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Measurement and Analysis of Static 
Magnetic Fields That Block Action 

Potentials in Cultured Neurons 

A.V. Cavopol, A.W. Wamil, RR. Holcomb, and M.J. McLean 
Departments of Neurology, Vanderbilt University Medical Center (A. V.C., A. W. W., 

R. R.H., M. J. M.), Department of Veterans Affairs Medical Center (M.J. M.), and 
Ho/comb Technologies, inc. (R. R. H.), Nashville, Tennessee 

To characterize the properties of static magnetic fields on firing of action potentials (AP) by sensory 
neurons in cell culture, we deve1oped.a mathematical formalism based on the expression for the magnetic 
field of a single circular current loop. The calculated fields fit closely the field measurements taken 
with a Hall effect gaussmeter. The biological effect induced by different arrays of permanent mag- 
nets depended principally on the spatial variation of the fields, quantified by the value of the gradi- 
ent of the field magnitude. Magnetic arrays of different sizes (macroarray: four center-charged neodymium 
magnets of -14 mm diameter; microarray: four micromagnets of the same material but of -0.4 mm 
diameter) allowed comparison of fields with similar gradients but different intensities at the cell position. 
These two arrays had a common gradient value of -1 mT/mm and blocked >70% of AP. Alternatively, 
cells placed in a field strength of -0.2 mT and a gradient of -0.02 mT/mm produced by the macroarray 
resulted in no significant reduction of firing; a microarray field of the same strength but with a higher 
gradient of -1.5 mT/mm caused -80% AP blockade. The experimental threshold gradient and the 
calculated threshold field intensity for blockade of action potentials by these arrays were estimated 
to be -0.02 mT/mm and -0.02 mT, respectively. In conclusion, these findings suggest that spatial variation 
of the magnetic field is the principal cause of AP blockade in dorsal root ganglia in vitro. 
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INTRODUCTION pare field characteristics of different arrays to identify 
possible correlations between field structure and the 
corresponding AP blockade. 

MATERIALS AND METHODS 

The methods regarding cell culture, action potential 
recording and data analysis have been published pre- 
viously[McLean et al., 1991, 19951. 
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Electrically stimulated action potentials of adult
mouse sensory neurons in cell culture were blocked to
a large extent when the neuron was positioned in a static
magnetic field of -11 mT intensity produced by an array
of four permanent magnets of alternating polarity 
[McLean et al., 1991,1995]. In the original experiments,
the magnitude of this biological effect depended on
positioning of the neuron under study in the field 
(changes in vertical distance of cell from the array), on
array parameters (e.g., action potential blockade de-
creased with increasing distance between magnets in the
array), and on the number and polarity of the magnets
in the array. To facilitate description of the field prop-
erties that determined the biological effect, we have
developed a mathematical formalism that closely simu-
lates the experimental field measurements. Computer-
assisted modeling facilitates a comprehensive algebraic
characterization of the field properties. Here we com-

 

 

 
 
 

 
 

 
 
 
 
 
 
 

 
 

Q 1995 Wiley-Liss, Inc. 



198 Cavopol et al. 

Magnetic Field Measurements 
The magnetic field produced by arrays of cylin- 

drical neodymium magnets (radius a = 7 mm and height 
h = 5 mm, referred to as macroarruy) was measured with 
a gaussmeter (see Appendix) model 4048 (F.W. Bell, 
Newton, MA). The probe was attached to an x,y,z, 
mechanical micromanipulator, and the fields were 
scanned from the surface of the magnet outward along 
the z axis at 1 mm increments and sideways in the other 
two dimensions at a constant height, z = 6 mm, for all 
three field components BX, By, and BZ (Fig. 1). The three 
scanning directions intersected at a site corresponding 
to the cell position in the field. With reference to the 
center of the array, designated (x,y,z) = (O,O,O), the cell 
position throughout the experiments was in the 
range(x,y,z) = (0 f 1 mm, 4.5 f 1 mm, 6 I!I 1 mm). Po- 
sitioning of the magnets and the experimental appara- 
tus have been described in detail elsewhere [McLean et 
al., 1991, 19941. 

For some experiments, magnets of radii a = 0.2 mm 
and height h = 1 mm were used to construct microarrays 
with an overall diameter of -0.8 mm. Some dimensions 
relevant to the microarray experiments are given for 
future reference: The neuronal diameter was aCELL = 40- 
60 p and the physical microarray area diameter was 
a? 

ARRAY. 
-800 pm. The neuron under study was positioned 

at a height h = 1.5 sfr 0.2 mm above the array. Position- 
ing in the horizontal plane was difficult due to the small 
size of the array. Positioning variability contributed to 
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Fig. 1. Coordinate system of the experimental setup. Field 
components were scanned along x,y,z axes intersecting at a 
location corresponding to the experimental position of the cell; 
with the center of the array as the origin, cells were positioned 
within the range (x,y,z> = (0 + 1 mm, 4.5 + 1 mm, 6 f 1 mm). 

a wide range of effects on action potential firing (see 
Discussion and Appendix). The background magnetic 
field and its variation over the cell culture dish were 
below 1 gauss. 

Experimental Error 
A detailed error analysis is presented in the Ap- 

pendix. Measurement errors were caused mainly by 
vernier reading error, by imperfect superposition of the 
coordinate systems of the magnet and the micromanipu- 
lator arm holding the probe, and by gaussmeter read- 
ing error, which was considered small compared to the 
other two. Another experimental limitation comes from 
the field averaging performed by the gaussmeter due to 
the size of the measurement window of the Hall probe. 

Computer Model 
A computer model of array magnetic fields supple- 

ments our measurements, allows three-dimensional 
graphic display of the fields and makes quantitative 
analysis of field characteristics possible. To preserve 
relative algebraic simplicity, we assume that. the field 
of a cylindrical magnet can be described by the mag- 
netic field of a current loop (magnetic dipole) [Landau 
and Lifschitz, 19691. The field generated by a four- 
magnet array is obtained by superposition of the four 
individual dipole fields. The resultant total field is char- 
acterized by three parameters: a = radius of the magnet, 
2c = distance between adjacent magnet centers, and m 
= a scaling factor. 

RESULTS 

Theoretical Fit 
Plots of experimental data and simulations based 

on these data were within the experimental measurement 
error for most of the domain. For a parameter setting that 
corresponds to the physical magnet dimensions (a = c 
= 7 mm), the field amplitude has been set to match the 
peak value of the experimentally measured component 
BXZ. This sets the value for the scaling parameter m (m 
= 43) and completely specifies the theoretical field, which 
is then compared to the remaining components of the 
experimental field. As an example, the fit between the 
measured and computed values of the x component of 
the field is shown in Figure 2. The computer model 
closely reproduces all the experimental field measure- 
ments (additional data available upon request), especially 
in the data collection range (0 & 1 mm, 4.5 ?I 1 mm, 6 
&- 1 mm) where field variations are linear. Computed 
values for the y and z components fit the measured data 
equally well. This validates use of the computer model 
as an analytic tool to describe the global characteristics 
of the field. 



mm 

Fig. 2. Comparison between the experimental data points 
(dotted line) and curves calculated on the basis of a current 
loop model (solid line) for the x component of the magnetic field 
of the MAG-4A array. In the notation B,, i labels the field com- 
ponent and j the scanning direction. Domains and ranges were 
chosen to demonstrate the fit. 
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The effect of static magnetic fields produced by 
arrays of four magnets of alternating polarities (MAG- 
4A), arrays of four magnets of the same polarity (MAG- 
4+) and arrays of two magnets of alternating polarity 
(MAG-2A) on AP firing is displayed in Figure 3 (top 
row). All arrays were constructed of magnets of the same 
material, shape, and dimensions. The maximum field 
strengths for the different kinds of arrays were within 
10% of one another. The number of stimuli that failed 
to elicit action potentials depended on the number and 
polarity of magnets in the array. Computer simulations 
in the middle and bottom rows in Figure 3 show the 
spatial variations of the field magnitudes of the three 
arrays. The slope of the inner cone, determined from two 
of the three field variations that define the gradient,’ can 
be taken as a visual correlate of the gradient. The gra- 
dient of the field magnitude, a global measure of spa- 
tial field variation, was used to compare the different 
arrays quantitatively. The number of AP failures and 
duration of the blockade were highest for the MAG-4A, 
which had the steepest gradient at cell position. These 
findings indicate that, under similar peak intensity con- 
ditions, the spatial distribution of the field strength 
determines the extent of the blockade. 

To reduce the number of physical parameters that 
influence the biological effect, we designed MAG-4A 
experiments to test the correlation between the strength 
of the spatial variation of the field and the extent of the 
neural effect. The principal field determinant of AP 
blockade was separated by controlling the values of field 
intensity and the magnitude of the gradient for the MAG- 
4A arrays. Due to the limited number of sizes and 
strengths of available permanent magnets, field strength 
and variation were controlled by adjusting the distance 
between magnets in the macroarray and use of a MAG- 
4A microarray. 

Arrays with similar field gradients but 
significantly different field intensities. 

At a height z = 1.5 mm corresponding to the cell 
position in the field, the microarray (see Materials and 
Methods), field magnitude ranges between background 
and -0. 1 mT, and the gradient ranges from a minimum 
of 0.1 mT/mm to a maximum of -2 mT/mm (Table 1). 
The small volume of the microarray magnets results 

‘The term gradient refers to the gradient of the field magnitude, B,,,, 
and the numerical values given refer to the magnitude of the gradient and 
are calculated according to the formula: 

I Grad(Bmo ,I=d(~)‘+(~)‘+(~)‘~ 
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Fig. 3. Correlation between the number of AP failures and spatial variation of fields to the magnetic field. Cell location is (x,y,z) - (0,5,6 mm), with the origin at the center 
produced by three arrays of permanent magnets: 1) four magnets of alternating polarity of the four-magnet array. Same origin for the two-magnet array, taken as half of 
(i.), 2) four magnets of the same polarity (ii.), and 3) two magnets of alternating polarity the four-magnet array. Data from McLean et al. [1994], reexpressed graphically. 
(iii.). Top row: Plots of data showing numbers of AP failures for C-like neurons Bottom rows: Corresponding plots of field magnitude in the xy plane at z = 6 mm. 
measured at cell location for the different arrays. A stimulus protocol consisting of The gradient of the field magnitude is proportional to the slope of the sectional cut 
two control (Cl, C2), four magnetic exposure (Ml-M4), and up to 10 recovery (Rl- in row 2, which describes the field variation in the xy plane. The variation of the field 
RlO) periods (50 stimuli at 1 Hz) was used. Boxes outline the period of exposure magnitude along the z direction (not shown) is comparable for the three arrays. 



in the lower field intensity of the array. However, a de- 
crease in array size produces enhanced field variation 
with distance, corresponding to larger gradient values. 
In the microarray, the net effect of smaller magnet 
volume and proximity of magnet poles is a gradient 
similar to that of the macroarray but a field intensity 
that is -60 times smaller then that of the macroarray 
(see Table 2 and Appendix). 

Adjustments in the distance between the magnets 
of the macroarray resulted in a gradient at the cell po- 
sition equal to that produced by the microarray. Inter- 
polation from Table 2 shows that, for a magnet separation 
of -2.5 cm, a gradient of -1.5 mT/mm for both arrays 
was obtained, with corresponding micro- and macroarray 
field strengths of -0.1 mT and 6.8 mT, respectively. The 
number of AP failures in the fields of the two arrays did 
not differ significantly (Fig. 4). 

Arrays with similar field intensities but 
significantly different field variations. 

Similar field intensities for the macro- and 
microarrays were obtained by varying the distance between 
the magnets in the macroarray. For a magnet separation 
of -75 mm, the macroarray experimental field strength 
was -0.3 mT, and the corresponding field gradient value 
at cell location was -0.02 mT/mm. This array configu- 
ration did not increase AP failures significantly (Fig. 5). 
In contrast, exposure to a weaker microarray field of -0.15 
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mT, with a relatively large gradient of -1.5 mT/mm, sig- 
nificantly increased the AP failures (Fig. 4, open squares). 

No significant increase in AP failures was seen in 
neurons centered over single magnets with strengths of 
0.5-500 mT. These results suggest that field magnitude 
in the examined range is insufficient to cause the bio- 
logical effect and that field variation is the principal factor 
determining AP blockade. 

Threshold Gradient Value 
A decreasing magnetic field gradient was obtained 

experimentally by uniformly increasing the distances 
between magnets in the alternating four-macromagnet 
array. The experimental data on AP failures correspond- 
ing to different gradient values are shown in Figure 5. 
A precise threshold value for the gradient is difficult to 
establish for two main experimental reasons: 1) It is 
difficult to maintain a stable impalement of a single 
neuron long enough to perform measurements during 
exposure to multiple arrays with different gradient values 
and 2) because of variations in cell structure, different 
gradient values might be required to reduce firing in 
different neurons. With the present methods, we can 
determine only a gradient value at which the array field 
fails to block action potentials. As can be seen in Fig- 
ure 5, a magnet separation of 75 mm, corresponding to 
a gradient of -0.02 mT/mm, resulted in insignificant 

TABLE 1. Measurements of the Horizontal Field Component BXy Along Lateral (x,y) and Axial (z) Scanning Directions for the 
Microscopic Array and Measurement-Based Theoretical Estimates of Field Magnitude and Gradient of Field Magnitude* 

Distance z 
(mm> 

1.5 
2.5 
3.5 
4.5 
5.5 

Bxz Bxz 
exp. theo. 
(mT) bV 

0.08 f 0.01 0.085 
0.04 * 0.01 0.044 
0.02 f 0.005 0.024 
0.01 IL 0.005 0.013 
0.00 + 0.005 0.007 

Distance x 
(mm> 

0 
1 
2 

Bxx exp. BXX theo. 
(at z = 1.5 (at z = 1.5 
mm; mT) mm; mT) 

0.08 + 0.01 0.085 
0.04 k 0.01 0.039 
0.01 f 0.005 -0.017 

Distance y Bxy exp- BXy theo. 
(mm) (atz= 1.5 (at z = 1.5 

mm; mT) mm; mT) 

0.25 0.03 * 0.005 0.032 

0.75 0.09 zlz 0.0 0.095 

1.25 0.12 f 0.01 0.121 

1.75 0.09 f 0.01 0.113 

2.25 0.06 k 0.01 0.089 

2.75 0.04 f 0.005 0.064 

3.75 0.05 III 0.005 0.028 

4.75 0.20 f 0.005 0.012 

*exp. = experimental; theo. = theoretical. 

Distance y IBI theo. 
(mm) MT) 

0.5 0.07 

1 0.122 

1.5 0.128 

2 0.107 

2.5 0.08 

3 0.054 

3.5 0.036 

4 0.024 

AIBVAy theo. 
@T) 

0.77 

0.20 

0.08 

0.21 

0.22 

0.17 

0.12 

0.08 

AIBVAz theo. 
(mV 

0.92 

1.42 

1.31 

0.93 

0.56 

0.31 

0.16 

0.08 

GradlBl 
theo. 

(mT/mm) 

1.07 

1.43 

1.31 

0.95 

0.60 

0.35 

0.20 ( 

.O.ll 
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TABLE 2. Characteristics of Magnetic Field at the Simulated Cell Location Produced by Macroarrays With Different Interpole 
Distances and the Microarray* 

Distance Cell Magnitude AIBExPI AIBW - - Grad(lBExPI) Magnitude AIBP AIB-Y AlBY Grad (IB9) 
between location of AY AZ (mT/mm) of Ax AY AZ (mT/mm) 
magnet 6, y,z;) measured (mT/mm) (mT/mm) calculated (mT/mm) (mT/mm) (mT/mm) 
centers (mm) field field 
(mm> (B experi- (B theoretical; 

mental; mT) mT) 

1. Macroarray 

14 (0,4.5,6) ld 1.6 2.4 3.3 10 0.03 1.36 2.9 3.2 
35 (0,12,6) 4.7 0.4 0.2 0.45 2.3 0.006 0.2 0.013 0.2 
53 (0,18X9 1.4 0.06 0.05 0.08 0.54 0.001 0.033 0.037 0.05 
75 KGW3 0.3 0.0025 0.018 0.018 0.14 0.000 0.006 0.014 0.014 

2. Microarray 
0.4 z=1.5 Bxmax at 1.5 mm above array -0.12 z!z 0.01 mT 0.15 mT -1.5 mT/ / 

mm max mm max 

*For conciseness, we show only the experimental behavior of the field magnitude IBExpi and gradient Grad(lBE4); because these are not 
directly measured quantities, we will indicate the procedure by which they are determined: One directly measures the three field compo- 
nents BX, By, and BZ and their variations (ABXEXVAx, ABXEXP/Ay, ABXExVAz), (ABYEXVAx, AByEXVAy, AByEXVAz), (ABZEXP/Ax, ABZEXP/Ay, ABZExV 
AZ) in the neighborhood of the cell location. Measurements indicate that 0 = AByExP/Ay = ABYExP/Az = ABF/Ay = ABZExP/Az 10.05 AB ExV 
Ax at cell location; accordingly, we establish that AIBExPl/Ay = ABxExP/Ay and AIBEWAz = ABXEWAz. The quantities ABZExVAx and ABXEXV 
AZ are of the order of magnitude of ABXEVAx, and ABXEWAx = 0; the analytic behavior of the array points out that 0 = AIBExPI/Ax Id.05 
AIBExWAz, thus indicating that ABZ Exp/A~ and AB WAX are opposing variations that mostly cancel out and generate an almost constant 
field magnitude along the x direction at cell locaiion. For this reason, experimentally one cannot determine AIBExWAx with a unidimen- 
sional probe, thus justifying the absence of AIBExWAx from the table. 

II - MAG-4A 
* micro MAG-4A 

Cl C2 Ml M2 M3 M4 Rl R2 R3 R4 R5 R6 R7 R8 R9 RIO 

STUDY PERIODS 

INTERPOLE DISTANCES 
+ 14 mm (MAG-4A) 
--U- 35mm 
-t- 53mm 
* 75mm 

Ml M2 M3 M4 RI R2 R3R4 R5 R6R7R6 R9RlO 

STUDY PERIOD 

Fig. 4. Comparison of number of stimuli that failed to fire AP 
during exposure to fields produced by the micro- and 
macroarrays of four magnets of alternating polarity. Data col- 
lected for C-like neurons. At cell location, both arrays produced 
a field gradient of -1.5 mT/mm and field intensities of -6.3 mT 
and -0.1 mT. Data from McLean et al. [1994], reexpressed 
graphically. 

Fig. 5. Comparison between the inhibitory effects of the mac- 
roscopic array of four magnets of alternating polarity at different 
interpole distances di. Data were obtained by mounting mag- 
nets in plastic holders at center-center separations of 14, 35, 
53, and 75 mm in square arrays. Cell located at (x,y,z) - (0, 
1/3d,, 6 mm) measured from array center. Corresponding field 
amplitudes of 10, 4.7, 1.4, and 0.3 mT and field magnitude 
gradients of 3.3, 0.45, 0.08, and 0.018 mT/mm. Data from 
McLean et al. 119941. reexpressed araphicallv. 
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(~10%) reduction in AP firing. Thus, the threshold for 
AP blockade occurs at gradient values of -0.02 mT/mm. 

DISCUSSION 

The experiments and analysis described herein 
were designed to discriminate which of two field char- 
acteristics, field intensity or gradient of the field mag- 
nitude, is the principal determinant of AP blockade in 
cultured neurons. The greatest number of failures to 
fire was observed in fields produced by arrays with the 
largest field gradients (Fig. 3, Table 2). Also, arrays 
of four magnets of alternating polarity with comparable 
gradients but an -60-fold difference in field intensity 
@ timmy -6 B 
extent (Fig. 

miCr0array) reduced AP firing to the same 
4). Theoretical estimates based on Lorentz 

force arguments require static constant field strengths 
in excess of 0.2 GT to affect action currents in nerves 
measurably [Liboff, 19801. This prediction, made for 
time- and position-invariant fields, is consistent with 
our observations. Indeed, in our experimental range of 
0.1-10 mT, we observed that fields with low gradient 
values have no significant effect on AP firing. On the 
other hand, the pronounced biological effect we ob- 
served in this intensity range occurs only if the time- 
independent magnetic field exhibits marked spatial 
variation. The present analysis suggests that field gra- 
dient, not intensity, is the principal determinant in action 
potential blockade. 

As is indicated in Materials and Methods, due to 
the small size of the micromagnet, slight variations in 
cell positioning result in marked variability of the gra- 
dient to which the cell is exposed. If gradient dependent, 
the AP blockade in the microarray field should show 
location-dependent variation, as confirmed experimen- 
tally. Variability was much less with the macroarray, 
where larger magnet size permits more consistent cell 
positioning in a comparatively more slowly changing 
magnetic environment. Aside from variability in firing 
due to variations in the field gradient, our experiments 
indicate that neurons may discriminate between a strong 
unidimensional field variation and multidimensional field 
variations of lesser strength (see Appendix). For example, 
the MAG-2A array is characterized at cell position by 
a large transverse field variation [(AIBI/Ay) = 0.8 mT/ 
mm] and small longitudinal [(AlBl/Ax) z 0.005 mT/mm] 
and vertical [(AIBl/Az) z 0.1 mT/mm] variations, with 
an overall gradient of -0.8 mT/mm and no significant 
corresponding AP blockade. In contrast, the field of the 
MAG-4A array with interpole separation of 35 mm 
resulted in significantly more AP failures. This array had 
a slightly lower gradient value of -0.5 mT/mm, but sub- 
stantially different field variations [ (AIB I/Ax) = 0.006 mT/ 
mm, (AlBllAy) z 0.4 mT/mm, (AIBl/Az) E 0.2 mT/mm]. 

This example shows that the gradient of the field 
magnitude averages out the spatial variation of the in- 
dividual field components and implicitly obscures com- 
ponent-dependent firing features. For this reason, the 
gradient of the field magnitude has to be regarded as a 
global indicator of field variation, not as a precise cor- 
relate of firing failure. 

Although field intensity does not seem to be di- 
rectly correlated with the extent of AP blockade, it is 
of general interest to determine whether a minimum 
intensity is required to at least allow the buildup of the 
field gradient necessary to block AP. Over 70% of stimuli 
failed to fire AP in experiments with arrays generating 
peak fields as low as 0.1 mT. For lower intensities, a 
theoretical intensity threshold can be obtained using the 
dependence of firing failures on the field gradient. 
Assuming that the effective gradient covers only part of 
the cell membrane, action potential-generating ion chan- 
nels outside the field would still function properly, 
showing little if any failure in AP firing. For blockades 
similar to those observed experimentally, we then require 
a complete coverage of the neuronal membrane by the 
field gradient. Such coverage would require a field peak 
value of at least: 

x5Opm = 0.025 mT 

where a standard cellular diameter of -50 p and an 
effective field gradient of -0.5 mT/mm are used. This 
value is of the same order of magnitude as the terres- 
trial magnetic field. 

Reports of effects of static magnetic fields in bio- 
logical systems have come to widely varying conclusions. 
A uniform 1.2 T static magnetic field applied to voltage- 
clamped lobster axons [Schwarz, 19791 had no effect on 
conduction velocity, membrane potential, or transmem- 
brane currents. On the contrary, consistent with our find- 
ings, rats changed direction to avoid regions of a T maze 
characterized by large changes in a static MRI field (up 
to 13 T/m for fields of -1.7 T) [Weiss et al., 19921. This 
suggests that living systems recognize and react to strong 
field changes. Accordingly, we believe that position- 
dependent field variations, in particular the gradient of 
field magnitude, must be assessed in future investigations 
of effects of static magnetic fields on cells or animals. 
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APPENDIX 

Gaussmeter Characteristics 
The FW Bell gaussmeter 4048 has an active mea- 

surement window of diameter d = 0.5 mm. It is calibrated 
in a uniform field with the active measurement area =Z 
x0.06 mm2 taken to be unity. For nonhomogeneous fields 
that change rapidly over the size of the active window, 
corrections to the instrument reading have to be applied. 
An example will clarify the necessity for such correc- 
tions: An idealized field of amplitude 1 mT that is con- 
stant over half of the active window and zero elsewhere 
will give an instrument reading of only 0. 5 mT. Alter- 
natively, for a fluctuatin field, the instrument reading 
corresponds to B, meterZ = 7 h&d/ $Bi(r, 4,~). For the z com- 
ponent of a field’ produced by one cylindrical magnet 
scanned at constant height (z = 1.5 mm), which displays 
angular symmetry, the above formula reduces to 

B G.MeterZ (z, = 1.5) = 27r IrdrdB, (r,1.5) 
0 

G tB, ( ri ,1.5)6Ai 
i=O 

is the annular area that corresponds to the field B,(ri, 1.5) 
for the chosen partition i]. For a six-point partition sum 
at the cell heightfor one micromagnet, the discrepancy 
between instrumentreading and field value at a site was 
small (only 4% difference); at magnet surface, the same 
sum gives a larger discrepancy (30% difference). 

The instrument reading in areas of slow field 
change is accurate to at least 95% at the experimental 
cell height; in areas of fast field change the reading is 
less reliable and depends’on the rate of change of the 
field. For example, the BXy field component scanned in 
the y direction (relatively low field change; Fig. 6a), 
registers a peak value of -0.12 mT. The same field 

component scanned in the x direction registers a peak 
value of only BXX max -0.09 mT. The instrument average 
over the large field variation in the x direction (0.74 mT 
drop over 0.2 mm; Fig. 6b) causes the lower reading. 

The degree of alignment among probe and sample 
determines the percentage measurement between the 
targeted field component and the other field components. 
Accordingly, reliable field measurements are obtained 
in areas where the target field component is much larger 
then the other two components. In areas where the tar- 
geted field is small in comparison to the other compo- 
nents, readings are unreliable. For example, in 
measurements of BXX (Table l), a slight shift in the ori- 
entation of the probe and the large z field component 
result in a theoretical value (-0.017 mT at 2 mm) largely 
discrepant from the measured value (0.01 mT at 2 mm). 

Characteristics of the Microarray Field 
The microarray diameter of -0.8 mm was similar 

to the gaussmeter measurement window diameter of -0.5 
mm. Thus, the active measurement window of the probe 
effectively averages and limits spatial resolution of the 
field strength. A reliable reading is produced by a field 
component that does not change sign over the active 
measurement area and is sufficiently uniform to allow 
for corrections to the averaging of the instrument. The 
axial (BZ) field measured at the array surface changed 
from a peak value of -4 mT to -4 mT over a distance 
of -0.4 mm. The corresponding averaged reading of -0.1 
mT is a substantial distortion in local field value. Con- 
sequently, we measured and modeled the B,(,,, compo- 
nent of the microarray field, which displays the least sign 
change over the active measurement area, when scanned 
at constant height. Therefore, the computer simulation 
was calibrated to best fit the measurements of BX taken 
along the x, y, and z directions. The analytical model 
was used to characterize the field further. Measured and 
simulated data for BX are displayed in Table 1 and the 
corresponding field maps in Figure 6. Some of the 
important analytic features of the array and the moti- 
vation for the choice of the particular component to be 
measured are given below: 

1. Compared to the z field component, the Bx(yj com- 
ponent keeps the same sign over a larger scannmg area, 
allowing more accurate readings. 

2. The locations at which B, is maximal correspond 
to null contributions from B and BZ. Thus 

B, (O,YJ-5) = Bx,MAX =I g(O,y,l.;) I; i.e., the magni- 
tude of the field coincides with the value of the com- 
ponent along the whole y axis at x = 0. 

3. The model parameters set by the fit between 
measured and computed values of the x field component 
(Fig. 6a,b) are used to predict a field magnitude range 
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Fig. 6. Simulated surface plot of the microarray field. a,b: Side views of the B, component 
for z = 1.5 mm; the measured and corresponding analytic plot values are shown in Table 1; 
the plot covers only half of the domain, with the field symmetrical and of opposite sign in the 
other half. c: Sectional view of the analytical field magnitude corresponding to the measured 
values of Bx; this field magnitude is used to calculate the unidimensional variations and gradient 
of the field in Table 1. 

between 0 (background) and 0.13 mT and a gradient titular locations, the maximum field amplitude is -0.15 
range between 0.3 and 1.4 mT/mm at z = 1.5, x = 0, and mT, the vertical field variation -1.7 mT/mm, and a ra- 
y = O-5 mm. 

4. The maximum field magnitude and gradient 
dial field variation -0.04 mT/mm, resulting in a gradi- 

occur along the line that connects the geometrical cen- 
ent of - 1.7 mT/mm. In the area of the inner cone (Fig. 

ter of the array with any magnet center. At these par- 
6c) along this same direction, for a field amplitude of 
-0.12 mT, the vertical field variation of -1.4 mT/mm 
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and a radial field variation of -0.8 mT/mm result in a ond one labels the direction of scanning (i.e., along the 
gradient of 1.6 mT/mm. x, y, or z axis). 

5. Alternatively, measurements of the field produced 
by a single micromagnet were used to calculate microarray 
characteristics. The values obtained for the array, of -1.7 
mT maximum field amplitude and - 1.2 mT/mm maximum 
gradient at cell height are in agreement with the corre- 
sponding values obtained from measurements of BX. 

6. Table 1 shows that regions characterized by the 
same gradient correspond to different variations with 
position of the individual field components (see num- 
ber 4 above, for example). This particular feature of the 
field may explain, at least in part, the variability in AP 
block observed for the microarray. 

The sources of measurement error are mentioned 
in Materials and Methods. Error stemming from mis- 
alignment of axes might have introduced deviations up 
to 1” of arc. In our apparatus, misalignment could pro- 
duce deviations of as much as 0.2 mm for every centi- 
meter scanned. In areas with large field variation, a 
maximal error of 15 mT/mm of deviation, not surpass- 
ing 30% of the field value at a particular location, might 
occur. Relative to the angular misalignment error, the 
most accurate measurements are the ones taken in the 
vicinity of the intersection of the manipulator axes, a 
location that corresponds to the site of the neuron un- 
der study. Accuracy decreases at larger distances from 
the origin, where field intensity diminishes gradually to 
negligible values. A 10% error for reading the vernier 
rulers was included in the estimate of systematic error, 
and values were rounded up to the nearest significant 
integer or decimal number. 

Error Anal.ysis 
Each of the field components was measured by 

appropriate orientation of the gaussmeter probe in the 
field. For each orientation (field component), the field 
was scanned along the three axes shown in Figure 1. 
The three scanning directions intersected at a site cor- 
responding to the cell position in the field. Relative to 
the center of the quadrupolar array, the positioning 
range of the cell during magnetic exposure and AP 
recording was (x,y,z) = (0 + 1 mm, 4.5 + 1 mm, 6 21 1 
mm). The field measurements and associated errors are 
shown in Table 3. In the notation B,, the first subscript 
identifies the field component (x, y, or z) and the sec- 

The error is calculated according to &ii = Zj x 0.018 
x Uj/hxj + 10% x ABi/Axj x Axj, where Zj is the length 
along the jth scanning direction and measured from the 
ceI1 location, AB,./Axj is the field’s ith component variation 
along the j direction, 0.018 is the radian conversion of 
the 1% angular deviation, and 10% is the caliper read- 
ing error mentioned in the text. Throughout the measure- 
ments, AX. was 1 mm. The errors are rounded up to the 
closest re 1 evant integer. 
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