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Abstract—While supine, fluid moves from the legs and
accumulates in the chest and neck. However, patterns of
rostral fluid shift are not clear. Furthermore, real-time
measurement of neck fluid volume has not been investigated.
The objective of this study was to investigate the dynamics of
rostral fluid shift in men and women. We developed a
bioelectrical impedance system to measure leg, abdominal,
thoracic and neck fluid volumes (LFV, AFV, TFV, NFV)
continuously. Forty healthy non-obese adults (20 men) lay
supine for 90 min while fluid volumes were measured. After
90 min, a similar volume of fluid shifted out of the legs in
both sexes (p = 0.079), but men accumulated more fluid in
their thorax (63 ± 6 vs. 44 ± 11 ml, p = 0.016) and neck
(17 ± 2 vs. 14 ± 1 ml, p = 0.029) than women. In both
sexes, the increase in NFV caused a significant increase in
neck circumference, which was greater in men (p = 0.009).
Furthermore, 80% of rostral fluid shift would occur in the
first 2 h of lying supine. These results suggest that greater
fluid shift into the thorax and neck may contribute to the
higher prevalence of sleep apnea in men than in women.

Keywords—Rostral fluid shift, Leg fluid volume, Abdominal

fluid volume, Thoracic fluid volume, Neck fluid volume,
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ABBREVIATIONS

AFV Abdominal fluid volume
ANCOVA Analysis of covariance
BMI Body mass index
LFV Leg fluid volume
NC Neck circumference

NFV Neck fluid volume
TFV Thoracic fluid volume
UA-XSA Upper airway cross-sectional area

INTRODUCTION

Moving from the standing to the recumbent position
is accompanied by a redistribution of body fluid due to
gravitational and Starling’s forces.45,48,51 Based on
Starling’s forces, the balance between capillary hydro-
static and colloid osmotic pressures influences the pas-
sive movement of fluid between the capillaries and
interstitial space.40While standing, capillary pressure in
the legs greatly exceeds the pressure required for the
movement into the interstitial space. As a consequence,
intravascular fluid volume of the leg decreases while
interstitial and total fluid volume of the leg
increases3,10,45,47,51 at a filtration rate which is propor-
tional to venous pressure.22,25,51 When lying in bed, the
reverse occurs: fluid is reabsorbed from the interstitial
into the intravascular compartment of the legs,3,10,45,48

which moves rostrally to the upper body through the
vascular system.1,2,15,44 This is associated with a reduc-
tion in leg fluid volume (LFV) and reciprocal increases in
thoracic and head blood volumes.2,15 Previous studies
showed that rostral fluid shift out of the legs and its
accumulation in the neck can increase neck circumfer-
ence (NC)13,21,34 and pharyngeal tissue pressure leading
to narrowing of the upper airway.37 However, due to
technical limitations, neck fluid volume (NFV) was not
measured in these studies. Furthermore, the pattern and
time course of fluid redistribution out of the legs and its
accumulation in the upper body when assuming the
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recumbent position has not been previously investi-
gated.

Recently, we showed that rostral fluid shift out of
the legs could affect the pathophysiology of the respi-
ratory system. We showed that the amount of fluid
coming out of the legs was positively correlated with
increases in NC,13,21,34 narrowing of the upper air-
way14,37,38 and increases in its resistance5,20 and col-
lapsibility.41,42 Furthermore in heart failure patients,
nocturnal fluid shift out of the legs was associated with
a low PCO2, presumably due to increases in thoracic
fluid volume (TFV) which could increase pulmonary
congestion, stimulate pulmonary vagal irritant recep-
tors that provoke hyperventilation and reduce
PCO2.

20,53 While these studies demonstrated strong
evidence for the role of rostral fluid shift on the
pathophysiology of the respiratory system, they were
subject to some technical limitations. TFV and NFV
were not measured; but were assessed indirectly by the
changes in PCO2 and NC, respectively. Also, LFV was
only measured at the beginning and end of the studies;
therefore, the time course and pattern of fluid redis-
tribution out of the legs was not determined. Similarly,
the time course of fluid accumulation in the chest and
neck is not known. Furthermore, the effects of rostral
fluid shift on the upper airway collapsibility and
resistance and PCO2 were only observed in men, but
not in women.21,42 Therefore, it is possible that due to
physiological differences, men and women have dif-
ferent patterns of rostral fluid redistribution. However,
differences in the pattern of rostral fluid shift between
sexes have not been investigated.

The objective of this study was to develop a system
to measure fluid volumes of multiple body segments in
real time to determine the pattern and time-course of
rostral fluid redistribution from the lower body to the
upper body while supine. We hypothesized that men
would have greater fluid redistribution into the thorax
and neck than women over a given time period. We
also hypothesized that women would have greater fluid
accumulation in the abdomen than men because of
greater venous capacitance in their uterine and ovarian
venous plexi, absent in men,18 in which fluid displaced
from the legs might collect while recumbent.

METHODS

Participants

Inclusion criteria were healthy men and women
between 18 and 70 years of age, with a body mass in-
dex (BMI) <30 kg/m2, and a blood pressure of £140/
90 mmHg. Women were included who were pre-
menopausal and not having their menstrual period at

the time of experiments. Participants were instructed to
refrain from consuming coffee or energy drinks on the
study day. The exclusion criteria were a history of
hysterectomy, cardiovascular, renal, neurological or
respiratory diseases, taking any medication for them,
or taking any over the counter medication that might
influence fluid retention such as non-steroidal anti-
inflammatory agents. Participants were recruited by
advertisement.

Blood Pressure, Upper Airway Cross-Sectional Area,
and Neck Circumference

At the beginning of the study, heart rate, systolic
and diastolic blood pressures were measured three
times using an automated sphygmomanometer with
2-min intervals between successive measurements that
were averaged. Then with participants supine, upper
airway cross-sectional area (UA-XSA) was assessed by
acoustic pharyngometry12 and NC by tape measure
just above the cricothyroid cartilage. A line was drawn
at this level to ensure that NC measurements at the end
of experiments were made at the same level as at
baseline.34,53

Fluid Measurements

Bioelectrical impedance is a non-invasive technique
to estimate fluid volume of tissues. Based on Ohm’s
law, the resistance of a tissue to electric current is in-
versely related to its fluid content and directly related
to its length: R = qL2/V, where q is the resistivity of
fluid, L is the segment’s length, and V is the fluid
volume.6,17,23 This equation has been widely used to
estimate total body water where L is replaced by the
subject’s height.8,55 Bioelectrical impedance analysis
was also applied to measure fluid volumes in various
body segments. In most studies V = qL2/R was used to
estimate the fluid volume with L representing the seg-
ment’s length.4,26,43,56 This equation is based on the
assumption that each body segment is a cylinder,
where the length is much greater than the diameter of
the cylinder. While this assumption may be valid for
legs or arms, it is less accurate for other body segments
such as the abdomen, chest and neck. Considering each
body segment as a truncated cone, its fluid volume can
be estimated as:11,50

V ¼ q2=3

3 4pð Þ1=3
L

C1C2R

� �2=3

L C2
1 þ C2

2 þ C1C2

� �
ð1Þ

where C1 and C2 are the segment’s circumferences at
the level of the sensing electrodes, and q is blood
resistivity. Frequency of the injecting electrical current
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affects the tissue resistance; at frequencies lower than
100 kHz, the cell membrane acts as an insulator and
the measured resistance mainly represents extra-cellu-
lar fluid.6 Extra-cellular resistivity, q, can change with
age, sex, and hematocrit level.29 However, in a study of
73 healthy subjects, the extracellular resistivity was
estimated to be 47 X cm.6

In order to measure fluid volume in various body
segments, we used four impedance measurement
modules (Biopac Systems, EBI100C). For each seg-
ment, two electrodes injected high frequency ([12.5–
100] kHz), low amplitude (400 lA) current to the
segment; and two electrodes measured voltage to
estimate bioelectrical impedance (R in Eq. 1). To
electrically isolate different body segments for bio-
electrical impedance measurements, we used a differ-
ent injecting frequency for each segment. Frequencies
of 25, 12.5, 100 and 50 kHz were used to measure the
bioelectrical impedance of leg, abdomen, thorax, and
neck, respectively. Furthermore, the alignment and
polarity of electrodes for each segment were designed
to minimize the current artifact from adjacent seg-
ments. To measure LFV, voltage measuring electrodes
were placed on the ankle and upper thigh of the right
leg; to measure abdominal fluid volume (AFV), on the
right posterior part of the trunk one inch below the
xiphoid process, and on the posterior, superior part of
the femur; to measure TFV, on the midline of the
posterior aspect of the chest at the superior border of
the scapula and at the same level as the xiphoid pro-
cess; and to measure NFV, on the right side of the
neck below the right ear and at the base of the neck.
For each segment, the injecting electrodes were placed
one inch from the sensing electrodes. The electrodes
were secured to the skin with adhesive tape. At the
beginning of the study, length and circumferences of
each segment were measured with a measuring tape
and Eq. 1 was used to estimate fluid volume of each
segment. For NFV, the value of NC was used for both
circumferences (C1, C2).

In a preliminary study, we simultaneously measured
below-the knee LFV with the method described above
and with a validated commercial device (Xitron 4200,
Hydra ECF/ICF, Xitron Technologies Inc., San Die-
go, CA).50 The Xitron device measures multi-fre-
quency bioelectrical impedance to estimate intra- and
extra-cellular fluid volumes. Paired t test was used to
compare the results of fluid measurements from our
system with the extra-cellular fluid volumes measured
by Xitron.

Ethics Statement

The study protocol was reviewed and approved by
the Research Ethics Board of University Health Net-

work and all participants provided written consent
prior to participation.

Protocol

Participants arrived at the laboratory in the early
afternoon. While seated, their heart rate and blood
pressure were measured after which they were instru-
mented for bioelectrical impedance measurements. All
experiments were performed in the same room with a
temperature maintained between 22 ºC and 24 �C. To
reduce possible effects of urine volume on the mea-
surement of AFV, all subjects voided before starting
the experiments. Just prior to the beginning of exper-
iments, participants stood up motionless for 5 min.
Participants then lay supine on a bed while awake with
no pillow. LFV, AFV, TFV and NFV were recorded
continuously during experiments (Fig. 1). To minimize
any potential influence of movement artefacts on bio-
electrical impedance measurements, participants were
instructed to remain still during the recordings. The
duration of the study was limited to 90 min for two
reasons: first, it was shown that when moving from
upright to supine, it takes between 60 and 90 min to
reach a balance in LFV and plasma volume.3,10 Sec-
ond, in preliminary studies, most participants could
not remain still beyond 90 min due to discomfort. NC,
blood pressure, heart rate, and UA-XSA were mea-
sured before and after each experiment.

Data Analysis

During the study, we measured changes (D) in NC,
blood pressure, heart rate, and UA-XSA from base-
line. Within each group of men or women, we inves-
tigated variations in fluid volumes of each segment
over time. Within each group, the changes in blood
pressure, heart rate, NC, and UA-XSA from baseline
were compared by paired t tests for normally distrib-
uted data and Wilcoxon test for non-normally dis-
tributed data. Between sexes, the changes in blood
pressure, heart rate, NC, and UA-XSA from baseline
were compared by Student t-tests for normally dis-
tributed data and non-parametric ranked t test for
non-normally distributed data. To compare the chan-
ges in fluid volumes of each body segment between
sexes, we used analysis of covariance (ANCOVA).
ANCOVA is a generalized form of analysis of variance
(ANOVA) which is combined with regression analysis.
ANCOVA evaluates the difference between groups
while controlling for the effects of covariants. In our
models for either DLFV, DAFV, DTFV, or DNFV, sex
was included as the independent categorical factor and
age, weight, height, BMI, body segments’ lengths and
circumferences were included as the covariants to take
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into account differing anatomical factors between the
sexes.

To investigate the time course of fluid redistribution
over longer periods, different mathematical functions
were examined to model the changes in fluid volumes.
We found that a single exponential function was the
best fit, thereby suggesting first-order single-time con-
stant kinetics. For each subject, an exponential func-
tion was fitted to the variations in fluid volume of every
segment as FV(t) = FVend 2 FVend 9 exp(2t/s),
where t is time, FV is either DLFV, DAFV, DTFV, or
DNFV, and FVend is the expected final change in each
segment’s fluid volume. Depending on whether FV of a
particular segment increased or decreased, s repre-
sented the time constant of growth or decay of FV,
respectively. Mathematically, after 3s, FV would reach
95% of FVend; which can be considered as the time

required to reach the plateau point. For every indi-
vidual and every segment, r2 of the model and s were
calculated. To assess the time course of changes in
segmental fluid volumes, s for each segment was
compared between sexes. For AFV, analysis of
covariance was used to investigate whether patterns of
fluid accumulation in the abdomen were influenced by
sex or age. Statistical analyzes were performed by SAS
9.3 and a two-sided p value <0.05 was considered
significant. Data are presented as mean ± SD.

RESULTS

Characteristics of the Participants

Fifty two participants consented to participate in
the study. One participant declined to continue the
study before being instrumented. Eleven participants
had movement artefacts in at least one of the bioelec-
trical impedance signals, and their data were excluded.
A total of 40 participants completed the study; 20 men
and 20 women whose characteristics are shown in
Table 1. Age, systolic and diastolic blood pressure,
heart rate, UA-XSA and abdominal length were sim-
ilar for both sexes. Although weight, height, and BMI
were lower in women, the percent of ideal body
weight (IBW), a better means than BMI for comparing
body habitus between the sexes, was similar in men
and women. NC, the lengths of the leg, chest, and neck
as well as the baseline values of LFV, AFV, TFV and
NFV were lower in women than in men, as expected.

Fluid Redistribution in Various Body Segments
Over Time

In 7 healthy non-obese adults, estimates of below
the knee DLFV with our system were consistent with
the extra-cellular DLFV measured with a commercial
validated device.39.

Within Group Comparisons

Figure 2 depicts fluid redistribution in various body
segments over time. In women, LFV decreased, and
AFV, TFV, and NFV increased significantly after
90 min (DLFV, DTFV, and DNFV: p< 0.001, and
DAFV: p = 0.002). The exponential functions
describing variations in LFV, TFV, and NFV over
time had an average r2 of 0.99, 0.89, and 0.97 for
DLFV, DTFV, and DNFV, respectively. The time
constants of the exponential changes (s) in LFV, TFV,
and NFV were 67.2 ± 23.1, 63.9 ± 30.3, and
80.7 ± 44.4 min respectively. Based on these models,
after 7 h which could resemble the sleep duration,

FIGURE 1. Schematic illustration of the experimental time-
line and various measurements. Participants arrived at the
sleep laboratory in the early afternoon. While seated, their
heart rate and blood pressure were measured by an auto-
mated sphygmomanometer after which they were instru-
mented for bioelectrical impedance measurements. Before
beginning the experiments, participants stood up motionless
for 5 min. Then, they lay supine on a bed while awake with no
pillow. While supine and at the beginning and end of the
experiment, neck circumference (NC) was measured by tape
measure just above the cricothyroid cartilage and upper air-
way cross-sectional area (UA-XSA) was assessed using
acoustic pharyngometry. During experiments, leg, abdominal,
thoracic, and neck fluid volumes (LFV, AFV, TFV, and NFV,
respectively) were recorded continuously and simultaneously
using bioelectrical impedance measurements. Measurements
of blood pressure and heart rate were repeated at the end of
study.
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DLFV, DTFV, DNFV would be (mean ± SE)
2186 ± 13, 67 ± 8, and 20 ± 2 ml, respectively.
However, neither an exponential nor any other model
could be fitted to DAFV, because the patterns of fluid
accumulation in the abdomen were highly variable
among participants. After 90 min, NC increased
0.3 ± 0.3 cm (p< 0.001), but UA-XSA did not change
significantly (Fig. 3). Also there were significant
increases in systolic (7.3 ± 5.9 mmHg, p< 0.001),
diastolic (2.1 ± 4.2 mmHg, p = 0.049), and mean
arterial (3.9 ± 3.8 mmHg, p< 0.001) blood pressures
and a decrease in heart rate (27.4 ± 7.6 bpm,
p = 0.001) after 90 min.

Similar to women, LFV decreased, while TFV andNFV
increased significantly (p<0.001) after 90 min in men
(Fig. 2). However, in contrast to women, there was no
increase in AFV after 90 min (p = 0.540). Similar to wo-
men, exponential functions were the bestmodels to describe
the pattern of DLFV, DTFV, and DNFV over time; the
average r2 of exponential models for DLFV, DTFV, and
DNFV were 0.99, 0.94, and 0.97, respectively. The time
constants (s) of DLFV, DTFV, and DNFV were
71.5 ± 24.1, 105.3 ± 105.3, and 106.4 ± 71.9 min, respec-
tively. Furthermore the models predicted that after 7 h,
DLFV, DTFV, and DNFV would be (mean ± SE)
2219 ± 16, 110 ± 13, and 28 ± 3 ml, respectively. Similar
to women, after 90 min, there was a significant increase in
NC (0.6 ± 0.3 cm, p<0.001, Fig. 3), but in contrast to
women, there was a significant decrease in UA-XSA
(20.4 ± 0.7 cm2, p = 0.003, Fig. 3). Similar to women,

therewere significant increases in systolic (8.1 ± 7.6 mmHg,
p = 0.001), diastolic (5.3 ± 6.2 mmHg, p = 0.004), and
meanarterial (6.2 ± 6.4 mmHg,p = 0.001)bloodpressures
and a decrease in heart rate (28.3 ± 9.1 bpm, p = 0.002)
after lying supine for 90 min.

While in all participants, LFV decreased and TFV
and NFV increased over time, the pattern of fluid
accumulation in the abdomen varied among partici-
pants. Variations in the fluid content of the abdomen
appeared to represent a balance between outflow of
fluid from the abdomen to the chest; and the inflow of
fluid to the abdomen from the legs. We found two
main patterns of variation in DAFV (examples are
shown in Fig. 4). In the first type, there was an initial
reduction in AFV followed by an increase in AFV after
90 min (Fig. 4a, d2) that was greater than the initial
decrease in AFV (Fig. 4a, d1). As a consequence, there
was a net increase in AFV so that the abdomen had
some reservoir capacity. This pattern was observed in
35 participants, 20 women aged 36.3 ± 8.9 years and
15 men aged 34.5 ± 10.1 years. In the second type,
there was continuous outflow of fluid from the abdo-
men and as a consequence, there was a net reduction in
AFV (Fig. 4b). In this case, the abdomen did not act as
a reservoir, but as a conduit for fluid. This pattern was
observed in five participants, all men aged
50.2 ± 7.7 years. The results of ANCOVA showed
that the interaction between age and sex was signifi-
cantly different between participants with different
patterns of fluid accumulation in the abdomen (Age *

TABLE 1. Baseline characteristics of the subjects.

Variable

Women (n = 20) Men (n = 20)

p valueMean ± SD Range Mean ± SD Range

Age (years) 36.3 ± 8.9 [23–52] 38.4 ± 11.7 [24–62] 0.258

Weight (kg) 62.9 ± 8.9 [47.4–77.6] 81.6 ± 14.8 [59.8–119.1] <0.001

Height (cm) 167.1 ± 5.7 [157.0–180.0] 181.2 ± 8.4 [166.0–196.0] <0.001

BMI (kg/m2) 22.5 ± 2.8 [18.1–27.5] 24.8 ± 4.0 [18.9–34.6] 0.041

IBW (%) 106.9 ± 13.4 [86.1–130.5] 111.0 ± 17.9 [84.0–154.0] 0.413

SBP (mmHg) 102.6 ± 10.3 [86.3–125.0] 108.4 ± 11.9 [92.7–133.3] 0.143

DBP (mmHg) 68.1 ± 5.5 [58.7–81.7] 72.5 ± 9.8 [56.0–90.7] 0.121

HR (beats/min) 70.0 ± 8.0 [58.0–85.7] 68.7 ± 10.8 [48.0–91.7] 0.697

NC (cm) 34.2 ± 2.0 [31.4–40.0] 41.1 ± 3.3 [36.2–49.0] <0.001

UA-XSA (cm2) 2.8 ± 1.0 [1.8–5.7] 3.1 ± 1.4 [1.6–8.3] 0.164

Leg length (cm) 56.3 ± 3.4 [48.0–63.0] 60.4 ± 3.5 [55.5–69.0] 0.001

Abdominal length (cm) 18.9 ± 2.5 [13.0–23.5] 20.6 ± 3.3 [15.0–26.5] 0.068

Thoracic length (cm) 20.6 ± 2.1 [17.0–25.0] 24.6 ± 3.2 [18.0–29.0] <0.001

Neck length (cm) 11.3 ± 1.3 [9.8–14.0] 12.1 ± 1.6 [9.0–16.0] 0.039

LFV (ml) at baseline 1974.1 ± 238.8 [1624–2480] 2424.4 ± 486.0 [1802–3989] <0.001

AFV (ml) at baseline 986.1 ± 216.4 [569–1423] 1263.0 ± 316.6 [847–1979] 0.003

TFV (ml) at baseline 1410.9 ± 298.8 [865–1947] 2317.4 ± 613.5 [1349–3809] <0.001

NFV (ml) at baseline 215.5 ± 30.3 [166–278] 274.4 ± 67.2 [178–486] <0.001

BMI body mass index, IBW, % Percent of ideal body weight, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial

pressure, HR heart rate, NC neck circumference, UA-XSA upper airway cross-sectional area, LFV leg fluid volume (right leg), AFV abdominal

fluid volume, TFV thoracic fluid volume, NFV neck fluid volume.
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Sex: p = 0.010). This indicated that in older men, the
abdomen acted more as a conduit than as a reservoir.

Between Group Comparisons

After 90 min, the increases in blood pressure and
the decrease in heart rate were similar in men and
women. Table 2 shows the effect of different anthro-
pometric factors on the changes in LFV, AFV, TFV,
NFV, NC, and UA-XSA after 90 min. Men had a non-
significant tendency for more fluid coming out of their
legs than women (p = 0.079); other factors such as age,
weight, height and the physical dimensions of the leg
did not have a significant effect on the changes in LFV.
There was a borderline significant tendency for a
greater increase in AFV in women than in men after
90 min (p = 0.053). Age was the other factor that
significantly affected the amount of fluid accumulation
in the abdomen; older participants accumulated less
fluid in their abdomen after 90 min. Compared to
women, men had greater increases in TFV and NFV

(p = 0.016 and p = 0.029, respectively, Table 2 and
Fig. 2), as well as a greater increase in NC (p = 0.009,
Fig. 3a). None of the other anthropometric factors had
any significant effect on the DTFV or DNFV (Table 2).
While men accumulated more fluid in their neck with a
significant decrease in UA-XSA, the decrease in UA-
XSA did not differ significantly between the sexes
(Fig. 3b).

Mathematical modeling beyond 90 min predict that
while after 7 h the decreases in LFV would be similar
in men and women, men would experience greater
increases in TFV and NFV than women (p = 0.030
and p = 0.018, respectively). For all segments, s was
similar between the sexes; which indicates that the time
for the fluid changes to reach the plateau is indepen-
dent of sex. Based on the models, DLFV, DTFV, and
DNFV would reach 80% of their final value after 110
min, 140 min, and 120 min, respectively. Including
data of all participants, the increase in NC after 90 min
correlated significantly with the increase in NFV
(r = 0.575, p = 0.002, Fig. 5).

FIGURE 2. Variations in fluid volumes of different segments after lying supine for 90 min. This figure shows the absolute values
of changes in segmental fluid volumes after lying supine for 90 min relative to the baseline (time 0 after lying supine): (a) leg fluid
volume (DLFV), (b) abdominal fluid volume (DAFV), (c) thoracic fluid volume (DTFV), and (d) neck fluid volume (DNFV). Data are
presented as mean 6 SE. The average r2 of exponential models for DLFV, DTFV, and DNFV were >0.90 in all subjects. The results
show that for similar amount of fluid coming out of the legs in both men and women (a), men accumulate more fluid in their thorax
(c) and neck (d). However, neither an exponential nor any other model could be fitted to DAFV, because the patterns of fluid
accumulation in the abdomen were highly variable among subjects.
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DISCUSSION

This study has given rise to important and novel
findings with implications for physiological monitor-
ing. First, we demonstrated that patterns of fluid
redistribution while supine within multiple body seg-
ments can be measured in real time by using bioelec-
trical impedance. Second, we found that for a similar
amount of fluid moving out of the legs while supine for
90 min, men accumulated significantly more fluid in
their thorax and neck than women. The differences
remained significant even after controlling for differ-
ences in the physical dimensions of the thorax and
neck, and other anthropometric factors between the
sexes. The greater increase in NFV was also associated
with a greater increase in NC in men than in women as
well as a reduction in UA-XSA in men that was not
observed in women. Third, our data demonstrated that
fluid redistribution out of the legs and its accumulation
in the thorax and neck followed exponential functions.
To our knowledge, this is the first study to investigate

the time course of fluid redistribution in various body
segments while supine. Based on the exponential
models, after 7 h supine which could resemble sleep
duration, there would be no difference between men
and women in the amount of fluid displaced from the
legs; however, men would accumulate more fluid in
their thorax and neck than women. These results
confirm our hypothesis that upon assuming the
recumbent position, men accumulate more fluid in
their thorax and neck than women.

Differing effects of sex on rostral fluid shift could be
one of the factors that put men at greater risk of
developing sleep apnea than women. Sleep apnea is a
common respiratory disorder, affects 5 and 10% of

FIGURE 3. Changes in neck circumference and upper airway
cross-sectional area after lying supine for 90 min. (a) Relative
to baseline, after lying supine for 90 min there was a signifi-
cant increase in neck circumference (DNC) in both sexes,
which was greater in men. (b) While after 90 min, upper airway
cross-sectional area (DUA-XSA) decreased significantly in
men, it did not change in women. However, the decrease in
UA-XSA did not differ between the sexes. The p values above
each bar represent the statistical significance of the changes
in NC and UA-XSA from baseline.

FIGURE 4. Different patterns of fluid accumulation in the
abdomen while lying supine. There were two patterns of
variations in abdominal fluid volumes (DAFV) after lying su-
pine for 90 min. In the first type (a), there was a net increase in
AFV so that the abdomen had some reservoir capacity. This
pattern was observed in 35 participants, 20 women aged
36.3 6 8.9 years and 15 men aged 34.5 6 10.1 years. In the
second type (b), abdomen acted as a conduit for fluid and
there was continuous outflow of fluid from the abdomen. This
pattern was observed in older men (n 5 5, aged
50.2 6 7.7 years).
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women and men, respectively, and increases the risk of
cardiovascular morbidity and mortality.19,28,31 Re-
cently, we showed that rostral fluid shift out of the legs
could contribute to the severity of sleep apnea.49

Obstructive sleep apnea, the most common type of
sleep apnea, occurs due to repetitive upper airway
collapse during sleep. Rostral fluid shift out of the legs
increases NC,13,21,34 narrows the upper airway14,37,38

and increases its resistance5,20 and collapsibility;41,42 all
of which could contribute to the severity of obstructive
sleep apnea.7 Central sleep apnea, rare in the general
population, is common in fluid retaining states, such as
heart failure.54 Central sleep apnea occurs when PCO2

during sleep falls below the apnea threshold and results
in withdrawal of central drive to the respiratory mus-
cles. In heart failure patients with central sleep apnea

nocturnal fluid shift out of the legs is associated with a
low PCO2, presumably due to increases in pulmonary
congestion that would stimulate pulmonary vagal
irritant receptors that provoke hyperventilation,
reduce PCO2 and thereby predispose to central sleep
apnea.20,53

Both in the general population and in patients with
heart failure, obstructive sleep apnea is 2–3 times more
prevalent in men than in women52,54 for reasons not
fully understood. One factor appears to be that women
have a shorter pharynx than men which in theory
makes it less collapsible.27 On the other hand, the
luminal dimension is smaller in women30 which should
increase upper airway collapsibility. However, previ-
ous studies did not find any differences in upper airway
collapsibility between healthy men and women during
sleep or wakefulness.35,42 Sex hormones may be an-
other factor that contributes to differences in suscep-
tibility to obstructive sleep apnea between the sexes.
However, neither androgen blockade nor administra-
tion of estrogen or progesterone alleviated obstructive
sleep apnea in men.36 Therefore, none of these factors
appears to fully explain the lower prevalence of
obstructive sleep apnea in women than men. The
present results suggest that the greater fluid accumu-
lation in the neck in association with a greater increase
in NC in men than in women, along with a reduction in
UA-XSA in men but not in women, could put men at
greater risk than women for upper airway obstruction
during sleep.

Central sleep apnea is more common in men than in
women with heart failure.54 Heart failure patients with
central sleep apnea usually hyperventilate and their
PCO2 is close to the apnea threshold. Therefore, slight
augmentations in ventilation can lower PCO2 below
the apnea threshold and trigger central apneas. We
found that in both men and women, TFV increased
exponentially over time. However, after 90 min, men
accumulated more fluid in the thorax than women. In
heart failure patients, increases in TFV could increase
left ventricular filling pressure, and induce pulmonary
edema that could, in turn, stimulate pulmonary vagal
irritant receptors provoking hyperventilation thus
predisposing to central sleep apnea.9,24,46 Hence,
greater increases in TFV in men than in women over
time could be one reason why men with heart failure
are at greater risk for central sleep apnea than women.
This possibility should be investigated in future stud-
ies.

Smaller increases in TFV and NFV in women than
in men could be partially due to a larger amount of
fluid sequestration in the abdomen in women. Our
results show that while AFV did not increase in men
after 90 min, it increased significantly in women. Go-
nadal veins of women are substantially larger than

TABLE 2. The results of ANCOVA (p values) for the effects of
different anthropometric factors on the changes in fluid vol-

umes after 90 min.

DLFV DAFV DTFV DNFV

Sex 0.079 0.053 0.016 0.029

Age 0.108 0.006 0.497 0.947

Weight 0.126 0.749 0.420 0.691

Height 0.404 0.510 0.358 0.475

BMI 0.094 0.898 0.598 0.508

Length 0.115 0.078 0.432 0.108

C1 0.357 0.255 0.214 0.854

C2 0.741 0.936 0.360 –

Bold items represent a two-significant p-value of <0.05.

Note that for measuring neck fluid volume, both C1 and C2 were set

as NC.

LFV leg fluid volume, AFV abdominal fluid volume, TFV thoracic

fluid volume, NFV neck fluid volume, NC neck circumference,

UA-XSA upper airway cross-sectional area, C1, C2 upper and

lower circumferences of each segment.

FIGURE 5. The relationship between changes in neck fluid
volume and circumference after 90 min lying supine. Con-
sidering data of all subjects, the increase in neck fluid volume
(DNFV) after lying supine for 90 min caused a significant
increase in neck circumference (DNC).
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those of men, and women have a large venous plexus
around the uterus absent in men with multiple con-
nections between the pelvic and leg venous systems.
Such anatomical venous capacitance in women could
have contributed to the lower amount of fluid shifting
from the legs to the thorax and neck than in men that
we observed. Nevertheless, the differences between the
sexes were quite small.

The pattern of fluid redistribution in the abdomen
was different from those of the other segments. In
women and in younger men the abdomen acted as a
fluid reservoir. However in older men (aged
50.2 ± 7.7 years), AFV decreased continuously over
time so that it acted more like a conduit for fluid
movement from the legs to more superior segments
than a reservoir. There were no differences in the
amount of fluid accumulating in the thorax or neck
after 90 min in participants with different patterns of
abdominal fluid accumulation. Therefore, the amount
of fluid accumulating in the abdomen could not
account for the differing amount of fluid that accu-
mulates in the thorax or neck.

We found that variations in LFV, TFV, and NFV
could be modeled as first order dynamic systems, with
exponential changes over time. The exponential mod-
els (time constants of 70–90 min when considering all
participants) imply rapid initial changes in fluid
redistribution followed by slower changes over time.
Based on these models, after the first and second hours
of recumbent position, more than 60 and 80% of fluid
would be redistributed out of legs into the thorax and
neck. Recently, Jafari et al. showed that in 65 patients
there was no change in sleep apnea severity from the
first 2 h to the last 2 h of sleep.16 They concluded that
because there was no increase in sleep apnea severity,
as assessed by the number of apnea and hypopneas per
hour of sleep, between the first and last 2 h of sleep,
fluid redistribution into the neck could not be playing a
role in sleep apnea severity. However, since they did
not measure fluid volumes of either leg or neck they
could not make assumptions about degree and timing
of overnight fluid movement. Also, they assumed a
linear change in fluid volumes over time. Based on our
model, the change in NFV in the first and last 2 h of
sleep (for all participants) would be 17.4 ± 4.6 and
1.1 ± 2.0 ml (p< 0.001). Therefore, since the increase
in NFV in the last 2 h of sleep compared to the first 2 h
of sleep is negligible, one would not expect a change in
sleep apnea severity from the beginning to the end of
sleep in association to rostral fluid shift. In addition,
two studies demonstrated that compression stockings
reduced sleep apnea severity in association with
reductions in overnight fluid shift out of the legs and
attenuation of the overnight increase in neck circum-
ference. Those data demonstrate that rostral fluid shift

does play a role in the pathogenesis of obstructive sleep
apnea.32,33

Our study is subject to some limitations. First,
currently there is no device that measures both intra-
and extra-cellular fluid volumes in various body seg-
ments simultaneously and continuously. The system
that we used is based on single frequency measure-
ments of bioelectrical impedance which can measure
extracellular fluid. We validated our system against a
commercially available device that uses multi-fre-
quency bioimpedance analysis to measure leg fluid
volume (Xitron 4200, Hydra ECF/ICF, Xitron Tech-
nologies Inc., San Diego, CA).39,50 We found that
extracellular leg fluid volumes measured by our system
correlated strongly with the extracellular fluid volume
measure by the other device. Further work will be
needed to develop devices using multi-frequency bio-
impedance analysis to measure both intra- and extra-
cellular fluid volumes of various body segments
simultaneously and continuously.

The other limitation of making continuous real-time
measurements of bioelectrical impedance is its sensi-
tivity to motion artifact. To overcome this problem, we
restricted participants from moving during the study to
assure stability and validity of the impedance record-
ings. Accordingly, the recording period was limited to
90 min because we found, in preliminary studies, that
most participants became very uncomfortable and
could not remain immobile beyond this time. For the
same reason, we could not investigate the influence of
recumbent body positions other than supine, or the
effects of sleep on the fluid redistribution patterns,
since during sleep, participants will move from time to
time. Future studies should investigate whether the
pattern and time-course of rostral fluid shift differs
between sleep and wakefulness. We also did not mea-
sure the hematocrit levels in every individual to esti-
mate blood resistivity (q); but we used the previously
estimated values for extracellular resistivity
(q = 47 X cm for both sexes).6 However since sex
could affect q, we repeated the measurements of fluid
volume assuming different resistivity for men
(q = 40.3 X cm) and women (q = 42.3 X cm).11,50

However, taking into account these potential differ-
ences in resistivity between men and women did not
alter the differences between them based on our ori-
ginal analysis in which we assumed the same resistivity
for both sexes: after 90 min, DLFV was similar
between sexes (p = 0.210), there was a trend for larger
DAFV in women (p = 0.067), and men accumulated
more fluid in their thorax and neck than women (TFV:
p = 0.024, NFV: p = 0.037).

Since urine volume could affect the measurement of
AFV, we asked subjects not to drink energy drinks and
caffeine on the day of experiments, and all subjects
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voided before starting the experiments. It is neverthe-
less possible that bladder volume might have had a
small effect on our AFV measurements.

The main objectives of our study were to investigate
the feasibility of bioelectrical impedance to measure
neck fluid volume, to examine the dynamics of rostral
fluid shift, and to investigate whether men and women
have different patterns of rostral fluid shift due to
anatomical differences in their abdomen. For feasibil-
ity purposes and to control for other factors that could
affect the measurement, we limited our studies to
awake subjects and those with no diagnosed history of
sleep apnea. Based on these findings that even in awake
healthy subjects, sex plays an important role on the
amount of fluid accumulating in the chest and neck,
future studies should investigate the potential roles of
different patterns of segmental fluid accumulation on
the severity of obstructive and central sleep apnea in
men and women.

In conclusion, we found that for a similar amount of
fluid moving out of the legs, men accumulate more
fluid in their thorax and neck in association with a
bigger increase in NC than women. In men, unlike
women, this increase in neck circumference was
accompanied by narrowing of the upper airway. The
present findings along with those of our previous
studies,25,50 suggest that differences in patterns of
recumbent fluid redistribution may contribute to the
higher prevalences of obstructive and central sleep
apnea in men than in women. Further interventional
studies will be required to determine whether fluid
accumulation in the thorax and neck affects the path-
ophysiology of sleep apnea and whether prevention of
fluid movement out of the legs and into the thorax and
neck may have a greater effect on sleep apnea severity
in men than in women.
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