Analyzing and Presenting pH Data

ABSTRACT

Both the practical effects and the-
oretical basis of error in pH data analysis
and presentation were examined. Since
the “pH” transformation has been
applied for convenience and not for
statistical reasons, added care must be
exercised in analyzing these data. Cal-
culating a mean of observed pH’s in-
troduced a significant and predictable
bias as compared to —log (mean [H*]),
henceforth designated mH. Rumen pH
data from Holstein steers fed a high
concentrate diet twice daily showed that
a relative error of from .35 to 2.22%,
with an average of 1.25%, resulted when
the former method was used. Wide ranges
in observed pH orlow pH greatly increased
the possible relative error. Statistical
analyses of pH data should use the
untransformed variable, i.e., hydrogen
ion concentration. Mean hydrogen ion
concentration, the variable in which
researchers are interested, still can be
transformed for convenience and reported
as mH together with the asymmetric
confidence intervals that result from
transformation.

INTRODUCTION

The pH, or “hydrogen ion exponent,” was
introduced by Sorensen in 1909 as a convenient
way of expressing small hydrogen ion nor-
malities (1, 2). Widespread and longtime usage
of pH has caused it to be considered mathe-
matically equivalent to other biological variables.
This misconception, coupled with expanded use
of computer programs to statistically analyze
experimental data, has increased the frequency
with which pH is misused. The objectives of
this paper are to examine both the practical
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effects and theoretical basis of error in pH data
analysis and presentation.

EXPERIMENTAL PROCEDURES

Rumen pH data from rumen-fistulated
Holstein steers fed a high concentrate diet twice
daily were used (unpublished data). The pH had
been measured at 2-h intervals over a 12-h
feeding period and was used to compare effects
of various treatments on rumen fermentation.

RESULTS AND DISCUSSION

Each rumen pH observation represented a
particular effective hydrogen ion concentration
of research interest. A negative logarithmic
transformation, from concentration to pH, was
applied merely as a customary convenience.
Transformation is required for the valid ap-
plication of tests of significance in the analysis
of variance when non-normality exists in the
data (3, 4). The logarithmic transformation, in
particular, is usually applied to data in which
the mean is positively correlated with the
variance. It also may be used to convert multi-
plicative effects on the original scale of mea-
surement to additive effects on the logarithmic
scale. Neither of these conditions would be
expected to apply to hydrogen ion concentration
dara. In fact, mixing solutions of different
pH results in a hydrogen ion concentration
nearly the sum of their unneutralized hydrogen
ion equivalents divided by their combined
volume. Small deviations from equilibrium
shifts are expected.

Since the “pH” transformation has been
applied for convenience and not for statistical
reasons, added care must be exercised in
analyzing this type of data. A standard data
analysis would report an arithmetic mean of the
observed pH’s, i.e., mean (—log[H*]). Alter-
natively, the hydrogen ion concentrations
implied by these pH measurements can be
averaged and reported as the negative logarithm
of the mean hydrogen ion concentration, i.e.,
—log (mean [H*]), henceforth designated mH.
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TABLE 1. Analysis of rumen pH data.
QObserved pH mH Mean pH Relative error
Animal Minimum Maximum —log {mean [H*]) mean (—log [H*]) %
1 '5.56 6.63 5.86 5.99 222
2 5.98 6.66 6.28 6.34 .96
3 5.60 5.99 5.72 5.74 .35
4 5.68 6.55 6.11 6.20 1.47
Mean RN . 1.25

Results for both methods are in Table 1.
Differences are attributable to the error com-
mitted when mean pH is used instead of mH.

Calculating an arithmetic mean of observed
pH’s introduces a predictable bias in that it will
exceed mH except for the case when all samples
are identical. The magnitude of this error
depends on the range of pH’s or hydrogen ion
concentrations as well as the mean hydrogen
ion concentration. For the data in Table 1, the
average relative error was 1.25% with a range of
.35 to 2.22% (relative error was defined as [mH
— mean pH|/mH).

Presented in Figure 1 is a graph of the
percent relative error versus pH for the hypo-
thetical case of physiologically common 10-fold
differences in hydrogen ion concentration.
Observed pH’s 6 and 7 would have a mean pH
of 6.50 whereas mH indicates 6.26 is correct.
A 3.83% error (graphed as the ordinate in
Figure 1) would have occurred had 6.50 (graphed
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Figure 1. Percent relative error versus pH for a
hypothetical 10-fold difference in hydrogen ion
concentration (see text).
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as the abscissa in Figure 1) been used. The
phenomenon of increasing relative error as pH
decreases also is illustrated in Figure 1. In
addition, the relative error at any given pH
would increase tremendously if 100-fold or
1000-fold ranges in hydrogen ion concentration
were encountered. For a “normal” rumen pH
range of 5 to 7 the possible error, although
unacceptable, is not nearly as great as that
which could occur over the “normal” abomasal
pH range of 2 to 4.

This type of error can be avoided easily by
performing all statistical analyses, including
calculation of means, with the untransformed
variable, i.e., hydrogen ion concentration. Mean
hydrogen ion concentration, the variable
researchers actually wish to compare, still can
be transformed and reported as mH; however, it
must be remembered that confidence limits
computed in the original scale will not be
symmetrical once transformed. For example, if
the mean hydrogen ion concentration was
.0100 molar with a 95% confidence interval of
* .0020 molar, the mH would be 2.000 with a
95% confidence interval of 1.921 to 2.097. The
transformed 95% confidence interval is 2.000
plus .097 but minus .079. Since standard errors
would be misleading under such circumstances,
the asymmetric confidence limits should be
reported.
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“Irregularities have been discovered in data reported in abstracts and manuscripts published
in the Journal of Dairy Science on which W. E. (William) Wheeler is senior author. Therefore,
the validity of the reported information is questionable.”

Signed: William E. Wheeler
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