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Abstract
The cardiovagal baroreflex is an important physiological reflex that is commonly taught in
health-related university physiology courses. This reflex is responsible for the rapid maintenance
of blood pressure through dynamic changes in heart rate (HR) and vascular resistance. The use of
lower-body negative pressure (LBNP) and lower-body positive pressure (LBPP) can manipulate
these stretch sensitive baroreceptors. High performance and relatively inexpensive homemade
LBNP and LBPP chambers can be easily constructed providing a valuable tool for both research
and teaching purposes. There has been previous documentation of how to build a LBNP chamber;
however, the information available usually lacks appropriate construction details, and there is
currently no literature on how to build a chamber that can accommodate both LBNP and LBPP.
In addition, a recently developed novel LBNP/LBPP chamber positioned on a 360° tilt-table
provided the unique utility of superimposing both LBNP/LBPP and body position as independent
or combined stressors to alter central blood volume. The primary purposes of this manuscript are
to (1) provide step-by-step instructions on how to build a tilt-table LBNP/LBPP chamber, and
(2) demonstrate the effectiveness of a tilt-table LBNP/LBPP chamber to facilitate undergraduate
and graduate learning in the laboratory by effectively demonstrating the cardiovagal baroreflex.
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Introduction
The cardiovagal baroreflex is a bi-directional, pressure/stretch-sensitive, negative feedback response
to changes in mean arterial pressure (MAP) mediated by the autonomic nervous system (Mancia
et al. 1984; Fadel and Raven 2012). This reflex is critical for moment-to-moment regulation of heart
rate (HR) and vascular resistance in humans and is often a fundamental concept taught in physiology
and medical-related courses. The additional value of laboratory demonstrations of physiological func-
tions are well known (O’Donaughy et al. 2002; Berg et al. 2012), as they are critical for student learn-
ing and development in the physiological sciences.

There are several well-established methods that can be used to demonstrate baroreflex responses
in a laboratory setting in humans, which include the following: (1) sitting and standing protocols
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(Zhang et al. 2009), (2) steady-state changes in body position (i.e., head-down tilt (HDT); Tymko
et al. 2015), (3) thigh cuff release (Ogoh et al. 2010), (4) neck suction (Eckberg et al. 1975; Ebert
et al. 1984), (5) the modified Oxford technique (Ebert and Cowley 1992), and (6) lower-body
negative pressure (LBNP; Stevens and Lamb 1965). From a teaching perspective, sustained or
progressive LBNP is a reliable method for eliciting a cardiovagal baroreflex response, as it is non-
invasive, reproducible (Howden et al. 2001), easy to operate, and the pressure stimulus can be
easily adjusted and controlled on an individual basis. LBNP experimentation requires the partici-
pant to lie in a vacuum-sealed chamber; with the use of suction provided by a vacuum source, the
pressure in the LBNP chamber decreases relative to atmospheric pressure. Exposure to negative
pressure results in blood translocating from the upper body into the lower extremities, causing
a reduced venous return and MAP, which changes the afferent nervous outflow from barorecep-
tors. The baroreflex involves a cardiac and vascular arm, with responses mediated by the sympa-
thetic and parasympathetic nervous system. The cardiac response can be easily monitored using
recordings of HR and stroke volume (SV), whereas the vascular response can be monitored with
measures of muscle sympathetic nervous activity (MSNA), vascular ultrasound, or both. These
latter techniques, however, require expensive equipment and trained personnel. Both of these
responses simultaneously contribute to the maintenance of MAP, which can be monitored on a
beat-by-beat basis.

Although LBNP has been used extensively for the past several decades, there has recently been an
emergence in the utility of lower-body positive pressure (LBPP), particularly for rehabilitation
(Takacs et al. 2013). Unlike LBNP chambers, LBPP chambers have been employed to investigate
the effects of increased venous return and MAP, which has profound effects on the cardiovascular
and cerebrovascular systems (Nishiyasu et al. 2007; Perry et al. 2014). For example, LBPP chambers
have been employed to investigate the regulatory responses of the brain to transient increases
in blood pressure (Perry et al. 2013). Ideally, having access to both LBNP and LBPP chambers
would be highly useful for demonstrating the integrated cardiovascular responses to simulated
central volume loading (using LBPP) and unloading (using LBNP).

As previously mentioned, both steady-state changes in body position, such as head-up tilt (HUT)
and HDT, and lower-body differential pressure (negative and positive) can have profound effects
on venous return, cardiac output (CO; the product of HR and SV), and MAP (Stevens and Lamb
1965; Tymko et al. 2015). In light of this, a recently developed novel innovation is a suspended
LBNP/LBPP chamber fastened to a 360° tilt-table. Although there has been previous research using
a combination of upright tilt and LBNP (Thomas et al. 2009; Deegan et al. 2010), this apparatus is
unique as it allows the manipulation of HUT and HDT concomitantly with LBNP or LBPP. As
such, the apparatus has great utility as a research tool to improve the current understanding of
the mechanisms involved in blood pressure regulation, as well as being a valuable teaching
instrument.

Lower-body differential pressure chambers can be purchased commercially; however, these are
usually expensive (US $10,000 to $20,000) and have a similar performance as homemade chambers,
which are relatively easy to construct. Helpful documentation on how to construct a basic LBNP
chamber exists (Esch et al. 2007; refer to Supplementary Material 1); however, other literature has
lacked an appropriate amount of detail (Lategola and Trent 1979; Verghese and Prasad 1993; Hisdal
et al. 2003; Russomano et al. 2005). In addition to LBNP, the use of LBPP can be beneficial for show-
ing the bi-directionality of the cardiovagal baroreflex. Yet, there are no published details on how to
build a chamber that can accommodate both LBNP and LBPP, nor one that combines LBNP/LBPP
and steady-state tilt. Ideally, a constructed lower body differential pressure chamber should be able
to achieve both negative pressures and positive pressures while having a capacity to manipulate body
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position, to maximize research and teaching potential. The purpose of this manuscript is as follows:
(1) for the first time, to outline a strategy to construct a LBNP/LBPP tilt-table apparatus, and (2) to
demonstrate how this apparatus can be effectively used in the laboratory setting for teaching purposes
using sample data traces.

After building a LBNP/LBPP tilt-table apparatus, the students (undergraduate and (or) graduate
students) will accomplish the following learning objectives after conducting the proposed labora-
tory exercises: (1) be able to describe the specific cardiovagal baroreflex-mediated mechanisms that
are responsible for the maintenance of blood pressure during LBNP and LBPP in supine position;
(2) be able to recognize cardiovascular collapse, a potential response when using LBNP, to ensure
participant safety; (3) be able to describe the specific cardiovagal baroreflex-mediated mechanisms
that are responsible for blood pressure regulation during changes in body position (e.g., 45° HDT,
supine, and 45° HUT) at rest; and (4) understand the differences in cardiovascular response to
LBNP in different body positions.

Materials and methods

Overview
The additional value of the laboratory demonstrations of physiological functions are well known
(O’Donaughy et al. 2002; Berg et al. 2012), as they are critical for student learning and development
in the physiological sciences. However, the use of LBNP or LBPP is usually restricted to research pur-
poses, and its use as a teaching instrument is often overlooked. Herein, we provide an example of how
the constructed chamber (see Results section for construction details) can be used as a demonstration
tool to aid undergraduate student learning of the cardiovagal baroreflex, and we quantify the effective-
ness of the laboratory demonstration with an anonymous, voluntary student survey. Laboratory dem-
onstrations involving LBNP or LBPP or both should be performed under supervision by experienced
and knowledgeable personnel. Improper use of LBNP/LBPP could lead to participant injury.

Ethical approval
Appropriate ethical approval is always needed to perform laboratory demonstrations using human
participants. The following experimental protocols were approved by a Human Ethics Committee at
the University of British Columbia and were in accordance with the Canadian Government Tri-
Council Policy Statement on Human Research (TCPS2) and the Declaration of Helsinki.

Participant considerations
The recruited male participant (height, 177 cm; weight, 88 kg) filled out a health history questionnaire
to ensure normal pulmonary, cardiovascular, and cerebrovascular health. Participant exclusion crite-
ria included low resting blood pressure (e.g., <100 mm Hg systolic blood pressure and <60 mm Hg
diastolic blood pressure), and (or) a history of syncope (i.e., fainting), as these participants are at
greater risk of reaching cardiovascular collapse during LBNP. Participants were also non-smokers,
had no reported previous history of respiratory, cardiovascular, or cerebrovascular diseases, and were
not taking any medications. In addition, the participant was asked to refrain from vigorous physical
activity, alcohol consumption, and caffeine for at least 12 h prior to experimentation.

Participant instrumentation
The participant placed a kayak skirt, which was integrated with the lid of the chamber, around the
iliac crest and positioned themselves within the chamber in the upright (i.e., 90° HUT) position.
Improper positioning of the kayak skirt can influence the cardiovascular responses observed during
LBNP and LBPP (Goswami et al. 2008). Once proper positioning of the kayak skirt was attained,
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two velcro stretchable waist belts were fastened around the participant to ensure an air-tight seal
around the waist. Briefly (approximately 30 seconds), the vacuum was turned on to −50, and then
+40 mm Hg, to familiarize the participant with LBNP and LBPP stress.

Cardiovascular measurements
Cardiovascular measurements were collected at 200 Hz using an analog-to-digital converter
(Powerlab/16SP ML880; AD Instruments; ADI; Colorado Springs, Colorado, USA). Participants
were instrumented with electrocardiogram (ECG) electrodes in lead II configuration in conjunction
with a bioamp (ML132; ADInstruments, Colorado Springs, Colorado, USA) to derive instantaneous
HR from the R–R interval of the ECG. Beat-by-beat arterial blood pressure, CO, and SV were mea-
sured using finger photoplethysmography (Finometer Pro, Finapres Medical Systems, Amsterdam,
the Netherlands). Prior to baseline data collection, the Finometer was calibrated using the return-
to-flow function, and blood pressure accuracy was confirmed with manual sphygmomanometry.
MAP was calculated by taking the mean of each individual arterial waveform outputted from the
Finometer.

Experimental protocols
Three protocols were utilized to effectively demonstrate the cardiovagal baroreflex in one partici-
pant: (1) LBNP vs. LBPP protocol, (2) body position protocol, and (3) LBNP in different body
positions (i.e., 45° HDT, supine, and 45° HUT) protocol. The following protocol termination guide-
lines were followed to ensure participant safety: (1) the participant voluntarily terminated the test
due to the onset of subjective symptoms (e.g., gray-out, nausea, dizziness, or discomfort), or
(2) the participant reached presyncope, which was identified in real time by the investigators by
the sudden onset of bradycardia, and (or) a 30% reduction of baseline systolic blood pressure
(calculated in advance).

Protocol #1—LBNP and LBPP
After instrumentation setup, the participant was instructed to lie motionless in supine position and to
breathe normally for approximately 10 min to ensure that orthostatic-related changes in blood vol-
ume distribution were stable. Afterward, an initial 5 min quiet baseline period was recorded in supine
position, and then the pressure within the chamber was immediately lowered to −50 mm Hg (LBNP)
for 10 min. After exposure to 10 min of LBNP, the vacuum was disengaged and the participant rested
quietly for approximately 10 min of recovery. Immediately after the 10 min recovery period, the pres-
sure within the chamber was increased to +40 mm Hg (LBPP) for 10 min.

Protocol #2—Body position
After instrumentation setup, the participant was instructed to lie motionless in supine position and to
breathe normally for approximately 10 min to ensure that orthostatic-related changes in blood vol-
ume distribution were stable. Immediately afterward, 10 min of normal resting data were collected.
This protocol was repeated in two other randomized body positions: 45° HDT and 45° HUT.

Protocol #3—LBNP in different body positions
After instrumentation setup, the participant was instructed to lie motionless and to breathe normally
for approximately 10 min to ensure that orthostatic-related changes in blood volume distribution
were stable. The protocol consisted of an initial 5 min quiet baseline period in the supine position,
after which the pressure inside the LBNP chamber was immediately lowered to −50 mm Hg
(LBNP) for 10 min. Immediately after LBNP termination, the participant completed a 10 min recov-
ery period and then repeated the same protocol (5 min baseline, LBNP, and recovery period) in the
remaining two randomized tilt positions: 45° HDT and 45° HUT.
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Student survey
To quantify the effectiveness of the laboratory demonstration for undergraduate student learning of
the cardiovagal baroreflex, an anonymous survey was conducted at the end of the laboratory session.
The following criteria were evaluated: (1) The LBNP demonstration aided my learning; (2) I have a
better understanding of key cardiovascular physiology concepts from the LBNP demonstration;
(3) The LBNP demonstration encouraged me to think critically about cardiovascular physiology,
and cardiovascular collapse; and (4) I recommend the implementation of the LBNP demonstration
in future classes. The students were asked to rate the usefulness of each of the criteria from 1 to 10,
with 1 being considered “not useful” and 10 being “very useful.”

Data analysis
All recorded cardiovascular data were exported from our data acquisition software (ADI LabChart
Pro software V7.2), and averaged into time bins (15 and 30 s) using Microsoft Excel. The averaged
data± SEM were plotted using SigmaStat (Systat, Chicago, Illinois, USA, V11.5).

Results

Chamber construction
There are several different lower-body differential chambers that are in use today, each with a unique
design. The following section provides information on the vacuum source and variable transformer
required, along with instructions on how to construct a LBNP/LBPP chamber integrated on a
tilt-table.

Vacuum source
A commonly used inexpensive device to manipulate pressure within a differential pressure chamber is
an industrial vacuum. For the chamber described below, a 120 V, powerful industrial vacuum (6 hp)
with a 12 amperage rating was used. This vacuum provided a pressure range of approximately −90 to
+40 mm Hg with our air-tight chamber (Tymko et al. 2015), and other research groups found a sim-
ilar performance with this type of vacuum (Esch et al. 2007). Real-time differential pressure was
monitored during experimentation using a digital manometer (DigiMano 1000, 200-200IN, Netech
Corporation, Farmingdale, New York, USA). This range of differential pressure is adequate for both
laboratory demonstrations and for research projects (for a detailed review see Goswami et al. 2008).

Variable transformer
Some commercial vacuums have power settings, allowing the user to change the power output, but a
more versatile way to incrementally change vacuum power output is through a variable transformer.
A variable transformer provides the operator with the unique advantage of fine-tuning the pressure
stimulus on an individual basis. The variable transformer had the following criteria: (1) appropriate
electrical current rating of 15 amperes, (2) input voltage rating of 120, and (3) the ability to control
power output on a volt-by-volt basis. For this chamber, we used a 120 V input, 0–140 V output var-
iable transformer (Variac, 3PN1510B, ISE, Inc., Cleveland, Ohio, USA).

LBNP/LBPP chamber and tilt-table design
The design of the LBNP/LBPP chamber and tilt-table will be presented in the following order:
(1) supporting frame, (2) LBNP/LBPP chamber inner frame, (3) LBNP/LBPP outer frame, and
(4) opening for the participant. For a summary of all tools required for construction, please see Table 1.

Building a structurally sound support frame is essential to ensure participant safety; however, due to
the size of the supporting frame, it must be collapsible for transportation. To achieve this, three
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separate metal frames were constructed. Each of these frames were built in the same fashion, and
consisted of two pieces of 48-in. long, 3-in. wide × 1-in. C-channel steel uprights connected by
one 50-in. long, 3-in. × 3-in. rectangular steel tube (see Fig. 1A). Each of the three supporting
frames were welded together. After welding these individual supporting frames together, they were
connected using four 3½-in. × 3½-in. pieces of wood (two on each side—only left side shown in
Fig. 1A), each being 54-in. in length. The wood braces and metal frames were joined together using
6-in. long, ½-in. diameter, hex bolts with ½-in. washers and ½-in. nuts (see Fig. 1A). Once the
supporting frame structure was complete, two 1¾-in. diameter holes were drilled near the top of
the middle metal frame to allow for a 60-in. long, 1½-in. diameter metal axle to be suspended across
and through the holes of the supporting frame (see Fig. 1A). The LBNP/LBPP chamber and table
were bolted to this axle using three 5-in. long, ½-in. diameter hex bolts with ½-in. washers and
½-in. nuts (see the next section on the chamber construction for more details on this
specific step).

The inner frame of the LBNP/LBPP chamber was built with 1½-in. × 5½-in. lumber. The dimensions
of our differential pressure chamber are 18-in. height × 25-in. width × 42-in. length
(see Figs. 1B, 1C). The inner frame of the LBNP chamber was fastened together using 2½-in. wood
screws, wherever necessary. Once the inner frame was completed, the chamber outer panels were
made from ¾-in. thick plywood, and cut to size to fit over top of the inner frame. The two side
plywood panels of the chamber were 18-in. × 42-in., the front panel was 25-in. × 42-in., and the
bottom panel was 25-in. × 18-in. (see Figs. 1B, 1C). Once the outer panels of the chamber were cut
to size, a bead of acoustic sealant (PL Acousti-Seal, Lepage, Mississauga, Ontario, Canada) was run
along the inner frame before fastening the ¾-in. plywood outer panels to the inner frame.

The inner frame of the LBNP/LBPP chamber was adhered to a long table piece built out of ¾-in.
plywood that was used for the participant’s upper body support. In addition, two metal supporting
A-frames were bolted within the chamber to increase its performance for handling
positive pressure (see Fig. 2B). The table piece was 25-in. width × 75-in. length, cut from ¾-in.
plywood. The upper-most portion of the table piece (where the participant’s head rests) was cut in a
semi-circular shape with a jigsaw (see Figs. 1B, 1C, 2). To provide further structural support, three
1½-in. × 3½-in., 75-in. long pieces of lumber were fastened onto the rear side of the table piece using
2-in. long wooden screws: without this support the apparatus would undoubtedly break due to the
overall load and weight distribution of the apparatus (the lower half being much heavier than the
upper half). The chamber and tilt-table were mounted to an axle (see Figs. 1A, 2A) using three

Table 1. List of tools required to construct the tilt-table LBNP/LBPP chamber.

Tool Description

Metal saw Used during the cutting of the C-channel support frames

Metal inert gas
(MIG) welder

For welding the C-channel support frames together

Angle grinder Only used for cleaning the metal surfaces of the C-channel support frames before welding

Hand drill Used for drilling in wood screws and drilling through the holes in the metal support frame

Table saw Used to cut through the ¾-in. plywood (outer panels) and inner frame lumber

Silicon Used along all edges of the chamber to provide an air-tight seal

Jig saw Used to cut the hole in the top outer panel for the kayak skirt and to cut the semi-circular
end of the table piece
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5-in. long, ½-in. diameter hex bolts, tightened with ½-in. nuts and ½-in. washers. These hex bolts
were inserted through ½-in. diameter, pre-drilled holes, which were located at the mid-point of each
1½-in.× 3½-in. piece of wood (mid-point at 37½-in.) located at the rear side of the tilt-table.

A neoprene kayak skirt (see Figs. 1, 2) was used to create an air-tight seal between the participant and
the chamber. The neoprene kayak skirt was fastened inside a 17-in. in diameter hole cut within the top
outer panel of the chamber (18-in. × 25-in.). To fasten the neoprene kayak skirt to the chamber, a
combination of heavy duty staples and construction adhesive was used. Once the last outer panel
(with kayak skirt) was fastened to the chamber frame, silicon sealant was applied to the inside perim-
eter of the panel. The negative pressure itself causes the kayak skirt to collapse upon itself, creating a
seal. Nevertheless, if the neoprene skirt fails to seal properly, or is too big, a high potential exists for
the chamber to equilibrate with the atmospheric pressure, reducing the intentional stimulus. The
outer (top) plywood panel containing the neoprene kayak skirt (see Figs. 1B, 2) was built so that it
was removable, allowing the participant to enter the kayak skirt before entering the chamber while
being in the upright position.

After the participant is placed inside the chamber (see Fig. 2B), the front outer panel of the chamber
was able to shut tightly using ratchet straps. An air-tight seal between the front outer panel of the

Fig. 1. Wire sketch of the tilt-table supporting frame (A) and LBNP/LBPP chamber (B and C). White dots (A) on the supporting frame represent where the 6-in.
hex bolt were drilled and fastened. Note that two of the 3½-in. × 3½-in. wood pieces are not represented on the right side in panel (A).
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chamber and the rest of the chamber was created using adhesive sealant tape (see Fig. 2B). After the
LBNP/LBNP chamber was complete, it was attached to the metal axle from the support stand using
three 5-in. long, ½-in. diameter hex bolts with ½-in. nuts and ½-in. washers. The current dimensions
provided for the LBNP/LBPP tilt-table chamber allowed for participants to be placed in any HUT and
HDT body position desirable (see Figs. 1, 2). Changing the body position of the chamber is done
manually, and the chamber is held in place using steel chain or cable connected from the chamber
to the bottom of the supporting frame (see Fig. 2A).

Additional features
Importantly, participants who are placed in HDT positions with this apparatus risk falling out of the
chamber. To prevent this, a 30-in. long, 1-in. diameter safety bar was placed through the bottom half
of the chamber, which allowed the participant to hook into the axle using specifically designed boots
(Teeter Hang-ups, Tacoma, Washington, USA) (see Figs. 2A, 2B). This served not only as a safety
feature, but also held participants in position during LBPP. In addition to this feature, it is also recom-
mended to add padding (i.e., foam or blanket) to the table portion of the chamber to aid with subject
comfort (see Fig. 2B).

Experimental results

LBNP and LBPP protocol
Figure 3 illustrates the cardiovascular responses to −50 mm Hg LBNP and +40 mm Hg LBPP in
one participant. During LBNP, HR progressively increased, while SV progressively decreased.
This resulted in CO being rather stable during the beginning of the LBNP protocol, but as
LBNP progressed, CO decreased near the end of LBNP protocol. Regardless of these cardio-
vascular changes during LBNP, MAP remained relatively unchanged during the entire LBNP
protocol. During LBPP, HR, SV, and CO remained similar throughout the entire protocol; how-
ever, as expected, MAP increased by ∼10 mm Hg. Figure 4 represents data from an individual
who reached presyncope during −50 mm Hg LBNP, and the protocol was terminated using our

Fig. 2. Picture of the LBNP/LBPP chamber with tilt-table during a HDT LBNP protocol (A) and the inside of the
LBNP/LBPP chamber (B). The three black circles highlight the three ratchet straps that were used to tighten the
front chamber door to the chamber frame.
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point represents a 15 s average± SEM. Each protocol consisted of a 2 min eupneic breathing baseline period; immediately after baseline, the vacuum pump was
turned on to generate −50 mm Hg of LBNP. The protocol was terminated (i.e., vacuum pump turned off) when the participant reached cardiovascular collapse,
as indicated by a relative drop in HR and MAP.
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on and pressure was sustained for a total of 10 min. After 10 min of lower-body pressure stimulus, the vacuum was turned off allowing for the chamber to equili-
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safety guidelines (see Experimental protocols section above). The participant experienced a rapid
decrease in MAP, followed abruptly by relative bradycardia.

Body position protocol
Figure 5 illustrates the cardiovascular responses to steady-state 45° HUT, supine, and 45° HDT in one
participant. In the 45° HUT position, HR and CO were elevated compared to supine and 45° HDT. In
contrast, SV was lower during 45° HUT compared to supine and 45° HDT. As expected, in the
volume loading (i.e., 45° HDT) position, MAP was elevated compared to both 45° HUT and supine
body positions.

LBNP in different body positions
Figure 6 illustrates the cardiovascular responses to steady-state 45° HUT, supine, and 45° HDT
combined with −50 mm Hg LBNP in one participant. The HR response to LBNP is dose depen-
dent, with 45° HUT being the largest and 45° HDT being the smallest. The SV response to
LBNP and body position is the opposite to HR, where the SV was reduced the most in the
45° HUT position and reduced by the least amount in the 45° HDT position. CO during LBNP
was highest during the 45° HUT position, while it was similar in both supine and 45° HDT
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Fig. 5. Raw data tracing of the cardiovascular responses during 45° HUT, supine, and 45° HDT in one subject. Each data point represents a 30 s average± SEM.
Each protocol consisted of 10 min of normal eupneic breathing in each body position.
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position. Despite different baseline MAP between body positions, MAP during LBNP was similar
amongst body positions.

Student survey
Fourth year undergraduate students (n = 22) were present for the laboratory demonstration
described above. Each of these students anonymously participated in a short written survey to
provide feedback information on the effectiveness of the experimental protocol. Below are the
statements provided in the survey, and the students were asked to rate the statements from 1 to
10, with 1 being considered “not useful” and 10 being “very useful” (reports of these values are
mean ± SD).

1. The LBNP demonstration aided my learning.

Answer: 8.0± 1.7.
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Fig. 6. Raw data trace of the cardiovascular responses during −50 mm Hg LBNP in 45° HUT position, supine position, and 45° HDT position in one subject.
The dashed line represents the initiation of lower-body differential pressure, the second dashed line represents the termination of lower-body differential pres-
sure, on each plot. Each data point represents a 30 s average± SEM. Immediately after the eupneic breathing baseline period, the vacuum pump was turned on
and pressure was sustained for a total of 10 min in each body position. After 10 min of lower-body pressure stimulus, the vacuum was turned off allowing for the
chamber to equilibrate with atmospheric pressure.
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2. I have a better understanding of key cardiovascular physiology concepts from the LBNP
demonstration.

Answer: 8.0± 1.5.

3. The LBNP demonstration encouraged me to think critically about cardiovascular physiology
and cardiovascular collapse.

Answer: 7.8± 1.8.

4. I recommend the implementation of the LBNP demonstration in future classes.

Answer: 8.9± 1.0.

Discussion
The primary purposes of this manuscript are to (1) outline a strategy to construct a LBNP/LBPP tilt-
table apparatus, and (2) demonstrate how this apparatus can be effectively used in the laboratory set-
ting for teaching purposes. After constructing a purpose-built LBNP/LBPP tilt-table apparatus, three
protocols were conducted on one participant during a laboratory demonstration to undergraduate
students. The laboratory demonstrations aided the students’ articulation of the following learning
objectives: (1) ability to describe the specific cardiovagal baroreflex-mediated mechanisms that are
responsible for the maintenance of blood pressure during LBNP and LBPP in supine position; (2) abil-
ity to recognize cardiovascular collapse, a potential response when using LBNP, to ensure participant
safety; (3) ability to describe the specific cardiovagal baroreflex-mediated mechanisms that are
responsible for blood pressure regulation during changes in body position (45° HDT, supine, and
45° HUT) at rest; and (4) ability to understand why there are differences in the cardiovascular
response to LBNP in different body positions (45° HDT, supine, and 45° HUT).

Cardiovascular responses to lower-body differential pressure

Lower-body negative pressure
The use of LBNP is an effective, non-pharmacological approach for altering central blood volume.
During LBNP, blood in the upper torso is temporarily accumulated in the lower limbs, resulting in
a decreased central blood volume, venous return, cardiac preload, and SV (see Fig. 3) (Cooke et al.
2004). To compensate for these physiological changes, the baroreflex is activated (sympathoexcitatory
response) to increase HR and vascular peripheral resistance to maintain MAP (see Fig. 3). The mag-
nitude of the compensatory response to LBNP is directly related to the duration of LBNP and LBNP
magnitude (i.e., degree of negative pressure). For example, approximately 400–500 mL of blood is dis-
placed with LBNP between −10 and −20 mm Hg (Thompson et al. 1990; Hanson et al. 1998), and
another study concluded that −30 to −50 mm Hg of LBNP results in a translocation of 500–
1000 mL of blood (Wolthuis et al. 1975). The absolute amount of blood volume translocated for a
given LBNP is quite variable, and it is dependent on the effectiveness of an individual’s cardiovagal
baroreflex response. There is high inter-individual variability to LBNP as it can vary due to sex
(Convertino 1998; Kelly et al. 2004), age (Rutan et al. 1992), height (Ludwig and Convertino 1994;
Pavy-Le Traon et al. 1999), pathology (e.g., hypertension) (Kuwajima et al. 1991), and fitness level
(Convertino 1987; Convertino 1993). However, after the accumulation of approximately 1000 mL of
blood into the lower limbs during LBNP, signs of syncope are usually present (i.e., cardiovascular col-
lapse). This occurs when the cardiovagal baroreflex-associated physiological responses are no longer
able to effectively maintain MAP, resulting in hypotension (see Fig. 4). At this stage during LBNP,
MAP and HR rapidly plummet due to sympathetic nervous activity withdrawal, and the individual
likely experiences nausea, light-headedness, tunnel vision, and even syncope (see Fig. 4).
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Lower-body positive pressure
Similar to LBNP, LBPP is an effective experimental method for altering central blood volume; how-
ever, in contrast to LBNP, LBPP increases central blood volume by displacing fluid from the lower
limbs to the central cavity (Hinghofer-Szalkay et al. 1988; Nishiyasu et al. 1998), and this results in
an increase in central venous pressure, cardiac filling, and MAP (see Fig. 3) (Fu et al. 1998;
Nishiyasu et al. 1998). Despite these physiological changes, CO and HR remain relatively unchanged
during LBPP (see Fig. 3) (Rubal et al. 1989). However, during long durations of LBPP (e.g., >30 min),
HR and CO have been shown to increase (Geelen et al. 1992). The absolute amount of blood displace-
ment that occurs during LBPP is unclear; however, the volume of blood displaced would be inversely
proportional to LBNP (as described in the section above). Similar to LBNP, the magnitude of the
response to LBPP (e.g., increase in MAP) is directly related to the duration of LBPP and LBPP mag-
nitude (i.e., degree of positive pressure). For example, +20 and +40 mm Hg of LBPP have been dem-
onstrated to increase MAP by 7 and 13 mm Hg, respectively (Perry et al. 2013). Data from the
laboratory demonstration (see Fig. 3) clearly show an increase in MAP with +40 mm Hg with a mag-
nitude of ∼10 mm Hg, similar to results found by Perry et al. (2013).

Cardiovascular responses to steady-state changes in body position
Body position is often overlooked as a profound physiological stimulus; but, in fact, when
moving from supine into the upright position, gravity draws a substantial volume of blood down into
the lower extremities causing a decrease in central blood volume (similar effect as LBNP), whereas an
increase in central blood volume occurs during HDT position (similar effect as LBPP) (Bundgaard-
Nielsen et al. 2009; Murrell et al. 2011). To compensate for changes in body position, the
cardiopulmonary and arterial baroreceptors detect changes in venous return and MAP via changes
in mechanical stretch and alter HR and vascular resistance to maintain CO, MAP, and thus, cerebral
perfusion pressure (Cooke et al. 2004; Wehrwein and Joyner 2013).

Figure 5 illustrates the steady-state cardiovascular responses to body positions (45° HUT, supine, and
45° HDT). In the 45° HUT position, when central blood volume is decreased, CO and MAP are main-
tained by elevating HR to compensate for the gravity-associated decrease in venous return; thus a
reduction in SV. While in the 45° HDT position, when central blood volume is increased, MAP is
slightly elevated compared to supine and 45° HUT body position (similar to LBPP), likely due to
increased peripheral resistance. These results are similar to the previous findings from our research
group (Tymko et al. 2015).

Cardiovascular responses during LBNP in different body positions
The tilt-table LBNP/LBPP apparatus, built by the author, has the unique advantage of eliciting a
cardiovagal baroreflex in different body positions, giving undergraduate students an important dem-
onstration of real-time integrative human physiology. As illustrated in Fig. 6, the cardiovascular
responses to LBNP are dependent on body position, and this was due to the different hydrostatic pres-
sure gradients among the three body positions. The hydrostatic pressure gradient that is important in
the context of the cardiovagal baroreflex is the vertical distance between the head and the heart of the
individual. Hydrostatic pressure can be calculated using the following equation:

p= ρgh × C (1)

where p is the pressure in mm Hg, ρ (rho) is the density of blood (∼1.04 g/cm3), g is the acceleration
due to gravity (−9.81 m/s2), h is the absolute height that the head is above or below the heart in
meters, and C is the conversion factor from kilopascals to mm Hg (7.5). In the HUT position the
hydrostatic pressure is negative (i.e., head above the heart), meaning that the heart must overcome
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greater gravitational forces for adequate blood flow to return to the heart. In the HDT position the
hydrostatic pressure gradient is positive (i.e., head below the heart), meaning that gravitational forces
are aiding venous return to the heart (see Fig. 7 for an example of these calculations). Due to the
reduced hydrostatic pressure associated with HUT, central blood volume is reduced compared to
supine and HDT positions. This resulted in a decreased SV and elevated HR response to LBNP in
HUT, compared to supine and HDT (see Fig. 6). The observed cardiac responses to LBNP are partly
responsible for the maintenance of MAP; MAP is usually maintained near resting levels during LBNP
(see Fig. 6).

Additional physiological assessments during LBNP/LBPP

Respiratory measures
Respiratory measurements that should be considered are respiratory flow and the end-tidal partial
pressure of carbon dioxide (PETCO2) and oxygen. Having these measurements could allow for the
assessment of respiratory variables of the participant, as it is common to observe an increase in ven-
tilation in response to LBNP. Respiratory gas measurements, particularly PETCO2, are important
when measuring blood flow intracranially (see section below), as blood flow through the cerebrovas-
culature is sensitive to small changes in PETCO2. During hypercapnia (high PETCO2) blood flow
through the brain increases due to downstream vasodilation of arterioles, and during hypocapnia
(low PETCO2) blood flow through the brain decreases due to arteriolar vasoconstriction (Kety and
Schmidt 1948). The strong effect of PETCO2 on cerebral blood flow is an important factor when meas-
uring intracranial blood flow (Willie et al. 2012).

Intracranial blood flow
Transcranial Doppler (TCD) ultrasound can be employed to measure the intracranial cerebral
blood flow velocity within the large conduit arteries within the cerebral vasculature. The most

Feet

Reduced hydrostatic
pressure 

Elevated hydrostatic
pressure

45° HUT

45° HDT

Supine

Head

Head

Head above 
heart

Head below 
heart

Fig. 7. Illustration of the relative hydrostatic pressure gradients present during 45° HUT position, supine posi-
tion, and 45° HDT position. The following equation can be used to calculated hydrostatic pressure: p = ρgh ×
C. Assuming that the density of blood is 1.04 g/cm3, and the acceleration due to gravity is constant at −9.81 m/
s2, the following is an example calculation of hydrostatic pressure in HUT and HDT, where the head is 0.3 m
above or below the heart. In HUT, p = ((1.04 g/cm3) × (−9.81 m/s2) × (0.3 m)) × (7.5), which equals −23.0 mm
Hg. In HDT, p = ((1.04 g/cm3) × (−9.81 m/s2) × (−0.3 m)) × (7.5), which equals +23.0 mm Hg. Therefore, the
hydrostatic pressure is reduced in HUT (−23 mm Hg) compared to HDT (+23 mm Hg).
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commonly insonated cerebral arteries are the middle cerebral artery (MCA; located anteriorly)
and posterior cerebral artery (PCA), which supply the brain with approximately 70% and 30%
of the cerebral circulation, respectively (Willie et al. 2011). The TCD system uses a 2 MHz ultra-
sound probe connected to a headset, which emits sound waves through the temporal window and
registers the frequency of the sound reflected from moving red blood cells within the vessel of
interest. The resulting frequency shift (i.e., Doppler shift) can provide the instantaneous velocity
of the moving red blood cells. Since cerebral blood flow is affected by vessel diameter, it is impor-
tant for the diameter to remain constant for blood velocity to reflect the underlying changes in
cerebral blood flow (Willie et al. 2011). Previous literature reports that cerebral blood velocity
via TCD can be used as a surrogate measurement of cerebral blood flow during orthostatic stress
(Serrador et al. 2000). During LBNP, it has been established that cerebral blood flow is reduced
(Levine et al. 1994); however, during LBPP, cerebral blood flow remains relatively unchanged
(Perry et al. 2013, 2014).

Muscle sympathetic nervous activity
MSNA is a direct measurement of multi-unit postganglionic activity and can obtained from fascicles
of the right peroneal nerve at the popliteal fossa using a common microneurographic technique that
has been used extensively since the 1960s (Vallbo et al. 2004). This technique can be time consuming
and requires subject comfort to be of utmost importance. Muscle sympathetic nerve recordings pro-
vide insight into the activation of the peripheral vascular system during LBNP/LBPP. However, this
technique is difficult, and it requires someone with extensive experience to be performed correctly
(Vallbo et al. 2004). MSNA linearly increases with progressive LBNP until cardiovascular collapse is
reached (Rea and Wallin 1989; Convertino et al. 2004), and then MSNA rapidly decreases (Sanders
and Ferguson 1989; Hayoz et al. 1996), which is responsible for the decrease in peripheral vascular
tone (vasodilation) and HR. During LBPP, MSNA is suppressed at positive pressures of +10 and
+20 mm Hg; however, MSNA linearly increases with more severe levels of LBPP (>30 mm Hg).
Reasoning for this is currently unclear, but it is suggested that MSNA is increased due to the activa-
tion of intramuscular pressure-sensitive receptors (Fu et al. 1998).

Student project application
The tilt-table LBNP/LBPP chamber described in detail above has also been effectively used
for group and (or) individual student research projects. Students developed their own experimental
design, recruited appropriate participants, collected and analyzed data, wrote a lab report
presenting their findings, and presented their findings to the university faculty members. Please
view Supplementary Material 1 provided for the list of key references that may be useful to both
students and faculty. This pedagogical approach is impactful for student learning and critical think-
ing, but caution must be advised when using LBNP because of the potential for eliciting adverse
effects from participants (e.g., syncope, vomiting, and nausea) as illustrated in Fig. 4. It is recom-
mended that an appropriately trained investigator be present whenever collecting data using this
chamber.

Conclusion
The custom-built tilt-table LBNP/LBPP device has proven beneficial for student learning by dem-
onstrating cardiovagal baroreflex. After completing the proposed laboratory protocols, students
had a clear understanding of the following learning objectives: (1) the cardiovagal
baroreflex-mediated mechanisms that are responsible for the maintenance of blood pressure
during LBNP and LBPP in supine position; (2) cardiovascular collapse, a potential response
when using LBNP, to ensure participant safety; (3) the cardiovagal baroreflex-mediated mecha-
nisms that are responsible for blood pressure regulation during changes in body position
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(e.g., 45° HDT, supine, and 45° HUT) at rest; and (4) the differences in cardiovascular response to
LBNP in different body positions. The cardiovagal baroreflex is an important concept taught in
physiology-related courses, and demonstrating it using LBNP, LBPP, and body position in real-
time aids student learning and development.
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