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Heusser K, Dzamonja G, Breskovic T, Steinback CD, Diedrich
A, Tank J, Jordan J, Dujic Z. Sympathetic and cardiovascular
responses to glossopharyngeal insufflation in trained apnea divers. J
Appl Physiol 109: 1728–1735, 2010. First published September 23,
2010; doi:10.1152/japplphysiol.00522.2010.—Glossopharyngeal in-
sufflation (lung packing) is a common maneuver among experienced
apnea divers by which additional air is pumped into the lungs. It has
been shown that packing may compromise cardiovascular homeosta-
sis. We tested the hypothesis that the packing-mediated increase in
intrathoracic pressure enhances the baroreflex-mediated increase in
muscle sympathetic nerve activity (MSNA) in response to an exag-
gerated drop in cardiac output (CO). We compared changes in
hemodynamics and MSNA (peroneal microneurography) during max-
imal breath-holds without and with prior moderate packing (0.79 �
0.40 liters) in 14 trained divers (12 men, 2 women, 26.7 � 4.5 yr,
body mass index 24.8 � 2.4 kg/m2). Packing did not change apnea
time (3.8 � 1.0 vs. 3.8 � 1.2 min), hemoglobin oxygen desaturation
(�17.6 � 12.3 vs. �18.7 � 12.8%), or the reduction in CO (1 min:
�3.65 � 1.83 vs. �3.39 � 1.96 l/min; end of apnea: �2.44 � 1.33
vs. �2.16 � 1.44 l/min). On the other hand, packing dampened the
early, i.e., 1-min increase in mean arterial pressure (MAP, 1 min:
9.2 � 8.3 vs. 2.4 � 11.0 mmHg, P � 0.01) and in total peripheral
resistance (relative TPR, 1 min: 2.1 � 0.5 vs. 1.9 � 0.5, P � 0.05) but
it augmented the concomitant rise in MSNA (1 min: 28.0 � 11.7 vs.
39.4 � 12.7 bursts/min, P � 0.001; 32.8 � 16.4 vs. 43.9 � 14.8
bursts/100 heart beats, P � 0.01; 3.3 � 2.1 vs. 4.8 � 3.2 au/min, P �
0.05). We conclude that the early sympathoactivation 1 min into
apnea after moderate packing is due to mechanisms other than
excessive reduction in CO. We speculate that lower MAP despite
increased MSNA after packing might be explained by vasodilator
substances released by the lungs. This idea should be addressed in
future studies.

baroreflex; breath-hold diving; chemoreflex; sympathetic nervous sys-
tem

TRAINED APNEA DIVERS hold their breath for several minutes.
When they perform end-inspiratory apnea sympathetic vaso-
motor tone is increased right from the beginning presumably
through baroreflex mechanisms (20, 33, 34). The sympathetic
outflow remains fairly constant until involuntary diaphrag-
matic contractions begin. Afterward, asphyxic conditions build
up (9) such that arterial oxygen saturation may decrease to
�50% while carbon dioxide partial pressure increases substan-
tially (16). During this period, chemoreflexes massively in-

crease sympathetic vasomotor tone. We found vasoconstrictor
muscle sympathetic nerve activity (MSNA) to be already
higher in divers during early apnea compared with control
subjects (20). In that work, we hypothesized that divers take a
deeper breath before apnea than control subjects, causing
higher intrathoracic pressures, which results in greater reduc-
tion of cardiac output (CO) and generates more pronounced
baroreflex-mediated sympathetic activation. The additional pe-
ripheral vasoconstriction in turn might be instrumental in
conserving oxygen. Some divers perform a maneuver called
glossopharyngeal insufflation (glossopharyngeal inhalation,
lung packing). After deep inspiration pumplike action of the
cheeks, tongue, pharynx, and larynx advance additional air into
to lungs, which increases total lung capacity by up to 47% (31),
raises intrapulmonary and transpulmonary pressures (31), and
compresses the whole (30) or left heart (41) and large thoracic
blood vessels (13, 30). We tested the hypothesis that packing
enhances the early baroreflex-mediated increase in MSNA.
This may result from a more excessive decline in CO compared
with apnea without packing. The added baroreflex involvement
may persist throughout apnea culminating in even greater
increases in MSNA at the end of apnea. Thus packing may
serve as a model to explore the hemodynamic and autonomic
alterations with profoundly increased intrathoracic pressure,
which is of relevance for the safety of apnea divers using
packing as well as for patients on artificial ventilation or with
pulmonary hypertension.

METHODS

Study population. We recruited 16 active apnea divers who were
able to perform lung packing. In two subjects we were unable to find
or maintain a satisfying recording site within the nerve. Thus only 14
divers (12 men, 2 women, 26.7 � 4.5 yr, body mass index 24.8 � 2.4)
were included in the statistical analysis. All participants were healthy
nonsmokers and ingested no medications. The experiments were
designed and conducted according to the Declaration of Helsinki. The
ethical committee of the University of Split School of Medicine
approved the study, and written informed consent was obtained.

Study design. The study was done in a prospective, randomized,
and crossover fashion.

Protocol. The participants arrived at the laboratory in the postab-
sorptive state and had abstained from caffeine for at least 12 h. After
emptying the bladder they were instrumented including searching for
a suitable MSNA recording site. The subjects remained in the supine
position throughout the experiments. At first, calibration curves relat-
ing lung volume and thoracic electrical impedance were determined.
Volunteers performed at least two bouts of maximal static dry apnea
with and without packing as the control apnea in randomized order.

* K. Heusser and G. Dzamonja contributed equally to this work.
Address for reprint requests and other correspondence: K. Heusser, Institute

of Clinical Pharmacology, Hannover Medical School, Carl-Neuberg-Strasse 1,
30625 Hannover, Germany (e-mail: karsten.heusser@gmx.de).

J Appl Physiol 109: 1728–1735, 2010.
First published September 23, 2010; doi:10.1152/japplphysiol.00522.2010.

8750-7587/10 Copyright © 2010 the American Physiological Society http://www.jap.org1728

Downloaded from journals.physiology.org/journal/jappl (2A02:26F7:BCD0:4000:A800:0000:0000:001F) on February 18, 2026.



The apneas were preceded by 2-min baselines and followed by a few
minutes of recovery. Participants were requested to perform a maxi-
mal inspiration without prior hyperventilation eventually followed by
moderate packing to avoid low-output syncope. Immediately after-
ward a noseclip was applied.

Measurements. Heart rate (HR) was determined using a standard
electrocardiogram. Arterial blood pressure was measured noninva-
sively using continuous finger-pulse photoplethysmography (Finom-
eter, Finapres Medical Systems, Arnhem, Netherlands) and calibrated
against brachial arterial pressure. In eight divers CO was assessed by
impedance cardiography (Cardioscreen, Medis, Ilmenau, Germany)
and in six divers by Modelflow continuous cardiac output monitoring
(35). Total peripheral resistance (TPR) was calculated as the ratio
between mean arterial pressure (MAP) and CO. Arterial oxygen
saturation (SpO2) was followed continuously by pulse oximetry (Poet
II, Criticare Systems, Waukesha, WI) with the probe placed on the
middle finger. A pneumatic chest belt was used to register thoracic
and abdominal movements. In eight divers we assessed the packed
volume from the relationship between instantaneous intrathoracic air
volume and thoracic electrical impedance. The individual relation-
ships were recorded during stepwise inhalation of air from a spirom-
eter (Harvard Apparatus, Student model, Holliston, MA) interrupted
by a short pause at each inhalation step with a closed glottis and
relaxed respiratory muscles to ensure appropriate levels of intratho-
racic pressure during impedance measurements.

For determination of MSNA we employed the technique of micro-
neurography (55). We obtained multiunit recordings of postganglionic
sympathetic nerve activity with unipolar tungsten microelectrodes
inserted selectively into muscle nerve fascicles of the right peroneal
nerve in the popliteal space. Nerve activity was amplified with a total
gain of 100,000, band-pass filtered (0.7–2.0 kHz), rectified, and

integrated with a time constant of 0.1 s to get mean voltage neuro-
grams for detection and quantification of MSNA bursts.

Analysis. Analog signals of the parameters were digitized and
stored on a computer. The data files were processed by use of a
program written by one of the authors (A. Diedrich) that is based on
PV-WAVE (Visual Numerics, San Ramon, CA) as previously de-
scribed (21). We analyzed the changes of two particular periods
during apnea against the preceding 2-min baseline: the last 20 s of the
first minute (“early apnea”) and the last 20 s of apnea (“late apnea”).
The first period represents a quite stable stage between the Valsalva-
like responses at the beginning of apnea and the subsequent stage of
increasing asphyxia. The second period represents the maximum
asphyxic stage achieved by the subject. Analysis periods of 20 s were
chosen as a compromise between stable averages and sufficient time
resolution (21).

MSNA was expressed as the number of bursts per minute [burst
frequency (bursts/min)], as the number of bursts per 100 heart beats
[burst incidence (bursts/100 heart beats)], as well as by means of total
activity, i.e., the cumulated area under the sympathetic bursts in the
mean voltage neurogram per minute expressed as arbitrary units (au).
For estimation of packing volume we used linear regression analysis
applied to the calibration data relating intrathoracic air volume and
thoracic impedance. The validity of assessing intrathoracic volume
changes by transthoracic impedance measurement has been shown
previously (43).

Statistics. All values are given as means � SD. Two-tailed paired
t-tests were used to compare data with and without packing. We
assessed linear association between variables by Pearson correlation
analysis. A value of P � 0.05 was considered statistically significant.
Prism 4 for Windows (GraphPad Software, San Diego, CA) has been
used for statistical analyses.

RESULTS

Subjects’ characteristics are given in Table 1. Early and late
responses to both modes of apnea are presented in Tables 2 and
3 for the whole group of divers. Figure 1 shows original
recordings related to an apnea with prior glossopharyngeal
insufflation. Figure 2 compares original recordings of respira-
tion and MSNA in a typical subject at three points in time
during control and packed apnea. Individual and group changes
in hemodynamics and MSNA at the early and late stage of
apnea are presented in Fig. 3, A and B, respectively. In Fig. 4
the relationship between apnea duration and oxygen desatura-
tion of the hemoglobin is depicted. Note that packing did not
shift the relationship.

Except for early SpO2 and HR all given parameters changed
as measured at the end of the first minute as well as at the end
of apnea. The longest individual apnea times without and with
packing were 05:37 and 06:01 min, respectively. Although

Table 1. Subjects’ characteristics

Parameter, unit Mean � SD

Age, yr 26.7 � 4.5
Sex, M/F 12/2
BMI, kg/m2 24.8 � 2.4
CO, l/min 8.6 � 1.4
SAP, mmHg 128 � 14
MAP, mmHg 94 � 10
DAP, mmHg 73 � 13
TPR, dyn � s/cm5 960 � 203
HR, beats/min 65 � 5
MSNA, bursts/min 19.3 � 9.6
MSNA, bursts/100 heart beats 26.1 � 13.3
MSNA, au/min 1.2 � 0.8

M, male; F, female; BMI, body mass index; CO, cardiac output, SAP, MAP,
DAP, systolic, mean, and diastolic arterial pressure, respectively; TPR, total
peripheral resistance; HR, heart rate; MSNA, muscle sympathetic nerve
activity; au, arbitrary units.

Table 2. Responses to end-inspiratory apnea without packing (control apnea)

Parameter, unit Baseline �1 min P �End of Apnea P

SpO2, % 99.1 � 1.3 0.0 � 0.0 0.23 �17.6 � 12.3 �0.001
CO, l/min 8.6 � 1.5 �3.7 � 1.8 �0.0001 �2.4 � 1.3 �0.0001
MAP, mmHg 98.2 � 11.7 9.2 � 8.3 �0.01 40.4 � 9.4 �0.0001
TPR, relative 1.0 � 0.0 2.1 � 0.5 �0.0001 2.2 � 0.6 �0.0001
HR, beats/min 76.5 � 8.0 4.9 � 13.6 0.20 �10.5 � 13.2 �0.05
MSNA, bursts/min 19.2 � 11.0 28.0 � 11.8 �0.0001 28.9 � 16.2 �0.0001
MSNA, bursts/100 heart beats 26.2 � 15.2 32.8 � 16.4 �0.0001 53.4 � 24.9 �0.0001
MSNA, au/min 1.2 � 1.0 3.3 � 2.1 �0.0001 13.1 � 11.8 �0.01

Values are means � SD. SpO2, oxygen saturation of hemoglobin. For TPR, �1-min and �end-apneic values are relative to baseline. P values are calculated
against preapneic baseline.
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packing did elevate total lung capacity by 0.79 � 0.40 liters
(range 0.50–1.74 liters, P � 0.001) it did not change apnea
time (3.8 � 1.0 vs. 3.8 � 1.2 min), hemoglobin oxygen
desaturation (see also Fig. 4), or the reduction in CO. The
reductions in CO as measured by impedance cardiography and
Modelflow were similar. HR responses to apnea were highly
variable among subjects with changes between �20 and �36
beats/min as has been noticed previously (13). Additional
packing did not change HR responses. On the other hand,
packing dampened the early increases in MAP and relative
TPR although it augmented the concomitant rise in all three
MSNA measures. The diminished increase in TPR after pack-
ing in the early stage of apnea compared with control breath-
holding was preserved throughout the apnea. Compared with
baseline, however, TPR remained nearly doubled until the end

of apnea. Late levels of the remaining parameters did not differ
between control apnea and apnea with packing.

DISCUSSION

This work is the first to present the hemodynamic effects
of moderate lung packing in relation to central vasoconstric-
tor sympathetic outflow. The main result of the study is that
packing augments the early increase in MSNA compared
with control apnea. The additional MSNA increase with
packing may be mediated by several mechanisms, e.g., the
arterial baroreflex due to an excessive decrease in CO, by
differences in blood gases, by greater unloading of cardio-
pulmonary baroreceptors, or by superimposed vasodilator
mechanisms.

Table 3. Responses to apnea after glossopharyngeal insufflation (lung packing)

Parameter, unit Baseline �1/min P �End of Apnea P

SpO2, % 99.1 � 0.9 0.1 � 0.6 0.70 �18.7 � 12.8 0.64
CO, l/min 8.6 � 2.1 �3.4 � 2.0 0.53 �2.2 � 1.4 0.59
MAP, mmHg 100.6 � 12.6 2.4 � 11.0 �0.01 34.1 � 17.3 0.20
TPR, relative 1.0 � 0.0 1.9 � 0.5 �0.05 1.9 � 0.5 �0.05
HR, beats/min 76.6 � 7.8 8.2 � 16.2 0.27 �7.0 � 18.8 0.43
MSNA, bursts/min 19.4 � 9.6 39.4 � 12.7 �0.001 31.6 � 12.8 0.35
MSNA, bursts/100 heart beats 25.9 � 13.4 43.9 � 14.8 �0.01 52.7 � 17.2 0.90
MSNA, au/min 1.3 � 0.8 4.8 � 3.2 �0.05 13.1 � 14.2 0.99

Values are means � SD. For TPR, �1-min and �end-apneic values are relative to baseline. P values are calculated against responses to control apnea without
glossopharyngeal insufflation.

Fig. 1. Original recordings of the respiratory belt signal (Resp), thoracic basal impedance (Z0), electrocardiogram (ECG), arterial blood pressure (AP), oxygen
saturation (SpO2) as measured at the finger, and muscle sympathetic nerve activity (MSNA) in 1 diver. Note that the deflections in the top traces are caused by
involuntary breathing movements during the struggle phase of apnea. These movements do not cause external gas exchange.
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Fig. 2. Original recordings of respiration and MSNA in 1 subject. Each example lasts for 20 s. Control: end-inspiratory apnea without glossopharyngeal
insufflation (control apnea without packing). Packing: apnea with packing. The vertical line marks termination of apnea. Deflections in the respiratory signal
before cessation of apnea are caused by involuntary breathing movements without external gas exchange (column “End of apnea” upper traces in the rows
“Control” and “Packing”). Note the stronger sympathetic activation during the easy-going phase of apnea (last 20 s of the first minute are depicted). Furthermore,
sympathetic activation increases toward the end of apnea. However, there is no difference in maximal MSNA. On cessation of apnea MSNA is abruptly
suppressed.

Fig. 3. Comparison of changes (�) in hemo-
dynamics and sympathetic vasoconstrictor
activity at the early (A) and late stage of
apnea (B). CO, cardiac output; MAP, mean
arterial pressure; TPR, total peripheral resis-
tance.
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The present study supports previous findings showing
moderately elevated MSNA during the easy-going phase of
dry apnea followed by tremendous sympathetic activation in
the struggle phase (20). Moreover, the data confirm reduced
CO during end-inspiratory apnea (17, 20). However, the
present study shows that CO is not diminished further on
packing as had been expected. On the other hand, in agree-
ment with our hypothesis the maneuver led to an increase in
vasoconstrictor nerve firing during the easy-going phase.
The increase was more than 40% stronger than that during
control apnea. In contrast, TPR and arterial pressure were
lower after packing compared with control apnea by a small
but statistically significant amount. The discrepancy sup-
ports the hypothesis that a packing-related vasodilator
mechanism may be involved.

Hypoxia has direct peripheral vasodilator effects (27, 47, 54)
and reduces vasoconstrictor responses to sympathetic stimuli
(19). Moreover, it has been suggested that hypercapnia im-
pedes vasoconstrictor transduction (47). However, these effects
cannot explain the paradox because, first, notable asphyxic

conditions are not present after only 1 min of apnea and,
second, blood gases can be expected to be very similar during
the two apnea modes (see Fig. 4).

Possible candidates causing vasodilation on lung packing are
nitric oxide (NO) and prostacyclin (PGI2). NO contributes to
the level of MSNA (49). NO synthases are present in the
respiratory system in epithelial, endothelial, and neuronal cells
(58). Distension of the lungs increases NO release (4, 39, 52).
The molecule has a very short half-life of �0.1 s in the human
circulation (25). Thus it is quite unlikely that authentic NO
released by the lungs can act as vasodilator in the periphery.
However, NO-like bioactivity can be transported in the circu-
lation with the potential to be converted back to NO (32, 42).
Nitrate/nitrite (32), NO-modified proteins like nitrosylhemo-
globin (7), S-nitrosohemoglobin (22), and S-nitrosoalbumin
(51, 59) have been shown to contribute to this NO pool. All
these NO species are considerably longer-lived than authentic
NO and can vasodilate the vasculature, in part by releasing NO
(22). For example, S-nitrosoalbumin has a half-life of several
minutes in rats (59).

Fig. 3—Continued.
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Pulmonary tissue is able to produce other vasoactive sub-
stances. The secretion of prostacyclin (PGI2) into the blood is
also increased on stretch (15, 50, 57) and shear stress as with
increasing pressure gradient across the pulmonary vascular bed
(56). As it is not inactivated during passage through the lungs
(14, 18), PGI2 is a prostaglandin with a half-life of several
minutes (12, 40). It exerts pulmonary (8) as well as systemic
(10) vasodilation. Infusion of PGI2 in man decreases peripheral
vascular resistance and arterial pressure. Increased muscle
blood flow suggests that PGI2 acts predominantly on the
resistance vessels (53). On the other hand, PGI2 has been
shown to also constrict vessels. Whether it acts as a vasodilator
or as a vasoconstrictor depends on the species as well as the
vascular bed being studied. Human saphenous veins are con-
tracted by PGI2 (29, 45, 48). Venous tone greatly determines
cardiac preload and, hence, CO (38). Together with its potency
to increase cardiac contractility (26) these features could have
contributed to the maintained CO.

Activity of sympathetic efferents is adjusted by baroreflexes
originating in the arterial as well as in the low-pressure system.
End-inspiratory apnea is likely to unload cardiopulmonary
baroreceptors by elevating intrathoracic pressure. Diminished
firing of these low pressure receptors results in reflex vasocon-
striction (1, 3, 23, 33). Certainly, vasoconstrictor activity, as
assessed by MSNA, is an important factor in this regard
contributing substantially to the doubling in TPR (see Fig. 3, A
and B). Furthermore, concurrent constriction of capacitance
vessels (38) undoubtedly helped to preserve CO. It may be
speculated that glossopharyngeal inhalation unloads cardiopul-
monary baroreceptors to an even greater extent than end-
inspiratory apnea, which also might play a role in the greater
activation of central sympathetic outflow (34). However, this
mechanism cannot explain the lessened increase in TPR after
packing.

The amount of additional lung volume gained by packing
may have competing consequences with regard to oxygen
stores and hemodynamic stability. Moderate packing in our

experiments elevated intrapulmonary gas volume by �1 liter
as opposed to a maximum of �4 liters in another study (31). It
is possible that such small increments in oxygen stores remain
undetected in terms of desaturation (Fig. 4) and breath-hold
time, whereas apnea durations are prolonged with packing
volumes of �1.5 liters (37). Nonetheless, our data show that
even moderate packing is sufficient to exert notable sympa-
thetic counterregulation, which masks hemodynamic alter-
ations to some extent, i.e., most likely arterial pressure would
have decreased markedly without sympathetic counterregula-
tion. It has been suggested that packing volumes above 2 liters
may aggravate the hemodynamic pattern, which is similar in
part to what can be seen in patients suffering from pulmonary
hypertension (13, 41, 44). Glossopharyngeal inhalation may
lead to presyncope and syncope (2, 36, 46). Based on these
facts, it can be argued that there are volume ranges with
different hemodynamic profiles and that with exaggerated
packing hemodynamic stability is reduced, which may result in
pre/syncope.

Regarding the struggle phase of apnea the putative vasodi-
lator mechanism seems to stay in effect as judged by the
slightly but significantly lower TPR at the end of packed apnea.
On the other hand, MSNA was similar to control apnea. Hence,
the vasodilator effect may be offset partially by other, e.g.,
humoral, mechanisms “unloading” the sympathetic system.
Nevertheless, the increase in MSNA was tremendous as has
been shown previously, and it is presumably driven by che-
moreflex mechanisms (5, 6, 11) together with baroreflex reset-
ting to a higher operational pressure (20). On average, the
increase was �20-fold and it seemed not to be influenced by
moderate packing. Moreover, the abrupt silence in vasocon-
strictor outflow immediately after resumption of breathing was
not changed by lung packing (data not shown).

Limitations. The most important limitation of our study was
that CO has been determined indirectly. Impedance cardiogra-
phy and Modelflow continuous CO monitoring are commonly
used as noninvasive methods allowing for continuous record-
ing of CO on a beat-by-beat basis. The difficulties in measuring
correct absolute values are balanced by the high time resolu-
tion, which is helpful in monitoring the dynamic apnea situa-
tion. Moreover, the crossover design of the study made it less
susceptible to the methodological drawbacks. Nevertheless,
studies using (more) direct methods for CO estimation are
necessary to validate our findings.

The volume of additional air that has been pushed into the
lungs by packing was assessed indirectly and the calculations
were performed only after the experiments. Thus we did not
provide quantitative feedback to the divers to control for
cut-off volumes during the packing maneuver. Instead, they
were instructed to only moderately fill their lungs to avoid
so-called “overpacking.” This subjective approach may have
contributed to the variability in circulatory and autonomic
responses to packing.

We did not measure expired gas concentrations either before
the apneas or afterward, when the subjects resumed breathing.
However, we do not think that differences in blood gas ten-
sions were confounders, because we requested the divers to
prepare equally for the apnea bouts. We did not measure
vasoactive substances in blood. Future studies may scrutinize
whether NO, PGI2, adenosine, other direct or indirect vasodi-
lator substances, cotransmitters, or reflexes (24, 28, 47) may be

Fig. 4. Relationships between apnea duration and hemoglobin desaturation. Œ,
Apnea without glossopharyngeal insufflation (packing); �, apnea with packing.
Note the overlap between the 2 conditions.
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responsible for the additional vasoconstrictor nerve activity
after glossopharyngeal insufflation.

Conclusions. We conclude that end-inspiratory apneas with
additional packing exhibit greater sympathoactivation than
apneas without the maneuver. Furthermore, our data suggest
that the increased sympathetic response is not the result of
excessive reduction in CO. We speculate that the additional
MSNA may be a baroreflex-mediated response to a yet-unde-
fined vasodilator mechanism. The question of whether vasodi-
lator substances released by the lungs are involved should be
addressed in future studies. The divers in our study performed
moderate packing maneuvers. Our findings cannot be extra-
polated to excessive packing, which may very well provoke
dramatic hemodynamic consequences and subsequent syncope.

In summary, our results show that glossopharyngeal insuf-
flation can be used as a model to explore the hemodynamic and
autonomic alterations with profoundly increased intrathoracic
pressure, which may be clinically important, e.g., in patients on
artificial ventilation (57) or with pulmonary hypertension (13,
41, 44).
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