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ABSTRACT: Continuous monitoring of electrocortical brain activ-
ity with amplitude-integrated electroencephalography (aEEG) is im-
portant in neonatology. aEEG is affected by, for example, maturity,
encephalopathy, and drugs. Neonatal research uses rat pups of dif-
ferent ages. Postnatal day (P) 7 rats are suggested to be equivalent
neurodevelopmentally to near-term infants. We hypothesized that
electroencephalography (EEG) and aEEG in P1–P21 rats follow the
same developmental pattern with respect to background activity and
the longest interburst interval (IBI) as that seen in infants from 23-wk
gestational age (GA) to post-term. We examined aEEG and EEG on
49, unsedated rat pups with two clinical monitors. aEEG traces were
analyzed for lower and upper margin amplitude, bandwidth and the
five longest IBI in each trace were measured from the raw EEG. The
median longest IBI decreased linearly with age by 5.24 s/d on
average. The lower border of the aEEG trace was �5 �V until P7 and
rose exponentially reaching 10 �V by P12. This correlated strongly with
the decrease in IBI; both reflect increased continuity of brain activity
with postnatal age. Based on aEEG trace analysis, the rat aEEG pattern
at P1 corresponds to human aEEG at 23-wk gestation; P7 corresponds to
30–32 wk and P10 to 40–42 wk. (Pediatr Res 65: 62–66, 2009)

Amplitude-integrated electroencephalography (aEEG) is
increasingly used in neonatology for continuous moni-

toring of cerebral electrical activity (1) in relation to brain
injury, seizures, and assessment of brain maturation. aEEG
has gained widespread popularity as an adjunct to conven-
tional EEG because of its simplicity of application and inter-
pretation and feasibility for long-term recording alongside
clinical care. Although multi-channel, raw electroencephalog-
raphy (EEG) is still the “gold standard” in assessing the
brain’s functional state, its usefulness in the newborn is
limited for several practical reasons (2,3). The assessment of
background activity, presence of sleep wake cycling (SWC),
and seizure identification, of particular importance in neona-
tology, require a longer recording period than the standard
30-min EEG. As global brain activity is the focus of interest
in the newborn, one or two EEG channels are generally
sufficient; thus reducing the number of electrodes attached to
a small head.

Translational research, the use of animals to model human
disease, is essential in developing effective treatments for
human disorders. The newborn rat has proven invaluable in
increasing our understanding of mechanisms of brain injury
and repair processes (4–8). The Vanucci model, in which
7-d-old rats undergo unilateral ligation of the common carotid
artery and exposure to 8% oxygen, is the most widely used
animal model in the study of neonatal hypoxic-ischemic en-
cephalopathy (HIE) (8); however, many models from postna-
tal day (P) 1 until P14 have been developed (5,8–10). The
usefulness of animal models is contingent on their validity.
Previous research has correlated the maturation of the rat to
the human brain using various criteria including white matter
and oligodendrocyte development, myelination, enzyme activ-
ity, synapse formation, structural changes in the brain, and EEG
(11–13). However, the contribution of aEEG in correlating rat to
human brain maturity has not been evaluated. In this study, we
examined aEEG and the longest interburst interval (IBI) in EEG,
in the newborn rat from P1 (day of birth) to P21 (equivalent in
EEG maturation to a human of at least 2 y of age) and compared
it with published aEEG and EEG data from human neonates at
different gestational ages (GAs).

METHODS

All procedures were conducted under Home Office license in accordance
with UK regulations. Pregnant Wistar rats were bred at the University of
Bristol animal facilities. Dams with litters were exposed to a 12:12 light:dark
cycle with food and water available ad libitum.

Animal preparation. A temperature probe was inserted 5 mm rectally
(calibration accuracy �0.1°C, Physitemp Instruments, Clifton, NJ), allowing
core temperature to be monitored continuously. All recordings were made on
a heating/cooling mattress (Tecotherm, Halle, Germany) which allowed core
temperature to be maintained at 37.0 � 0.2°C, considered normothermia for
rat pups (14). Pups of this size are poikilothermic if not with the dam and have
shown to not become hypoglycemic after separation from the dam for up to
12 h (8,15).

Recordings. Continuous, single-channel (CFM 6000, Olympic Medical,
Seattle, WA � machine A) or two-channel (BrainZ Ltd., Auckland, New
Zealand � machine B) aEEG and EEG was recorded on 49 rat pups, yielding
110 traces from P1 to P21 (56 traces from A and 54 from B). Five rats
underwent one recording, 27 underwent two recordings, and 17 underwent
three recordings using machines randomly assigned on each day throughout their
survival period. Five millimeter subdermal stainless steel needle electrodes
(Viasys Healthcare, Madison, WI) were positioned under brief halothane anes-
thesia (3.5% induction). After anesthesia �median duration 5 min (range 4–7)�,
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animals were unsedated and gently swaddled throughout the monitoring period to
reduce movement artifact.

Pups were allowed to recover from anesthesia for at least 15 min before
recording. By this time, there was no effect of halothane on the EEG
recording. The distance between electrodes varied according to the size of the
animal, from 5 mm on P1, to 12 mm on P21 (Fig. 1). In pilot recordings (not
shown), we found that the bandwidth of the aEEG trace is minimally affected
by interelectrode distance in the range 5–12 mm. The biparietal posterior and
reference electrode placement was used for machine A (Fig. 1). For machine
B, in addition to these three electrodes, a further two anterior electrodes were
used (Fig. 1). During recordings, impedance remained between 3 and 9 k�.
The two monitors differ subtly in terms of filtering and amplification of the
raw EEG signal. These new digital machines aim to reproduce the settings of
the original analogue machine (Lectromed 5330) by reversed engineering (16)
(http://www.brainzinstruments.com/new/BRM2.asp).

Survival. After the last recording, pups were deeply anesthetized and the
brains perfusion-fixed, weighed, and photographed. Brain size increased
rapidly from P1 (0.28 g) to P15 (1.81 g) (Fig. 1), with maximal rate of rise
around P7 (17). Although body weight continued to increase, brain weight
plateaued at P15, as previously published (18).

Trace analysis. Two investigators (E.C. and K.A.), blinded to the age of
the animal, independently evaluated the traces. A minimum of 60 min of noise
free recording was analyzed.

Amplitudes of the upper and lower margins were assessed from the
compressed aEEG recording (6 cm/h). These were determined digitally by
plotting a trend line through the median upper peak or lower trough, respec-
tively, on a 200% enlarged trace on the computer screen. The CFM 6000 was
used with standard display for aEEG. The component of the trace lying above
10 �V was read with a superimposed semilogarithmic ruler. Bandwidth
represents the difference between upper and lower voltage margins.

The longest IBI was evaluated from raw EEG traces run at 30 mm/s.
Periods of movement artifact were excluded from analysis. A burst was
defined as electrocortical activity with amplitude �30 �V, lasting �1 s (19).
The five longest IBIs per trace (individual traces lasting at least 1 h) were
measured and the median calculated.

Statistical analysis. The best-fit correlations (linear or exponential) be-
tween variables were analyzed using SPSS 14.0 for Windows (Chicago,
Illinois). Where differences were detected between machines, data were split
for machine, otherwise, data were combined. The results were not affected by
the number of times (1, 2, or 3) individual animals were used for recording.

RESULTS

The 110 traces analyzed yielded a median of five traces
(range 2–10) for each postnatal day and the machine used (see
Methods section) were randomly selected for each recording,
machine A: Olympic or B: Brainz. Figure 2 shows typical
aEEG and EEG traces at different GAs.

Table 1 shows the data from the linear or exponential
regression models used when different variables (the upper
and lower voltage margin of the aEEG trace and IBI of the
EEG trace) are related using the two different machines.
Upper and lower margin. There is an exponential relation-

ship between the voltage of the lower aEEG margin and
postnatal age (with no significant difference between the two
machines) (Table 1.2).

Tables 1.3 and 1.4 shows the relationship between the upper
margin and postnatal age using a linear (Table 1.3, machine B
read 3.37 �V lower than machine A) or an exponential (Table
1.4) model, respectively. The exponential model offers a
marginally better fit. The individual data points for the lower
and upper margins versus postnatal age are displayed in
Figure 3.

Figure 4 shows a graphic representation of how the band-
width of the aEEG trace develops from birth to 3 wk of age in
the aEEG semilogarithmic plot.
Interburst interval. The median of the longest five IBIs per

trace decreased linearly from P1 to P21 (Fig. 5). Data from the

Figure 1. Rat brains at increasing postnatal
ages P1–P21. Rate of brain growth peaked
around P7. Brain weight at birth �0.25 g, by
P7 �0.8 g, P14 �1.5 g, and P21 �1.7 g. The
body weight increases steadily form birth (5
g) until P21 (34 g). The P10 brain shows
frontal ( ) and posterior ( ) biparietal
placement of recording and reference elec-
trodes (y) for EEG and aEEG.

Figure 2. Representative aEEG (trace speed 6 cm/h) and raw EEG traces (30
mm/s) from P1 to P21. With increasing age, trace activity becomes more
continuous; this can be seen in both aEEG and raw EEG traces. The aEEG
lower voltage margin rises faster than the aEEG upper voltage margin and the
overall trace bandwidth narrows with increasing postnatal age. Note that for
P9–P12 there are frequent low amplitude bursts, as one would expect from the
corresponding IBI.
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linear regression between the longest IBI and postnatal age are
given in Table 1.1. IBI values are 21 s (95% CI 13–29) longer
in machine B than in machine A, p � 0.001. Table 1.5 shows
that the aEEG lower margin increased exponentially as IBI
decreased and with no difference between the two machines.
The raw data are displayed in Figure 6.

DISCUSSION

The objective of this study was to describe the development
of aEEG and maximum IBI in rats from P1 to P21. The rat pup
is used at different ages to mimic human brain injury models
across a range of developmental ages. aEEG is increasingly
used in humans to assess maturation and injury. Hence, we
sought to suggest comparative ages for the rat and the human
newborn based on aEEG pattern and the longest IBI. Although
detailed descriptions of rat EEG maturation from P9 to P30
are available (11), serial aEEG changes and changes in the
longest IBI have not previously been described. It is assumed

Figure 3. Scatter plot of minimum ( ) and maximum (�) aEEG voltage
amplitude for all animals from P1 to P21. The y axis is semilogarithmic, as in
standard aEEG recordings. See Tables 1.2–1.4 for equations of best fit.

Figure 4. Graphic representation of the development of aEEG upper and
lower voltage margin (dark gray, linear fit). Light gray represents two SD.
The y-axis is linear 0–10 �V, then logarithmic.

Figure 5. Linear relationship between the median longest IBIs and age, split
for machine (machine A- , machine B-�. Values are significantly higher for
machine B (formulae in Table 1.1).

Figure 6. Exponential relationship between the median longest IBIs and the
aEEG lower margin (machine A- , machine B-�. Values do not differ
between machines (formulae in Table 1.5).

Table 1. Analysis of lower and upper margin of the
semilogarithmic voltage scale individually and related to either

postnatal age or the median longest IBI per trace

b0 SD (b0) b1 SD (b1) b2 SD (b2) Machine

1.1. IBI (s) as a linear function of age
114.1 7.48 	5.24 0.365 21.13 4.191 A 
 B
132.2 6.06 	4.96 0.489 A
159.4 7.39 	5.48 0.541 B

1.2 Amplitude (�V) of lower margin as an exponential function of age
2.899 0.168 0.093 0.004 A 
 B
2.891 0.258 0.10 0.007 A
2.79 0.185 0.090 0.005 B

1.3 Amplitude (�V) of upper margin as a linear function of age
17.88 2.58 0.95 0.126 	3.37 1.446 A 
 B
16.01 2.53 0.82 0.204 A
9.68 2.04 1.07 0.149 B

1.4 Amplitude (�V) of upper margin as an exponential function of age
14.232 0.896 0.039 0.005 A 
 B
16.112 1.569 0.034 0.008 A
12.174 0.893 0.046 0.005 B

1.5 IBI (s) as an exponential function of the lower aEEG (�V) trace
153.77 8.716 	0.070 0.005 A 
 B
133.82 10.218 	0.062 0.006 A
180.25 14.600 	0.080 0.007 B

Results from linear or exponential regression are shown using the following
models (SPSS 14.0).

Linear: Y � b0 
 b1 � X1 
 b2 � X2 Exponential: Y � b0 � exp(b1 � X)
Machine A � 1, machine B � 2
When X2 � 1, machine � A
When X2 � 2, machine � B
in 1.1–1.4, X1 is days of life
in 1.5, X1 is the aEEG lower amplitude voltage.
Example: using values from 1.3, A 
 B

Y � 17.88 
 0.95 � X1
 	3.37 � X2

If X1 � 0, Y � 17.88 	 3.37 � 1 � 14.51 for machine A
and Y � 17.88 	 3.37 � 2 � 10.34 for machine B.
Here, we have forced the relationship for A and B to have the same slope.

b2 SD � 1.446. Two SD � 2.89 which is �3.37. Thus, we conclude that A
and B are significantly different.
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that the P7 rat, widely used in models of human neonatal brain
injury, is equivalent in maturation to the near-term human
newborn (20).

aEEG background activity in the term infant was first
classified by Lena Westas as “continuous” (without low volt-
age periods), “somewhat continuous,” “discontinuous” �with
low voltage periods (�5 �V)�, or “flat” (21,22). A number of
studies have evaluated aEEG in term and preterm neonates
(22–27).

In a study examining aEEG in preterm infants, 119 aEEG
recordings were obtained from 31 infants with postmenstrual
age 25–32 wk. Discontinuous tracings were only observed
before 33 wk. In a few individuals continuous tracings ap-
peared at a postmenstrual age of 27 wk (25). In another study
evaluating 146 traces from 30 infants between 24 and 39 wk
GA, excluding infants with severe intraventricular hemor-
rhage or encephalopathy, traces were discontinuous from 24 to
26 wk. Continuity increased with age, and all traces beyond
30–31 wk were continuous (22). Olischar et al. (24) con-
firmed the correlation between GA and duration of continuous
aEEG activity in “normal” preterm neonates under 30-wk GA
previously shown using EEG (28). These studies were per-
formed using subjective assessment of compressed aEEG
paper traces (6 cm/h) where the resolution for discontinuity is
limited by the tracing pen’s width. The trace appears “dense”
when there are more than 20 spikes/10 min at a recording
speed of 1 mm/min. It is therefore difficult to count IBIs
shorter than 30 s without digital equipment. Thus, continuity
was likely to be overestimated in old paper traces compared
with digital analyses.

We tried to apply a published clinical continuity score for
aEEG maturation described by Sisman and Burdjalov (22,25).
In their three-tier scoring system, the traces were subjectively
classified into continuous, intermediate, or discontinuous
based on the overall trace density (old paper trace). Cyclic
changes in bandwidth (SWC) were given a five-point score
(22,25). We found that a subjective scoring system based on the
compressed traces lacks sensitivity in an experimental setting, as
compared to the new EEG/aEEG equipment available.

Figures 3, 4, and 5 indicate significant discontinuity until
P8. In our study, the lower and upper margin of the aEEG
voltage trace in the P1 rat is broadly equivalent to the pattern
seen at 23-wk gestation in the human, P6 to 27 wk (28,29), P7
to 30–32 wk, and P10 to 40–42-wk GA.

Duration of IBIs, often defined as the interval between
spikes of activity �30 �V (19,29,30), is a surrogate measure
of electroencephalographic continuity. As both aEEG ma-
chines that were used also display raw EEG, we were able to
determine the duration of the longest IBIs �30 �V in each
trace by analyzing the trace at 30 mm/s. This allowed us to
compare our results with a large body of literature describing
variation in IBI with postnatal age.

Several authors have shown that maximal IBI decreases
with increasing GA (21,31–34). The actual values for maxi-
mal IBI at specified time points vary in these studies. The
variations are partly related to exclusion criteria, as not all
studies (29,35) applied rigorous selection and long-term fol-
low-up to ensure that only those premature infants progressing

to normal neurologic outcome are reported. Slight differences
in defining the size and duration of bursts are also evident.
One study (28) recorded EEGs for 24 h and then only mea-
sured IBIs on epochs from the most discontinuous segments.
In addition, the greater physiologic stability allowed by pro-
gressive improvements in neonatal care seems to have low-
ered corresponding IBI values. Dreyfus-Brisac reported an IBI
duration of 3 min at 24–28 wk GA in 1962 (31); this de-
creased to 88 s for 27–29 wk (34) and subsequently to 60 s at
27 wk (28). A rapid change in IBI from 26 to 29 wk GA, with
a slower decrease from 29 to 38 wk has been described for the
human preterm neonate (33).

In our rat study, the mean linear fit of the longest IBIs
decreased by 5.2 s/d, from 145 s on average at P1, to 34 s at
P21. We read systematically higher IBI values from machine
B, which may be due to differences in the filter settings. The
absolute values are less important than the finding of a linear
decline in IBI with age. The absolute IBI values are higher
than those presented from humans. This is likely because of
our high burst cut-off value of 30 �V. We used the same burst
definition used for human babies to get data comparable with
human studies. Bursts in rats are often of lower voltage than
in human newborns and this could account for longer IBIs.

IBIs are virtually absent in the EEGs of normal full-term
infants (32). Two studies have evaluated the significance of
excessive EEG discontinuity in the term infant (36,37). In
these studies, bursts were defined as minimum amplitudes of
50 or 45 �V, respectively. In the first study, 89% of term
neonates with maximal IBI duration above 40 s had an
unfavorable outcome (37). Biagioni et al. showed that it is the
maximal IBI that relates most closely to both outcome and
severity of neonatal encephalopathy. The mean value was
lower than 10 s in normal infants. All deceased infants dem-
onstrated maximal values over 40 s. All neonates with a
discontinuous EEG after 11 d of age developed severe neu-
rologic sequelae or died (36).

In contrast, in our study, rats demonstrated a degree of
discontinuity, with evidence of quiet interburst periods,
through the period of term equivalence (which we suggest is
P10–P12) and up to P21. Cortical development, specifically
the degree of cortical folding, correlates well with IBI in the
human neonate (38). As the rat brain is nongyrencephalic,
fundamental differences between background activity in the
mature rat and human EEGs are not surprising.

Values for the aEEG upper margin show a good correlation
with age in the premature neonate, reaching a maximum at
36–37 wk GA (22). In our study, values for both upper and
lower aEEG margins correlated well with GA (Fig. 5) fitting
an exponential equation (Table 1). The two machines read
similar levels for both the lower and upper borders, with
machine B obtaining 3.37 �V lower values for the upper
margin of aEEG. In comparison to the original Lectromed
paper trace, slightly lower borders have also been reported
using machine B in humans (39).

The lower margin of aEEG is normally above 5 �V in
infants older than 30-wk GA. This observation may suggest
that P7 in the rat may be equivalent to 30–32 wk in the human.
The lower border of aEEG rose above 5 �V after P7 suggest-
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ing that the term equivalent aEEG of the rat is P10–P12. The
correlation of bandwidth with postnatal age, evident in human
neonatal aEEG studies (22,40), was also evident in this study
(Figs. 4 and 5). aEEG in humans has shown cyclic changes in
bandwidth, corresponding to periods of quiet or active sleep.
In humans, SWC is a sign of maturation and wellbeing and is
evident by 30–31 wk GA (40). We were unable to identify any
aEEG changes related to SWC in this study, possibly because
rats are known to have very brief sleep wake cycles (26),
lasting only a few minutes.

Dobbing and Sands (17) identified the point of maximal
brain growth to occur at term in humans and at P7 in rats.
Brain growth peaked in our study around P7 (Fig. 2). Subse-
quent studies have shown maximal white matter vulnerability
in humans at 24–32 wk, when O4
O1-preoligodendrocytes
predominate. In the rat, this population predominates at P4,
with a subsequent shift to O4
O1
 cells by P7 (12). Romijn
et al. studied four developmental parameters (development of
glutamate decarboxylase, choline acetyltransferase electrical
activity, and numerical synapse formation), concluding that
the peak change of these parameters is at term for the human
neonate and ranges from P7.4 to P20.4 in the rat. They argued
that the best overall correlation between the rat and human
maturation was given by EEG data, suggesting that term
equivalence occurs at P12–P13 (41).

aEEG is a clinically relevant tool that is therefore useful in
the evaluation of brain maturational changes in translational
research. Our data suggests that the P7 rat is equivalent to
30–32-wk gestation and P10 closer to 40–42-wk gestation in
the human.
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