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Abstract
Very preterm infants who suffer from bronchopulmonary dysplasia (BPD), a major neonatal complication, often experience frequent episodes 

of hypoxaemia or prolonged hypoxaemia, resulting in significant chronic sublethal hypoxia (CSH). Whether the CSH occurring during the neonatal 
period exerts any adverse effect on the immature brainstem auditory system remains a topic of attracting considerable interest. With brainstem 
auditory evoked response (BAER) and particularly maximum length sequence (MLS) BAER, recent investigators have revealed that neonatal BPD 
damages functional integrity of the immature brainstem auditory system. There are significant abnormalities in the BAER components that reflect 
central neural function of the auditory brainstem. By comparison, there are only mild abnormalities in the BAER components that reflect peripheral 
neural function of the auditory brainstem. Clearly, CSH associated with neonatal BPD damage central neural conduction, suggesting impaired 
myelination and synaptic dysfunction, in the immature auditory brainstem, but exerts limited effect on peripheral neural function of the brainstem. 
These abnormalities tended to be improved after term date. CSH occurring during the neonatal period damages myelination of the central auditory 
system, which tends to be alleviated after term date.

Introduction
Considerable evidence indicates that neurodevelopmental 

disorders in infants born very prematurely often link to hypoxic 
events during the perinatal period. Oxygen deprivation or hypoxia 
is a major cause of neonatal brain impairment and subsequent 
long-term neurodevelopmental consequences. Acute and 
severe hypoxia which is often associated with ischaemia is well 
known to significantly damage the brainstem auditory system, 
leading to brainstem auditory lesions [1,2]. On the other hand, 
the understanding of whether chronic sublethal hypoxia (CSH) 
occurring during the neonatal period affects the brainstem auditory 
system remains rather limited. Not until recently, the studies of 
brainstem auditory evoked responses (BAERs) in very preterm 
infants who suffered from neonatal bronchopulmonary dysplasia 
(BPD) have significantly improved our understanding of the effect 
of CSH on the immature brainstem auditory system [3-10].

  
Hypoxia is particularly prevalent among those who are born very 
prematurely [11,12]. Many of the very preterm infants undergo 
chronic or prolonged periods of sublethal hypoxia due to various 
perinatal conditions or complications [13]. A typical and significant 
perinatal complication that is associated with CSH in very preterm 
infants is neonatal BPD [14]. Infants who suffer from BPD often 
experience frequent episodes of hypoxaemia or prolonged 
hypoxaemia. Such hypoxaemia plays an important role in the 
development of neurological impairment and deficit in infants with 
BPD. With the BAER, recent studies have revealed that these infants 
have major impairment in the central auditory system [3-10]. 
This article reviews recent advances in BAER studies in neonatal 
BPD. The abnormalities found in very preterm infants with BPD 
suggest poor myelination and synaptic dysfunction in the auditory 
brainstem, which may well be related to or due to CSH that occurs 
during the process of BPD.
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Brainstem Auditory Impairment in Very Preterm 
Infants With CSH

Previous experiments in animal models showed clear evidence 
that the immature cerebral cortex is adversely affected by CSH 
[15-17]. In human infants, CSH is also likely to affect the immature 
central auditory system. In very preterm infants, a typical and 
significant clinical complication or problem that is associated with 
CSH is neonatal BPD - a severe type of chronic lung disease. It is a 
major lung disease that causes hypoxaemia of pulmonary origin in 
infants who are born very prematurely [14,18,19]. The survivors of 
infants with BPD have a high incidence of neurological impairment 
and developmental deficits, such that BPD has increasingly become 
one of the highest risk factors of neurodevelopmental problems 
[18-26].

The BAER, also known as auditory brainstem response or ABR, 
is a non-invasive objective test, particularly suitable in very young 
or sick infants, and reflects functional integrity of the auditory 
brainstem [27]. The measurements of BAER variables are related 
to myelination and synaptic function along the brainstem auditory 
system of the developing brain. The BAER is very sensitive to arterial 
blood oxygen levels and hypoxia or hypoxia-ischaemia and is an 
important tool to assess cerebral and auditory function in infants 
after perinatal hypoxia or hypoxia-ischaemia [27,28]. A relatively 
new technique - the maximum length sequence (MLS) – has also 
been employed to record and process BAER [27,29]. The very high-
rate stimulation, known as stimulus “stress”, in MLS could improve 
the detection of some neuropathology which may not be detected 
by presenting less stressful stimuli (i.e. low-rate stimulation) using 
conventional averaging techniques [27,29].

Over the last decade, both conventional BAER and particularly 
MLS BAER have been used to study central auditory function in 
very preterm infants with BPD [3-10]. At term equivalent age, very 
preterm BPD infants were found to have major abnormalities in 
MLS BAER central components, that is, the components that mainly 
reflect or are related to central neural function, including wave V 
latency and I-V and particularly III-V interpeak intervals [4-7,9,10]. 
Such abnormalities were particularly significant at very high rates 
(455/sec and 910/sec). In contrast, no apparent abnormalities 
were found in the components that are mainly related to peripheral 
auditory function, including wave I and III latencies. There was also 
no major abnormality in the I-III interval, which reflects functional 
integrity of the more peripheral or caudal regions of the auditory 
brainstem, although this interval was slightly longer than that in the 
healthy very preterm infants at high rate-stimulation. These results 
imply that the increase in wave V latency and I-V interval in the 
infants with BPD was fundamentally produced by the significant 
increase in III-V interval that reflects functional integrity of the 
more central or rostral regions of the auditory brainstem. Similar 
abnormalities were seen in the BPD infants when their BPD was 
diagnosed shortly before term date [8].

Clearly, in very preterm infants with BPD, neural conduction 
mainly related to myelination in the more central or rostral 
regions of the auditory brainstem, is delayed or impaired during 
the course of BPD. The slopes of wave V latency-rate function, 
and I-V and particularly III-V interval-rate functions tended to be 
increased in the infants with BPD. This increased stimulus rate-
dependent change in MLS BAER central components suggests 
that auditory neurons in the more central regions of the auditory 
brainstem in infants with BPD are vulnerable to physiological/
temporal challenge of acoustic stimulation, resulting in a decreased 
efficacy of central synaptic transmission. Therefore, in addition to 
myelination, central synaptic efficacy in the auditory brainstem is 
also affected by CSH during the course of BPD.

On the other hand, the BPD infants did not show any apparent 
abnormalities in MLS BAER components that are mainly related 
to peripheral auditory function, including wave I and III latencies. 
There was also no appreciable abnormality in the I-III interval, 
which reflects the functional status of more peripheral or caudal 
regions of the auditory brainstem. These results suggest that 
functional status of the more peripheral regions of the auditory 
brainstem in BPD infants is relatively intact or only slightly affected. 
Therefore, CSH does not have a major effect on functional integrity 
of the more peripheral regions of the auditory brainstem.

The aforementioned major abnormalities in the MLS BAER 
variables that mainly reflect central neural function suggest a 
significant delay in neural conduction, mainly reflecting impaired 
myelination, in the more central regions of the auditory brainstem 
[4-10]. The increased click rate-dependent change in MLS BAER 
central components mainly reflects a decreased efficacy of synaptic 
transmission. Therefore, CSH associated with BPD has a detrimental 
effect on functional integrity of the auditory brainstem in very 
preterm infants with BPD. However, peripheral neural function 
of the auditory system does not seem to be significantly affected. 
By comparison, the amplitudes of BAER waves I, III and V in the 
infants with BPD were generally similar to those in the healthy very 
preterm infants at all click rates. The V/I and V/III amplitude ratios 
did not show any significant differences from those in the healthy 
very preterm infants. Such relatively normal wave amplitudes are 
in sharp contrast to the abnormal findings in wave latencies and 
intervals. Neonatal BPD does not seem to exert any major effect 
on neural origin of the amplitudes, which is more related to the 
neuronal function of MLS BAER components, although it has a 
significant effect on the neural origin of wave latencies and intervals, 
which are more related to neural conduction and myelination of the 
brainstem.

Possible Mechanisms Underlying the Brainstem 
Auditory Impairment

The pathogenesis of neonatal BPD is complex and multifactorial, 
including very immaturity, respiratory distress syndrome, patent 
ductus arteriosus, disrupted alveolar and capillary development, 
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pulmonary interstitial emphysema, oxygen toxicity, perinatal 
infection and inflammation or genetic susceptibility. Over the last 
two decades, there has been no significant change in the incidence 
of BPD, but the pathophysiology has changed with the substantial 
improvement in the management in very and extremely preterm 
infants [31,32]. Infants with BPD have frequent episodes of 
hypoxaemia or prolonged hypoxaemia, leading to CSH [14]. The 
auditory impairment in BPD could be related to various risk factors 
and causes, particularly CSH as a result of the frequent episodes 
of hypoxaemia or prolonged hypoxaemia during the course of BPD. 
The CSH may play a significantly adverse role in the impairment. 
Since none of our BPD infants had any concomitant major brain 
lesions that may exert confounding effects on the MLS BAER, the 
major MLS BAER abnormalities found in these BPD infants are 
most likely to be mainly attributed to the frequent episodes of 
hypoxaemia or prolonged sublethal hypoxaemia that is associated 
with BPD [10].

Hypoxaemia disturbs the metabolism of neurons, depresses 
the electrophysiological function of synapses, and interferes with 
nerve conduction, leading to neural impairment and dysfunction 
of the brain. Hypoxaemia occurring during early life often results 
in neurodevelopmental disorders, including auditory impairment 
[28,33-39]. In neonatal BPD, the prolonged hypoxaemia is 
often associated with periods of oxygen desaturation, as well as 
suboptimal respiratory mechanics [14]. Infants with BPD are 
invariably associated with therapy in high oxygen concentrations 
for prolonged periods. The prolonged exposure to high oxygen 
concentrations has complex biochemical microscopic and gross 
anatomical effects on lung tissues, which can injure the immature 
lung and cause further hypoxaemia.

In addition, infants with neonatal BPD are often associated with 
other perinatal conditions or complications, which may also exert 
certain adverse effects on the immature auditory system. However, 
CSH remains the major adverse effect that contributes to the BAER 
abnormalities seen in the very preterm infants with BPD. The central 
auditory system experiences considerable synaptogenesis during 
early life, and there is a tremendous growth of dendrites after term 
date. Myelination occurs during the second growth spurt of the 
brain, which takes place in the second half of gestation and lasts 
well into the second postnatal year of later. Neonatal BPD in very 
preterm infants occurs before term, corresponding to later phase of 
the second half of gestation. The rapid myelination of the auditory 
brainstem occurring during this period can be interfered by CSH 
associated with neonatal BPD. Neural conduction in the developing 
auditory brainstem is closely related to myelination in the auditory 
system. The brainstem auditory system, including relay nuclei 
and fibres, develops myelination in the foetal and early postnatal 
periods. The significant increase in the I-V and, in particular, III-V 
intervals in our very preterm infants with BPD indicates impaired 
neural conduction and so impaired myelination in the more central 
regions of the auditory brainstem. 

Alleviation of Brainstem Auditory Impairment 
After Term

To explore any changes after term date in the auditory 
impairment detected at term in very preterm infants enduring 
CSH, we recorded and analysed BAER in a group of BPD infants 
at 3 months of postconceptional age [3]. The latencies of BAER 
waves I and V in the BPD infants were similar to those in the 
normal controls. Wave III latency was slightly shorter in the cases 
than the controls. The I-V interval was similar in the two groups of 
infants. However, the I-III interval in the BPD infants was shorter 
than in the controls, whereas the III-V interval was longer than in 
the controls. The amplitudes of BAER waves I, III and V in the BPD 
infants all tended to be smaller than in the controls, but none of 
the amplitudes differed significantly between the two groups. No 
significant differences were found in the V/I and V/III amplitude 
ratios between the two groups. Thus, at 3 months of age these BPD 
infants did not show any obvious abnormalities in the BAER wave 
III and V latencies and the I-V interval, but there was a marginal 
shortening in the I-III interval and a marginal increase in the III-V 
interval.

The marginal shortening in the I-III interval in the BPD infants 
suggests a possible acceleration in myelination and maturation 
of the peripheral regions of the brainstem auditory system after 
term. These BPD infants were all born at 29 weeks or less of 
gestation. The much earlier exposure to the extrauterine sound 
environment and the associated excessive exogenous noise in the 
intensive care unit could accelerate myelination and maturation 
of the auditory system, leading to a relative shortening of the I-III 
interval [29,30,40]. The marginal increase in the III-V interval in 
the BPD infants, which was much less significant than the increase 
seen at term, suggests minor auditory impairment at central or 
rostral regions of the brainstem. These mild BAER abnormalities 
suggest minor impairment in both the peripheral and central 
auditory systems at 3 months of postconceptional age. Obviously, 
the major auditory impairment detected at term in the BPD infants 
was alleviated after term. The marginal shortening in the I-III 
interval and the marginal increase in the III-V interval suggest 
possibly accelerated maturation in the more peripheral part of the 
auditory brainstem and delayed maturation in the more central 
part. Whether these minor abnormalities will further change with 
increasing age is a subject of further study.

Conclusion
Recent conventional BAER and particularly MLS BAER studies in 

very preterm infants with BPD have discovered major abnormalities 
that are significantly related to CSH during the neonatal period. The 
major abnormality is a significant increase or prolongation in the 
BAER components that mainly reflect central auditory function. 
This implies a significant delay in neural conduction, mainly 
reflecting impaired myelination in the more central regions of the 
auditory brainstem. On the other hand, no major abnormality was 
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found in the peripheral neural function of the auditory brainstem. 
Clearly, CSH associated with neonatal BPD significantly damages 
myelination and synaptic function in the immature central auditory 
system, but does not significantly damage neural function in the 
peripheral auditory system. The impaired myelination and synaptic 
function tends to be alleviated after term date. These findings 
shed light on our understanding of the effect of neonatal CSH on 
functional integrity of the very immature auditory system and 
may have important clinical implications with regard to studying 
therapeutic measures to improve brainstem auditory outcome in 
infants with CSH. 
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