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Abstract Hypoxia decreases baroreflex sensitivity (BRS)
and can be a sufficient cause for syncope in healthy individ-
uals. Carbohydrate loading enhances efferent sympathetic
activity, which affects cardiac contractility, heart rate and
vascular resistance, the main determinants of blood pres-
sure. Thus, in both normoxia and hypoxia, carbohydrate
loading may be more than simply metabolically beneficial,
as it may affect blood pressure regulation. We hypothesised
that carbohydrate loading will, in both normoxia and
hypoxia, alter the regulation of blood pressure, as reflected
in a change in baroreflex sensitivity. Fourteen subjects par-
ticipated in two experiments, composed of a 15-min norm-
oxic period, after which the subjects ingested water or an
equal amount of water with carbohydrates. A 30-min rest
period was then followed by a 10-min second normoxic and
a 30-min hypoxic period. Blood pressure and heart rate
were monitored continuously during the experiment to
determine BRS. Despite an increased sympathetic activa-
tion, reflected in increased heart rate (P <0.001) BRS was
lower (P < 0.01) after carbohydrate loading, as compared to
the water experiment, in both normoxic [23.7 (12.4) versus
28.8 (13.8) ms/mmHg] and hypoxic [16.8 (11.0) versus
24.3 (12.3) ms/mmHg] phases of the present study. As BRS
was decreased in acute hypoxic exposure, the results con-
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firm that hypoxia interferes with blood pressure regulation.
However, although oral carbohydrate loading induced sym-
pathoexcitation, it did not improve blood pressure regula-
tion in hypoxia, as evident from the BRS data. Baroreflex
effects of other forms of carbohydrate loading, not causing
postprandial blood shifts to digestive system, should there-
fore be investigated.
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Introduction

The maintenance of normal blood pressure depends on the
activity of a baroreflex system. In response to a sudden
increase in blood pressure, for example, baroreflex activa-
tion establishes a certain level of parasympathetic activa-
tion and sympathetic inhibition (La Rovere etal. 1995).
The capability of baroreflex system to reflexly correct
blood pressure to its optimal values is referred to as barore-
flex sensitivity (BRS).

It is generally recognised that the reduction in nervous
system responsiveness indicates the inability to adapt the
body to challenging conditions (Saito et al. 2005). In the
view of BRS, a lower ability of autonomic control mecha-
nisms to compensate for blood pressure fluctuations is a
sign of baroreflex malfunction (Lanfranchi and Somers
2002).

It has been proposed that hypoxia decreases BRS
(Sagawa et al. 1997; Roche et al. 2002), that susceptibility
to syncope may be increased at high altitude (Nicholas
et al. 1992), and that exposure to acute severe hypoxia can
be a sufficient cause for syncope in healthy individuals
(Westendorp etal. 1997). To a certain extent, however,
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these negative effects of hypoxia may be attenuated by car-
bohydrate loading. Namely, ingestion of carbohydrates
improves oxygen delivery during acute hypoxia (Golja
et al. 2008) and intensifies cardiac autonomic modulation
(Klemenc et al. 2008). Furthermore, as ingestion of carbo-
hydrates increases sympathetic activity in both animals and
humans (Welle et al. 1981; Berne et al. 1989; Paolisso et al.
1997), it seems reasonable to expect that carbohydrate load-
ing would not only affect cardiac modulation (Klemenc
et al. 2008; Paolisso et al. 1997) or metabolism (Opie 1995;
Golja et al. 2008) in hypoxia, but that its symathoexcitatory
effects (acting upon cardiac contractility, heart rate, and
vascular resistance—the main determinants of blood pres-
sure) will also alter the baroreflex blood pressure regula-
tion.

In summary, we hypothesised that the sympatho-excit-
atory effects of carbohydrate ingestion will, in both nor-
moxia and hypoxia, reduce the vagal activity at the level of
sinoatrial node and affect the level of sympathetic vasocon-
striction, which will, in turn, alter the baroreflex blood pres-
sure regulation. Should this change be such to improve the
baroreflex sensitivity, carbohydrate loading might be used
as a factor opposing hypoxia-induced syncope.

Materials and methods

The exact protocol of the study was presented in detail else-
where (Golja et al. 2008; Klemenc et al. 2008) the main
methods are presented below.

Ethical clearance

The protocol of the study was approved by the Ethics
Committee of the Republic of Slovenia.

Subjects

Fourteen young, healthy volunteers, eight females and six
males, participated in the study. Mean mass of the subjects
was 73 (18) kg, mean height 173 (10) cm and mean age 24
(2) years. The subjects were screened to exclude those with
histories of diabetes and cardiovascular disorders. None of
the subjects had lung disease and none of them reported
breathing disorders including obstructive sleep apnea. The
subjects did not take any medications. They were asked to
refrain from alcohol and caffeine and to avoid any physi-
cally demanding activities on the day prior to the experi-
ment, or on the day of the experiment. Also, they were
instructed to consume nothing but water ad libitum on the
day of the experiment. To eliminate the effects of circadian
rhythm, both experiments were performed at the same time
of the day. To eliminate the effects of menstrual cycle, all
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eight female subjects were tested in follicular phase of the
menstrual cycle.

Protocol

The study was composed of two similar experiments,
which were both performed in the morning and were sepa-
rated by a minimum of 24 h.

At the beginning of the experiment, a continuous blood
pressure monitor and electrocardiogram (Colin BP-508,
Komaki City, Japan), as well as a finger pulse oximeter
(Nellcor Oximax N-550, Pleasanton, CA, USA) were
mounted, and glucose concentration in capillary blood was
determined with a glucose monitor (Accutrend GCT, Roche
Diagnostics, Germany). The subjects were provided with a
mouthpiece and a sample of air from the mixing box, con-
nected to the expiratory side of the mouthpiece, was contin-
uously analysed with O,/CO, gas analyser (Servomex
1440, Crowborough, UK). Subjects rested supine on an
examination table throughout the experiment.

The order of the two experiments was balanced between
the subjects. Both experiments were composed of a 15 min
control normoxic period (first normoxia, FN), after which
the subjects ingested either water (Water) or water with car-
bohydrates (CHO). In the CHO experiment, each subject
ingested a 10% water solution of sucrose in the amount of
4 kcal per kg body mass (4 kcal = 1 g sucrose). In the
Water experiment, the subjects ingested an equal volume of
water.

As soon as the subjects ingested the drink, a rest period
of 30 min was initiated to allow enough time for carbohy-
drate absorption; no data were recorded during this time.
Following the 30-min rest period, the second normoxic
interval of 10 min was recorded (second normoxia, SN).
Then, gas mixture was switched between normoxic and
hypoxic (12.86% O, in N,) gas mixture without the sub-
jects’ knowledge. The subjects inspired the hypoxic gas
mixture for 30 min. The following hypoxic intervals were
then recorded: first hypoxia (FH) between 1st and 10th
minute, second hypoxia (SH) between 11th and 20th min-
ute, and third hypoxia (TH) between 21st and 30th minute.
In all subjects, glucose concentration in capillary blood was
again determined in the middle of hypoxic exposure. We
have intentionally controlled blood glucose at two time
points only, first, because the dynamics of glucose uptake
into blood after glucose ingestion has been well described
previously (Daly etal. 2000), and second, more impor-
tantly, because blood sampling is an invasive sympatho-
excitatory procedure, which can interfere with autonomic
responses associated with BRS. Furthermore, ECG, oxygen
saturation (S,0,, %) and blood pressure (SAP, DAP,
mmHg) were continuously monitored during both the
experiments.
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BRS analysis

In the present study, an indirect technique for measuring
the baroreflex sensitivity was used. Namely, changes in car-
diac R-R interval (in ms) were measured against a given
change in blood pressure (in mmHg) (Lanfranchi and Som-
ers 2002). A continuous blood pressure measurement was
performed by applanation tonometry method with a Colin
monitor (Colin BP-508, Komaki City, Japan), which was
shown to provide reliable beat-to-beat measurement of
blood pressure in a variety of autonomic testing conditions,
as compared to the standard intra-arterial monitoring
(Kemmotsu et al. 1991). Recordings of blood pressure and
ECG signal were continuously digitalised and stored to a
computer.

Sequences of three or more consecutive heart beats in
which progressive increases/decreases in systolic blood
pressure were followed by progressive decreases/increases
in heart rate (measured as progressive lengthening/shorten-
ing of cardiac R-R intervals) were first identified (Bertinieri
etal. 1985). The criteria to detect a sequence was an
increase/decrease in systolic blood pressure of more than
1 mmHg and a concordant change in R-R interval of more
than 4 ms. Nevrokard BRS Analysis software (Nevrokard,
Izola, Slovenia) was used for this purpose. On each
sequence, linear regression was performed. Finally, from
all the regression lines obtained from all sequences and
using a high 7? value (>0.85), a single mean linear relation
was calculated. Its slope was recognised as baroreflex sen-
sitivity (Lanfranchi and Somers 2002; Bertinieri et al.
1985). Namely, the higher the slope, the greater the change
in heart rate to a given change in blood pressure, thus the
higher BRS and the higher the efficiency of autonomic
reflex mechanisms to correct for the fluctuations in blood
pressure.

Statistical analysis

Differences between and within the two experiments were
assessed with a two-factor analysis of variance (ANOVA)
with repeated measures on both factors. Whenever
ANOVA yielded significant differences, data were further
analysed with a Tukey HSD post hoc test. The level of
<0.05 was adopted as statistically significant. All data are
presented as mean (standard deviation).

Results
Blood glucose

In the water experiment, glucose concentration in capillary
blood was 4.9 (0.8) mmol/L at the beginning, and 4.6 (1.1)

mmol/L in the middle of hypoxic period, thus 55 min fol-
lowing the ingestion; the difference was not statistically sig-
nificant (P> 0.05). In the CHO experiment, glucose
concentration was 4.5 (0.8) mmol/L at the beginning of the
experiment, and was significantly (P < 0.001) increased to
6.8 (1.6) mmol/L in the middle of hypoxic period. The
difference in glucose concentration between the two trials
was not statistically significant (P > 0.05) at the beginning
of the experiment, but was highly significant (P < 0.001) in
the hypoxic period.

Haemoglobin saturation

During normoxia, hemoglobin saturation did not differ
(P> 0.05) between the two experiments. It decreased in
both experiments during the hypoxic exposure. Haemoglo-
bin saturation decreased from 99 (1)% during normoxia to
86 (6)% in the last third of hypoxia in the water experi-
ment and from 99 (1)% in normoxia to 90 (5)% in the last
third of hypoxia in the CHO experiment. Haemoglobin
saturation was significantly (P < 0.001) higher in the CHO
as compared to the water experiment throughout the hyp-
oxic exposure. See Golja et al. (2008) for a detailed expla-
nation of ventilatory responses following carbohydrate
loading.

Heart rate

Heart rate was similar between the two experiments in the
FN (62 (8) min~! in the CHO; 63 (7) min~! in the water
experiment), but was significantly (P < 0.001) higher in the
CHO (66 (10) min™!), as compared to the water experiment
(60 (7) min~') in the SN. In both experiments, heart rate
was further increased by hypoxia (77 (12) min~! and 75
(12) min~" in the SH and TH of the CHO; 71 (9) min~'and
73 (10) min~! in the SH and TH of the water experiment).
Heart rate was significantly higher (P < 0.001) in the CHO
as compared to the water experiment in the SH phase, but
the difference decreased in the TH phase, where it did not
reach statistical significance.

Systolic blood pressure

Compared to the first normoxia period (111 (11) mmHg),
systolic arterial pressure remained statistically unchanged
in the second normoxic period (117 (11) mmHg), and
increased (P <0.01) during the second (125 (12) mmHg)
and last third (124 (15) mmHg) of hypoxic exposure in the
CHO experiment. Systolic arterial pressure remained statis-
tically unchanged throughout the control experiment, with
the values of 118 (15), 116 (14), 125 (16), and 123 (21)
mmHg for FN, SN, SH and TH, respectively. Systolic arte-
rial pressure was not significantly different (P > 0.05)
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Fig. 1 Systolic (SAP) and diastolic (DAP) blood pressures (mmHg)
during the study in both water and CHO experiment

between the two experiments at any phase of the experi-
ment (Fig. 1).

Diastolic blood pressure

Compared to the first normoxia period [61 (10) mmHg],
diastolic arterial pressure remained statistically unchanged
in the second normoxic period [63 (9) mmHg], and
increased (P < 0.01) in the last third [70 (12) mmHg] of the
hypoxic exposure in the CHO experiment. In the control
experiment, DAP remained statistically unchanged
throughout the experiment, with the values of 68 (11), 63
(10), 65 (11) and 66 (12) mmHg for FN, SN, SH and TH,
respectively. Apart from first normoxia (P < 0.05), diastolic
arterial pressure was not significantly different (P > 0.05)
between the two experiments at any other phase of the
experiment (Fig. 1).

Baroreflex sensitivity

Ingestion of water or carbohydrates induced differences in
BRS between the two experiments already in the second
normoxic period, with BRS being lower (P < 0.01) in the
CHO experiment. Baroreflex sensitivity, expressed as an
average change in R—R interval (ms) to a change in systolic
blood pressure (mmHg) in different phases of the two
experiments is presented in Table 1.

Baroreflex sensitivity then decreased significantly with
hypoxic exposure in both experiments, with BRS remaining
significantly lower in CHO, as compared to the control
experiment. The difference between the two experiments
diminished towards the end of the hypoxic exposure, when,
according to the existing data (Daly et al. 2000), the effects
of carbohydrate loading fade. Relative changes in barore-
flex sensitivity, as compared to the first normoxia (baseline)
condition are presented on Fig. 2.
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Table 1 Average (SD) baroreflex sensitivity in different phases of the
study in both experimental conditions

Phase Water P CHO P
BRS BRS
(ms/mmHg) (ms/mmHg)
First normoxia (FN) 25.7 26.7
(10.4) (10.4)
Second normoxia (SN)  28.8 23.7 0.01*
(13.8) (12.4)
First Hypoxia (FH) 24.3 16.8 0.01*
(12.3) (11.0) 0.001*
Second Hypoxia (SH)  19.7 0.05*  15.1 0.001*
12.1) 0.001° (10.7) 0.05°
Third Hypoxia (TH) 17.8 0.01*  15.7 0.001*
9.6) 0.001° (12.5)

CHO carbohydrate loading, water control condition

¢ Significantly different to water experiment within the same phase
* Significantly different to first normoxia

° Significantly different to second normoxia
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Fig. 2 Relative changes in baroreflex sensitivity (BRS; ms/mmHg) in
different phases of the study in both experimental conditions.
CHO carbohydrate loading, water control condition, FN first nor-
moxia, SN second normoxia, FH first hypoxia, SH second hypoxia,
TH third hypoxia

Discussion

The results of the present study confirm that baroreflex sen-
sitivity is decreased in acute hypoxia, which is in agree-
ment with previous reports (Sagawa etal. 1997; Roche
et al. 2002). The observed decrease in baroreflex sensitivity
in hypoxia sheds some light on why acute exposure to
hypoxia can result in syncope (Nicholas etal. 1992;
Westendorp et al. 1997). Furthermore, in contrast to the
potentially beneficial higher autonomic cardiac modulation,
which was observed in hypoxia after carbohydrate loading
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(Klemenc et al. 2008), the results of the present study sug-
gest that oral carbohydrate loading, although it evidently
causes sympathoexcitation, exerts no beneficial effect on
the baroreflex blood pressure regulation, as evident from a
significantly lower baroreflex sensitivity in the CHO, as
compared to the control experiment, in both normoxic and
hypoxic phases of the present study.

It is expected that the results of the present study are a
consequence of two main interfering reflexes, a chemore-
flex and a baroreflex. First, chemoreflex was activated by a
decrease in partial pressure of oxygen in the arterial blood.
As chemoreflex is sympato-excitatory reflex in nature
(Du and Chen 2007), exposure to hypoxia increases sympa-
thetic nerve discharge directed to vascular beds (Saito et al.
1988), ventilation, heart rate and blood pressure (Marshall
1994). Apart from sympathetic nerve discharge, which was
not measured in the present study, all the other responses
were observed [for discussion of ventilation results see
Golja et al. (2008), for sympathetic cardiac modulation see
Klemenc et al. (2008)].

In addition to chemoreflex-induced sympathetic excita-
tion due to hypoxia, ingestion of carbohydrates exerted an
additional sympatho-excitatory effect, evidently both in
normoxic and hypoxic conditions of the study. However,
although heart rate was increased after CHO ingestion due
to sympathetic activation, no differences in arterial blood
pressure were observed between the two conditions. We
believe this was due to the second reflex, active in the pres-
ent study, i.e. the baroreflex.

In contrast to chemoreflex, baroreflex is a sympatho-
inhibitory reflex in nature (Du and Chen 2007). Baroreflex
blood pressure regulation is achieved by the regulation of
sympathetic outflow to peripheral vasculature, which deter-
mines the vascular resistance to blood flow (van de Vooren
et al. 2007; Du and Chen 2007; Liu et al. 2002) and venous
return (Pang 2001), as well as by both parasympathetic and
sympathetic (Lanfranchi and Somers 2002) regulation of
cardiac contractility and heart rate. There is no reason to
believe that cardiac contractility was decreased in the pres-
ent study. Therefore, as heart rate was higher in the CHO
experiment, and as blood pressure did not vary between the
two conditions, the compensatory baroreflex reduction of
vascular resistance must have taken place.

In hypoxic periods of the present study, baroreflex sensi-
tivity was diminished in both, CHO and water experiment,
with BRS being even lower in CHO than in water experi-
ment. This suggests that the effects of CHO ingestion were
superimposed to those of hypoxia. If one examines the
mathematical formula (ABP/ARR) that denotes each single
sequence, from which baroreflex sensitivity is calculated,
it becomes clear that decreasing the denominator at a sim-
ilar blood pressure change would result in higher BRS.
Both, hypoxia and carbohydrate loading decrease the

denominator, but BRS was nevertheless lower (not higher)
in the present experiment. This suggests that, mathemati-
cally speaking, the numerator must have also been dimin-
ished accordingly to result in lower BRS. The numerator
(ABP) is affected by altering either cardiac output or total
peripheral resistance. Any changes in cardiac output
induced by hypoxia or carbohydrate loading would result in
the opposite effect than actually observed, so it is the total
peripheral resistance that remains to be discussed.

We know that acute hypoxia will not only induce higher
muscle sympathetic nerve activity (Saito et al. 1988), but
also induce vasodilatation locally. This will diminish total
peripheral resistance and transiently decrease venous
return. As diminished venous return will provide a smaller
window for spontaneous fluctuations of blood pressure,
ABP will be lower, which will then result in a smaller BRS.
Furthermore, a baroreflex sympatho-inhibitory reduction of
peripheral resistance [being a compensatory action to hyp-
oxic (central and cardiac) sympathoexcitation] would also
exert the same effect on BRS. Although peripheral resis-
tance was not measured in the present experiment, the
observations of Somers etal. (1991), who investigated
chemo- and baroreflex control of muscle sympathetic nerve
activity and concluded that in hypoxia baroreflex activation
can abolish muscle sympathetic nerve activity, speak in
favour of such explanation. Finally, as supported by the
results of the present study, a hypertonic solution in diges-
tive system, although sympathoexcitatory in nature, would
cause a shift of blood towards the digestive system, which
would in turn affect venous return and thus decrease BRS—
a phenomenon that has recently been reported (Brown et al.
2008) and could explain a lower BRS in CHO as compared
to water experiment in the present study. Putting it all
together, a combination of local hypoxic vasodilatation,
combined with a higher baroreflex inhibition of sympa-
thetic outflow (being a compensatory reaction to hypoxic
sympathoexcitation), would cause a well documented
diminishment of BRS at altitude and may be an underlying
factor for higher incidence of syncope at high altitude.

It has to be noted that some authors (Halliwill and Min-
son 2002, 2005) did not observe any changes in BRS during
acute normobaric hypoxia (oxygen fraction in inspired air
(F,0,) =0.12; partial pressure of oxygen (P,0,)=91
mmHg), but the absence of effect might be at least partially
explained by the level of hypoxia used. Namely, authors
who assessed BRS in a more severe hypoxia, reported a
decrease in BRS in both hypobaric (Sagawa et al. 1997) and
normobaric (Roche et al. 2002) hypoxic conditions. Sagawa
etal. (1997), for example, observed a decrease in BRS with
hypoxia level of PO, =82 mmHg (=4,300m), but not
90 mmHg (=3,800 m). Similarly, Roche etal. (2002)
reported tachycardia and a decrease in BRS without any sig-
nificant alteration of the systolic and diastolic pressure with
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hypoxia level of P,O, = 84 mmHg (F,0, =0.11). However,
as the level of hypoxia used in the present study was
P,0, =98 mmHg (F,0,=0.1286) and we still observed a
significant diminishment in BRS, the level of hypoxia used
cannot explain the lack of hypoxic effect on BRS in the stud-
ies of Halliwill and Minson (2002, 2005). Instead, a shorter
measuring interval [3 min (Halliwill and Minson 2002)
compared to 10 min in the present study (which was likely
more informative due to higher number of sequences
detected)] or a different methodological approach [observa-
tions of minute heart rate (Halliwill and Minson 2002, 2005)
compared to R-R intervals in the present study] may explain
the differences between their results and the results of Sag-
awa et al. (1997), Roche et al. (2002), and the present study.

Finally, although blood pressure values, which were
similar between the two experiments in all phases of the
experiment, do not support the phenomenon of postprandial
hypotension, a significantly reduced BRS in the CHO
experiment, when compared to the water experiment, sug-
gests that BRS was likely affected by a postprandial shift of
blood to the digestive system, which altered blood pressure
regulation in a way to counteract the observed sympathoex-
citatory effects of carbohydrate loading. Thus, although car-
bohydrate loading does have the potential to alter blood
pressure regulation due to its sympathoexcitatory nature,
the ingestion of carbohydrates may not be the suitable
application of carbohydrates to the body due to the post-
prandial blood shifts to the digestive system.

Before drawing the final conclusions, we believe some of
the study limitations have to be noted. First, we have to keep
in mind that BRS is not a direct reflection of blood pressure
buffering (van de Vooren et al. 2007). However, assessing
BRS will nevertheless provide indirect information about
the efficiency of baroreflex system to maintain optimal blood
pressure in a variety of conditions (Jordan et al. 2002). Sec-
ond, syncope at high altitude is most often induced within
the first 24 h of arrival at high altitude (Nicholas et al. 1992),
thus over a time period which is usually longer than the
majority of experimental acute hypoxic exposures. Thus, in
real life, a longer interplay between local, respiratory, car-
diovascular, and cerebrovascular control systems takes place
than in experimental conditions, but mid-term measurements
of parameters, such as, for example, muscle sympathetic
nerve activity that may significantly add to the conclusions
of the present study, may well not be feasible over such time
period. Nevertheless, a few results on the interactive effects
of chemoreflex and baroreflex control on muscle sympa-
thetic nerve activity that have been reported by now (Somers
etal. 1991), speak in favour of our conclusions. And third,
syncope is a multifactor event (Blaber et al. 2003), thus
investigating factors that affect BRS at high altitude will pro-
vide only a limited, yet indispensable insight into the associ-
ated physiological mechanisms.
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Conclusions

The results of the present study suggest that hypoxia inter-
feres with blood pressure regulation, as baroreflex sensitiv-
ity is decreased in acute hypoxic conditions. A
compensatory interplay between chemo- and baroreflex
responses may explain why acute hypoxic exposure can
result in syncope. Furthermore, although the sympathoex-
citatory effects of carbohydrate loading are evident, the
results of the present study suggest that oral ingestion of
carbohydrates has no beneficial effect on baroreflex blood
pressure regulation in hypoxia, possibly because a post-
prandial shift of blood to the digestive system after carbo-
hydrate ingestion may counteract the sympathoexcitatory
effects of carbohydrate loading.
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