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ABSTRACT: Newborn animals are more resistant to anoxia than
older animals, partly due to an increased tolerance of the immature
heart to anoxia. Newborn animals also have a more robust pretermi-
nal gasp. We investigated the relationship between gasping and
cardiac function in immature and maturing rats exposed to anoxia.
Immature postnatal day 7 (PND7) rats (n � 13) and maturing PND17
rats (n � 13) were exposed to 100% nitrogen (anoxia) for 10 min.
Echocardiography was used to calculate cardiac contractility (CC) by
left ventricular shortening fraction and cardiac output (CO) from
Doppler velocity recordings of pulmonary artery blood flow. In a
separate group of PND7 rats, CC and CO were recorded after the
paralytic agent pancuronium was used to prevent gasping. Anoxia
decreased CC and CO in PND7 and PND17 rats, followed by a
partial and transient recovery. Gasping preceded recovery of CO and
was required to sustain CO. Gasping in PND7 rats lasted longer (541
s versus 351 s, p � 0.01) and resulted in a greater recovery of CC
and CO. Anoxia-induced gasping and the associated recovery of
cardiac function were abolished by paralysis. Thus, anoxia-induced
gasping transiently improves cardiac function, and more robust gasp-
ing in immature rats is associated with increased cardiac anoxic
tolerance. (Pediatr Res 60: 174–179, 2006)

Newborn animals are more resistant to anoxia than older
animals (1–4). For example, newborn rats will “autore-

suscitate” after up to 20 min of anoxia, whereas mature rats
require aggressive resuscitative efforts after even 8 min of
anoxia (5). This phenomenon of neonatal tolerance to anoxia
is well described but not fully understood (6). It is unknown
whether the increased tolerance to anoxia in newborn animals
is due to resilience of cardiac function, central nervous system
(CNS) function, and/or the presence of fetal hemoglobin.
Isolated heart preparations demonstrate relative tolerance to
anoxia in newborn versus mature hearts (6–9). This suggests
that the immature heart is inherently tolerant to anoxia. How-
ever, isolated heart preparations lack the integrated CNS and
catecholamine input of live animals and lack both ventricular-
vascular and cardiorespiratory interactions. There are very

limited data on cardiorespiratory interactions during anoxia in
intact (in vivo) immature animals.
Gasping, also known as agonal respirations, is a universal

mammalian response to anoxia. Anoxia-mediated gasping has
been noted to be more robust in immature compared with
mature mammals (10–12). Thus, gasping may also contribute
to the phenomenon of autoresuscitation in immature mam-
mals. Certainly, gasping facilitates respiratory air movement
and resuscitation if oxygen becomes available during gasping.
However, dynamic changes in intrathoracic pressure associ-
ated with gasping may also facilitate blood flow in the absence
of oxygenation. Gasping-mediated blood flow augmentation
was recently reported by Xie et al. (13) in a study of pigs with
induced ventricular fibrillation.
In the present study, we examined the cardiorespiratory

response to hypoxemia in a model of arrest that mimics the
primary etiology of pediatric cardiac arrest (anoxia) (14,15)
using rats representing neuronal maturity equivalent to human
newborns and infants (16). We measured cardiac function via
echocardiography (ECHO) in two age groups of rats: imma-
ture PND7 and maturing PND17 rats before and during hy-
poxemia. We hypothesized that time to cardiac arrest is
delayed in immature rats compared with maturing rats during
hypoxemia and that preterminal gasping contributes to the
relative preservation of cardiac function.

METHODS

The study protocol was approved by the Children’s Hospital of Pittsburgh/
University of Pittsburgh Institutional Animal Care and Use Committee.
Experiments were performed on 26 male newborn Sprague-Dawley rats, 13
male PND7 rats, and 13 male PND17 rats. The animals were exposed to
anoxic conditions via administration of 100% nitrogen for 10 min.

After determination of body weight, each rat was placed in an anesthesia
chamber and received 3% isoflurane and room air (21% oxygen). Oxygen
concentration during the experiment was verified with an oxygen sensor.
After onset of anesthesia (2 min), the animal was positioned supine on a
heated platform for echocardiography (ECHO) (THM 1000, VisualSonics,
Toronto, Canada). Anesthetized rats breathed spontaneously and anesthesia
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continued by using 2% isoflurane delivered via a nose cone during preparation
for ECHO (9 min). Preparation for ECHO included positioning for imaging,
shaving the left hemithorax, and electrocardiography (ECG) lead placement.
The preanoxia anesthesia, positioning, and preparation times were similar for
all groups (PND7 and PND17 rats). Baseline ECG and ECHO data were
obtained after preparation in room air. We then exposed each rat to anoxic
conditions using 100% nitrogen at 2 L/min via nose cone for 10 min. An
oxygen sensor placed at the nose cone outflow confirmed 0% oxygen content
within 30 s after initiation of anoxia. The isoflurane concentration was
decreased to 1.5% for the first min of anoxia (during oxygen washout) and
then discontinued for the duration of anoxia. Previous experiments using a
similar anesthetic regimen have documented electroencephalography begins
to recover at 2 min after cessation of isoflurane (17). Thus, this regimen limits
the confounding effect of inhaled anesthetics while providing anesthesia
during the initial stress of asphyxia.

We measured cardiac function using two complementary methods: CC
measured from M-mode echocardiographic images of the beating left ventri-
cle (LV) and CO measured from echocardiographic pulmonary artery blood
velocity tracings. It is technically difficult to simultaneously measure both
parameters on the same rat within the duration of anoxia. Therefore, rats were
randomly assigned for either CC or CO measurement. We recorded ECG and
ECHO data every 10 s throughout the experiment. We recorded ECHO for
CC on six PND7 and seven PND17 rats and CO in seven PND7 and six
PND17 rats. The time course of gasping onset and cessation was recorded for
each rat.

ECHO. Transthoracic ECHO was performed using an Acuson Sequoia
C256 system and 13-MHz linear ultrasonic transducer (15L8; Acuson Cor-
poration, Mountain View, CA) by a skilled pediatric cardiologist. This
configuration generates 0.35-mm lateral resolution and 0.25-mm axial reso-
lution and is capable of acquiring and storing real-time digital images
simultaneously. For CC measurement, we recorded LV short axis M-mode
data at the level of the papillary muscle tips (18) and then calculated LV
end-diastolic diameter (EDD), LV end-systolic diameter (ESD), and LV
fractional shortening (FS) as FS � (EDD � ESD)/EDD. For CO measure-
ment, we recorded RV short axis (basal) images to measure main pulmonary
artery (MPA) pulsed-Doppler velocity waveforms and the determine MPA
diameter (d). We then measured the MPA velocity time integral (VTI) from
individual Doppler waveforms. All Doppler recordings were obtained at an
insonation angle �15 degrees to flow direction. Angle correction was not
used. We calculated heart rate (HR) from the sequential R-R intervals on ECG
waveforms, and the CO using the formula CO � HR · VTI · � · d2/4. Time
course changes (or temporal changes) in CO during anoxic exposure was
expressed normalized by baseline CO for each rat before anoxia [% change
CO � (anoxic CO/baseline CO) � 100%].

To determine whether gasping was coincident to changes in cardiac
function or causal, an additional nine PND7 rats were paralyzed with
pancuronium (1.5–2 mg/kg intralingually) immediately before the onset of
anoxia. Baseline and anoxia ECG and ECHO data were recorded as described
above to calculate CC (n � 4), CO (n � 5), and gasping pattern. We chose
PND7 rats for paralysis due to their more robust gasp response to anoxia
versus PND17 rats.

Statistics. Baseline measurements were compared using the nonparametric
Wilcoxon rank-sum test because normality assumptions were violated. In the
time-to-event analysis, we used the Kaplan-Meier method and the log-rank
test because the proportional hazards assumption was satisfied (19). The trend
patterns in the graphical representation of the scatter plots were illustrated
using smoothing spline fits. Data were presented for baseline evaluation as
means � SD. We used two-sided hypotheses testing with a type I error of
0.05. A p value �0.05 was considered statistically significant. The analysis
was performed using the SAS statistical package (version 9.1) and SAS-JMP
(version 5.1).

RESULTS

Baseline values for weight, HR, CO, and CC are summa-
rized in Table 1. As expected, weight and baseline HR differed
between the two groups (PND7 versus PND17 rats, p � 0.05
for each measure). Baseline CC differed between the two
groups (PND7 versus PND17 rats, p � 0.05); however,
baseline CO was similar.
Time to cardiac arrest during anoxia. Cardiac arrest was

defined by the absence of measurable CC or CO sustained for
1 min. Mean time to anoxia-induced cessation of CC was

541 s (SD � 48 s) in the PND7 group and 351 s (SD � 54 s)
in the PND17 group (Fig. 1, log-rank test, p � 0.01). Mea-
surable CO was maintained longer than 600 s in PND7 rats
versus a maximum of 450 s in PND17 rats (Fig. 2, log-rank
test, p � 0.01). In contrast to CC, measurable CO persisted
throughout hypoxemia in PND7 rats. There was a similar
decline in HR in response to hypoxemia for both groups
(Fig. 3).
Association of anoxia induced gasping and CC. After an

initial decrease in CC in response to hypoxemia, both groups
of rats showed a transient partial CC recovery coincident with
gasping (Figs. 4 and 5). Mean maximal CC recovery to 100%
of baseline occurred in PND7 rats versus recovery to 64% of
baseline in PND17 rats. This percentage of recovery repre-
sents the mean of maximum values of CC attained by each
animal after 1 min of anoxia. Representative ECHO images
demonstrating recovery of CC during gasping in a PND7 rat
are shown in Figure 5. The time course of the CC response to
gasping differed between PND7 and PND17 rats (p � 0.0001).
Onset of gasping was delayed in PND7 rats but persisted for
a longer duration compared with PND17 rats (onset 324 s and
duration 165 s versus onset 157 s and duration 80 s, respec-
tively). Once gasping ceased (489 s for PND7 and 237 s for
PND17), CC decreased toward zero. PND7 rats paralyzed
with pancuronium to ablate gasping showed a progressive
decline of CC during anoxic conditions without recovery
(Fig. 6).
Association of anoxia-induced gasping and CO. After an

initial decrease in CO during hypoxemia, both groups of rats
showed a transient partial CO recovery coincident with gasp-
ing (Figs. 7 and 8). Mean maximal CO recovery to 40% of

Table 1. Baseline values for immature PND7 and maturing
PND17 rats

PND7 rats
(n � 13

PND17 rats
(n � 13) p*

Weight (g) 17.7 � 2.1 30.0 � 1.3 �0.001
HR baseline (bpm) 336 � 22 376 � 38 0.0037
CO baseline (mL/min) 23.7 � 9.8 33.5 � 5.4 0.0741
CC baseline 0.29 � 0.02 0.34 � 0.04 0.0266

* p Values are based on the two-sided Wilcoxon rank-sum test.
Data are presented as mean � SD. bpm, beats per minute.

Figure 1. Survival plot demonstrating the time to cardiac arrest defined as
cessation of CC after the onset of anoxia in PND7 and PND17 rats (13 rats in
each group, log-rank test, p � 0.01).
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baseline occurred in PND7 rats versus to 25% of baseline in
PND17 rats. This percentage of recovery represents the mean
of maximum values of CO attained by each animal after 1 min
of anoxia. Representative ECHO images demonstrating re-
covery of CO during gasping in a PND7 rat are shown in
Figure 8. The time course of the CO response to gasping
differed between PND7 and PND17 rats (p � 0.0001). Once
gasping ceased (489 s for PND7 and 237 s for PND17), CO

decreased toward zero. PND7 rats paralyzed with pancuro-
nium to ablate gasping showed a progressive decline of CO
during anoxic conditions without recovery (Fig. 9).

DISCUSSION

To our knowledge, this is the first study that assesses in vivo
CC and CO during anoxic conditions in spontaneously breath-

Figure 2. Survival plot demonstrating the time to cardiac arrest defined as
cessation of CO after the onset of anoxia in PND7 and PND17 (13 in each
group, logrank test, p � 0.01).

Figure 3. Pattern of HR decrease during anoxia in PND7 and PND17 rats.
Individual data points from each rat and a curve depicting the mean values are
displayed. HR decline was similar in time course and extent between the two
groups.

Figure 4. Time course of CC during anoxia in PND7 (left) and PND17
(right) rats. Individual data points from each rat and a curve depicting the
mean values are displayed. The onset and end of gasping are noted by the
black arrows. Note the increase in CC that occurs during gasping in PND7
rats and the early absence of CC in PND17 rats.

Figure 5. Representative two-dimensional and M-mode ECHO images of a
PND7 rat demonstrating normal CC at baseline, marked decrease in CC
during anoxia before gasping, and partial recovery of CC during gasping.
Note the slower HR during anoxia.

Figure 6. Time course of CC during anoxia in paralyzed PND7. Individual
data points from each rat and a curve depicting the mean values are displayed.
The time of onset and end of gasping in nonparalyzed PND7 rats are noted by
the dashed arrows. Note the progressive decline in CC during anoxia in
paralyzed PND7 rat and the absence of transient CC recovery.

Figure 7. Time course of CO measured as pulmonary blood flow during
anoxia in PND7 (left) and PND17 (right) rats. Individual data points from
each rat and a curve depicting the mean values are displayed. The onset and
end of gasping are noted by the black arrows. Note the increase in CO that
occurs during gasping in PND7 rats and the early absence of CO in PND17
rats.
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ing immature animals. We demonstrate, using ECHO, that CC
and CO are maintained for longer periods of time in immature
animals compared with maturing animals and that gasping
contributes to the maintenance of CC and CO. These obser-
vations are consistent with previous studies showing that
immature animals are more resistant to anoxic conditions.
Isolated heart preparations have shown that hearts removed
from immature animals are more resistant to anoxia than those
removed from older animals related to cardiomyocyte matu-
ration (6–9). We have extended this observation to show that
tolerance to anoxia in the intact circulation occurs, in part, due
to anoxia-induced gasping in immature animals. Furthermore,
we show that paralysis extinguishes the beneficial effects of
gasping. This suggests that gasping and cardiac recovery are
not merely coincident phenomena mediated by increased stim-
ulatory input from related CNS centers but are causally re-
lated. Preterminal gasping likely produces accentuated cycli-
cal variations in intrathoracic pressure that facilitate forward
cardiac blood flow.
Several mechanisms might be responsible for the observed

increase in CC and CO during gasping. Increased CC might be
related to an increase in lLV preload as the result of increased
venous return in response to negative intrathoracic pressure.

Increase preload results in an increase in stroke volume due to
the positive slope of the Frank-Starling curve. Another mech-
anism that could be responsible for this increase in CC is a
gasping-induced increase in myocardial perfusion. Yannopo-
lus et al. (20), using an impedance threshold device designed
to increase negative intrathoracic pressure during the relax-
ation phase of chest compression, showed lower right atrial
pressure but better coronary perfusion pressure with use of the
device, and a similar mechanism could occur during gasping.
Additionally, cerebral perfusion pressure increases during
gasping (21). Increased cerebral perfusion pressure might help
sustain sympathetic drive to the heart and promote CO. It is
important to note that the magnitude of increased contractility
in the current study was sustained between gasps. If improved
CC was secondary only to improved venous return, we would
expect to have observed a greater increase in contraction
immediately after a gasp followed by decreased magnitude in
subsequent contractions before the next gasp. With our current
data, we can only speculate that the improved cardiac function
is secondary to a combination of the factors mentioned above.
Our observations are consistent with the report by Xie et al.

(13) that shows gasping increased CO in pigs during ventric-
ular fibrillation. We chose a model of respiratory-mediated,
pulseless electrical activity (PEA) arrest because respiratory
compromise is the most common etiology of pediatric arrest
and PEA is the most common dysrhythmia in pediatric arrest
(22). PND7 rats were chosen because the cerebral maturity of
a PND7 rat approximates cerebral maturity of a full-term
human newborn, and PND17 rats were chosen because they
approximate toddler-aged children (23).
Gasping is a common mammalian preterminal phenome-

non. Agonal respirations occur in all animals during ventric-
ular fibrillation (24). Home monitor data on infants dying of
sudden infant death syndrome (SIDS) reveal that 31 of 33
infants had preterminal gasping respirations (25,26). In studies
of witnessed adult out-of-hospital arrest, 30–40% of bystand-
ers describe agonal respirations (27,28). Gasping can be au-
toresuscitative if oxygen delivery is resumed during gasping.
Previous studies show that the frequency of gasping is pre-
dictive of the success of resuscitation (29) and that gasping
improves resuscitation after the onset of cardiac arrest (30).
The animals in our study were kept in an anoxic environment
during the gasping period, preventing autoresuscitation. Gozal
et al. (11) demonstrated that there is an inverse relationship
between postnatal age and gasp duration and gasp latency. Our
study supports this observation, with PND7 rats having longer
duration of gasping and later onset of gasping than PND17 rats.
The observation that spontaneous gasping increases CO

has clinical relevance for techniques of performing cardio-
pulmonary resuscitation (CPR). Traditional CPR generates
blood flow by alternating positive intrathoracic pressure (gen-
erating forward flow) and negative intrathoracic pressure (fa-
cilitating venous return to the heart). Gasping may be benefi-
cial by causing a large negative intrathoracic pressure that
increases venous return to the heart. Alternative methods of
CPR have been developed that augment negative intrathoracic
pressure during the relaxation phase of CPR including active
compression-decompression CPR using a suction device at-

Figure 8. Representative two-dimensional ECHO and pulsed-Doppler veloc-
ity tracings of pulmonary blood flow of a PND7 rat demonstrating normal CO
at baseline, marked bradycardia, and decreased CO during anoxia before
gasping, and partial recovery of CO during gasping. Note the slower HR
during anoxia.

Figure 9. Time course of CO during anoxia in paralyzed PND7. Individual
data points from each rat and a curve depicting the mean values are displayed.
The time of onset and end of gasping in nonparalyzed PND7 rats are noted by
the dashed arrows. Note the progressive decline in CO during anoxia in
paralyzed PND7 rat and the absence of transient CO recovery.
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tached to the chest (31), an impedance threshold valves on
endotracheal tubes to limit passive air entry during the relax-
ation phase of chest compressions, thus generating greater
negative intrathoracic pressure (32), and pneumatic vest re-
suscitation that promotes circumferential compression and
expansion (33,34). Our results suggest that these and other
methods to augment negative intrathoracic pressure can result
in potentially beneficial hemodynamic changes. Furthermore,
it has recently been shown that too much positive intrathoracic
pressure (caused by overinflation from incomplete exhalation)
during cardiac resuscitation can be detrimental (35). Thus,
mimicking the cardiopulmonary effects of gasping during
CPR may result in improved CO and may ultimately be
beneficial by maintaining at least partial cerebral blood flow
under anoxic conditions. Additionally, researchers at the Uni-
versity of Minnesota have documented improved CO in re-
sponse to phrenic nerve pacing induced respiratory augmen-
tation in pigs during hemorrhagic shock (36).
Of note, children with SIDS associated with autoresuscita-

tion failure have a reduced number of gasps (37). Experimen-
tal data suggested that gasping depends on pacemaker neurons
that are relatively hypoxia resistant (38), and thus these neu-
rons may be impaired in children with SIDS. Additional
understanding of the regulation and function of the brain’s
gasping center may lead to pharmacologic interventions in
children at risk of acute or recurrent anoxia or hypoxia.
This is the first study to use ECHO for measurement of

cardiac function in immature rats. We chose to measure CO
via VTI at the level of the MPA rather than at the level of the
ascending aorta because the anatomic angle of the pulmonary
artery in these rats provided a more robust signal compared
with aorta. In the absence of intracardiac or intrapulmonary
shunts, CO to the lungs and body should be identical. In pilot
experiments, we compared CO calculated by MPA flow to CO
calculated by LV M-mode (Pombo’s cubic assumption), and
we observed that the trend in CO during the anoxia was
similar. Therefore, we concluded that estimated CO by MPA
flow reflected LV CO (systemic flow).
We noted a difference in baseline CO and CC between the

PND7 and PND17 groups. CO at baseline appears to differ
between groups; however, the difference is not statistically
significant. If we normalize CO by body weight, the values
converge to 1.34 mL/min/g (PND7) and 1.13 mL/min/g
(PND17). We noted that baseline CC differed between the two
groups, with higher CC measured in PND17 hearts, possibly
related to myocyte maturation (39).
We recognize that there are limitations to this study. In-

halational anesthetics, including isoflurane, can be cardio-
protective (40). However, it would be unethical to initiate
anoxia in the absence of anesthesia. We attempted to limit the
isoflurane effect on cardiac function by discontinuing isoflu-
rane 1 min after the onset of anoxia. Another limitation of our
study is that CO and CC were measured in separate cohorts of
rats instead of instantaneously in the same animals. This was
necessary because pilot studies showed that moving the probe
from one measurement to the other required excessive time to
reestablish the probe angle and location. Similarly, measuring

CO via intravascular catheters would have been ideal, but
difficult due to the size of the animals.

CONCLUSION

During acute anoxic conditions, CC and CO are maintained
for longer periods of time in immature animals compared with
maturing animals. This tolerance to anoxia is mediated, in
part, by an anoxia-induced gasping, which can be ablated by
muscle paralysis. Further studies are needed to define the
regulation of gasping in immature and mature animals with
the goal of optimizing CC and CO during hypoxemia.
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