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of a substance is proportional to the voltage of an ap -
plied current as it passes through a substance, or R = 
V/C, where V  is applied voltage (volts), and C  is current 
(amps). When the current is low enough, the current 
does not pass through the cell membrane (owing to the 
nonconductive lipid bilayer sandwiched between two 
conductive protein layers). The low current allows R 
to be re�ective of everything extracellular. Reactance 
is the opposition to alternating current by a capacitor 
(cell membranes), and can be mathematically expressed 
by the following equation: X c=1/(2nfC), where f is fre -
quency in Hertz, and C  is capacitance in Farads (Keller 
et al., 1993). Higher current frequencies will cause cell 
membranes to become capacitive so that X c becomes 
re�ective of the total amount of cell membrane material 
within the current. Both values are thus related to the 
cross sectional area of the entire �sh, conductor length 
of the organism, and the signal frequency of the current 
(Lukaski, 1987). The phase angle is the ratio of R to  
Xc of tissue and has been found to be sensitive to the 
health and condition of �sh (Cox and Heintz, 2009). By 
using  R and Xc, one can estimate the composition and 
condition of �sh.
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User experience

To determine if untrained users produce different and 
more variable  R and  Xc measurements compared to an 
experienced user,  R and  Xc measurements were com -
pared between a user with training and four users 
without training. In this experiment, the single trained 
user had taken over 5000 BIA measurements on �sh and 
the untrained users had no experience or previous train -
ing with BIA. Thirty juvenile coho salmon ( n=30, mean 
weight=9.7 g, SD=2.1) were killed and randomly split 
into �ve groups of six �sh, placed in plastic bags, and 
covered with ice. Before the experiment, four untrained 
users were introduced to the concepts of BIA and also 



38	 Fishery Bulletin 109(1)



39Cox et al.: Measurements of resistance and reactance in �sh with the use of bioelectrical impedance analysis

Table 2
Resistance (R) and reactance ( Xc) mean values, signi�cance levels, and percent difference for experiments to determine effects 
of needle location, covariates, different users, time needed for measurements, and stomach fullness on R and Xc measures. Each 
category has adjustments that may be a source of error when compared to a standard protocol (control) found in Cox and Hart -
man (2005). 

	 Mean	 Signi�cance	 % Difference

Category	 Error source	 R (�<)	 Xc (�<)	 R (�<)	 Xc (�<)	 R	 Xc

Needle location	 A (control)	 306.62	 75.44	 —	 —	 —	 —
	 A1	 300.80	 73.12	 0.58	 0.54	 2	 1
	 B	 301.12	 69.44	 0.60	 0.13	 2	 2
	 C	 221.80	 48.80	 <0.01	 <0.01	 –28	 –35
	 D	 160.18	 61.64	 <0.01	 <0.01	 –47	 –18

Covariates	 Control	 261.48	 70.34	 —	 —	 —	 —
	 Switched wires	 262.38	 71.02	 0.87	 0.81	 <1	 <1
	 Salt	 226.04	 64.24	 <0.01	 <0.01	 –14	 –9
	 Conductive board	 108.96	 56.30	 <0.01	 <0.01	 –58	 –20
	 Needle size	 236.38	 64.04	 <0.01	 <0.01	 –10	 –9
	 Needle depth	 288.24	 103.62	 <0.01	 <0.01	 10	 47

Different users	 Control	 915.35	 155.73	 —	 —	 —	 —
	   1	 969.00	 156.33	 0.09	 0.93	 6	 <1
	   2	 929.03	 173.52	 0.66	 0.01	 1	 11
	   3	 857.13	 142.20	 0.07	 0.04	 –6	 –8
	   4	 795.27	 140.62	 <0.01	 0.02	 –13	 –10

Time (h)	   0	 896.17	 166.77	 —	 —	 —	 —
	   3	 924.45	 173.92	 0.34	 0.38	 3	 4
	   6	 900.85	 174.62	 0.87	 0.34	 <1	 5
	   9	 909.87	 178.03	 0.64	 0.17	 2	 7
	 12	 919.90	 206.20	 0.42	 <0.01	 3	 24

Stomach fullness	 Half-empty	 321.00	 89.00	 0.95	 0.99	 –3	 1
	 Half-full 	
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Figure 6
Boxplots describing resistance ( A) and reactance 
(B) measurements in four groups of live brook 
trout ( Salvelinus fontinalis) for different electrode 
locations and stomach fullness ( n=5 per group), 
where full=full stomach, empty=empty stomach. 
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Figure 7
Comparisons of estimates of water mass parameters 
with resistance errors ranging from –58% to 10% ( A) 
and with resistance errors ranging from –3% to 3% ( B). 
The data were plotted in three-dimensional matrix plots 
with the  x and y axes describing the range of values 
for either the length between detectors, R , Xc, or R in 
parallel, and with the z  axis depicting the difference 
(as a percentage) between predicted estimates, with 
and without errors.
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Figure 9
Comparisons of large ( A) and small ( B) resistance ( R) 
and reactance ( Xc) errors affecting phase angle [arctan/
(Xc /R)]. Errors in resistance and reactance values are 
greater in A than in B. The data were plotted in three-
dimensional matrix plots with the x  and y axes describing 
the range of values for reactance and resistance, and 
the z axis depicting the difference (as a percentage) 
between phase angle, with and without errors.
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resistant route, they tend to take them, and offering 
the current a path through seawater or a conductive 
board would allow the current to take a pathway that 
is the least resistant and that would possibly not even 
include the �sh. This would result in a drop in R and  
Xc 
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an empirical approximation for  Xc at a standardized 
temperature (0°C) is identical to that in Equation 1, 
except that �F=–2.8. 

Stomach fullness had no effect on response mea -
surements within the half- or whole-body groups. The 
stomach and alimentary canal are encased by less con -
ductive layers of muscle than the surrounding organs 
located in the peritoneal cavity (Pethig, 1979). Much 
like an insulated wire, these less conductive muscle 
layers will insulate the stomach contents even if the 
stomach contents are more conductive than the sur -
rounding tissue. The insulation provided by the muscle 
layer reduces the chance that the current pathway will 
include stomach contents. Decreased R values ( �</cm) 
are seen in various animals in the peritoneal spleen, 
liver, and kidney, and relatively higher R values in 
nearby muscle tissue (Pethig, 1979). These insulating 
muscles, coupled with less resistant alternative path -
ways (i.e., organs), indicate that stomach fullness does 
not need to be accounted for in BIA measurements.

Sensitivity analyses show that signi�cant deviations 
from the procedures found in Cox and Hartman (2005) 
can lead to unacceptable errors in predictive estimates 
of R and Xc, but nonsigni�cant deviations are more ac -
ceptable. The average of all signi�cant errors in this 
study is 26% and would cause parameter estimates 
to be off by about 25% to 30%, which is too large for 
most biological studies. The nonsigni�cant error aver -
ages of <3% will cause parameter estimation errors to 
be around 2% to 4% (or about a 1:1 ratio), which may 
be acceptable in some studies. It should be noted that 
if several nonsigni�cant errors are encountered at the 
same time, they can be cumulative and result in an 
estimation error that is signi�cant. 

In all electrical volume equations, length between 
detectors ( Ld) is a squared term in the numerator, 
making predictive estimates extremely sensitive to 
changes in L d while also diluting the error effects on 
the denominator. Likewise, in parallel equations, the 
term  R 
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