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Introduction: End-staged renal disease (ESRD) patients may be dialyzed under both chronic and/or acute
conditions. No information was found in the literature regarding the intracellular, interstitial and intravascular
volume changes that take place under both chronic and acute dialysis.

Aim: To measure the volume changes of the intracellular (V ), interstitial (V,), and intravascular (V,)
compartments during hemodialysis (HD) in end-stage renal disease patients in an outpatient or chronic unit (CU)
and in an inpatient or acute unit (AU) setting and create pattern profiles for each treatment center.

Materials and methods: In a descriptive study, electrical impedance spectroscopy (EIS) was used to obtain
noninvasive real time relative measurements of V, V,, and V, changes continuously during dialysis with four
electrodes place on the calf. A total of 70 ESRD patients was included in this study (23 chronic and 47 acute).

Results: The average pre-dialysis percentage volumes in the V,, V,, and V_ compartments of the chronic
patients was 51%, 19%, and 29%, respectively. The similar percentage volumes for the acute patients were 26%,
29%, and 45%. The average post-dialysis volumes for the chronic patients were 49%, 15%, and 36%. The post-
dialysis values for the acute patients were 27%, 25%, and 49%. V_ increased during hemodialysis in both patient
populations. AU patients retained a larger percentage of total fluid in the V. and V compartments.

Conclusion: The EIS technique was able to track fluid volume changes in the three principal fluid
compartments of the calves of ESRD patients under both chronic and acute treatment. Results indicate that V _in
the monitored calves tended to increase during hemodialysis in both CU and AU patients as overall calf volumes
were reduced.

Introduction

Chronic dialysis patients receive repeated treatments in an outpatient hemodialysis unit
(Chronic). Their dialysis needs are often well known and predictable. Occasionally patients need
emergency dialysis performed in the hospital or emergency department (Acute). Their treatment
conditions may not be known to the medical staff. Compartment fluid volume removal data from
patients during acute and chronic dialysis would be helpful in gaining insight into the specific
hemodialysis operating characteristics needed under these conditions. Such volume from the
intracellular (V ), interstitial (V ), and intravascular (V,) information does not seem to be available
in the literature.

Objective

The aim of this study was to use electrical impedance spectroscopy (EIS) to measure V, V,, and
V, volume changes during hemodialysis (HD) in End-Stage Renal Disease ((ESRD) patients in an
outpatient or Chronic Unit (CU) and in an inpatient or Acute Unit (AU) setting and create pattern
profiles for each treatment center.

Methods

Electrical Impedance Spectrograph Description

The EIS (Z-Scan-2, U.E.L Inc, Morro Bay, CA) used in this study, combines two bioimpedance
instruments into a single device. It combines a fixed frequency Impedance Plethysmograph (IPG)
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and a multi-frequency electrical impedance spectrograph (EIS) into
one unit. We use the IPG mode to quantify segmental blood flow
and total segmental conductive volume. The EIS mode monitors
segmental intracellular and extracellular compartment volumes
similar to other EIS devices. However, our proprietary software also
allows the Z-Scan-2 to divide the extracellular compartment volume
into its intravascular and interstitial components.

The current Z-Scan-2 design, shown in Figure 1 measures subject
tissue impedance, resistance, and reactance while “sweeping” across
40 discrete excitation frequencies over a wide frequency range when
functioning as an EIS for compartment volume measurements [1].
Montgomery et al. reports the validation of the Z-Scan-2 [2].

Specific Aims

Our initial intended area of application specified the use of
our device on all patients undergoing hemodialysis. We used
information from two different data sources to demonstrate this
capability. For the sake of seeing how our patient recordings track
hematocrit we employed data obtained at a chronic dialysis center
from “walk-in” patients during their routine dialysis sessions. For
the sake of exploring how our data might provide added insight
into the relationship between the progress of the dialysis session and
difficulties experienced by the patient (e.g., fainting, cramps, etc.) we
collected data from an acute treatment center. Patients treated in the
acute unit were hospitalized and presented a rather wide range of
symptoms during dialysis.

The protocols for patient tests at both centers were fully approved
by their respective Institutional Internal Review Boards before any
human testing was conducted.

The different patient populations at the chronic and acute centers
provided an opportunity to exercise our protocols under conditions
that will be encountered during different types of dialysis sessions.

Each patient at the chronic center was tested three times on
subsequent days during a given week. Patients at the acute unit were
generally hospitalized for a short period of time and were tested as
their availability allowed. Most of these patients were therefore tested
only once. In this way, the total number of chronic tests was 23 and
the number of acute tests was 47 for a total from both centers of 70
patient tests.

Subject Recruitment

Inclusion/exclusion criteria and subject population demographics
are described below.

Figure 1: Z-Scan-2 IPG/EIS system developed under our NIH SBIR Phase
Il grant (shown with control/data recording laptop and Arc Simulator unit).

Inclusion criteria were ages over 21, patients with a well-charted
history of ESRD, who regularly attended a chronic dialysis unit or
were treated in an acute setting, were willing to undergo testing, and
gave informed consent of the subject protocol.

Exclusion criteria were any of the following: arrhythmias,
unstable angina, active gastrointestinal bleeding (for patient’s safety
reasons), pregnancy, peripheral vascular disease, psoriasis, peripheral
neuropathy, liver failure, presence of tumors, collagen vascular
disease, dermatologic problems, chronic angioedema or lymphedema.
Implanted pacemaker or other implanted electrical device usage,
uncontrolled hyper-thyroidism, chronic substance abuse, patients
with surgical procedures on the leg may not be used for investigation,
or any condition precluding the subject following the protocol.

Protocol

In the chronic dialysis unit, hemodialysis (HD) treatment
was conducted according to the nephrologist’s prescription. HD
was performed using Polyflux Series (8L, 170H or 210H) high flux
dialyzers. (Hechingen, Germany) for 3 to 4 hours depending on the
prescribed HD treatment by the patient’s attending nephrologist.
Testing was performed on each of three dialysis days during a single
week for every subject. Patients in the chronic unit were seated in a
recliner. Patients in the acute unit were treated in the supine position.

The Z-Scan-2 instrumentation was attached to the subject’s
dominant lower leg as shown in Figure 2. The source electrodes were
placed just above the knee, and just above the lateral malleolus, the
sampling electrodes were placed just below the knee and above the
ankle.

During each HD treatment, body weight was measured before
and at the end of the HD session. Systolic and diastolic BP (by the
arm cuff method) and heart rate (HR) was measured every 30 min
during the entire session. Signs and symptoms of hypovolemia, such
as nausea, vomiting, dizziness, lightheadedness, thirst, fatigue, and
cramps were also recorded.

Figure 2: EIS electrode placement.
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Figure 3: Equivalent circuit diagram used in EIS analysis for intracellular,
interstitial, and intravascular volumes.

Following a 30-minute semi-reclined acclimatization/
instrumentation period the measurements listed above were recorded
for a period of 30 minutes, which then served as the pre-dialysis
control values. After the control measurements were completed,
the patients underwent hemodialysis as per routine for a maximum
period of 4 hours. All recordings were made during the period of
dialysis and during the post-dialysis recovery period. Symptoms
such as breathlessness, dizziness, presyncope, and signs such as
blood pressure and heart rate were also recorded, as per dialysis-unit
routine, during each test. We recorded changes in dialysate flow rate,
blood flow rate and net fluid removal on a continuous basis.

Anthropometric measurements

Age, race, gender, body weight (in kg), height (in cm) and time
since diagnosis of ESRD were used to characterize each patient
undergoing dialysis.

Data Analysis

Various resistance/capacitance (R/C) models [3-6] are used to
quantify segmental volumes from recorded impedance measurements.
The R/C model that is used by most currently available impedance
systems represents the tissue as two parallel conductance paths: one
through an extracellular compartment having average resistance
(Re) and the other through an intracellular compartment having
average resistance (Ri ) and capacitance (Cm). This model, which
is limited to the determination of “intracellular” and “extracellular”
resistances (Ri and Re, respectively), can therefore only be used to
estimate the corresponding intracellular, extracellular, and overall
volumes of a monitored body segment. Unfortunately, an issue of
principal concern in many clinical contexts and during dialysis is how
the “extracellular volume” is distributed between its interstitial and

Table 1: Characteristics of chronic and acute dialysis centers.
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Figure 4: Extra-vascular soft tissue compartment model.

intravascular compartments; an issue that the two component R/C
models cannot address.

Since both blood and bone are nearly wholly resistive over
the frequency range used in current BIS instruments [7, 8] they
should affect only the passage of current in the extracellular
volume compartment. This configuration can be approximated by
considering blood and bone to be additional fluid compartments that
are each electrically in parallel with the intracellular and interstitial
compartments of the other soft tissue, as illustrated in Figure 3.

An additional component of our analytical procedure is the
development and application of the extravascular soft tissue cellular
model [9-11] illustrated in Figure 4. This model was used to calculate
the interstitial and intravascular compartment volumes that comprise
the previously calculated “extracellular” volume.

The extravascular soft tissue compartment of the monitored
segment can be represented by a cylindrical homogeneous suspension
of identical oblate spheroidal cells with long axes, a, oriented parallel
to the applied field, I, as shown in Figure 4. Cells are allowed to
change volume only through variation in minor axis, b. The cell
volume fraction and the intracellular and extracellular conductivities
of this compartment are related to the compartment’s Re, Ri, and Cm
in Figure 3 with theory developed by Hugo Fricke [12-14].

The model shown in Figure 3 is based on an assumed physical
structure of the monitored segment, particularly its extravascular
compartment which governs the values and frequency dependence
of the “resistive” and “reactive” components of the segmental
impedance. The model is fit to each measured spectrum by an iterative
numerical process in which values of the model parameters are found
that bring model-prescribed spectra into closest possible agreement
with the measured spectrum. Because the model is a function of
more parameters than are uniquely determined by information in an
impedance spectrum, selected model parameters must be assigned
“fixed” values in the fitting process.

Results

Table 1 provides a brief summary of the differences between the
two patient populations that were used in our study.

Source Chronic

Acute

Patients overloaded.

Walk-in patients, in their usual state of health except for volume

Hospitalized, with a variety of symptoms.

Repeatability Routine repeated sessions for each patient.

Significant health changes between sessions.

. Nearly constant ultra filtration
Interventions

rates; minor interventions (e.g., saline injections).

Frequent UF-rate changes;
Significant patient management interventions.
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Figure 5B: Calf intracellular percent volume reduction.

Variances within each data set, for each compartment are too large
to make any claims regarding statistical significance of differences
between the centers. (Standard deviations for the percentage changes
are probably not meaningful, though we have reported them.) Yet
it may, nonetheless, be interesting to view the differences in terms
of histograms of the distributions, starting with that for intracellular
(V ), then interstitial (V), and finally intravascular fluid (V).

Figures 5-7 show the number of patients at each center who lost or
gained various amounts of fluid and the percentage of compartment
volume changes in their calf during dialysis.

Discussion

The Z-Scan-2 monitoring system makes it possible to observe
fluid volume changes in each of the three calf compartments. But
perhaps more importantly, this means that it is possible to monitor
shifts in fluid distribution between the compartments. This, of course,
is what relates most directly to changes in hematocrit and vascular
refilling-which are of particular concern for patient management
Table 2.

Table 2: Dialysis Subject Tally.
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Figure 6A: Calf interstitial volume reduction - ML removed.
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Figure 6B: Calf interstitial percent volume reduction.

Careful examination of Table 3 reveals many interesting
differences between the two centers; for example, that the acute
patients held a larger percentage of total fluid in the interstitial and
intracellular compartments than did the chronic patients (both pre
and post-dialysis). Also, for both centers, especially for chronic
patients, intracellular fluid volume increased, as noted above Table 4.

Actual volumes of interstitial fluid removed from patients at
the two centers were similar. However, the percentage distribution
is shifted to the right for chronic patients because patients there
presented with less interstitial fluid overload. Average pre-dialysis
interstitial volumes were 270 milliliters at the chronic center
compared with 425 milliliters at the acute center. Also, notice that
two acute patients experienced an increase in interstitial fluid.

Of note, many patients at both centers (especially chronic ptients)
experienced a gain in intracellular fluid (shown by the negative values
on the horizontal axis. Montgomery et al. [15] discussed the potential
intracellular volume increase that may take place during dialysis.

Table 3: Shows the average pre- and post-dialysis three compartment volumes
and the associated percentage fluid distribution within the calves of the patients
from the two centers Average Pre and post fluid Volumes and percentage fluid
distributions in Calves.

Ccu AU
Vb vl
Center | Caucasian  African American Hispanic | Other = Total Vv, \A v, v,
M F M F M F FI M 717 270 407 379 425 654
ML Pre
Acute 6 3 22 15 1 0 0 0 47 51% 19% 29% 26% 29% 45%
Chronic 15 2 2 1 1 0 2 0 23 621 189 451 383 353 705
ML Post
Total 21 5 24 16 2 0 2 0 70 49% 15% 36% 27% 25% 49%
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Figure 7B: Calf intravascular percent volume reduction.

Table 4: Shows the average volumes of fluid removed through dialysis from the three monitored calf compartments (and total calf, Vt) from the two centers. Minus
signs indicate a garin rather than a reduction in fluid volume Average volumes of fluid removed from the calf through dialysis.

Volumes removed V,% V% V. % V% V, ML V., ML V ML V, ML
CU (n=47)
Mean 12 30 -11 9 96 81 -44 133
std.Dev 8 13 12 5 65 44 52 70
AU (n=23)
Mean -21 15 -6 1 -4 72 -51 16
std.Dev 73 20 13 4 58 81 81 46
Figure 7B is distorted by the fact that two acute patients presented ~ Conclusion

with extremely low vascular volume (fortunately, they gained).
Acute patients on average presented with lower vascular volume,
379 milliliters, compared with 717 milliliters at the chronic center.
The Figure 5A however, indicates a distinct distributional difference:
All but three chronic patients experienced a reduction in vascular
volume, usually large, while the acute patients experienced a much
smaller reduction; several experienced a gain in vascular volume.

However, at this stage we regard such findings as merely an
indication of the potential research use of the Z-Scan-2 monitoring
system. We are reluctant to draw any causal inferences, since this
was not designed to be a controlled experiment. There are too many
differences between the two centers (e.g., different gender and ethnic
distributions as well as the fact that one center treats walk-in patients
and the other treats hospitalized patients).

Nonetheless, a well-designed research application of the
Z-Scan-2 may reveal differences that might be important for patient
management. For example, it may contribute to the debate addressed
in the literature regarding the value of having walk-in patients lay
down rather sit during dialysis.

Summary
1. Vcincreased during hemodialysis in both patient populations.
2. The patterns of V_changes differed between CU and AU patients.

3. AU patients retained a larger percentage of total fluid in the V,
and V_compartments.

4. 'The distribution of V response also differed between the two
groups with CU patients showing greater volumes (implying
greater amount of fluid removed) than AU patients.

The EIS technique was able to track fluid volume changes in the
three principal fluid compartments of the calves of ESRD patients
under both chronic and acute treatment. Results indicate that Vc in
the monitored calves tended to increase during hemodialysis in both
CU and AU patients as overall calf volumes were reduced.
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