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Abstract

Background: Direct assessment of the effect of postural
changes on interstitial fluid pressure (IFP) in the human
skin under physiological conditions is important for the
understanding of mechanisms involved in diseases re-
sulting in lower limb edema. Previous techniques to
measure IFP had limitations of being invasive, and acute
measurements were not possible. Here we describe the
effect of postural changes on IFP in the skin of the foot
using the minimally invasive servonulling technique. Re-
sults: Measurements were performed in 12 healthy sub-
jects. IFP (means = SD) was significantly higher in the
sitting (5.1 = 2.9 mm Hg) than in the supine position (-0.3
+ 3.6 mm Hg, p = 0.04) when measured in the sitting
position first. The difference between the sitting and the
supine position was not significant when measurements
were taken in the supine position first [from 1.0 = 4.3
(supine) to 3.6 £ 6.7 mm Hg (sitting), p = 0.46]. Sponta-
neous low-frequency pressure fluctuations occurred in
58% of the recordings during sitting, which was almost
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twice as frequent as in the supine position (33%; p =
0.001), while no effects on lymphatic capillary network
extension were observed (p = 0.12). Conclusion: Using
the servonulling micropressure system, postural effects
on IFP can be directly assessed. IFP is higher in the sit-
ting position, but differences are influenced by the time
in the upright position.

Copyright © 2006 S. Karger AG, Basel

Introduction

Postural homeostasis of interstitial fluid pressure (IFP)
is regulated by a variety of mechanisms. A rise in arterial
and/or venous pressure, resulting in increased capillary
pressure and net filtration, is counteracted primarily and
directly by colloid osmotic forces opposing filtration
across the endothelial glycocalyx [1]. Moreover, indirect
effects mediated through changes in the ‘Starling forces’,
including hydrostatic and colloid osmotic pressures of
capillary blood and interstitial fluid, play a role [2]. The
‘edema-preventing mechanisms’ are thought to consist of
various regulatory factors [3]. These include (i) the veno-
arteriolar response, a local autoregulatory precapillary
vasoconstriction in response to the upright position that
decreases capillary net filtration [4, 5]; (ii) increases in
colloid osmotic pressure of blood and reduced interstitial
fluid colloid osmotic pressure [6]; (iii) a greater lymphatic
density [7], and (iv) increased lymphatic contractility [8,
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Fig. 1. Representative original recordings of IFP
IFP measurements of the human skin at the
dorsum of the foot (above) and respiration
changes (below) obtained in a healthy vol- -10
unteer in the supine (left) and the sitting
(right) position. In the supine position, no
spontaneous low-frequency fluctuations
and only small respiration-related changes
were seen compared to the sitting position
(dotted lines indicate respiration-related
fluctuations, and arrows low-frequency
fluctuations).
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9]. Disturbances in these regulatory factors result in fluid
accumulation and edema via increases in interstitial fluid
volume and IFP [3]. Although changes in IFP have been
investigated in humans and only little changes in IFP as-
sessed by the ‘wick-in-needle’ method have been shown,
it 1s still unclear whether IFP may function as a preload
of the lymphatic system [10]. Data on measurements of
the effects of acute postural changes on IFP in humans
are not available, and it is not known whether low-fre-
quency fluctuations occur in interstitial fluid. Therefore,
we studied these parameters with the servonulling micro-
pressure system in combination with microlymphogra-
phy in healthy volunteers.

Methods

Human Subjects

The study comprised 12 healthy volunteers (8 women and 4
men; mean age: 32 years, range 21-59 years). None of the subjects
had a history or clinical findings of venous, lymphatic, arterial or
inflammatory diseases of the lower extremities or any other sys-
temic diseases. Subjects were nonsmokers and not taking any med-
ication including oral contraceptives. Each individual gave written
informed consent to the study, which was approved by the Ethics
Committee of the University Hospital Zurich.

Microlymphography

All measurements were performed between 8 and 11 a.m. In-
tervals from rising to measurement could vary. Volunteers were
asked to rest at least 8 h at night before the examination. The par-
ticipants of the study were asked to limit physical activities before
the examinations, i.e. to use public transport or a car (instead of a
bicycle) as well as to refrain from working 12 h before the examina-
tion started. Before the interstitial tissue could be punctured, the
lymphatic capillary network of the skin had to be visualized by the
fluorescence microlymphography (FML) technique to avoid punc-
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turing of microlymphatics [11]. The lymphatic capillaries were
filled using fluorescein isothiocyanate (FITC)-Iabeled dextran (mo-
lecular weight: 150,000; Sigma, St. Louis, Mo., USA); 0.01 ml of
FITC-labeled dextran (25% w/v in sterile saline) were injected into
the upper dermis of the skin using a steel microneedle (0.2 mm
outer diameter; Bott, Zurich, Switzerland). The microlymphatics
were filled with FITC-labeled dextran, which acted as a contrast
medium as it passed from the initial depot site to the lymphatic
capillaries. Due to the draining of the dye in the lymphatic capil-
laries and the time difference from the sitting to the supine position
or reverse, FML measurements had to be repeated in the second
position. The second injection site was in the same foot at a maxi-
mum distance of 2-3 cm from the previous injection site. Video
recordings were obtained using fluorescence video microscopy.

The maximal visible extension distance of the fluorochrome in
the microlymphatic network was measured during the examina-
tion, 10 min after dye injection [11]. The reference point for the
network extension was the border of the dye depot.

Measurements of Interstitial Fluid Pressure

The method for obtaining IFP measurements has been previ-
ously reported in detail for lymphatic capillary pressure measure-
ments [8, 12] and for IFP [13, 14]. IFP was measured using the
servonulling pressure system (model 5A; IPM, San Diego, Calif.,
USA), a counter-pressure pump (type 203; Lung Dynamics Sys-
tems, Royston, UK), a pressure transducer (Spectra Med P 23 XL,
Oxnard, Calif., USA) and a pressure amplifier (Biophysical Uni-
versal Amplifier 13-4615-58; Gould, Cleveland, Ohio, USA). A
glass micropipette with a tip diameter of 7-9 um was inserted into
a lymphatic capillary-free area, which was well delimited by lym-
phatic capillaries by means of a micromanipulator (Leica, Glatt-
brugg, Switzerland). IFP was measured after connection to the ser-
vonulling system [13, 14]. The interstitial areas selected for micro-
puncturing were at least 2.5 mm away from the initial FITC-labeled
dextran depot to avoid artifacts. The needle was inserted into the
interstitial space in areas with regular and intact meshes of well-
depicted lymphatic capillaries at an approximate depth of 200 wm.
Due to the counter-pressure effects there are small high-frequency
oscillations in the recordings (fig. 1).
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Fig. 2. Individual changes in IFP from the sitting to the supine po-
sition (left, p = 0.04) and from the supine to the sitting position
(right, p = 0.46) measured at the ankle in 12 healthy volunteers.

IFP measurements were performed with the subjects in supine
and sitting positions after a resting period of at least 20 min in each
position; the volunteers actively adopted the new posture. Subse-
quently, pressure measurements were carried out and could last up
to 1 h. Maximum time in one position was therefore 90 min (mean
60 % 30 min). All investigations were performed in a temperature-
controlled room with a mean temperature of 22-24°C.

The starting position (either sitting or supine) was chosen at ran-
dom. In 6 subjects, IFP measurements were taken first in the sitting
and subsequently in the supine position; in the remaining 6, the or-
der was reversed (first supine and then sitting). The site of pressure
measurements was the distal forefoot. The dorsal aspect of the leg
was embedded in a vacuum pillow (Wiedmer, Riischlikon, Switzer-
land) to avoid movement artifacts. For measurements in the sitting
position with the leg dependent, the subject was seated on a chair
placed on a table, which provided comfortable working conditions
for micropuncturing. During sitting the angle between calf and thigh
was about 100° and there was no tourniquet effect on the thigh. The
correct interstitial position of the micropipette was checked by the
servonulling system itself: the feedback gain of the servo-controlled
counter-pressure system could be varied without changing the re-
corded pressure provided that the tip of the micropipette was lo-
cated in a liquid-filled space [12, 14]. All measurements were per-
formed under microscopic control. If the skin surface was out of the
planar focus due to movements, records were discarded. Only stable
measurements of a minimum period of 20 s were included. Mean
IFP was calculated from measurements in at least two different ar-
eas per subject in each position. The values of each individual for
each position were averaged (fig. 2).

Two patterns of IFP fluctuations were detected: respiration-re-
lated pressure changes and spontaneous low-frequency fluctuations
[15]. Low-frequency fluctuations are considered IFP changes in
amplitude >3 mm Hg compared to baseline lasting >5 s (fig. 1). For
each recording, two different persons without knowing the body
position visually analyzed the recordings for the presence or ab-
sence of respiration-related and spontaneous low-frequency fluc-
tuations. Incidence and frequency of IFP fluctuations were deter-
mined by counting the respective pressure changes on hard copies
of the chart recorder. Respiratory movements of the chest were re-

Interstitial Fluid Pressure Fluctuations in
Humans

corded by photocells, and IFP and respiration rates were simulta-
neously registered (chart speed 1 mm/s) on a four-channel recorder
(Brush 2600S Recorder; Gould). Systemic blood pressure was mea-
sured on the upper arm in both postures, using the Riva-Rocci
technique.

Statistics

Results are presented as means * SD. Statistical analyses were
performed using a statistical program (StatView 4.57, Abacus Con-
cepts, Berkley, Calif., USA). Data obtained from different positions
per group were compared using the Wilcoxon signed rank test. In-
tergroup (supine-sitting vs. sitting-supine) comparisons were done
using the Mann-Whitney U test. Differences in the occurrence of
IFP fluctuations were examined using the ¥ test. A p value <0.05
was considered significant.

Results

IFP was calculated from measurements obtained in 12
volunteers. The mean IFP was calculated from 33 inter-
stitial areas in the supine position (2 areas in 6 subjects,
3 areas in 3 subjects and 4 areas in 3 subjects) and 31 ar-
eas in the sitting position (2 areas in 7 subjects, 3 areas in
3 subjects and 4 areas in 2 subjects). Duration of IFP
measurements was 164 = 75 (supine position) and 156
+ 82 s (sitting position). The maximal visible transport
distance of the fluorochrome in the lymphatic capillary
network was independent of the starting condition and
without differences in the upright or supine position (p =
0.89, network extension, table 1). Representative exam-
ples of measurements in the sitting and supine position
recorded in 1 study subject are shown in figure 1.

The effects of postural differences on IFP were only
significant when measurements were started in the sitting
position [from 5.1 *+ 2.9 (sitting) to —0.3 = 3.6 mm Hg
(recumbent); p = 0.04; n = 6] but not when IFP was mea-
sured in the recumbent position first [from 1.0 * 4.3 (re-
cumbent) to 3.6 = 6.7 mm Hg (sitting); p = 0.46; n = 6;
fig. 2]. In the supine-to-sitting group, 3 subjects showed
an increase in IFP in the sitting position, whereas the 3
other subjects of the same group demonstrated a lower
IFP. In the sitting-to-supine group, only 1 subject had a
lower IFP in the sitting compared to the supine position.
There was no significant difference in IFP between the
two groups regarding the sitting position (supine-sitting
vs. sitting-supine: 3.6 * 6.7 vs. 5.1 = 2.9 mm Hg, p =
0.63), nor in the supine position (supine-sitting vs. sitting-
supine: 1.0 = 4.3 vs. -0.3 £ 3.6 mm Hg, p = 0.68).

Two IFP fluctuation patterns were analyzed as present
or absent in both positions. Respiration-related fluctua-
tions in IFP in the sitting position were observed in 20 of
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Table 1. Effect of postural changes from the supine to the sitting position and vice versa (12 healthy volunteers)

IFP, mm Hg Network  Respiration Respiration-related fluctuation  Spontaneous fluctuations Blood pressure, mm Hg
tension® rat

sitting-supine supine-sitting i)lcn?nswn ;a;eeaths it frequency amplitude frequency amplitude  systolic diastolic

(n=6) (n=6) cycles min~'  mm Hg cycles™! mm Hg
Supine -0.3*3.6 1.0%x4.3 6.3+£23 175 142+6.6 5.9+33 1.5+0.6 5.5+5.1 108+13 70+ 10
P value 0.04 0.46 0.12 0.75 0.39 0.39 0.27 0.28 0.28 0.13
Sitting 5.1x29 3.6x6.7 8.3+x54 16%6 12.7+7.7 5.0+3.1 1.6+0.8 5.7+x32 1108 74+8

Means *+ SD.

4 Maximal extension of lymphatic capillary network (10 min after dye injection).

the 31 measurements (60%), with a tendency to decrease
while being supine (35%), however, this decrease was not
statistically significant (p = 0.09). By contrast, the inci-
dence of these low-frequency fluctuations during sitting
was significantly higher than in the supine position (58
vs. 33%, p=0.001), whereas the mean frequency of spon-
taneous pressure fluctuations showed no changes from
the supine to the sitting position (1.5 = 0.6 to 1.6 = 0.8
cycles min~!, respectively, p = 0.27; table 1). The mean
amplitude of low-frequency fluctuations was 5.5 *+ 5.1
and 5.7 + 3.2 mm Hg in the supine and sitting position,
respectively (p = 0.28, table 1).

The mean respiratory frequency was 17 * 5 breaths/
min in the supine and 16 * 6 breaths/min in the sitting
position. The mean difference between the heart level and
the site of the measurement in the sitting position was 92
+ 4 cm (range 82—-100 cm). Skin temperature at the mea-
surement site averaged at 31.6 £ 1.8°C and did not sig-
nificantly differ between sitting and supine positions.

Discussion

This study demonstrates that in humans acute pos-
tural changes affect IFP measured by microlymphogra-
phy and the servonulling micropressure system. Mean
IFP changes ranged from 2.6 to 5.4 mm Hg and showed
great interindividual differences. More prominently, the
occurrence of IFP fluctuations depended on the posture.

It has been suggested that IFP acts as a lymphatic pre-
load contributing to lymphatic contractile activity [16].
IFP Measurements have been performed using either the
‘wick-in-needle’ or the servonulling micropressure sys-
tem [10, 17]. However, the effect of body posture on hu-
man skin IFP has been investigated solely by the ‘wick-
in-needle’ method, and the occurrence of low-frequency
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oscillations has not been reported [10, 18]. In these stud-
ies, IFP averaged at —1.3 £ 1.6 mm Hg on the thorax and
—-0.4 = 2.5 mm Hg at the ankle, and postural differences
were only small.

We combined FML and the servonulling micropres-
sure technique, because the combination offers the ad-
vantage of visualizing initial lymphatics and defining the
interstitial space from well-delimited areas of complete
lymphatic meshes. In addition, the servonulling micro-
pressure system allows acute measurements that are less
invasive than those using the ‘wick-in-needle’ method.
Although absolute IFP values might be overestimated
due to the injection of FITC-labeled dextran into the in-
terstitial space, the IFP values found in our study were
slightly higher but still comparable to those reported by
Noddeland [10]. As we injected exactly the same volume
in both positions, the relative changes in IFP were un-
likely to be affected by the dye, although removal of the
dye might differ between the two positions due to depen-
dency and therefore increased lymphatic contractility. A
second surprising finding of these experiments was that
the order of measurements (supine-to-sitting vs. sitting-
to-supine) influenced the postural effects on IFP. These
changes were greater in the sitting-to-supine order. The
small number in each group (n = 6) and the rather great
interindividual variance does not allow to draw a conclu-
sion about that time period in the upright position before
the resting period may affect the adjustment of a stable
homeostasis between microvasculature and interstitial
space. Acute changes in IFP are small compared to hy-
drostatic pressure changes in the circulating blood, and it
remains to be determined which mechanisms are in-
volved, as some changes take much more time to adapt,
1.e. changes in colloid osmotic pressure. Different mecha-
nisms that contribute in temporally different sequences
might explain in part why the differences occurred be-
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tween the two sequences of measurements. Although
there was a slight but significant difference in the sitting-
to-supine order, we were overall not able to demonstrate
a significant difference due to postural changes. Besides
the already mentioned fact that different mechanisms
regulating postural IFP hemostasis act at different times,
alarger study cohort (and therefore larger subgroups) may
be required to detect minor differences.

Servonulling micropressure and FML measurements
have added new insights into lymphatic function in both
health and disease [11, 12, 19]. Lymph capillary pressure
has been demonstrated to be increased in patients with
lymphedema (15.0 = 5.1 mm Hg) [19] compared to
healthy subjects (mean 4.0 = 4.5 mm Hg) [12]. More-
over, the effects of postural changes on human lymphatic
capillary pressure showed that lymphatic pressure signif-
icantly increased from the supine (3.9 * 4.2 mm Hg) to
the sitting position (9.9 = 3.0 mm Hg) [8]. In the same
study our group found an increased occurrence of intrin-
sic contractile activity in the sitting position with 89%
compared to 54% in the supine position [8]. In the pres-
ent study, spontaneous low-frequency fluctuations were
also present in the interstitial space and they were depen-
dent on the posture, although their occurrence was lower
for both positions for IFP compared with previous mea-
surements in lymphatic pressure. It is reasonable to spec-
ulate that the greater lymphatic density in the lower ex-
tremities compared to the upper extremities [7] as well as
increased postural lymphatic contractility [8, 9] might
contribute to the interstitial fluid balance in the sitting
position.

The occurrence of spontaneous low-frequency fluctua-
tions in the interstitial space could be explained by the
anatomy and physiology of the interstitium and micro-
lymphatics. Lymphatic endothelial cells are tightly con-
nected to the surrounding interstitial matrix by fine
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