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the method. The convergence rate of the method is strongly dependent
on the types of underlying signal, fast components, noise type, and
the SNR. For the clean signals (high SNR) the number of zero
crossings decreases and the number of local minima can increase,
so the convergence can be very slow. Convergence can be forced by
adding white noise to the signal during the estimation process.
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The Electrical Conductivity of Human Cerebrospinal
Fluid at Body Temperature
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Abstract—The electrical conductivity of human cerebrospinal fluid
(CSF) from seven patients was measured at both room temperature
(25 �C) and body temperature (37 �C). Across the frequency range
of 10Hz–10 kHz, room temperature conductivity was 1.45 S/m, but
body temperature conductivity was 1.79 S/m, approximately 23% higher.
Modelers of electrical sources in the human brain have underestimated
human CSF conductivity by as much as 44% for nearly two decades, and
this should be corrected to increase the accuracy of source localization
models.

Index Terms—Biological tissues, brain modeling, conductivity measure-
ments, temperature.

I. INTRODUCTION

The electrical conductivity of tissues within the head is an im-
portant parameter in mathematical models that are used to predict
the location and strength of electrical generators in the brain [1] or
models that are used to predict current densities within the head from
exposure to external fields [2], [3]. The concentric-spheres model
often includes four layers: scalp, skull, cerebrospinal fluid (CSF),
and brain (e.g., [4], [5]). However, this model is inaccurate for many
sources, particularly for deeper dipoles [6] or for dipoles located
in the anterior portion of the brain or near the flat sides of the
head [7]. More sophisticated methods rely upon realistic geometry
obtained from magnetic resonance imaging (MRI) scans of subjects.
Boundary element models extract the real boundaries between tissues
and then assume a homogeneous and isotropic conductivity between
the layers (e.g., [8], [9]). Finite element methods (FEM’s) are
capable of modeling nonhomogeneous and anisotropic conductivities
within each tissue and therefore will be dependent upon accurate
conductivity values for the whole head, but present FEM models are
limited by the paucity of conductivity data [10].

Tissue boundaries with high conductivity gradients can cause field
distortions and lead to localization errors, if the conductivities are
not modeled accurately [11]. Within the head, the boundary with
the greatest contrast in conductivity occurs between the bone and
the CSF. The literature on electrical conductivity values for human
tissues from the head is sparse. This is especially true of CSF. There
is only one sketchy report (a conference abstract) of measurements
taken on human CSF [12], apparently only a single sample. The
measurement technique is not adequately described, the frequency
range of 1–30 kHz is not within the bandwidth of most neuronal
signals (1 Hz–1 kHz), and the measurements were performed at room
temperature (24.5�C), not the standard human body temperature of
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Fig. 1. The plexiglass cell for making measurements of CSF conductivity.
Hollow walls allow for circulation of temperature-controlled water. Platinum
electrodes are treated with an electrolytic deposition of colloidal platinum
(platinum black). Current is delivered throughE1 andE4; which are attached
to 1-cm2 platinum plates, and the potential difference across the sample is
detected with platinum rodsE2 and E3:

37 �C. Electrical conductivity is a temperature-dependent parameter
for metals, decreasing as temperature is elevated, but conductivity
in biological tissues increases with temperature as ionic motion and
diffusion increase. Higher temperature has been shown to increase the
conductivity of animal tissues such as muscle [13], fat [14], blood
[24], and plasma [15], as well as standard KCl solutions [16]. Since
CSF is mostly a weak solution of NaCl and protein [17], it is expected
to be temperature dependent, also.

II. M ETHODS

A 1-cm3, plexiglass conductivity cell is used to make measure-
ments with the four-electrode technique (Fig. 1). Current-injection
electrodes are 1-cm2 platinum plates at opposite ends of the cell,
and voltage-sensing electrodes are two platinum rods 0.55 mm in
diameter located approximately 2.5 mm apart in the removable
top. The voltage-sensing electrodes project halfway into the cell (5
mm) and are insulated with varnish except at the tips. Both the
current-injection and voltage-sensing electrodes are blackened using
Kohlraush solution at a current density dependent upon electrode
surface area [18].

A battery-operated circuit, modeled after Ackmann’s [19], is used
to make the measurements (Fig. 2).Vin is a sinusoid generated by
a Wavetek model 182A function generator. A voltage followerA1

provides a low impedance output atV 1; so thatVin=Rin sets the
level of Iin [approximately 10-�A root mean square (rms)] generated
across the current-injection electrodes(E1 and E4): Dual diodes
from V 2 to ground help protect op-ampA2 by providing a current
path to ground when the cell is empty, and resistor Rf (1 k
) limits
the current to a safe level. When fluid is in the cell,V 2 is a virtual
ground and the diodes are turned off with negligible current leakage
to ground. The voltage-sensing electrodes(E2 andE3) are used to
measure the resulting potential drop across the tissue. The outputs
from voltage followersA3 andA4 are connected to the inner shields
of triaxial cables that have driven shields to decrease capacitive
leakage currents. The outer shields are grounded. All op-amps are
Burr–Brown OPA628 with <5-pA biasing current. The outputs from
the followersA3 andA4 are fed intoA5, a high input impedance
(100-M
) differential amplifier (EG&G Princeton Applied Research

Model 113 preamp, Princeton, NJ) with a gain of 100 and the low-
frequency roll-off set at 0.03 Hz and the high-frequency roll-off at
100 kHz. The single-ended output from the preamp is displayed on a
Keithley 197A Digital Multimeter for precise rms voltages as well as
on a Tektronix oscilloscope to confirm that the output is not severely
distorted or contaminated by noise.

Clear CSF was collected under sterile conditions in the operating
room from seven neurosurgical patients (three males and four fe-
males), ranging in age from 4.5 mo. to 70 yr. (mean= 26.6 yr). Two
or three cc’s were withdrawn either by syringe or from CSF drains
implanted in the ventricles. If the presence of blood was noted, the
specimen was rejected. Each specimen was collected in a sterile vial,
stored in a sealed plastic bag, and refrigerated until use at a later
date, usually within one to four weeks.

On the day conductivity measurements were made, the specimen
was taken out of the refrigerator and allowed to warm to room
temperature. Then, the CSF was poured into the conductivity cell,
and the top was taped on after assuring that no air bubbles were
present in the cell. Measurements were made first at either room
or body temperature. Average room temperature was 25�C (range
22–27�C), and body temperature was more precisely controlled at
37 �C (range 36.2–37.5�C).

Hollow walls within the conductivity cell allow for temperature-
controlled water to circulate around the specimen. A thermocouple in
the circulating water at the exit from the cell wall was used to monitor
the temperature continuously. Calibration studies with an additional
thermocouple in the cell at the same time indicated a lag of 15–20 min
before the temperature in the center of the cell stabilized at a new
set point, either room temperature or body temperature. Therefore,
voltage measurements were not made until at least 20–30 min after
the thermocouple in the circulating water indicated the new set point
had been reached.

Once temperature stability was achieved, voltage measurements
were made at 10 Hz, 20 Hz, 33 Hz, 50 Hz, 100 Hz, 200 Hz, 333
Hz, 500 Hz 1 kHz, 3.33 kHz, and 10 kHz. Then the temperature
was changed and stabilized at the second temperature and voltage
measurements were repeated at the same frequencies. For calibration,
a solution of 0.1 m KCl was tested at room and body temperature on
the same day a specimen of CSF was tested. The calibration solution
was carefully prepared in the laboratory using ultrapure water and
high-grade KC1. Results were consistent with those obtained using a
weaker conductivity standard (0.01 m KC1) obtained commercially
(Lab Chem Inc., Pittsburgh, PA).

III. RESULTS

Conductivity was calculated from the following equation [16]:

� = (Iin=Vout) �Kcell

where the cell constantKcell = L=A, L is the separation between
voltage sensing electrodes, andA is the cross-sectional area of
the CSF, which is essentially the same as the surface area of the
current-emitting electrodes. Rather than use a calculated cell-constant
based on imprecise measurements of separation between voltage
sensing electrodes, (0.25 cm) and surface area of the current-emitting
electrodes (�1 cm2), Kcell was determined daily by calibration with
a standard solution of 0.1 m KCl. The results were compared to
the published values [16], which were linearly fit with a polynomial
regression (R2

= 1) and interpolated to obtain a conductivity value
at 37�C. This allowed the calculation of a cell constant each day at
each frequency for both room and body temperature.

The average CSF data for the seven samples is listed in Table
I. Intersubject variability, as reflected in the standard deviations,
is comparable to that found in concentrations of the main ions in
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Fig. 2. The circuit for delivering current and measuring voltage across the conductivity cell. Constant currentIin is generated in the lower portion of
the circuit and fed across outer electrodesE1 and E4 of the four electrode array. Inner electrodesE2 and E3 are used to measure the resulting
voltage difference across the sample.

TABLE I
AVERAGE CONDUCTIVITY AND STANDARD DEVIATION (SD) OF

SEVEN CSF SAMPLES ACROSS A RANGE OF FREQUENCIES

AT ROOM TEMPERATURE AND BODY TEMPERATURE

Room Temerature (25�C) Body Temerature (37�C)

Frequency
(Hz)

Mean
(S/m)

SD
(S/m)

Mean
(S/m)

SD
(S/m)

10 1.451 0.019 1.789 0.018
20 1.451 0.019 1.793 0.015
33 1.452 0.019 1.789 0.021
50 1.453 0.020 1.791 0.017

100 1.454 0.020 1.794 0.018
200 1.456 0.020 1.796 0.019
333 1.457 0.022 1.799 0.016
500 1.456 0.022 1.792 0.024

1000 1.457 0.023 1.794 0.024
3333 1.455 0.024 1.789 0.024

10 000 1.456 0.024 1.802 0.022

normal CSF [17]. The differences between the average conductivities
at room temperature and body temperature are highly significant (p<

.000 01) as determined by two-tailed T-tests. Radvan-Ziemnowicz
[12] reported a conductivity of 1.557 S/m at 1 kHz and 24.5�C, and
our value at 1 kHz is slightly lower at 1.457 S/m, a 6% difference.
More importantly, the conductivity at body temperature is 1.794 S/m,
approximately 23% higher than the conductivity at room temperature.

Lissajou figures were used to make measurements of phase shift
with a resolution of 2–3�. There was a measurable phase shift at
the higher frequencies of 5–10 kHz, but this was present, also, when
a resistor network was used in place of the conductivity cell, and
so it was a product of the circuity. Consequently, in agreement

with previous reports [12], [20], there was no significant reactive
capacitance and, hence, no systematic difference in CSF conductivity
across the frequency range of 10 Hz to 10 kHz.

IV. DISCUSSION

The conductivity of muscle tissue, sampled from a number of
different animal species, increases in a curvilinear manner by twofold
over the temperature range of 5–40�C [13], while adipose tissue
conductivity increases in a curvilinear manner by approximately a
factor of 2.5 over the same temperature range [14], and bovine plasma
conductivity increases by nearly 40%, from 1.11 S/m at 20�C to
1.54 S/m at 40�C [15].

In this study, the conductivity of human cerebrospinal fluid from
seven patients was found to be 23% higher at body temperature
(37 �C) than at room temperature (25�C). This is in agreement
with the temperature coefficient of approximately 2% per degree for
0.1 m KCl [16], which is similar in ionic concentration [17] and
conductivity [16] to human CSF.

There is only one previous report of conductivity measurements
on human CSF, and that was on one sample at room temperature
[12]. A comparison with a sample of cat CSF at room temperature
showed little difference. At least one body-temperature (39�C) study
was performed on animal (rabbit) CSF and reported an average
conductivity of 1.79 S/m (range 1.64–1.94 S/m) at 1 kHz [20]. The
study was listed in a widely quoted review of tissue resistivities [24]
but, unfortunately, has been overlooked.

CSF conductivity can have a significant effect on source local-
ization models [11]. A recent three-dimensional (3-D) finite element
model of the head, using over 450 000 elements, shows that scalp
electric and magnetic fields are very sensitive to CSF conductivity,
in fact, about as sensitive as they are to brain and skull conductivities
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[25], [26]. However, for nearly two decades modelers have used
inaccurate values for CSF conductivity, in some cases [5], [21]–[23]
values that are 44% lower (i.e., 1.0 S/m) than those reported here.
Most often, researchers have simply used the same values for CSF
conductivity that were used previously by other modelers or were
reported in an early review article [24]. This has perpetuated an
inaccuracy in the source-modeling literature. To decrease inaccuracies
in models of source localization (or in models of bioeffects of external
field exposure) for live human subjects, a body-temperature CSF
conductivity of approximately 1.79 S/m should be used.
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