group was comprised of 32 very preterm survivors of

neonatal BPD. The diagnostic criteria for neonatal BPD, while they were
hospitalized, were the same as previously described.12 These included a
requirement for supplementary oxygen or ventilatory support beyond
36 weeks of PCA to maintain PaO2 > 50mmHg, clinical signs of chronic
lung respiratory disease, and radiographic evidence of BPD (persistent
strands of density in both lungs). Their gestation ranged between 24 and
30 weeks (25.9 ± 1.7 weeks), and birth weight between 615 and 1350 g
(828 ± 191 g).
The normal term control group was comprised of 37 healthy term

infants without any major perinatal conditions. Their gestational age
ranged between 37 and 41 weeks (39.2 ± 1.2 weeks) and birth weight
between 2560 and 4528 g (3442 ± 501 g). The non-BPD group was
comprised of 35 very preterm infants who did not suffer from neonatal
BPD. Their gestation ranged between 24 and 30 weeks (26.4 ± 1.5 weeks),
which did not differ significantly from the BPD group, and birth weight was
between 625 and 1490 g (1127 ± 235 g), which was greater than in the BPD
group (P < 0.01).

Recording and analysis of MLS BAER
The recording was carried out at a mean PCA of 57–58 weeks: PCA
57.4 ± 5.3 weeks for the BPD group, 57.7 ± 4.9 weeks for the normal term
group, and 57.6 ± 5.1 weeks for the non-BPD group. These PCAs did not
differ significantly between any of the three groups of infants. The
procedures for recording MLS BAER were basically the same as previously
reported.12 Briefly, the left ear was tested in all infants for consistency and
saving recording time. This also allowed ensuring that estimates of
population statistics were not biased by the ear difference in BAER
waveforms and measurements of various wave components. Three surface
disk electrodes (positive, negative, and ground) were placed, respectively,
at the middle forehead, left (ipsilateral) earlobe, and right (contralateral)
earlobe. Rarefaction clicks of 100 µs at 60 dB nHL were delivered through
an earphone to the left ear. Two runs of MLS BAER for each recording
condition were recorded for reproducibility. Evoked brainstem responses
to 1500 trains of clicks were preamplified, and bandpassed between 100
and 3000 Hz.12 The recording and analyzing of MLS BAER were carried out
on a Nicolet Biomedical portable evoked potential system.

Data analysis
Figure 1 shows sample MLS BAER traces, recorded at 91/s clicks, in a normal
term baby, and schematic measurement of wave latencies and interpeak
intervals. These were conducted by two independent evaluators without
knowing the clinical data. The measurements of each MLS BAER variable
from two replicated recordings were averaged for statistical analysis using an
SPSS package (version 22, Chicago, IL). The one-sample Kolmogorov–Smirnov
test showed that all wave latencies and interpeak intervals in MLS BAER
followed a normal distribution. Thus, mean and standard deviation of each
MLS BAER variable at each repetition rate of click stimuli were compared
between different groups using the analysis of variance (ANOVA). Statistical
significance was set as two-tailed value of P< 0.05. Regression analysis
was performed to assess the relationship between MLS BAER variables
and the repetition rate of clicks. The slope (or regression coefficient) was
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Fig. 1 Sample MLS BAER traces. The two traces are recorded at 91/s
clicks in a normal term baby, and schematic measurement of wave
latencies and interpeak intervals.
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calculated for each MLS BAER wave latency- or interval-rate function, and
then compared between any two of the BPD, normal term, and non-BPD
groups using a Student t-test for any significant differences.

RESULTS
The BAER threshold in the BPD group (10.8 ± 5.9 dB nHL) did not
differ significantly from that in the non-BPD group (11.2 ± 5.4 dB
nHL). However, the threshold in the two groups of very preterm
infants was significantly higher than in the normal term group
(8.5 ± 4.5 dB nHL) (P < 0.05 and 0.05). The difference in BAER
threshold affects MLS BAER wave latencies between groups, but
does not exert any significant effect on MLS BAER interpeak
intervals between groups because the intervals are minimally
affected by variation in the threshold.15 There were small
differences among the three groups of infants in the hearing
levels (i.e., the dB above the threshold of each individual infant);
50.7 ± 8.1 dB nHL in the BPD group, 51.5 ± 4.9 dB nHL in the
normal term group, and 50.2 ± 6.3 dB nHL in the non-BPD group,
which did not differ significantly between any of the three groups.

Comparison of MLS BAER variables between different click
rates
All MLS BAER wave latencies and interpeak intervals were
recorded and analyzed at 91, 227, 455, and 910/s clicks. Post
Hoc multiple comparisons were performed using Least-significant
difference to identify any differences between the 4 different click
rates for each of the latencies and intervals. In the BPD group, all
latencies and interpeak intervals differed significantly between
different click rates (all P < 0.001). This was also true for the non-
BPD and normal term groups.

Comparison among the three groups of infants
At the click rate of 91/s, the latencies of MLS BAER waves I, III, and
V, the I–III and III–V intervals, and the III–V/I–III interval ratio all
differed significantly among the BPD, normal term, and non-BPD
groups of infants (P < 0.05–0.001). At 227/s clicks, the latencies of
waves I, III, and V, the I–III interval, and the III–V/I–III interval ratio
differed significantly among the three groups (P < 0.05–0.001). At
455/s clicks, the results of comparison among these groups were
the same as at 91/s clicks. At 910/s clicks, the results of comparison
among these groups were the same as at 227/s clicks. Taken
together, the latencies of waves I, III, and V, the I–III interval, and
the III–V/I–III interval ratio differed significantly at all click rates
among the BPD, normal term, and non-BPD groups.

Comparison of BPD group with normal term group
At 91/s clicks, MLS BAER wave I latency in the BPD group is longer
than in the term group, which is related to a higher BAER
threshold in the BPD group (P < 0.05) (Table 1). There were slight
differences between the two groups of infants in the latencies of
wave III and V and the I–V interval, but none differed significantly.
The I–III interval in the BPD group was significantly shorter than in
the term group (P < 0.01), whereas the III–V interval was
significantly longer than in the term group (P < 0.01) (Table 2).
The III–V/I–III interval ratio was significantly greater than in the
term group (P < 0.001) (Table 2).
At the higher rates of 227/s, 455/s, and 910/s clicks, the results

of comparison between the BPD and term groups were generally
similar to those at 91/s clicks, with only small variations. Wave I
latency in the BPD group is longer than in the term group at all
these click rates (all P < 0.05) (Table 1), but the latencies of waves
III and V did not differ significantly between the two groups at any
click rates. There were no significant differences between the two
groups in the I–V interval at any click rates. However, the BPD
group showed a significant shortening in the I–III interval (all
P < 0.01–0.001), a moderate to significant prolongation in the III–V
interval (P < 0.05–0.001), and a significant increase in the III–V/I–III

interval ratio (all P < 0.001) (Table 2). These distinct differences
between the BPD and normal term groups can be clearly
visualized in Figs. 2–4, which graphically depict the major
differences between different groups of infants in the I–III and
III–V intervals and III–V/I–III interval ratio, respectively.

Comparison of BPD group with non-BPD group
At 91/s clicks, MLS BAER wave I latency was similar in the two very
preterm groups of infants. However, the latencies for waves III and
V were both significantly shorter in the BPD group than in the
non-BPD group (P < 0.05 and 0.05) (Table 1). Although the I–V
interval did not differ significantly between the BPD and non-BPD
groups, the I–III interval in the BPD group was significantly shorter
than in the non-BPD group (P < 0.01), whereas the III–V was longer
than in the non-BPD group (P < 0.05) (Table 2). The BPD group also
showed a significantly greater III–V/I–III interval ratio (P < 0.001)
(Table 2).
At the higher click rates of 227–910/s, there were some

differences between the two very preterm groups. Wave I latency
in the BPD group did not differ significantly from that in the non-
BPD group at any click rates. Wave III latency was significantly
shorter than in non-BPD group at all 227/s, 455/s, and particularly
910/s clicks (P < 0.05–0.01) (Table 1). Wave V latency tended to be
shorter than in the non-BPD group, which differ significantly at
227/s clicks (P < 0.05) (Table 1). The I–V interval did not show any
significant differences between the two groups at any click rates,
although it tended to be shorter in the BPD group than in the non-
BPD group. At all 227–910/s clicks, the I–III interval in the BPD
group was significantly shorter than in the non-BPD group (all
P < 0.01), whereas the III–V interval was longer than in the non-
BPD group (all P < 0.05) (Table 2). Similar to at 91/s clicks, the III–V/
I–III interval ratio in the BPD group was significantly greater than in
the non-BPD group at all higher click rates (all P < 0.01–0.001)
(Table 2). These differences in MLS BAER interval variables
between the two very preterm groups can be clearly visualized
in Figs. 2–4.

Comparison of non-BPD group with normal term group
At 91/s clicks, the latencies of waves I, III, and V in the very preterm
non-BPD group were all significantly longer than in the normal
term group (all P < 0.01) (Table 1). This is related to the higher
BAER threshold in the non-BPD group than in the term group.
However, no significant differences were found between the two
groups in any of the I–V, I–III, and III–V intervals. The III–V/I–III
interval ratio was almost the same in the two groups.
At the higher click rates of 227–910/s, the latencies of waves I, III,

and V in the non-BPD group were also all significantly longer than in
the term group (P < 0.01–0.001) (Table 1). Although there were small
differences between the two groups in the I–V, I–III, and III–V
intervals, none of the differences reached statistical significance at
any click rates. There was also no significant difference between the
two groups in the III–V/I–III interval ratio at any click rates. As
depicted graphically in Figs. 2–4, no distinct differences can be seen
between the non-BPD and normal term groups in any of the I–III
and III–V intervals and III–V/I–III interval ratio.

Comparison of the slopes of MLS BAER variable-rate functions
between different groups
Linear regression analysis was carried out between 91 and 455/s,
instead of between 91 and 910/s, to more accurately examine the
linear relationship of MLS BAER variables with the repetition rate
of clicks.14,17 As presented in Table 3, the slopes of the latency-rate
functions for waves I, III, and V in the BPD group were slightly
different from those in the normal term and non-BPD groups,
which did not differ significantly between any groups of infants.
The slopes of the interval-rate functions for I–V, I–III, III–V, and
III–V/I–III were also slightly different from those in the two control
groups, without any statistical significance.
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DISCUSSION
Abnormal brainstem neural conduction in BPD survivors
The first MLS BAER study in very preterm infants with neonatal
BPD revealed that at PCA 40 weeks BPD infants had major
abnormalities in the MLS BAER variables that reflect neural
conduction and are related to myelination and synaptic function
in the auditory brainstem.12 The main abnormalities included a
significant prolongation in wave V latency and the I–V and
particularly III–V intervals. There was also a significant increase in
the III–V/I–III interval ratio. These MLS BAER abnormalities
indicate impaired or delayed neural conduction in the auditory
brainstem, reflecting poor myelination and neural asynchrony,
mainly in more central or rostral regions of the brainstem.12,15

This is in general agreement with previous findings that
neonatal BPD had significant brain damage,18–20 and that at
term age very preterm BPD infants were significantly associated
with brain maturational delay.11

In the present study, the BPD survivors at PCA 57–58 weeks
showed some clear abnormalities in the MLS BAER, but the
abnormalities are different from those previously reported at term
age. Compared with the normal term infants, our BPD survivors
showed a prolongation in wave I latency, which is related to the
higher BAER threshold and slightly lower hearing level in the BPD
survivors than in the term controls. Although the I–V interval in

the BPD survivors did not differ significantly from that in the term
controls at any click rates, the BPD survivors showed a significant
shortening in the I–III interval and a significant prolongation in the
III–V interval. As a result, the III–V/I–III interval ratio was
significantly increased. In BAER and MLS BAER, the I–III and III–V
intervals reflect neural conduction at caudal or peripheral regions
and rostral or central regions of the auditory brainstem,
respectively.14,15,21,22 Clearly, postnatal neural conduction, related
to myelination and synaptic function, in the caudal and rostral
brainstem regions is differentially abnormal in BPD survivors.
At PCA 40 weeks the slopes of MLS BAER wave V latency-rate

function and I–V and particularly III–V interval-rate functions were all
significantly increased, indicating increased click rate-dependent
changes and impaired synaptic efficacy.16 In the present study, no
statistically significant differences were found in any slopes
between any of the three groups of infants. Thus, the impaired
synaptic efficacy in the auditory brainstem at PCA 40 weeks has
largely recovered at PCA 57–58 weeks in BPD survivors.

The abnormalities in BPD survivors are predominately
attributed by BPD but not by very preterm birth
Our results showed that wave III latency in the BPD survivors was
significantly shorter than that in the non-BPD controls at all click
rates. This leads to a significant shortening in the I–III interval in the

Table 1. Means and standard deviations (SD) of MLS BAER wave latencies at 4 months of corrected age and statistical comparisons between
different groups.

MLS BAER variables Subjects 91/s mean ± SD 227/s mean ± SD 455/s mean ± SD 910/s mean ± SD

I (ms) Normal term 2.26 ± 0.16*§§ 2.39 ± 0.17*§§ 2.51 ± 0.16*§§§ 2.56 ± 0.16*§§§

Non-BPD 2.46 ± 0.26 2.59 ± 0.25 2.72 ± 0.27 2.77 ± 0.25#

BPD 2.42 ± 0.30 2.55 ± 0.32 2.67 ± 0.27 2.70 ± 0.30

III (ms) Normal term 4.83 ± 0.23§§ 5.13 ± 0.22§§ 5.44 ± 0.24§§ 5.52 ± 0.24§

Non-BPD 5.07 ± 0.27# 5.35 ± 0.26# 5.63 ± 0.25# 5.70 ± 0.25##

BPD 4.92 ± 0.40 5.19 ± 0.36 5.45 ± 0.37 5.48 ± 0.35

V (ms) Normal term 6.89 ± 0.22§§ 7.43 ± 0.24§§ 8.12 ± 0.29§§ 8.23 ± 0.27§§

Non-BPD 7.12 ± 0.33# 7.68 ± 0.33# 8.33 ± 0.32 8.48 ± 0.31

BPD 7.00 ± 0.39 7.54 ± 0.40 8.20 ± 0.41 8.35 ± 0.39

*P < 0.05 in ANOVA for comparison of BPD infants with normal term infants.
#P < 0.05, ##P < 0.01, ###P < 0.001 in ANOVA for comparison of BPD infants with non-BPD infants.
§P < 0.05, §§P < 0.01, §§§P < 0.001 in ANOVA for comparison of non-BPD infants with normal term infants.

Table 2. Means and standard deviations (SD) of MLS BAER interpeak intervals at 4 months of corrected age and statistical comparisons between
different groups.

MLS BAER variables Subjects 91/s mean ± SD 227/s mean ± SD 455/s mean ± SD 910/s mean ± SD

I–V (ms) Normal term 4.62 ± 0.17 5.05 ± 0.22 5.60 ± 0.23 5.67 ± 0.25

Non-BPD 4.67 ± 0.27 5.08 ± 0.31 5.62 ± 0.28 5.69 ± 0.33

BPD 4.58 ± 0.24 5.00 ± 0.26 5.54 ± 0.28 5.65 ± 0.28

I–III (ms) Normal term 2.57 ± 0.15** 2.74 ± 0.16** 2.93 ± 0.16*** 2.97 ± 0.19***

Non-BPD 2.60 ± 0.17## 2.76 ± 0.21## 2.91 ± 0.21## 2.93 ± 0.23##

BPD 2.44 ± 0.21 2.62 ± 0.20 2.77 ± 0.22 2.76 ± 0.21

III–V (ms) Normal term 2.05 ± 0.13** 2.30 ± 0.14* 2.66 ± 0.15** 2.70 ± 0.17***

Non-BPD 2.05 ± 0.16# 2.32 ± 0.19# 2.70 ± 0.18# 2.76 ± 0.20#

BPD 2.15 ± 0.13 2.39 ± 0.16 2.78 ± 0.19 2.88 ± 0.22

III–V/I–III Normal term 0.80 ± 0.07*** 0.84 ± 0.07*** 0.91 ± 0.06*** 0.92 ± 0.08***

Ratio Non-BPD 0.81 ± 0.06### 0.85 ± 0.08## 0.93 ± 0.07### 0.95 ± 0.08###

BPD 0.89 ± 0.09 0.92 ± 0.09 1.01 ± 0.10 1.04 ± 0.12

*P < 0.05, **P < 0.01, ***P < 0.001 in ANOVA for comparison of BPD infants with normal term infants.
#P < 0.05, ##P < 0.01, ###P < 0.001 in ANOVA for comparison of BPD infants with non-BPD infants.
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BPD survivors, compared with the non-BPD infants. On the other
hand, the III–V in the BPD survivors was moderately longer than in
the non-BPD group. The significant shortening in the I–III interval
and the moderate prolongation in the III–V led to a greater III–V/I–III

interval ratio in the BPD survivors. These differences, which were
true at all click rates, indicate that the main abnormalities, i.e.,
significantly shortened I–III interval and moderately prolonged III–V
interval, in our BPD survivors are predominately attributed by BPD
but not by very preterm birth. Neonatal BPD and associated
perinatal conditions such as chronic sublethal hypoxia adversely
affect postnatal maturation of brainstem neural conduction in very
preterm infants.
To assess the postnatal effect of very preterm birth on the

developing brainstem auditory function we further directly
compared the MLS BAER between the very preterm non-BPD
and normal term controls. The latencies of BAER wave compo-
nents in the non-BPD infants were all significantly longer than in
the normal term controls. The prolongation in the non-BPD infants
is related to their higher BAER threshold, suggesting an
abnormality in the peripheral auditory pathway. This peripheral
abnormality is most likely to be conductive, which is common in
infants born very preterm. The prolonged latencies are also partly
related to the relatively lower hearing level in non-BPD infants.
Nevertheless, there were no significant differences between the
two groups of infants in any interpeak intervals at any click rates.
This finding indicates that at PCA 57–58 weeks, there is no
significant abnormality in brainstem neural conduction in very
preterm infants who do not suffer from neonatal BPD. This
provides further evidence that the MLS BAER abnormalities found
in our BPD survivors must be predominately attributed by the
postnatal effect of neonatal BPD and associated perinatal
conditions such as chronic sublethal hypoxia but not by very
preterm birth.

Differential changes in caudal and rostral brainstem regions
and underlying mechanisms
This significant shortening in the I-III interval in our BPD survivors
indicates accelerated neural conduction in the peripheral or
caudal regions of the auditory brainstem. There are two plausible
interpretations for the significant shortening in the BPD survivors;
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the very preterm birth and the postnatal effect of neonatal BPD.
The first interpretation is that the shortening in I–III interval might
be related to the very preterm birth in these BPD survivors. Some
previous authors reported that premature birth, particularly very
premature birth, could accelerate the maturation or development
of BAER in early life, leading to a slight or moderate shortening in
BAER wave latencies and/or interpeak intervals.23–25 In the present
study, the I–III interval in our very preterm BPD survivors was not
only significantly shorter than in the normal term controls but
also, to a similar extent, significantly shorter than in the very
preterm non-BPD infants. Furthermore, the direct comparison
between the very preterm non-BPD infants and the term infants
did not reveal any significant difference in the I–III interval.
Therefore, the shortening in I–III interval in our BPD survivors at
PCA 57–58 weeks cannot be exclusively or mainly explained by
the very preterm birth.
The second and more likely interpretation of the shortening in

I–III interval in our BPD survivors is the postnatal effect of neonatal
BPD and some associated clinical conditions. This effect could act
as a “stress” to stimulate and accelerate neural maturation of more
peripheral or caudal regions of the auditory brainstem. It has been
recognized that intrauterine stress (e.g., maternal hypertension)
could enhance neuromotor maturation.26 BAER wave V latency
and I–V interval were shortened in infants born to mothers with
preeclampsia.27 The intrauterine stress of maternal preeclampsia
could accelerate the maturation of the auditory nerve and
brainstem auditory pathway. In our BPD survivors, the significant
shortening in the I–III interval reflects accelerated maturation of
more peripheral or caudal regions of the auditory brainstem at
PCA 57–58 weeks. This might be an adaptive change to the
“stress” of neonatal BPD and some associated perinatal conditions,
leading to precocious neural maturation (opposite to retarded or

delayed maturation) in more peripheral or caudal regions of the
auditory brainstem. The adaptive change may not be clearly
shown at term age. With the increase in postnatal age, the
acceleration effect continues and gets more evident, resulting in a
clear shortening in the I–III interval in our BPD survivors at PCA
57–58 weeks.
Neonatal BPD is known to be associated with significant brain

damage.18–20 Early reports on brain myelination in infants with
BPD are somewhat controversial; myelination was accelerated in
some infants but delayed in others.28 Later magnetic resonance
imaging studies revealed that neonatal BPD is strongly associated
with an increased risk of brain white matter damage and delay in
structural brain maturation.11,19,29 The significant prolongation in
the I–V and III–V intervals indicates significantly impaired or
delayed myelination and synaptic dysfunction in the auditory
brainstem in BPD infants at term age.12 More recently, we carried
out a follow-up study. As reported in the present study at PCA
57–58 weeks, although there was no apparent abnormality in the
I–V interval, the III–V interval in our BPD survivors was still
moderately prolonged at all click rates, which was apparently less
significant relative to the major prolongation found at term age.12

The continuous but less severe prolongation in the III–V interval in
our BPD survivors indicates that the major impairment of neural
conduction at more central or rostral regions of the brainstem,
reported at PCA 40 weeks, has improved at PCA 57–58 weeks, but
has not completely recovered. There remained a moderate degree
of neural conduction impairment or delay in the rostral regions of
the brainstem.
Some of our BPD survivors were followed up to 1 year of corrected

age. The general trend in the differential changes in MLS BAER
intervals was similar to the present study at four months of corrected
age, without any major changes, including significantly shortened

Table 3. Linear regression between MLS BAER variables and click rate.

MLS BAER variable Subjects Intercept Slope (/decade)a T P

Mean SE P of t-testb

I (ms) Normal term 2.231 0.030 0.006 0.001 6.305 <0.001

Non-BPD 2.439 0.049 0.007 0.002 4.161 <0.001

BPD 2.387 0.072 0.007 0.002 2.862 <0.010

III (ms) Normal term 4.728 0.040 0.016 0.001 11.912 <0.001

Non-BPD 4.982 0.056 0.015 0.002 8.543 <0.001

BPD 4.838 0.065 0.014 0.003 3.472 <0.001

V (ms) Normal term 6.625 0.044 0.032 0.001 22.386 <0.001

Non-BPD 6.891 0.063 0.033 0.002 15.521 <0.001

BPD 6.772 0.086 0.032 0.003 7.879 <0.001

I–V (ms) Normal term 4.401 0.033 0.027 0.001 24.024 <0.001

Non-BPD 4.458 0.056 0.026 0.002 13.457 <0.001

BPD 4.362 0.061 0.026 0.002 12.603 <0.001

I–III (ms) Normal term 2.500 0.025 0.010 0.001 11.730 <0.001

Non-BPD 2.545 0.037 0.008 0.001 6.667 <0.001

BPD 2.361 0.047 0.009 0.002 5.659 <0.001

III–V (ms) Normal term 1.902 0.022 0.017 0.001 22.580 <0.001

Non-BPD 1.914 0.033 0.015 0.001 15.574 <0.001

BPD 2.000 0.034 0.017 0.001 14.703 <0.001

III–V/I–III ratio Normal term 0.771 0.011 0.003 0.001 8.363 <0.001

Non-BPD 0.762 0.014 0.004 0.001 7.861 <0.001

BPD 0.859 0.021 0.003 0.001 4.552 <0.001
a
“Decade” represents 10 clicks per second.
b
“P” refers to the evaluation as to whether the slope differs from 0; P values (<0.001) indicate that the slopes differ significantly from 0, meaning that there is a
significant correlation between BAER variable and the rate of clicks.
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I–III interval, moderately prolonged III–V interval and significantly
increased III–V/I–III interval ratio. During the follow-up, the clinical
condition and neurodevelopment in those BPD survivors with
persistent MLS BAER abnormalities are generally less favorable. As
the data obtained so far remain limited and not solid enough for
robust statistical analysis, no conclusion can be reached at this stage,
which is a limitation of the present study. Nevertheless, such a
preliminary finding does suggest that the postnatal abnormality in
brainstem neural conductions in BPD survivors is likely to persist for a
longer time. Further studies are warranted to elaborate our findings
and explore their clinical implication.

CONCLUSIONS
Our BPD survivors at PCA 57–58 weeks showed clear abnormalities
in the MLS BAER variables that reflect brainstem neural conduction,
including the I–III and III–V intervals and the III–V/I–III interval ratio.
The major differences in these MLS BAER variables between the
BPD survivors and normal term infants and between the BPD
survivors and non-BPD infants were generally similar. In addition, no
major differences in these MLS BAER variables were found between
the very preterm non-BPD infants and normal term infants. Thus,
the major differences found in our BPD survivors from the normal
infants and non-BPD infants reflect the postnatal effect of neonatal
BPD and associated perinatal conditions on brainstem neural
conduction.
A recent analysis of neurodevelopmental risk factors in premature

infants found that BPD could be associated with accelerated
brainstem auditory maturation.30 In our present study of BPD
survivors, the major MLS BAER abnormalities included a significant
shortening in the I–III interval but a significant prolongation in the
III–V and a significant increase in the III–V/I–III interval ratio. These
abnormalities existed consistently at all click rates. Such differential
changes in the I–III and III–V intervals suggest differential changes in
neural conduction of caudal and rostral brainstem regions in the
BPD survivors. Clearly, postnatal maturation of neural conduction at
the caudal and rostral regions of the brainstem is differentially
affected by neonatal BPD and associated perinatal conditions; the
maturation is accelerated in caudal brainstem regions but delayed in
rostral regions. Neonatal BPD has a prolonged postnatal effect on
postnatal maturation of brainstem neural conduction. The survivors
are associated with differential maturation in neural conduction at
caudal and rostral brainstem regions, which may constitute an
important risk for postnatal neurodevelopment in very preterm
infants who survive neonatal BPD.

DATA AVAILABILITY
The datasets analyzed during the current study are available from the corresponding
author on reasonable request.
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