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The soluble and ionized calcium and magnesium contents of 18 lots of Mueller-
Hinton agar medium from three different manufacturers were analyzed, and the
results were.correlated with medium performance. A standardized disk diffusion
test, with Pseudomonas aeruginosa (ATCC 27853) and a 10-pg gentamicin disk,
served as an indicator of medium performance. Zone diameters correlated well
with the ionized calcium values and the sum of the ionized calcium and soluble
magnesium values in the different lots (r = -0.88 for both). Zone diameters
correlated poorly with ionized magnesium values (r = -0.57), which were best
described by a curvilinear relationship. Supplementation oflots ofMueller-Hinton
agar medium with equivalent amounts of calcium and magnesium as the chloride,
gluconate, or glycerophosphate salts produced identical decreases in zone sizes.
Adjustment of deficient lots of Mueller-Hinton agar medium with ionized calcium
or soluble magnesium or both (as the gluconate salts), to match the concentrations
in lots that provided satisfactory zone sizes (17 to 19 mm), resulted in performance
comparable to that of the control lots. Sixteen strains of Pseudomonas aerugi-
nosa, ranging from resistant to susceptible, responded to cation adjustment in
the same manner as the ATCC quality control strain. Satisfactory medium
performance can obviously be assured by biological means in aminoglycoside
susceptibility testing of Pseudomonas aeruginosa on Mueller-Hinton medium;
however, cation adjustment ofmedium to predetermined levels of ionized calcium
and soluble magnesium can now also provide desirable performance levels for P.
aeruginosa on Mueller-Hinton medium.

Recently, Kenny et al. (2) described some of
the quantitative and qualitative aspects of the
relationship between the cation content ofMuel-
ler-Hinton medium and the susceptibility of
Pseudomonas aeruginosa to aminoglycosides.
An interdependence of calcium and magnesium
was demonstrated, and it was found that the
soluble rather than the total cations affected the
system. More specifically, the concentration of
ionized calcium, probably the biologically active
fraction, correlated best with gentamicin suscep-
tibility. It was hypothesized further that ionized
magnesium would also relate in the same way,
i.e., resistance to gentamicin would increase di-
rectly with the concentration of ionized magne-
sium in the medium.
This report further defines the role of these

cations in the interaction between aminoglyco-
sides, particularly gentamicin, and P. aerugi-

nosa in in vitro susceptibility testing. Inhibition
zone sizes were directly correlated with the con-
centrations of ionized calcium and soluble mag-
nesium in Mueller-Hinton media. The relation-
ships defined in this paper were used to manip-
ulate Mueller-Hinton agar medium to a desired
and predictable performance level.

MATERIALS AND METHODS
Media and bacteria. The soluble and ionized cal-

cium and magnesium contents of 18 lots of Mueller-
Hinton agar medium were analyzed, and their per-
formance in testing the susceptibility of P. aeruginosa
to gentamicin was evaluated. Media were prepared
and separated into soluble and insoluble fractions as
previously described (2). Difco lots (Difco Laborato-
ries, Detroit, Mich.) were numbered 620275, 615800,
564372, 640657, 648618, 652161, and 655476. BBL lots
(BBL Microbiology Systems, Cockeysville, Md.) were
designated IlDIFZ, GlDIAO, DlDHOL, AlDHQZ,
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ElDHQS, and L5DART. GIBCO lots (GIBCO Diag-
nostics, Madison, Wis.) were numbered 870480,
870304, 870442, 870402, and 970011.

P. aeruginosa ATCC strain 27853, the standard
gentamicin-susoeptible quality control strain (3), was
used to evaluate medium performance in all experi-
ments. Sixteen othier srains of P. aerugnosa were
used to determine whether the response of the stand-
ard strain (ATCC 27863) was representative of a pop-
ulation of P. aeruginosa isolates challenged with gen-
tamicin. One of these straBins, from the Mayo Clinic,
had been previously studied for its response to agar
supplementation with calcium and magnesum (4).
The Ellsworth strain was orginally obtained from
Pfizer Therapeutics Inc., New York, N.Y., for use in
other drug studies. Fourteen ofthe strins were clinical
isolates from the culture collection of the Clinical
Microbiology Laboratory, University HospitaL Seat-
tle, Wash. Ewcherichia coli ATCC 25922 was also used
for quality control in all experiments.

SusceptibDlity tesing. The standardized disk dif-
fusion test was performed as recommended (3). Each
medium in all experiments was prepared in duplicate,
with each smple individually weighed and prepared
separately. For each study of gentamicin activity
against P. aeruginga, two antibiotic disks were placed
on plates prepared from duplicate medium samples.
The average of the zone diameters read from the four
separate disks was reported.

Ionized calcium was measured with an ion-specific
electrode (Orion Research Inc., Cambridge, Mass.),
and the total soluble calcium and magnesium in the
fluid phase of the medium was determined by atomic
absorption spectroscopy as previously described (2).
All determinations were made after autoclaving media.

Ionized magneaium was measured colorimetrically
by the method of Scarpa (6), as modified in our labo-
ratory (E. Casilla and M. A. Kenny, submitted for
publication). Dual wavelength spectroscopy (with 550
and 600 nm, respectively, for test and blank) was
performed with an ABA-100 analyzer (Abbott Labo-
ratories, North Chicago, Ill.). The blank solutions were
prepared by treating medium fluid with Chelex 100
(Bio-Rad Laboratories, Richmond, Calif.) cation-ex-
change resin. The precision of analysis was 1.00 + 0.06
meq/liter (X ± standard deviation) based on 20 deter-
minations made on 20 successive days.

All cation concentration data on media and medium
fractions were expressed in mifliequivalents per liter
to represent the chemically active quantity. Factors
for the conversion of milliequivalents to miligams
per liter are 20.04 for calcium and 12.16 for magnesium
(1).
Media supplementation. The influence of the an-

ionic components of calcium and magnesium salts on
the availability ofthese cations in supplemented Muel-
ler-Hinton agar media was investigated. In these ex-
periments, Difco lot 655476 and BBL lot ElDHQS
were supplemented by addition of stock solutions of
calcium and magnesum as chloride, gluconate, or
glycerophosphate salts Approximate final concentra-
tions of 1.05 meq of ionized calcium per liter and 1.71
meq of total soluble magnesium per liter were obtained
in the media. These "target" concentrations were
based on preliminary a ments of cation concentra-

tions in Mueller-Hinton media that were performing
within recommended standards for aminoglycoside
susceptibility testing with fully susceptible P. aerugi-
nosa ATCC 27853. We chose media that yielded gen-
tamicin inhibition zone diameters of 17 to 19 mm as
reference media. These limits are within the perform-
ance standards established for P. aeruginos ATCC
27853 (5). Lots of medium in other experiments were
supplemented only with calcium and magnesium glu-
conate. Calcium and magnesium supplements and con-
centrations achieved are given in the appropriate ta-
bles and figures. Zones ofinhibition around gentamicin
disks and cation contents in supplemented medium
were compared with those of the same lot of unsup-
plemented control medium.

RESULTS

Correlation of cation composition of me-
dia with gentamicin zone diameters. The
contents of 18 lots of Mueller-Hinton agar me-
dium from three manufacturers were analyzed
for total soluble calcium, soluble ionized calcium,
total soluble magnesium, and soluble ionized
magnesium. These results were compared with
those obtained from the gentamicin susceptibil-
ity testing ofP. aeruginosa done on these media
(Table 1).
There was a considerable range of values for

calcium and magnesium in the lots of Mueller-
Hinton agar medium examined. Soluble calcium
content ranged from 1.14 meq/liter to 3.14 meq/
liter. Although the GIBCO lots tended to be
somewhat lower in soluble calcium than the
Difco and BBL lots, these differences were not
apparent for ionized calcium content. The rela-
tionship of ionized calcium to soluble calcium
separated the media into two distinct groups. In
all of the GIBCO lots, the ionized calcium was
approximately 61% (57 to 66%) of the soluble
calcium, but the ionized calcium was approxi-
mately 35% (29 to 40%) of the soluble calcium in
the BBL lots; both groups were represented
among the Difco lots. In contrast, the ionized
magnesium content ranged from 0.19 meq/liter
to 2.79 meq/liter, or from 11 to 122% of the
soluble magnesium. (The latter figure, for BBL
lot ElDHQS, results from the variation in both
medium preparation and assay.)
The inverse relationship of zone diameter to

cation content of the 18 lots of media, as de-
scribed by correlation coefficients (r), ranged
from -0.42 to -0.88. The best correlations were
found for ionized calcium and for the sum of
ionized calcium plus soluble magnesium: -0.88
in both cases. The results with ionized magne-
sium were not as convincing. The correlation
was best described by a curvilinear regresion,
but even so, the r value was low (-0.53).
Media supplementation. Unsupplemented
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TABLE 1. Comparison of soluble and ionized cation contents ofMueller-Hinton agar media with
susceptibility ofP. aeruginosa ATCC 27853 to gentamicina

CalCiUMb Mansub Calcium plus mag- Ioie - Genta-Cacim Magnesiumb nesium Ionized cal- micitn 10-
Lot of medium cimolusl pg diskofSoluble nesium ~~~~~~~~~~~~~~~~olbl

Soluble Ionized Soluble Ionized Soluble Ionized magnesium zne

Difco
620275 2.83 1.70 (60) 2.30 1.35 (59) 5.13 3.05 4.00 15.4
652161 2.13 0.65 (31) 1.97 0.36 (18) 4.10 1.01 2.62 19.4
648618 2.03 1.15 (57) 1.75 0.23 (13) 3.78 1.38 2.90 18.0
615800 2.23 1.42 (64) 2.99 2.53 (85) 5.22 3.95 4.41 15.8
655476 1.75 0.65 (37) 1.42 0.53 (37) 3.17 1.18 2.07 19.9
564372 1.33 0.84 (63) 2.91 2.79 (96) 4.24 3.63 3.75 18.2
640657 2.08 1.19 (57) 1.72 1.24 (72) 3.80 2.43 2.91 17.2

BBL
I1DIFZ 3.14 1.21 (39) 1.96 0.83 (42) 5.10 2.04 3.17 17.7
GlDIAO 2.87 1.15 (40) 1.83 0.86 (47) 4.70 2.01 2.98 17.8
DlDHOL 2.68 0.98 (37) 1.52 0.93 (61) 4.20 1.91 2.50 18.3
AlDHQZ 2.69 0.95 (35) 1.54 0.45 (29) 4.23 1.40 2.49 17.4
ElDHQS 1.78 0.53 (30) 0.51 0.62 (122) 2.29 1.15 1.04 22.0
LDART 2.82 0.81 (29) 1.26 0.38 (30) 4.08 1.19 2.07 21.0

GIBCO
870480 1.72 1.01 (59) 1.72 0.19 (11) 3.44 1.20 2.73 17.5
870304 1.55 0.88 (57) 1.55 e 3.10 d 2.43 18.2
870442 1.19 0.76 (64) 1.12 0.26 (23) 2.31 1.02 1.88 20.8
870402 1.14 0.75 (66) 1.07 0.54 (50) 2.21 1.28 1.82 20.8
970011 1.91 1.12 (59) 1.80 0.41 (23) 3.71 1.53 2.92 18.2

re -0.42 -0.88 -0.77 -0.53 -0.77 -0.75 -0.88
a Data are given as milliequivalents per liter except as otherwise indicated.
b Soluble and ionized cations were in the fluid phase of prepared media. Parentheses indicate percent of

soluble cation.
c Not assayed because of technical difficulty.
d Not reportable because of unassayable ionized magnesium value.
' Correlation of zone diameters with cation concentrations; correlation coefficients (r) were calculated by the

least-squares method.

media that yielded zones of inhibition around
gentamicin disks of 17 to 19 mm with P. aerugi-
nosa ATCC 27853 were selected as control lots
(Table 1). We arbitrarily considered these to be
performing satisfactorily, even though our cri-
terion was more stringent than that of the Na-
tional Committee for Clinical Laboratory Stand-
ards (zones of 16 to 21 mm). For these nine lots,
the average ionized calcium concentration was
1.05 ± 0.13 meq/liter, and the average soluble
magnesium concentration was 1.71 ± 0.15 meq/
liter.

(i) Effect ofanions. Because the distribution
of cations into the ionized fraction could have
been affected by the anionic component of the
calcium or magnesium salt, we analyzed media
with these cations added as either chlorides,
gluconates, or glycerophosphates (Table 2). Two
lots of Mueller-Hinton agar medium were sup-
plemented (Difco 655476 and BBL ElDHQS),
and their perfornance was tested with three
strains of P. aeruginosa, ATCC 27853, Mayo,

and ElJsworth strains. After supplementation,
the cation contents of both lots were similar, i.e.,
analyses of soluble and ionized calcium or mag-
nesium agreed within experimental error, irre-
spective of the anionic component of the cation
source. Additionally, cations added in the initial
preparation of the Mueller-Hinton agar were
completely recovered in all cases in the fluid
phase, and the added anionic component did not
upset the existing balance between the ionized
and soluble cation fractions. No significant dif-
ferences in gentamicin zone diameters were ex-
hibited by the three strains of P. aeruginosa on
medium supplemented with calcium and mag-
nesium as either chlorides, gluconates, or glyc-
erophosphates.

(ii) Addition of calcium and magnesium.
Preliminary experiments indicated that per-
formance of Mueller-Hinton agar medium could
not be reliably predicted when either cation
alone was added. These experiments did dem-
onstrate, however, that a medium could be sup-
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TABLE 2. Effects ofcalcium and magnesium added to Mueller-Hinton agars as different anion salts on the
susceptibility ofP. aeruginosa to gentamicin

Gentamicinb zone diametersCations (meq/liter)a for P. aeruginosa strain:
Lot of medium Supplemented anion

Ca. Cai Mg. Mg. ATCC Mayo Eollrsth

Difco 655476 None 1.75 0.65 1.42 0.53 20.3 21.8 18.0
Chloride 2.77 1.14 1.60 0.73 18.4 20.5 16.3
Gluconate 2.67 1.10 1.60 0.67 18.7 20.7 16.7
Glycerophosphate 2.67 1.09 1.60 0.75 18.8 20.4 16.3

BBL ElDHQS None 1.78 0.53 0.51 0.62 22.5 23.1 20.7
Chloride 3.52 1.25 1.78 1.74 18.9 20.2 17.3
Gluconate 3.32 1.14 1.62 1.57 19.6 20.7 17.6
Glycerophosphate 3.29 1.10 1.72 1.72 19.5 21.2 17.2

a Target concentrations for ionized (i) calcium and soluble (s) magnesium were 1.05 ± 0.13 meq/liter and 1.71
± 0.15 meq/liter, respectively.

b Gentamicin disks contained 10 ug of antibiotic.

plemented to a predictable level of ionized cal-
cium and soluble magnesium.

Six lots of media originally deficient in ionized
calcium or soluble magnesium or both were se-
lected as test lots for cation supplementation.
Zones of inhibition with gentamicin disks were
greater than 19 mm with P. aeruginosa ATCC
27853 on these media. Test media were supple-
mented with calcium and magnesium gluconate
to match target concentrations of 1.05 meq of
ionized calcium per liter and 1.71 meq of soluble
magnesium per liter, the average cation concen-
trations of the control media. After cation addi-
tions, gentamicin zone diameters averaged 18.4
± 0.6 mm (Fig. 1) and were not significantly
different from those of the control group (aver-
age, 17.8 ± 0.4 mm) (Table 1). The mean con-
centrations of ionized calcium and soluble mag-
nesium were 1.09 ± 0.11 meq/liter and 1.71 ±
0.14 meq/liter, respectively, in the supplemented
media. These cation concentrations were not
significantly different from the target concentra-
tions of the control media.

(iii) Poeudomonas population response.
We used 14 additional clinical isolates of P.
aeruginosa to test the performance of cation-
supplemented Mueller-Hinton agar media with
a representative population of this species (Ta-
ble 3). We also wished to determine whether the
response of P. aeruginosa ATCC 27853, the
recommended quality control strain (3), was typ-
ical of P. aeruginosa strains as a group on cat-
ion-supplemented media. Concentrations of ion-
ized calcium and soluble magnesium in the sup-
plemented media averaged 1.12 ± 0.09 meq/liter
and 1.67 ± 0.14 meq/liter, respectively, approx-
imately the same as the target cation concentra-
tions of the control media (ionized calcium, 1.05
± 0.13 meq/liter; soluble magnesium, 1.71 ± 0.15

meq/liter). Individual strains showed a range of
reduction in gentamicin zone diameters from
unsupplemented to supplemented media. For
example, the mean differences in responses were
2.5 mm for strain UH400, 1.8 mm for strain
UH805, and 1.9 mm for the standard strain, P.
aeruginosa ATCC 27853. Overall, there was a
reduction of 2.0 mm in gentamicin zone diame-
ters for the P. aeruginosa population on the
supplemented media: 18.3 ± 2.3 mm versus 16.3
± 2.5 mm for the same unsupplemented lots of
medium. Thus, target concentrations of cations
were achieved in the supplemented media, and
the population of P. aeruginosa responded as
predicted by the control strain in gentamicin
disk susceptibility tests on the supplemented
media. There was, however, a significant differ-
ence of 0.8 mm (P = 0.01, Student's t test) in the
mean of the gentamicin zone diameters from
tests on the supplemented media (16.3 ± 2.5
mm) and tests performed on the control lots of
media (15.5 ± 2.4 mm).

DISCUSSION

In this investigation, we demonstrated that
predictable gentamicin inhibition zone sizes for
P. aeruginosa ATCC 27853 on Mueller-Hinton
agar medium could be achieved by adjustment
of ionized calcium and soluble magnesium in the
agar to target levels. The target levels in this
case were 1.71 meq/liter for soluble magnesium
and 1.05 meq/liter for ionized calcium, and they
were based on the performance of Mueller-Hin-
ton agar media from three manufacturers which
gave inhibition zone sizes within the recommen-
dation of the National Committee of Clinical
Laboratory Standards. Previously, the direct ef-
fect of ionized calcium on aminoglycoside inhi-
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FIG. 1. Susceptibility of P. aeruginosa ATCC 27853 to gentamicin as tested on Mueller-Hinton agars to
which ionized calcium and total soluble magnesium were added to achieve final concentrations of 1.05 ± 0.13
meqlliter and 1.71 ± 0.15 meqlliter, respectively. Adjusted Mueller-Hinton agar lots are shown as follows: (A)
Difco 652161; (B) Difco 655476; (C) BBL EIDHQS; (D) BBL L5DART; (E) GIBCO 870442; and (F) GIBCO
870402. Magnesium and calcium were added as gluconate salts in amounts which varied in relation to the
initial concentrations of total soluble magnesium and ionized calcium (Table 1). P. aeruginosa was tested for
susceptibility to gentamicin by disk diffusion on each of the prepared media. Symbols: 0, concentrations
before agar manipulation of ionized calcium (0. 70 ± 0.08 meqlliter) and soluble magnesium (1.21 ± 0.51 meql
liter); 4: concentrations after agar manipulation of ionized calcium (1.09 ± 0.10 meqlliter) and soluble
magnesium (1.71 ± 0.14 meqlliter). Area within the curves represents the 95% confidence interval for the
regression equation relating the sum of ionized calcium plus soluble magnesium (milliequivalents per liter) to
the gentamicin disk zone diameter. The shaded area represents the target gentamicin disk zone size of 17 to
19 mm.

bition zone sizes for P. aeruginosa was demon-
strated, and it was hypothesized that ionized
magnesium would directly influence these tests
on Mueller-Hinton agar as well (2). We present
evidence here, however, that indicates that ion-
ized magnesium has at best only a secondary
influence on the inhibition zone size. It is equally
clear that the ionized calcium and soluble mag-
nesium fractions in Mueller-Hinton agar directly
influence the gentamicin inhibition zone size for
P. aeruginosa. These data suggest that the al-
lowable range of these two fractions must be-
come stringently defined if predictable and con-
sistent gentamicin inhibition zone sizes are to be
achieved.

Predictable Mueller-Hinton agar medium per-
formance has been successfully achieved by de-
fining a narrow range for these two distinct
cation fractions in this study. It can be achieved
by either rigorous selection of Mueller-Hinton
agar or accurate adjustment of media deficient
in ionized calcium or soluble magnesium or both.
The choice of calcium and magnesium salts (as
chloride, gluconate, or glycerophosphate) that
would be best for medium supplementation was
investigated because of the suggestion of Water-
worth (8) that the type of salt used may influ-

ence gentamicin inhibition zone sizes for P.
aeruginosa. Our findings indicate that addition
of calcium or magnesium in the three salts tested
increases but does not disturb the distribution
of ions within the soluble phase of the media
used in these studies and has no measurable
difference in effect on the gentamicin inhibition
zone diameters with any of the control strains
tested. The apparent discrepancy in our findings
and those cited by Waterworth (8) may be due
to different media or to different anion-binding
agents in the media, such as phosphates, which
will influence the distribution of the cations in
the previously described fractions. This aspect,
however, remains to be investigated.
The objective of testing the representative

nature of our observations with the control
strain P. aeruginosa 27853 was to insure that
other strains respond accordingly on manipu-
lated media. The response of all of the strains
tested to the adjustment of calcium and mag-
nesium in Mueller-Hinton agar was in the same
direction, with an average decrease in zone di-
ameter of 2.0 mm. Comparison of the response
of this population in adjusted media and control
media indicates, however, that a statistical dif-
ference in inhibition zone diameters does still
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TABLE 3. Responses of different strains of P.
aeruginosa to gentamicin as tested on media

supplemented with ionized calcium and soluble
magnesiuma

Gentamicin inhibition zone size
(mm)b on:

Pseudomonas strain M-H M-H M-H
agarc (no agarc MHd
supple- (supple- (control)
ments) mented) (cnrl

ATCC 27853 20.9 19.0 18.5
Ellsworth 18.5 17.6 15.9
Mayo 21.0 19.6 18.3
UH400 12.9 10.4 9.9
UH412 13.1 10.7 10.2
UH464 21.1 19.0 18.2
UHRE 19.2 17.1 16.0
UH18 17.6 15.7 15.3
UH19 20.3 18.5 17.8
UH27 18.1 15.7 15.3
UH28 18.0 16.1 16.0
UH30 17.2 15.3 15.0
UH31 18.0 16.0 15.3
UH805 18.9 17.1 16.2
UH32 18.8 16.7 15.8
UH829 18.6 16.7 15.8
UH01 17.6 15.6 14.7

a X ± standard deviation values were 18.3 ± 2.2 for
unsupplemented Mueller-Hinton (M-H) agar, 16.3 ±
2.5 for supplemented M-H agar, and 15.5 ± 2.4 for
control M-H agar.

b A 10-ytg gentamicin disk was used.
c The average concentration of ionized calcium was

1.12 ± 0.09 meq/liter, and that of soluble magnesium
was 1.67 ± 0.14 meq/liter. Media were supplemented
with gluconate salt solutions. The Mueller-Hinton
agar lots adjusted were Difco 652161 and 655476, BBL
ElDHQS, and GIBCO 870442 and 870402.

d The Mueller-Hinter agar lots used were Difco
648618 and 640657, BBL GlDIAO, and GIBCO 970011.

exist. This may be reflective of a strain-related
response; for example, the two strains which
were the most resistant in our population ap-
peared to be more responsive to adjustment of
the ionized calcium and soluble magnesium lev-
els in the agar. The sample size is too small,
however, to make any definitive statements con-
cerning strain differences. It is also possible that
another medium component, such as zinc as
postulated by Washington et al. (7), may mod-
ulate in a small but significant manner the re-
sponse of P. aeruginosa on Mueller-Hinton
agar. It should be emphasized, though, that the
response of this small population of P. aerugi-
nosa to manipulated and control media is not
important clinically. In fact, the average inhibi-
tion zone size for both groups when the values
are adjusted to the nearest millimeter is 16.0
mm.

In summary, we demonstrated that selecting
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a narrow range of allowable levels of ionized
calcium and soluble magnesium in Mueller-Hin-
ton agar will lead to a clinically useful and pre-
dictable gentamicin inhibition zone size for the
control strain P. aeruginosa ATCC 27853. This
can be achieved by rigorous selection of existing
media or feasible adjustment of media deficient
in either calcium or magnesium levels or both.
Previous recommendations for calcium and
magnesium in Mueller-Hinton media were based
on the total amount in the agar, i.e., 1.6 to 2.8
meq/liter (20 to 35 mg/liter) and 2.4 to 5.0 meq/
liter (50 to 100 mg/liter) of magnesium and
calcium, respectively (5). We later determined,
however, that this did not provide consistent
levels of these cations in the fluid phase of the
media, which apparently is the fraction that
regulates the performance of the aminoglycoside
on Mueller-Hinton agar (2). We now find that it
is both the ionized calcium and soluble magne-
sium fractions which control the inhibition zone
sizes. This should prove useful in improving the
performance standards for Pseudomonas testing
on Mueller-Hinton agar media.
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