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An equation was derived from known formulas to express the size of the
inhibition zone diameter in the disk diffusion antibiotic susceptibility test as a
function of the disk content of antibiotic. The equation permitted a calculation of
regression line constants for the correlation between zone diameter and the
minimum inhibitory concentration (MIC) with a single reference strain. Analysis
of reference strains Staphylococcus aureus ATCC 25923, Escherichia coli ATCC
25922, and Pseudomonas aeruginosa ATCC 27853, as well as 12 clinical isolates
belonging to these species, showed a linearity between zone size squared and the
logarithm of disk content in tests with 10-, 30-, and 100-,ug gentamicin disks. All
three species, however, gave regression line constants which were characteristic
for the individual bacterial species. Calculations of zone diameter breakpoints
corresponding to recommended MIC limits with E. coli and P. aeruginosa
reference strains gave an accurate prediction of gentamicin susceptibility. Histo-
gram analysis of 48 strains of Streptococcus faecalis from clinical specimens
showed a distribution of zone diameter values which would result in false
classification of susceptibility with breakpoints calculated for the other bacterial
species studied. Single reference strain analysis of S. faecalis ATCC 29212
(gentamicin MIC, 8 p.g/ml) permitted the calculation of breakpoints which
accurately assigned the strains tested to the intermediate category of susceptibil-
ity. Single reference strain analysis offers a quality control method for individual
laboratories that allows the determination of inhibition zone diameter breakpoints
corresponding to recommended MIC limits with no MIC determinations required.

Determination of the antibiotic susceptibility
of bacteria isolated from clinical specimens rep-
resents an important test in clinical microbiology
laboratories. Despite recent technological ad-
vances in minimum inhibitory concentration
(MIC) assays, the most widespread method used
is still the disk diffusion test (1, 6, 8, 14-16, 27,
33). The advantages of this method over dilution
tests are found in simplicity and ease of perform-
ance, direct control of purity of growth, and
simple reading of results as well as interpretation
of susceptibility. Furthermore, the reproducibil-
ity in individual laboratories is better for the disk
diffusion method as compared with dilution tests
(14). One serious drawback of the diffusion test,
however, is still unsolved: there is a wide varia-
tion in inhibition zone results obtained in differ-
ent laboratories with seemingly identical tech-
niques. Despite several measures to standardize
the test, this variability is not yet adequately
controlled (4, 6, 8, 14, 23, 27).

Interpretive breakpoints for the different cate-
gories of susceptibility, susceptible (S), interme-
diate (I), and resistant (R), are presently set by
translating MIC limits into inhibition zone diam-
eters in millimeters (2, 6, 14, 27). The underlying
regression analysis is based on studies of a large
number of strains and is therefore usually per-
formed only by reference laboratories (1, 14).
From the known variation in disk diffusion re-
sults among different laboratories, it is apparent
that the zone limits set might not represent
correct MICs in individual laboratories (4, 19,
23). To minimize the resulting errors in interpre-
tations, the I group of susceptibility has been
transformed into an indeterminate group and
considered a buffer zone (27, 32).

Factors governing the formation of zones of
inhibition have been studied extensively (5, 9,
10-13, 21). From equations described in these
early investigations, an alternative mathematical
expression was derived in the present studies for
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the correlation between the MIC of an antibiotic
and the inhibition zone diameter. Only one refer-
ence strain with a known MIC is required in disk
diffusion tests in which two or more different
contents of antibiotic in the disks are used to
determine the constants of the equation. The
regression line constants obtained will include
all the parameters unique to the method in
individual laboratories and will therefore more
accurately permit the calculation of interpretive
zone diameter breakpoints corresponding to
internationally accepted MIC limits.

MATERLILS AND METHODS

Bacterial strains and growth media. International
control strains, Staphylococcus aureus ATCC 25923,
Escherichia coli ATCC 25922, Streptococcus faecalis
ATCC 29212, and Pseudomonas aeruginosa ATCC
27853, were obtained from the National Bacteriologi-
cal Laboratory, Stockholm, Sweden (4, 6, 27, 32).
Five strains of S. aureus, five strains of E. coli, and
two strains of P. aeruginosa were obtained from
routine cultures at the Clinical Microbiology Labora-
tory, University Hospitals, Lund, Sweden. All strains
were stored as stock cultures at -80°C in tryptone
broth supplemented with 50% fetal calf serum. Subcul-
tures were grown on 2% blood agar medium. In
addition, 140 strains of E. coli, 46 strains of P.
aeruginosa, and 48 strains of S. faecalis obtained from
routine cultures were used ip studies of zone size
distributions.
Three different bacteriological culture media recom-

mended for susceptibility testing were included in the
studies. Medium 1 was Mueller-Hinton agar (batch no.
201-13443; Oxoid Ltd., Basingstoke, England). Medi-
um 2 was antibiotic medium no. 2 (batch no. 282-
17658; Oxoid Ltd.). Medium 3 was PDM antibiotic
sensitivity medium (composition similar to Wellcotest
agar; lot no. 91; AB Biodisk, Solna, Sweden).

Antibiotic disks. Paper disks containing different
amounts of gentamicin were used in the studies. Disks
containing 10 and 30 ,ug of gentamicin were purchased
from AB Biodisk. Disks containing 1 and 100 F±g of
gentamicin were kindly supplied by I. Mortensen,
Antibiotic Department, State Serum Institute, Copen-
hagen, Denmark.

Antibiotic susceptibility testing. The disk diffusion
method used for antibiotic susceptibility testing fol-
lowed recommended procedures described elsewhere
(6, 14, 27). Plates were inoculated by the cotton swab
method (14). Zone diameters were measured with a
pair of calipers. All repeated tests were performed on
consecutive days to include normal variability of an
individual laboratory.
MIC determinations. Determination of MICs was

performed by the agar plate dilution method (14, 34).
Gentamicin was incorported in twofold dilution steps
in PDM antibiotic sensitivity medium. Four-hour cul-
tures of strains in tryptone broth were diluted and
inoculated with a multipoint Steers replicator deliver-
ing approximately 4 x 104 organisms.
Computer calculations. Mathematical and statistical

calculations were performed with a microcomputer,
Metric model M85-T (Compucorp series 600, model

655; Scandia Metric AB, Solna, Sweden), with a 64-
kilobyte RAM and two 640-kilobyte floppy disks. The
software was obtained from Bioscand HB, Lund,
Sweden. Computer aid was found necessary to mini-
mize the work required for calculations in single strain
regression line determinations and computation of
laboratory-specific breakpoints. Mean values, stan-
dard deviation, and coefficients of variation were
determined for homogeneous zone diameter popula-
tions and histograms plotted. Regression line con-
stants and product moment coefficients of correlation
were calculated according to the least-squares method
and were used for MIC-to-zone diameter calculations.

RESULTS
Theoretical derivation of equations. Factors

influencing the formation of zones of inhibition
by antibiotics diffusing into a solid medium have
been studied extensively, both theoretically and
experimentally (9-13, 21). The mathematical
models obtained take into account the diffusion
constant of the antibiotic (D), the critical time at
which the zone is formed (T), the distance
between the antibiotic disk and the edge of the
zone (X), the amount of antibiotic in the disk
(m), and the critical concentration at which
growth is no longer inhibited (m'). This classical
relationship is shown in formula (1).

In m' = ln m - (X2I4DT) (1)
In individual microbiological laboratories in

which antibiotic susceptibility testing is per-
formed routinely, several parameters are rela-
tively constant (11). It is therefore possible to
rewrite formula (1) using two constants, k and K:

log MIC = log Q - (Z21k) - K (2)
or

Z2 = A log Q - A log MIC + B (3)
In formula (3), the direct correlation between m'
and MIC is included (31), and the log base is
changed to decimal. The inhibition zone (Z) is
expressed as the square of the diameter in
millimeters, which gives the best linearity, ex-
cept at small zone values (11). Disk content (Q)
is expressed in micrograms, and MIC is ex-
pressed as micrograms per milliliter. Constants
A and B in formula (3) vary with the medium
used, preincubation procedures, inoculum size,
and minor modifications which are characteris-
tic for an individual laboratory. These constants
therefore include all those minor variations
which give rise to interlaboratory differences in
zone diameter results. From formula (3), it is
clear that the calculation of these constants can
be performed by using disk diffusion tests with
two or more disk contents of each antibiotic
together with a well-defined strain with known
MICs.
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FIG. 1. Antibiotic susceptibility testing of refer-
ence strain E. coli ATCC 25922 (A) and P. aeruginosa
ATCC 27853 (B) against gentamicin (disk content, 30
,ug) with three different growth media. The inhibition
zone diameters of 20 tests (A; media 1 and 2), 60 tests
(A; medium 3) , and 12 tests (B) are shown as mean

values (center bar), 1 standard deviation (open rectan-
gle), and range.

Lety = Z2, x = log Q, and C = -A log MIC + B

Then

y = Ax + C (4)

and

A N>Lxy--Xx y (5)

Calculations with the least-squares method ac-

cording to formulas (4) and (5) give constant A.
Constant B is calculated from formula (3) with
mean values of y and x.

Inhibition zones with different growth media.
Three different growth media, all designed by
manufacturers for disk diffusion susceptibility
testing, were used in preliminary tests. Refer-
ence strains E. coli ATCC 25922 and P. aerugin-
osa ATCC 27853 were tested on media 1, 2, and
3 with gentamicin disks containing 30 ,ug. This
amount represents the standard disk content of
gentamicin for susceptibility testing in Scandina-
via (2). The inhibition zones recorded are sum-

marized in Fig. 1. Different growth media gave

different zone sizes for the two strains. Tests on

media 1 and 3 showed larger inhibition zones,

which were relatively similar for E. coli (Fig.
1A). Medium 2 gave the smallest zone diameter
values. The differences between media 1, 2, and
3 were most marked for P. aeruginosa. These
three media therefore seemed suitable for testing

the capacity of single reference strain analysis to
determine zone diameter breakpoints.

Single strain regression analysis. To test the
validity of the calculation of regression line
constants with equation (3), the linearity of
experimental results was studied by using the
three growth media. Five strains of S. aureus,
five strains of E. coli, and two strains of P.
aeruginosa were obtained from routine cultures
and tested six times each against gentamicin-
containing paper disks in disk diffusion suscepti-
bility tests. The gentamicin contents of the disks
were 10, 30, and 100 jig. Figure 2 summarizes
the results of these experiments. The curves
obtained showed good linearity over the whole
range of disk potencies for all strains tested. The
product moment coefficient of correlation (r) for
S. aureus was 0.91 to 0.78 on medium 1, 0.97 to
0.92 on medium 2, and 0.93 to 0.76 on medium 3.
For E. coli, the coefficients of correlation were
0.91 to 0.81, 0.96 to 0.87, and 0.89 to 0.82,
respectively, and for P. aeruginosa they were
0.95 to 0.90, 0.98 to 0.97, and 0.96, respectively,
on the three media. Disks containing 1 ,ug of
gentamicin were also tested but gave zone sizes
which did not fit the linear pattern, inhibition
zone diameters being larger than expected.
A numerical expression of one curve parame-

ter was obtained by calculating regression line
constant A in formula (3) for the strains ana-
lyzed. Constant A is independent of the MIC for
the individual strain and is a measure of the
slope of the curve. The results are shown in
Table 1. Calculated constants for strains on
different media were similar within the E. coli
and P. aeruginosa species. On the other hand,
constant A for these two bacterial species was
on completely different levels, indicating that
the regression lines for E. coli and P. aeruginosa
were completely different. Constant A values
calculated for S. aureus strains on media 1 and 2
showed similarity to constants for E. coli and on
medium 3 to the slope constant for P. aerugino-
sa. These experiments show that one gentamicin
regression line is not applicable to all bacterial
species.
Comparison between experimental and calcu-

lated MICs. MICs of gentamicin for the four
reference strains as well as for five strains of S.
aureus, five strains of E. coli, and one strain of
P. aeruginosa were determined by the agar
dilution method. Each strain was tested a mini-
mum of six times, and a geometric mean value
was calculated. The reference strains showed
MICs in good agreement with data given in the
literature (4, 18, 30, 34): S. aureus ATCC 25923,
0.25 ,ug/ml; E. coli ATCC 25922, 0.5 jig/ml; S.
faecalis ATCC 29212, 8.0 ,ug/ml; and P. aerugin-
osa ATCC 27853, 1.0 ,ug/ml. All S. aureus and
E. coli strains included from routine cultures
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FIG. 2. Correlation between the logarithm of gen-
tamicin disk contents (10, 30, and 100 Rg) and the
growth inhibition zone diameters (millimeters)
squared. The tests were performed on medium 1 (solid
line), medium 2 (broken line), and medium 3 (dotted
line) with S. aureus (A), E. coli (B), and P. aeruginosa
(C) strains from routine cultures. P. aeruginosa refer-
ence strain ATCC 27853 was also included in (C).
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TABLE 1. Determination of gentamicin regression
line constant A for different bacteria on different

growth mediaa
A value (mean ± SD)

Medium S. aureus E. coli P. aeruginosa
(five strains) (five strains) (three strains)

1 391 33 328 ± 23 522 ± 38
2 317 18 314 ± 23 476 ± 22
3 496 40 342 ± 21 512 ± 16

a Constant A in equation (3) was calculated for
different bacteria tested on different growth media
with inhibition zone values shown in Fig. 1.

were homogeneous within each species regard-
ing MICs. The MIC means were 0.25 ,g/ml for
S. aureus, 0.64 ,ug/ml for E. coli, and 1.5 ,ug/ml
for the P. aeruginosa strain.
To test the predictive value of the regression

lines obtained with single strain analysis, the
theoretical MICs were calculated. In one series
of calculations, the regression line used was
based on E. coli reference strain ATCC 25922
results, and in another series on P. aeruginosa
ATCC 27853 results. The MICs obtained are
shown in Table 2. The prediction of MICs for S.
aureus and E. coli strains were most accurate
with the E. coli reference strain. Conversely,
prediction of a MIC for P. aeruginosa was only
possible with the P. aeruginosa reference strain
regression line. The fact that S. aureus values
with medium 3 were closer to the true MIC with
E. coli as the reference and not P. aeruginosa,
as expected from constant A values in Table 1,
further indicates that S. aureus also shows a
species-specific gentamicin regression line.

Species-related interpretive breakpoints. The
capacity of single strain regression line analysis

TABLE 2. Gentamicin MICs for bacterial strains
calculated from regression lines obtained by using

single strain analysisa
MIC (>Lg/ml)

Reference strain
and medium S. aureus E. coli P. aeruginosa

(0.25 jLg/1m)b (0.64 1Lg/mj)b (1.5 1tg/ml)b
E. coli
ATCC 25922
Medium 1 0.16 0.99 0.09
Medium 3 0.15 0.88 0.64

P. aeruginosa
ATCC 27853
Medium 1 1.4 5.4 1.0
Medium 3 0.42 1.6 1.2
a Zone diameters used for the calculation of MICs

for the test strains correspond to data in Fig. 2. Mean
values are given for S. aureus (five strains) and E. coli
(five strains).

b True MICs are in parentheses.

TABLE 3. Breakpoints calculated from gentamicin
regression lines obtained by using single reference

strain analysisa
Zone diameter breakpoints

Reference strain and medium (mm) for MICs (>Lg/ml) of:
4.0 6.0 8.0 16.0

E. coli ATCC 25922
Medium 1 18.5 16.6 15.2 11.1
Medium 3 17.7 15.8 14.2 9.5

P. aeruginosa ATCC 27853
Medium 1 25.0 23.2 21.8 17.9
Medium 3 18.9 16.4 14.4 7.7
a Currently accepted MIC limits for gentamicin sus-

ceptibility converted into inhibition zones (in millime-
ters) for media 1 and 3 as calculated from regression
lines obtained by using two different reference strains.

to determine accurately the breakpoints for gen-
tamicin was tested by using different substrates
and different bacterial species. Breakpoints
were calculated with two different gentamicin
regression lines, one based on single strain anal-
ysis of reference strain E. coli ATCC 25922, and
the other on P. aeruginosa ATCC 27853 (Table
3). The MICs used for the calculations repre-
sented recommended breakpoint levels and in-
cluded internationally accepted limits, -4 and
.8 ,g/ml, as well as Scandinavian limits, s4
and >16 ,ug/ml, for the S and R categories,
respectively (2, 6, 27). From Table 3 it is appar-
ent that currently recommended zone diameter
breakpoints for Scandinavian limits, -21, 20 to
16, and <16 mm for the S, I, and R categories,
respectively, using medium 3, do not conform to
breakpoints calculated for the susceptibility test
as performed in our laboratory. It should be
pointed out that the zone diameter values refer
to the use of 30-Rug gentamicin disks. Regression
line equation (3) does permit a simple calculation
of breakpoint values for other disk potencies as
well.
The relevance of the calculated breakpoints

was analyzed in relation to individual inhibition
zone diameters for different bacterial species.
Histograms of zone values in millimeters were
plotted for the routine strains included. Figure
3A and B shows histograms of E. coli tested
against 30-,ug gentamicin disks on media 1 and 3,
respectively. From the data in Table 3, the lower
limit for the S category on these two media was
set to 18 and 17 mm, respectively. In Fig. 3C and
D, histograms of P. aeruginosa on media 1 and 3
are shown, together with the lower limits for S,
24 and 18 mm, respectively. The large differ-
ences in zone diameter distributions seen with
P. aeruginosa on the two media would normally
make any interpretation difficult. With the
breakpoints calculated by using single strain
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FIG. 3. Histograms of individual zone diameter values recorded for strains of E. coli (A and B) and P.
aeruginosa (C and D) with 30-,g gentamicin disks on medium 1 (A and C) and medium 3 (B and D). Calculated
mean values of the populations were 23.7 + 1.9 mm (A), 23.7 ± 1.8 mm (B), 30.4 ± 1.3 mm (C), and 25.5 ± 1.3
mm (D). Species-related breakpoints corresponding to S <4 ,ug/ml were calculated by using single reference
strain analysis.

regression analysis in the present studies, the
correct limits for the different susceptibility cat-
egories obtained provided a basis for accurate
interpretations of the zone diameters recorded.

Inhibition zone diameters for 140 routine iso-
lates of E. coli and 46 strains of P. aeruginosa
with 30ji.g gentamicin disks were also recorded,
and the histograms were plotted (Fig. 4). The
calculated breakpoints permitted the proper des-
ignation of these populations to the S category.

Gentamicin susceptibility of S. faecalis. Rou-
tine strains of S. faecalis tested on medium 3
with 30-SIg gentamicin disks gave an inhibition
zone diameter distribution as shown in Fig. SC,
with a mean value of 19.2 mm. Strains belonging
to this population show MICs around 8 ,ug/ml

and therefore should be assigned to the I catego-
ry. However, breakpoints calculated with the E.
coli reference strain would falsely give the S
designation to 96% of the S. faecalis strains.

Since a series-specific single strain regression
analysis apparently was required, the reference
strain, S. faecalis ATCC 29212, was tested on
medium 3 with 10-, 30-, and 100-,ug gentamicin
disks. The correlation between squared zone
diameters and log disk contents was linear,
confirming that regression line equation (3) was
valid (Fig. 5A). With the constants thus known,
the corresponding MIC-zone correlation was
plotted (Fig. SB). From this curve, the mean
zone diameter value of the S. faecalis popula-
tion, 19.2 mm, was found to correspond to an
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FIG. 4. Histograms of zone diameter values ob-
tained from routine antibiotic susceptibility tests of
140 strains of E. coli (A) and 46 strains of P. aerugino-
sa (B) with 30-,ug gentamicin disks. Mean values for
the populations were calculated as 25.8 ± 1.8 and 26.2
± 2.6 mm, respectively. Species-related breakpoints
are indicated.

MIC of 7.0 ,ug/ml, in agreement with the dilution
test MIC. The breakpoints corresponding to
Scandinavian limits were also calculated, 4 ,ug/
ml = 21.8 mm and 16 ,ug/ml = 14.6 mm. By using
these breakpoints, the population peak was as-
signed to the I category (Fig. SC). The single
strain regression line analysis described there-
fore seems to be capable of defining accurately
the inhibition zone diameter breakpoints in disk
diffusion antibiotic susceptibility tests.

DISCUSSION
Quality control procedures currently recom-

mended for analysis of disk diffusion antibiotic
susceptibility tests are capable of measuring

both accuracy and precision (4, 6, 27). Despite
these established procedures, the results of sus-
ceptibility tests are still far from satisfactory (19,
23, 24). The major problem encountered is the
wide variability in inhibition zone diameter re-
sults in different laboratories (14, 23). This vari-
ability gives very poor accuracy if the millimeter
breakpoints used to determine susceptibility are
calculated from regression lines obtained in one
laboratory. A major defect of present quality
control procedures is the inability to provide
guidelines for correct setting of breakpoints
when the accuracy has been determined. The
quality control limits set by the National Com-
mittee for Clinical Laboratory Standards are
therefore quite generous (1, 4, 6, 23, 27, 32). E.
coli ATCC 25922, when tested against gentami-
cin, has been given an accepted range of 19 to 26
mm for a mean of five determinations in an
individual laboratory. This range corresponds to
MICs between 0.31 and 1.6 ,g/ml, as calculated
from published regression lines. The MIC for the
reference strain is 0.5 jig/ml. The range given for
the means therefore permits a large degree of
inaccuracy among different laboratories. Other
strain-antibiotic combinations show an even
worse picture. In a recent report, the present
situation with such poor accuracy was described
as "disquieting" (19).
From theoretical aspects of the formation of

inhibition zones (9-13, 21), an alternative equa-
tion was derived in the present study which
permitted the determination of regression line
constants with one single strain with a known
MIC in tests with disks containing different
amounts of antibiotic. The linearity expressed
by equation (3) for single strain analysis was
experimentally confirmed (Fig. 2 and Table 2).
The results indicated that gentamicin regression
lines determined on the same growth medium
differ considerably among different bacterial
species (Table 1). Constant A, determining the
slope of the regression line, was different for E.
coli and P. aeruginosa on the three growth
media used (Table 1). The current use of one
single regression line for all bacterial species is
therefore not valid. In the case ofP. aeruginosa,
this is a well-known phenomenon (7). The single
strain regression line analysis described was
capable of determining correct gentamicin
breakpoints for E. coli and P. aeruginosa on two
different growth media (Fig. 3 and 4). Species-
specific regression line analysis was also applied
to S. faecalis. From single reference strain anal-
ysis, the relevant breakpoints could be deter-
mined (Fig. 5). The method described is simple
and does not require any MIC determinations; it
is therefore suitable for use in individual micro-
biology laboratories.
Thus, the importance of species-specific gen-

tamicin breakpoints in disk diffusion antibiotic

i4a
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FIG. 5. Three-step procedure for single reference
strain regression line analysis and the determination of
interpretive breakpoints. (A) Correlation between log-
arithm of gentamicin disk contents (10, 30, and 100 ILg)
and squared zone diameter results obtained with S.
faecalis reference strain ATCC 29212 (MIC, 8 ,ug/ml).
(B) Gentamicin regression line constants obtained give
the correlation between logarithm of MIC and squared
zone diameters for 30-,ug gentamicin disks. (C) Zone
diameter values corresponding to recommended MIC
limits can then be calculated: 4 ,ug/ml = 21.8 mm and
16 ,ug/ml = 14.6 mm, giving the breakpoints S -22
mm, I = 21 to 16 mm, and R '15 mm. The histogram
shows zone diameter values obtained from routine
tests of 48 different strains of S. faecalis.

susceptibility testing is apparent from the fact
that different bacterial species show different
regression lines. The definition of such alterna-
tive breakpoints is possible by using single refer-
ence strain analysis. Another equally important
aspect of species-specific breakpoints must also
be emphasized. From Fig. SC, it is clear that S.
faecalis strains with a gentamicin MIC of 8 ,g/
ml should be assigned to the I category accord-
ing to Scandinavian limits (S <4 ,ug/ml; R >16
pg/ml) (2). The methodological variation in the
disk test for one single strain tested repeatedly
gives a range of 8 to 12 mm (14, 25, 27). To
accurately assign S. faecalis strains with a mean
zone value of 19.2 mm to the I category, the
breakpoints for this bacterial species should be
adjusted to account for the methodological vari-
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ation. Since individual bacterial species have
only a limited number of resistance mechanisms
against each antibiotic, the number of zone

diameter populations for each bacterial species
is also limited (17, 25, 28, 29). Thus, species-
related alternative breakpoints should also be
defined on a statistical basis to improve the
correct designation of susceptibility categories
(24).

In calculations with the traditional correlation
between 2 log MICs and inhibition zone sizes, a

linear relationship is usually assumed (8, 15).
The present study indicates that such a correla-
tion is not valid when several different bacterial
species are included. In a collaborative study by
Ericsson and Sherris, linearity was significant in
only 26% of the cases, suggesting some basic
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error in the mathematical expressions or in the
materials used (15). Other objections to the
existing type of regression analysis in describing
the correlation between dilution tests and disk
diffusion results have also been raised (24, 26).
These authors suggest the application of polyno-
mic functions to account for the fact that both
variables might be considered dependent. How-
ever, the use of MICs as the independent vari-
able in regression analysis, according to equa-
tions in current use and to the novel equation
described here, provides the only basis for con-
siderations of therapeutic activity and must be
adhered to (3, 7, 8, 11, 14, 15, 20, 26). It should
also be pointed out that zone size squared gives
better linearity in experimental studies as com-
pared with both the zone diameter value and the
theoretically more appropriate value of zone
radius minus disk radius squared (11). Equation
(3), which includes both disk potency and MICs
for their correlation with growth inhibition zone
size, therefore might be superior to other equa-
tions used at present.
Disk diffusion tests with gentamicin as well as

other aminoglycoside antibiotics are subject to
problems regarding their standardization (22).
Despite such inherent difficulties, the applica-
tion of the present single strain analysis to
gentamicin susceptibility testing permitted the
correct setting of inhibition zone diameter
breakpoints. For antibiotics other than amino-
glycosides, the number of reference strains re-
quired in routine quality control tests due to
species differences will probably be compara-
tively small. In combination with currently ac-
cepted methods for the control of precision (6,
27), the single reference strain analysis de-
scribed might therefore provide individual mi-
crobiological laboratories with a procedure for
improving the accuracy of susceptibility tests.
Extension of the present studies to other antibi-
otics, as well as to bacterial strains with resist-
ance based on the production of inactivating
enzymes known to give rise to atypical regres-
sion lines, is presently under way.
From the present study, some conclusions

regarding quality control in antibiotic suscepti-
bility testing can be drawn. First, there is a need
for a set of internationally available reference
strains representing different bacterial species
commonly encountered in clinical practice.
These strains should be well characterized in
regard to MICs of antibiotics, preferably with
dilution steps closer than twofold (7). Second,
antibiotic disks with different potencies must be
made available for control purposes from the
major disk manufacturers. Third, when new
antibiotics are introduced, MICs for the interna-
tional reference strains should be given to permit
laboratories to calculate zone diameter break-

points which correspond to recommended MIC
limits. With these basic provisions, it might be
possible for individual microbiology laboratories
to set up quality control schemes to determine
accuracy and precision and to calculate regular
breakpoints as well as some critical species-
specific breakpoints by using single reference
strain analysis.
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