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Abstract 

This paper describes a new combined impedance plethysmographic 

(IPG) and electrical bioimpedance spectroscopic (BIS) instrument 

and software that will allow noninvasive real-time measurement of 

segmental blood flow, intracellular, interstitial, and intravascular 

volume changes during various fluid management procedures. The 

impedance device can be operated either as a fixed frequency IPG 

for the quantification of segmental blood flow and hemodynamics 

or as a multi-frequency BIS for the recording of intracellular and 

extracellular resistances at 40 discrete input frequencies. The 

extracellular volume is then deconvoluted to obtain its intra-

vascular and interstitial component volumes as functions of elapsed 

time. The purpose of this paper is to describe this instrumentation 

and to demonstrate the information that can be obtained by using 

it to monitor segmental compartment volume responses of a pig 

model during simulated hemorrhage and resuscitation. Such 

information may prove valuable in the diagnosis and management 

of rapid changes in the body fluid balance and various clinical 

treatments. 
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Introduction 

Shock and hemorrhage are two of the leading causes of 

death of civilian and military personnel following trauma or 

injury. Shock is identified with circulatory insufficiency 

defined by sufficiently severe tissue ischemia that tissue 

oxygen needs are not met producing oxygen debt, and 

ultimately tissue damage and multi-organ system failure. 

The paragon and most studied cause of circulatory failure is 

hemorrhagic shock in which progressive hypovolemia and 

reduced numbers of red blood cells jointly decrease oxygen 

carrying capacity.  

While the use of vital signs such as heart rate, blood 

pressure, temperature, and respirations comprise the 

hemodynamic quantities classically evaluated in hemor-

rhagic shock, these quantities mostly reflect the integrated 

effects of fundamental changes in blood flows and blood 

volumes that are progressively perturbed during the stages 

of blood loss. Thus in their classic review of the 

hemodynamic and neuroendocrine consequences of hemor-

rhagic hypovolemia, Schadt and Ludbrook [1] refer to the 

earlier human venesection studies of Barcroft [2] in which 

rapid and highly controlled hemorrhage occurred in two 

phases: phase 1 or the sympathoexcitatory phase; and phase 

2 or the sympathoinhibitory phase. Together these closely 

mimic the sequence seen in simple vasovagal faint [3]. As 

indicated in the figure, total peripheral resistance (TPR), and 

HR increase, right atrial pressure (RAP)  and cardiac output 

(CO) decrease throughout early (mild) to middle (moderate) 
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hemorrhage while blood pressure is relatively well 

maintained.  

Blood pressure is thus the preferentially controlled 

variable at the expense of CO so that the largely 

autoregulated central nervous system (CNS) and heart 

regional blood flows are maintained. This is an 

acknowledged oversimplification both from the standpoint 

of vascular control mechanisms, which involve neuro-

humoral and local autocrine and paracrine systems, as well 

as autonomic regulatory mechanisms. Moreover, much 

more is now understood concerning the effects of 

hemorrhage on regional blood flow and blood volume 

distribution. Thus in his seminal work, Vatner [4] described 

only small increases in mesenteric (splanchnic) and iliac 

(peripheral vascular) arterial resistances in primates, with 

overall sustained cardiac output and TPR in mild 

nonhypotensive hemorrhage. These findings were later well 

explained by Shoukas [5], Hainsworth [6] and coworkers 

based on rapid mobilization of venous blood from the 

splanchnic reservoir in response to carotid sinus 

baroreceptor function. In Vatner’s hands moderate hypo-

tensive hemorrhage was associated with severely increased 

splanchnic and peripheral vascular resistance and more 

modestly increased coronary artery resistance. In severe 

shock arterial resistance is initially globally increased asso-

ciated with complete splanchnic emptying followed soon 

after by splanchnic ischemia and complete mobilization of 

blood reserves prior to complete collapse of peripheral 

resistance [7].  

A few conclusions: First, it appears that hemorrhage (at 

least under controlled laboratory conditions) progresses in a 

regular fashion as the result of changes in regional blood 

flows and blood volumes. Second, one might therefore infer 

that measuring blood volumes within regional different body 

segments can be used to monitor the progress of 

hemorrhage and/or resuscitation.  

Recently electrical bioimpedance spectroscopy (BIS) was 

validated [8] and used [9,10] to monitor fluid shifts between 

the intracellular, interstitial and intravascular compartments 

during dialysis. The ZSpec-2, (UFI Inc., Morro Bay, CA) 

combines two bioimpedance instruments into a single 

device. It combines a fixed frequency impedance plethysmo-

graph and a multi-frequency electrical bioimpedance 

spectrograph into one unit.  

The IPG mode was used to quantify total segmental 

conductive volume. The BIS mode was used to monitor 

segmental intracellular and extracellular compartment 

volumes as is done by other BIS devices. Our proprietary 

software was then used to divide the extracellular 

compartment volume into its intravascular and interstitial 

components. This same instrumentation was used in this 

study to demonstrate that it can monitor relative changes in 

interstitial and intravascular compartment volumes during 

hemorrhage and subsequent infusion of resuscitation fluids. 

Recent work has shown that spectroscopic bioimpedance 

measurements of the calf can be used to monitor body 

composition [11], fluid overload [12] and the fluid status of 

hemodialysis patients [13,14] in humans. These studies 

concluded that the calf segment is a good place to make such 

measurements and provide results that reflect whole body 

fluid changes.  

 

Materials and Methods  

Our hypothesis is that compartment volume changes during 

hemorrhage and resuscitation can be followed by the use of 

our ZSpec-2 bioimpedance spectroscopic instrumentation. 

A series of pig studies was conducted to demonstrate 

the ability of the ZSpec-2 to monitor relative volume and 

blood flow changes in the calf of pigs and to confirm that the 

ZSpec-2 could be used to monitor changes in intracellular, 

interstitial, and intravascular compartments volumes. Three 

types of tests (one animal each day) were completed during 

which the pig was supine and anesthetized:  
 

1) with the electrodes placed on the torso [Figure 1A] to 

monitor the fluid changes in the torso during simulated 

hemorrhage, 

2) with the ZSpec-2 located on the calf segment [Figure 1B] 

during simulated hemorrhage to show that the volume 

changes in the calf are representative of those that take 

place in the torso, and   

3) with the device located on the calf during infusion of 

Hespan followed by infusion of saline [Figure 1B] to 

confirm that the ZSpec-2 can differentiate between 

intravascular volume increases produced by Hespan and 

increases produced in the intravascular and interstitial 

compartments during infusion of saline.  

 

Simulated Hemorrhage   

The general approach in this protocol was that pig were 

hemorrhaged using the Isobaric Wiggers Model [15,16] to 40 

mmHg in 15 minutes. In the Wiggers model, which is a 

controlled hemorrhage model, the animal is hemorrhaged to 

a mean arterial pressure of 40 mmHg and typically held there 

while different physiological phenomena are investigated, 

then resuscitated. In this protocol, the animal was not held 

at this pressure for very long before resuscitation started. 

Once they reached 40 mmHg, about 1/3 blood loss, which is 

2% of bodyweight, they were resuscitated to 70 mmHg and 

held there for 30 minutes. After this time had elapsed, the 

animals were resuscitated to 90 mmHg and held there for 30 

minutes.  Shed blood and infused fluids (Hespan and saline) 

were measured with a balance; its serial port data were 

recorded. The computer controlled hemorrhage and 

resuscitation was performed by a MasterFlex pump (Easy 

Load II, Cole Palmer, Barrington, IL) and M100 resuscitation 

pump (Infusion Dynamics, Plymouth Meeting, PA) 

respectively, controlled by an in-house developed computer 

assisted hemorrhage and resuscitation algorithm.   
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Simulated Resuscitation 

Resuscitation was done using colloid or crystalloid solutions, 

which replaced the lost blood volume, one for one for 

albumin resuscitation and three for one replacement for 

crystalloids (i.e. Lactate Ringer). Each animal received a 

jugular vein catheter for CO and a femoral artery catheter for 

pressure monitoring. Another femoral artery catheter was 

used for blood withdrawal and blood sampling. A femoral 

venous cannulation was used for resuscitation.  

BIS electrodes were regular ECG electrodes. Placement 

was performed after shaving and cleaning skin with 

isopropyl alcohol.  Placement of the abdominal electrodes 

are shown in Figure 1A. Electrode positions that were used 

during the leg measurements are shown in Figure 1B. 

Electrodes 1 and 4 in each case are current input sites. 

Electrodes 2 and 3 are the sampling sites. 
 

 
Fig. 1A: Placement of ECG electrodes for abdominal bioimpedance 

measurements. 
 

 
Fig. 1B: Placement of ECG electrodes for leg bioimpedance 

measurements. 

 

Following the baseline measurements, incremental 

bleedings were initiated (30%, 45% and 60 % estimated 

blood volume).  Animals were sacrificed by lethal bleeding.     

 

Data Acquisition and Data Analysis  

Physiological signals were sampled with 200 Hz analogue-to- 

digital conversion rate using DASH-18 (Astro-Med, West 

Warwick, RI) and with a Drew computer (Army Institute of 

Surgical Research, San Antionio, Tx) equipped with an 

analogue-to-digital converter card (PCI 6052E, National 

Instruments, Austin, TX); both analogue-to-digital cards had 

16 bit resolution. Data were processed off-line. BIS data 

were recorded by a laptop computer. 

 

Ethical approval 

All animal protocols were submitted to, and approved by, 

appropriate Animal Use Committees prior to the 

performance of any animal testing. One animal was tested 

each day. Each test period lasted between 3-4 hours.  

 

Results and Discussion 

Results of Calf vs. Torso Measurements  

The results of these tests are provided by the time course of 

changes in two independently measured parameters during 

simulated hemorrhage. The first, NETFLUID, is the running 

physical sum of the amount of blood removed (negative 

values) plus any fluid that was infused positive values) during 

the period of interest. The other parameter, DVExcell, is the 

change in extracellular volume (interstitial + blood volumes) 

calculated from measured BIS data. The time courses of 

these two parameters during each pig test are shown in 

Figures 2 and 3.  

The NETFLUID profile in each chart is the orchid-colored 

trace with labels on the left hand Y-axis and the corre-

sponding DVExcell profile is the blue-colored trace with 

labels on the right hand Y-axis. 

 

Fig.2: Changes in NETFLUID and abdominal DVExcell vs elapsed time 

 

 

 

 

 

 

 

  
 

 

 

 

 

 

 

Fig. 3: Changes in NETFLUID and leg DVExcell vs elapsed time. 

 
Figures 2 and 3 show that the ZSpec-2 DVExcell measure-

ments change in a manner that is consistent with NETFLUID. 

They also indicate that BIS measurements taken on either 

the abdominal or leg segments can be used to "track" the 

NETFLUID changes during simulated hemorrhage and 

resuscitation. 
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Results of Simulated Hemorrhage 

The amount of blood withdrawn during the simulated 

hemorrhage test is shown in Figure 4. The baseline period (0 

- 90 min) is followed sequentially by three bleedings of 500 

ml each at elapsed times of 80, 150 and 210 min. 
 

 

 

 

 

 

 

 

 

 
 

 

 
 

Fig. 4: Volume withdrawn. 

 

The three basal resistance values that were recorded 

during simulated hemorrhage are shown in Figure 5. Ri and 

Re (representing the changes in the intracellular and 

extracellular spaces, respectively) were obtained from the 

spectroscopic mode. Ro (the total calf resistance that reflects 

total calf conductive volume) was recorded while the ZSpec-

2 was operated in the fixed frequency mode at 50 KHz. Note 

that an increase in any of the three resistance values is 

caused by a reduction in the respective volume. Conversely, 

a decrease in resistance is due to an increase in the volume 

being monitored.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5: Basal resistance values. 

 

Fluid is transferred from the intracellular compartment into 

the extracellular compartment during the initial 0 – 50 min 

of the control period when the pig is placed in a supine 

position. Both compartment volumes reach an equilibrium 

after 50 min elapsed time.  

During bleeding, Ro, representing the total conductive 

volume of the calf, is almost identical in relative shape to that 

of the extracellular compartment resistance, Re. Meanwhile, 

Ro is quite different in shape from the intracellular 

resistance, Ri. These similarities/differences may be inter-

preted as the fact that most of the blood is withdrawn from 

the extra-cellular space during simulated hemorrhage. 

The Ri and Re values are then used to compute the 

intracellular and extracellular compartment volumes of the 

calf during the simulated hemorrhage. The extracellular 

volumes is then used to calculate [10] the intravascular and 

interstitial volumes of the calf. The intravascular (nVblood), 

intracellular (nVcellular) and interstitial (nVinterstitial) 

compartment volumes are shown, normalized to the mean 

of control, in Figure 6. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6: Compartment volumes. 

 

The volumes in Figure 6 are then differentiated to obtain 

the fluid transfer rates in and out of each compartment 

during simulated hemorrhage. Fc is the transfer in or out of 

the intracellular compartment. Fi is the similar value of the 

interstitial compartment. Fb is that for the intravascular 

compartment. Initial bleeding causes a large transfer of fluid 

from the intracellular and intravascular compartments. After 

the first bleeding most of the remaining fluid is withdrawn 

from the intravascular compartment. 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Fluid transfer between compartment volumes during 

hemorrhage. 

 

 

Results of Simulated Resuscitation 

A second pig (Figure 8) was bled twice (starting at 45 min 

then again at about 110 min). It received Hespan following 

first bleeding at about 100 min and saline after second 

bleeding starting at about 175 min. 
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Fig. 8: Resusitation NET FLUID  vs. elapsed time. 

 

In Figure 9 are the three basal resistance measurements 

Re and Ri from the BIS and Ro from the IPG mode. Again, 

note that the Ri decreases during initial bleeding while Re 

and Ro increase. Ri seems to reach an equilibrium value and 

remain fairly constant thereafter. As in the first case, Ro and 

Re are almost identical in shape. As before, Ro must 

therefore reflect mostly that the fluid changes during 

simulated hemorrhage take place in the extracellular 

compartment. 

 

 
Fig. 9: Basal resistances. 

 

From the BIS data it is possible to compute the volume 

changes of all three fluid compartments as functions of 

elapsed time (Figure 10). Again note how the Vinstl 

decreases during initial bleeding and Vicell increases in 

volume while Vblood remains fairly steady for about the first 

75 min. Fluid must be going from the interstitial compart-

ment into the intracellular space while most of the fluid 

taken out of the intravascular space is also coming from the 

interstitial compartment (like refill for dialysis patients). 

The effect of the infusion of Hespan and saline on the 

fluid compartments can be seen in Figure 11. The NETFLUID 

trace has been added to Figure 11 so that one can see the 

times of infusion of Hespan (starting about 100 min) and 

then saline starting about 180 min. Note that infusion of 

Hespan does not affect Vinstl while infusion of saline seems 

to go into BOTH compartments simultaneously. 

 

 
Fig. 10: Compartment volumes vs. elapsed time. 

 
 

 
Fig. 11: Intravascular and interstitial compartment volume responses 

to infusion. 

 

As shown in Figure 11, only Vblood increases during infusion 

of Hespan and both Vblood and Vinstl increase during 

infusion of saline.  This confirms that the ZSpec-2 can indeed 

differentiate between changes in the intravascular and 

interstitial compartments. 

The fluid transfer rates between Vinstl and Vblood during 

the two infusion periods are shown in Figure 12. Fc = transfer 

in and out of cells, Fi = interstitial space, and Fb = 

intravascular. Again, you can see that most of the Hespan 

goes into the vascular system while the saline goes into both 

the vascular and interstitial space. 

 

 
Fig. 12: Compartment fluid transfer rates during infusion. 
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Figure 12 illustrates the changes in intravascular, 

interstitial, and intracellular fluid compartments of the leg 

following sequential infusion of Hespan and saline. 

Approximately 80% of the Hespan, by virtue of the proteins 

in the fluid, stays within the vascular compartment. Saline on 

the other hand readily leaks out of the vascular 

compartment into the interstitial space.  

 

Conclusions 

Figures 2 and 3 show that the ZSpec-2 DVExcell measure-

ments change in a manner that is consistent with NETFLUID. 

They also indicate that BIS measurements taken on either 

the abdominal or leg segments can be used to "track" the 

NETFLUID changes during simulated hemorrhage and 

resuscitation. 

As shown in Figures 10 and 11, only Vblood increases 

during infusion of Hespan and both Vblood and Vinstl 

increase during infusion of saline.  This confirms that the 

ZSpec-2 can indeed differentiate between changes in the 

intravascular and interstitial compartments.  

Our ZSpec-2 system permits, for the first time, non-

invasive continuous recording and display of fluid volume 

redistribution between intracellular, interstitial and vascular 

fluids.  There is a critical need for such an instrument as a 

bedside or operating room monitor in many situations.  Here 

are just a couple examples: 
 

 In critically ill patients who are hypotensive, such as in 

septic shock, ICU physicians often give large amounts of 

fluids (as much as 10 or more liters a day) to maintain 

blood pressure and hemodynamic stability. Ideally, the 

replacement fluid should stay intravascular to raise 

blood pressure. Unfortunately, if this fluid moves into 

the interstitial space, this will lead to massive edema 

and if it goes into lung tissue, it leads to acute 

respiratory distress syndrome (ARDS), which is 

associated with high mortality. Treatment of this 

complication requires fluid removal by a hemodialysis 

procedure (“Continuous Veno-Venous Hemofiltration” 

or CVVH), which is simply removing fluid by 

ultrafiltration with a hemodialysis filter. Usually these 

patients require invasive monitoring such as intra-

arterial placement of central venous catheters to 

measure wedge pressures, pulmonary arterial pressure, 

and cardiac output. We think that monitoring extent of 

interstitial and intracellular volume changes by non-

invasive instrument would provide a better guide in fluid 

management in such patients. 
 

 The ZSpec-2 will also be useful for intravenous fluid 

management in the acute setting. The on-line 

monitoring of volume shifts between compartments is 

crucial particularly in critically ill patients (in septic or 

cardiogenic shock, burns patients, or perhaps critically 

patients in the Emergency Room or Operating Room).  

Such patients often require large volumes of fluid 

replacement, resulting in massive fluid overload with 

variable degrees of interstitial edema (or conceivably 

cell swelling?). Detection of fluid (water) shifts in the 

vascular, interstitial and cellular space in a non-invasive 

manner at the bedside, would be of tremendous help in 

managing such critically ill patients. 
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