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We determined the MICs of ethambutol for both Mycobacterium avium and Mycobacterium tuberculosis
strains by using broth dilution (7H12 broth, radiometric method) and agar dilution (7H111 agar) methods. We
found the MICs to be much lower in liquid than in solid medium. The broth-determined MICs for susceptible
M. tuberculosis and most of the M. avium strains were comparable to the levels in blood of patients, being lower
than the peak levels. We propose that the MICs, determined radiometrically in 7H12 broth, be considered as
tentative criteria for susceptibility testing of M. avium isolates in future clinical trials. The use of these values
instead of critical concentrations should also be considered as an alternative to the conventional susceptibility
testing method in chemotherapy of tuberculosis. Ethambutol produced bactericidal effects against both M.
tuberculosis and M. avium, and the MIC/MBC ratios were in the same range for both species when MICs and
MBCs were tested in 7H12 brQth by conventional sampling and plating.

Ethambutol (EMB) was introduced by Lederle Laborato-
ries in 1961 (16, 22, 26) and recommended in a leading article
in Tubercle for practical use in 1966 (Tubercle 47:292-295).
Controlled clinical trials (1, 8) have shown its effectiveness
in the treatment of tuberculosis, especially in combination
with other antituberculosis drugs (2, 21). There, have been no
clinical trials with EMB in the treatment of mycobacterial
infections other than tuberculosis and only a few reports
about the usefulness of EMB in the treatment of infections
caused by Mycobacterium avium (10, 28) and Mycobacte-
rium marinum (29). Nevertheless, the Committee on Ther-
apy of the National Tuberculosis and Respiratory Disease
Association (under the American Thoracic Society) issued a
statement in 1968 that EMB "is useful in combination with
three or four other antimicrobial agents, for the treatment of
the atypical group of mycobacteria," indicating specifically
Mycobacterium kanasasii and M. avium complex (4). EMB
is widely used in combination with other drugs in the therapy
of both tuberculosis and M. avium infection. Whereas the
use of EMB for treatment of tuberculosis is based on the
results of controlled clinical trials, the clinical efficacy of
EMB in M. avium infection has been less well documented
and is mainly based on retrospective analysis of multidrug
chemotherapy (6, 9).

Administration of EMB alone in a dose of 25 mg/kg daily
has led to a sputum conversion within 1 to 3 months in most
of the patients with tuberculosis, but "bacteriologic relapse
soon occurred with loss of organism susceptibility" (4). The
criteria for in vitro susceptiblity of Mycobacterium tuber-
culosis to EMB were derived from comparison of the in vitro
tests and the response to treatment, regardless of the con-
centrations of EMB in sera of patients. Peak levels of 3 to 5
jig/ml have been achieved 2 to 4 h after oral administration of
20 to 30 mg ofEMB per kg (20). Most M, tuberculosis strains
are inhibited by 1 and 2 ,.g ofEMB per ml incorporated into
Lowenstein-Jensen medium (L. B. Robinson and R. H.
Wichelhausen, Trans. 21st Conf. Pulm. Dis., p. 351, 1962),
and the so-called critical concentration of 2 jig/ml in
Lowenstein-Jensen medium has been suggested as a
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breakpoint to differentiate susceptible and resistant isolates
(3). It has been found that the MIC of EMB is different in
different media for the same strains of M. tuberculosis, and
equivalents of critical concentrations have been suggested as
5 ,ug/ml in 7H10 agar (5, 12) and 7.5 jig/ml in 7H11 agar (18).
These criteria of susceptibility developed for M. tubercu-

losis have often been applied to M. avium in the absence of
any data about the correlation between the in vitro tests and
clinical or bacteriological response to treatment with EMB.
Nor has there been any clear evidence of the emergence of
drug resistance as a result of treatment with EMB and as a
marker of drug effect. Moreover, a substantial percentage of
M. avium strains isolated before treatment have been resist-
ant in vitro to the so-called critical concentration (6, 9).
M. avium complex (M. avium and Mycobacterium intra-

cellulare) has recently become a major opportunistic patho-
gen causing disseminated life-threatening disease among an
increasing number of patients with acquired immunodefi-
ciency syndrome (AIDS) and other immunodeficiencies. The
chemotherapy of both disseminated and localized M. avium
infections is still largely based on empirical observations,
and there is an obvious need for the development of more
rational criteria of susceptibility for in vitro tests with EMB
and other drugs. Clinical trials, which are now under con-
sideration, may provide an opportunity to solve this prob-
lem. One issue that should be answered in anticipation of
such clinical trials is the kind of in vitro data that should be
compared with the observed clinical responses to develop
more accurate criteria of susceptibility. Unlike the previous
situation when criteria of susceptibility for M. tuberculosis
were developed, it is now possible to use not only solid
media, but a liquid medium as well, in determining the MIC.
The use of 7H12 broth offers an opportunity for radiometric
MIC determination in the automated BACTEC system, a
faster, more convenient, and less labor intensive method
than conventional (with sampling and plating) determination
in liquid medium (13, 14). The use of the 7H12 liquid medium
helps to avoid some of the problems inherent in the use of
various solid media, such as absorption and binding of the
drug or partial inactivation during preparation of the medium
and during long periods of incubation at 37°C. The 7H12
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broth does not contain any significant amounts of substrates
which could absorb or bind the drug, does not contain
Tween 80, which can affect the results of susceptibility
testing (30), and requires a relatively short period of incuba-
tion, which decreases the length of exposure of the drug to
370C. These advantages seem to be especially important for
testing with EMB, for which in vitro activity is highly
dependent on the method of cultivation (12). In addition, the
use of 7H12 broth allows the MBC and MIC to be deter-
mined under the same conditions, making the MIC/MBC
ratio determination more precise and more reliable.
The aims of this study were to determine the range of

MICs of EMB for M. avium clinical isolates in liquid medium
(7H12 broth), to compare the results obtained in this liquid
medium and by an agar dilution method (7H11 agar), to
determine the MIC/MBC ratios in 7H12 broth, and to
compare the results of MIC and MBC determinations for M.
avium and M. tuberculosis clinical isolates.

MATERIALS AND METHODS
Antimicrobial agent. EMB hydrochloride was obtained

from Lederle Laboratories, Pearl River, N.Y. Stock solu-
tions (10,000 ,ug/ml) were made in distilled water, sterilized
by filtration through a membrane filter (pore size, 0.22 ,um;
Millipore Corp., Bedford, Mass.), and kept as frozen ali-
quots at - 70°C. Working solutions were made from stock
solutions in sterile distilled water.

Cultures. Clinical isolates of M. avium complex strains
isolated from 52 patients with disseminated AIDS and 51
patients with pulmonary disease before chemotherapy were
referred by different laboratories to our institution for iden-
tification. Subcultures from transparent-type colonies were
preserved in 7H9 broth at - 70°C. Two kinds of M. tuber-
culosis clinical isolates were used in this study: (i) 28 strains
obtained from patients before chemotherapy and referred to
our laboratory for identification and drug susceptibility test-
ing and (ii) 22 isolates from National Jewish Center for
Immunology and Respiratory Medicine inpatients who pre-
viously had been treated with different drugs, including
EMB, and whose strains were resistant to 7.5 or 15 ,ug of
EMB per ml when tested by conventional tests in 7H11 agar
plates. M. tuberculosis and M. avium 7H9 broth cultures
were preserved as aliquots at - 700C. Before an experiment,
the M. avium strains were subcultivated in 7H9 broth for 2
days, and the M, tuberculosis strains were subcultivated for
5 to 7 days.
MIC determination in 7H12 broth by radiometric method.

7H12 medium (19), which contains 14C-labeled substrate
(palmitic acid) as a source of carbon, was used. Growth
leads to the consumption of the substrate, with subsequent
release of 14CO2 into the atmosphere above the medium in
the sealed vial; and the BACTEC TB-460 instrument
(Johnston Laboratories, Inc., Towson, Md.) detects the
amount of 14CO2 and records it as GI (growth index) on a
scale of 0 to 999. The GI was recorded daily to produce a GI
curve.
For M. avium testing, an initial vial of 7H12 medium was

inoculated with a 1:50 dilution of a 7H9 broth culture
adjusted to the optical density of a no. 1 McFarland stan-
dard. When the GI of the vial reached the maximum (999),
the culture was diluted 1:100 and was used to inoculate a set
of vials (0.1 ml per vial). Our previous study (14) showed that
this inoculum provides an initial bacterial concentration of
104 to 105 CFU/ml.

In preparing M. tuberculosis strains for MIC determina-
tion, a 7H12 vial was inoculated with 0.1 ml of a 1:2 dilution

of a fresh 7H9 culture which equaled the optical density of a
no. 1 McFarland standard. When growth in this vial reached
a GI reading of 400 to 500, 0.1 ,ml of the 7H12 broth culture
was used undiluted to inoculate a set of vials, yielding 104 to
105 CFU/ml (13).
For experiments with both M. avium and M. tuberculosis,

two drug-free vials per set of drug-containing vials were used
as controls; one vial was inoculated in the same way as the
test vials, and the other was inoculated with a 1:100 dilution
of the inoculum (1:100 control) to produce an initial concen-
tration representing 1% of the bacterial population (102 to 103
CFU/ml) found in the drug-containing vials. Appropriate
working solutions of EMB were added in a volume of 0.1 ml
per vial. Final concentrations of 3.8, 1.9, and 0.95 jig of
EMB per rnl were used for primary titrations, followed by
another set of higher or lower concentrations if the first
experiment was out of scale.
The principles of the so called radiometric proportion

method (23, 24) state that the concentration of the drug
which produces a daily GI increase and final GI reading
lower than that in the 1:100 control can be considered the
concentration inhibiting more than 99% of the bacterial
population. The lowest concentration meeting these criteria
was defined as the MIC. The period of observation was no
less than 4 days and no more than 8 days for M. avium or 10
days for M. tuberculosis. The endpoint of the experiment
with M. avium was the day on which the GI of the undiluted
control reached 999, but for M. tuberculosis the experiment
ended when growth in the 1:100 control reached a GI of 30 or
more for two consecutive days.
MIC determination in 7H12 broth by plating. The experi-

ments for MIC determination in 7H12 broth by plating were
conducted as described above for radiometric MIC determi-
nations, but duplicates were used for each concentration and
for both controls. Samples from alternate vials were re-
moved on various days (see Fig. 1 and 3) for plating. An
allergist syringe with a fixed 27-gauge, 1.27-cm needle
(Becton Dickinson and Co., Paramus, N.J.) was used to
draw up 0.7 to 0.8 ml of the culture; the plunger was then
given a rapid push so that the medium was forced back into
the vial. Repetition of this procedure two more times was
sufficient to break up most of the clumps of M. tuberculosis.
Two or three 10-fold dilutions of each sample were used for
plating (based on preliminary studies) so as to have a range
of 50 to 500 CFU per plate. Four to six 7H11 agar plates were
used for each sample; each dilution was inoculated at a
volume of 0.5 ml, which was distributed by tilting the plate
(not by use of a spreader). Incubation was at 37°C for 12 to
14 days; the colonies were then counted. The MIC was the
lowest concentration that inhibited more than 99% of the
bacterial population for at least 4 days of cultivation in 7H12
broth.
MIC determination by agar dilution method. Different

concentrations of EMB (0.95 to 30.0 Lg/ml) were incorpo-
rated into 7H11 agar. Two sets of petri dishes (one quadrant
in each plate contained drug-free medium, and the other
three held different drug concentrations) were inoculated
with each strain, one with a 10 dilution and the other with
a 10 I dilution made from either a 7H9 broth culture
adjusted to the optical density of a no. 1 McFarland standard
or from the 7H12 broth culture which had achieved a GI of
999. Each quadrant was inoculated with 0.1 ml of the
bacterial suspension, and the inoculum was distributed by
tilting the plate. The higher inoculum consisted of 1 x 104 to
3 x 104 CFU; the lower inoculum contained 100 to 300 CFU.
Incubation was at 37°C in the presence of 5% CO2 for 12 to
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FIG. 1. Example of MIC determination for M. avium by two
methods and correlation between growth curves (CFU per milliliter)
and daily GI reading curves. 1, Undiluted control; 2, 1:100 control;
3, 1.9 ,ug of EMB per ml (MIC for the strain).

14 days. The lowest concentration of EMB that inhibited
more than 99% of the bacterial population was considered
the MIC.
MBC determination. The 7H12 vials were inoculated as

described above for MIC determination in this medium,
providing an initial concentration of bacteria in the range of
104 to i05 CFU/ml. Different drug solutions were added
when the daily radiometric GI was between 20 and 80 for M.
avium and 400 and 500 for M. tuberculosis, indicating that
the bacteria were actively multiplying and had reached, as in
previous findings, 105 to 106 CFU/ml. Samples from alternate
vials containing either drug-free mnedium (undiluted control)
or different drug concentrations were taken on various days
of cultivation starting with day 1 at intervals of 1 to 4 days
depending on the changes in the GI. The samples were
diluted and plated so as to have no more than 500 CFU per

plate; 0.5-ml portions of the diluted samples were inoculated
onto 7H11 agar plates. Incubation was at 37°C in 5% CO2 for
12 to 14 days; the colonies were then counted.

Initially we tried to apply to these studies the widely
accepted definition that the MBC is the lowest concentration
which kills 99.9% of the bacterial population (25). Our
preliminary studies with several M. avium strains indicated
that the dose-dependent bactericidal effect ofEMB on these
organisms has a limit: with some strains it did not kill more
than 99% of the population. Therefore, for comparisons
between M. avium and M. tuberculosis, we defined the MBC
of EMB in this study as the lowest concentration that killed
99% of the population of M. avium or M. tuberculosis within
15 days of cultivation in 7H12 btoth. Such an approach
corresponds with other mycobacteriology studies in which

99o% or even lower percentages have been used (7, 27), but it
does not exclude the use of 99.9% as the criterion for other
drugs.
MIC/MBC ratio determination. A limited number of M.

avium and Al. tuberculosis strains (5 of each) with low and
high MICs were included in the determination of MIC/MBC
ratios. Most experiments covered simultaneous determina-
tion of both the MIC and MBC in 7H12 broth by plating as
described above.

RESULTS
MICs for M. avium. The initial concentration of bacteria in

7H12 broth, incubated by the procedure described above
(see Materials and Methods), was between 104 and i05
CFU/ml. Within 4 and 8 days in drug-free medium (undiluted
control) the M. avium population reached the maximum of
about 108 CFU/ml. After a period of stabilization (2 to 4
days), the number of CFU per milliliter began to decline.
The increase in daily GI readings correlated well with the
growth curve during the period of active growth (Fig. 1).
This course of events corresponds with our previous obser-
vations (13, 14). The growth curves and daily GI curves also
correlated in the presence of EMB (Fig. 1). These experi-
ments confirmed that the inhibition of GI in drug-containing
vials reflects actual inhibition of growth by the drug. The
MICs determined by both CFU per milliliter and GI readings
were the same in almost all experiments, with a possible
difference of one dilution (Table 1). These data correspond
with our previous finding in regard to determination of the
ansamycin LM427 (rifabutine) MICs (14) and justified the
use of the radiometric method for determination of MICs of
EMB in liquid medium for the remaining 98 strains of M.
avium. Replicate studies showed a high consistency in
results by both broth and agar dilution methods; the MICs
never varied by more than one dilution.
The MICs of EMB determined in liquid medium were

between 0.95 and 15.0 ,ug/tnl, with no significant differences
between the strains of M. avium isolated from AIDS and
non-AIDS patients. The broth-determined MIC (per millili-
ter) was 1.9 ,ug or less for 63.1% of the M. avium strains, 3.8
,ug for 28.2% of the strains, 7.5 jxg for 5.8% of the strains,
and 15.0 jig for 2.9% of the strains. There were also no
differences between AIDS and non-AIDS isolates in the
MICs determined by the agar dilution method. The MICs
determined by this method were between 7.5 and 30.0 ug/tml;
the agar plate-determined MICs (per milliliter) were 7.5 ,ug
for 3.8% of the strains, 15.0 p,g for 54.4% of the strains, and
30.0 pRg or more for 41.8% of the strains. Most of the M.
avium isolates appeared much more susceptible to EMB in
7H12 broth than in 7H11 agar plates (with a median differ-
ence of eightfold); the strains most susceptible by the broth
method were found to be the most susceptible by the agar

TABLE 1. MICs and MBCs of EMB determined in 7H12 broth
by sampling and plating for five M. avium strains

MIC (p.g/ml) Bactericidal effect
determined:

MIC/MBC
By Radio- CFU/ml MBC ratio

CFU/ml metrically when drug (,ug/ml)
added

1339-3 1.9 1.9 228,000 15.0 1/8
101-5 1.9 1.9 126,000 15.0 1/8
211-5 3.8 1.9 352,000 15.0 1/8
3350-4 7.5 7.5 215,000 30.0 1/8
168-4 7.5 7.5 51,800 30.0 1/4
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FIG. 2. MICs of EMB determined by 7H12 broth and 7H11 agar

plate methods for 103 M. avium strains.

method, and the most resistant strains by one of the methods
were also the most resistant by the other method (Fig. 2).
MICs for M. tuberculosis. In this study we confirmed our

previous observations (13) that the increase in daily GI
readings correlates well with the growth curve during the
period of active growth of M. tuberculosis (Fig. 3) and that
the maximum number of CFU of M. tuberculosis per milli-
liter in 7H12 broth is about 106, approximately 100 times less
than for M. avium. The inhibition of daily GI by EMB
reflected a true inhibition of growth (Fig. 3), and the MICs
determined in 7H12 broth by the radiometric method and by
sampling and plating were the same when the comparison
experiments were conducted with four strains of M. tuber-
culosis (Table 2). The MICs for strains considered suscepti-
ble (to 7.5 ,ug of EMB per ml of 7H11 agar) were ih a narrow

range of 1.9 to 7.5 ptg/ml when tested in agar plates: 1.9
,ug/ml for 25.0%, 3.8 ,ug/ml for 57.0%, and 7.5 ,ug/ml 18.0%.
The broth-determined MICs for these susceptible strains
were 0.48 ,ug/ml for 7.1%, 0.95 ,ug/ml for 39.3%, 1.9 ,ug/ml
for 5Olo, and 3.8 ,ug/ml for 3.6%. These results correspond
with previous observations for strain H37Rv, for which the
MIC ofEMB in liquid medium containing Tween 80 was less
than 5.0 ,Lg/ml (15). The MICs of EMB against M. tubercu-
losis strains resistant to EMB by conventional testing were

15.0 or 30.0 ,ug/ml in agar plates (59.1 and 40.9% of the
strains, respectively). The broth-determined MICs (per mil-
liliter) were 0.95 ,ug or less for 18.2% of the strains, 3.8 ,ug for
13.6% of the strains, 7.5 pLg for 45.5% of the strains, and 15.0
,ug for 22.7% of the strains. It can be concluded that both
susceptible and resistant M. tuberculosis strains required
significantly lower concentrations of EMB in 7H12 broth
than in 7H11 agar plates (with a median difference of
twofold) to produce the same inhibitory effect (Fig. 4).
MIC/MBC ratios for M. avium and M. tuberculosis. When

different concentrations of EMB were added to the growing
7H12 broth cultures, as described above, it was found that
increasing concentrations of EMB produced a greater lethal
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FIG. 3. Example of MIC determination for M. tuberculosis by
two methods and correlation between growth curves (CFU per

milliliter) and daily GI reading curves. 1, Undiluted control; 2, 1:100
control; 3, 1.9 ,ug of EMB per ml (MIC for the strain).

effect on both M. tuberculosis and M. avium. We achieved
99.9% maximum killing of the bacterial populations when
four M. tuberculosis strains were tested, but the same effect
occurred with only three of five M. aviutn strains tested. To
compare the MIC/MBC ratios for the two species, we chose
to consider the MBC the lowest concentration of EMB that
killed 99% (not 99.9%) of the bacterial population. By using
this criterion, we found that the MBC for five tested M.
avium strains with different MICs was 15.0 or 30.0 ,ug/ml and
the MIC/MBC ratio was 1/4 to 1/8 (Table 1). The MBCs for
the M. tuberculosis strains were lower for strains with low
MICs and higher for strains with high MICs, ranging from
3.8 to 60.0 ,ug/ml (Table 2), and the MIC/MBC ratio was 1/8
for all tested strains, not significantly different from the
results obtained with M. avium (Table 1).

TABLE 2. MICs and MBCs of EMB determined in 7H12 broth
by sampling and plating for M. tuberculosis strains

MIC (p.g/mil) Bactericidal effect
determined:

*a- MIC/MBC
By Radio- CFU/ml MBC ratio

CFU/ml metrically whaenddrg (,ug/ml)

S-H37Rv 1.9 1.9 570,000 15.0 1/8
S-70308 NDb 0.95 1.110,000 3.8
S-261-8 1.9 1.9 310,000 15.0 1/8
R-2923-5 7.5 7.5 446,000 60.0 1/8
R-2229-5 7.5 7.5 733,000 60.0 1/8

a R strains were resistant to 7.5 Fig of EMB per ml in 7H11 agar plate test;
S strains were susceptible under the same conditions.
bND, Not determined.
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FIG. 4. MICs of EMB determined by 7H12 broth and 7H11 agar

plate methods for 50 M. tuberculosis strains.

DISCUSSION

The MICs of EMB determined by the agar dilution method
were in quite a narrow range for most of the strains of both
M. avium and M. tuberculosis. The range of MICs for 22
resistant strains of M. tuberculosis and for M. avium strains
was wider when determined in 7H12 broth than in 7H11
agar. We believe that this indicates that the broth dilution
method can detect different levels of susceptibility or resist-
ance and therefore can be considered more sensitive than the
agar dilution method in determining the MIC. The MICs
determined by the broth dilution (radiometric) method were

four to eight times lower for most of the M. avium and M.
tuberculosis strains than the MICs determined by the agar

plate method. It is well known that the activity of EMB is
quite different in various media due to variable absorption
and inactivation (12). 7H12 broth is almost free of agents that
would absorb or inactivate EMB and does not contain
Tween 80, and the period of cultivation to determine MICs
by radiometric reading is much shorter than in any other
method. Except for one, the MICs of EMB determined by
this method for strains of M. tuberculosis recovered from
untreated patients (susceptible to 7.5 ,ug/ml in 7H11 agar

plates) were all in a range of 0.48 to 1.9,ug/ml, a concentra-
tion which is lower than the usual peak level achievable in
the blood of patients after a dose of 15 to 20 mg/kg (3.0
,ug/ml). At the same time, only 4 of 22 of the resistant M.
tuberculosis strains had an MIC lower than 3.0,ug/ml. These
data suggest that determination of EMB MICs in 7H12 broth
by radiometric reading would allow the monitoring of che-
motherapy with this drug in a more sensitive and reasonable
way than with the currently used critical concentration,
especially in solid media. We suggest that instead of one

critical concentration as a qualitative criterion of suscepti-
bility, quantitative criteria should be used to evaluate the
results. The criteria for the radiometric determination in
7H12 broth, in accordance with our results, can be estab-
lished as follows: susceptible, MICs 1.9,ug/ml; moderately

susceptible, MIC = 3.8 ,ug/ml; moderately resistant, MIC =

7.5 ,ug/ml; resistant, MIC 2 15.0 ,ug/ml.
For M. avium infection no critical concentration has been

established, and our findings indicate that 63.1% of the
strains had a broth-determined MIC of 1.9 ,ug/ml or lower, as
did most of the susceptible M. tuberculosis strains, whereas
only 3.9% of the M. avium strains could have been consid-
ered susceptible to the critical concentration of 7.5 ,ug/ml in
7H11 agar. It is possible that the difference in clinical
response among patients with M. avium infection depends
on the MIC of EMB against an individual strain. Thus,
testing of the MICs for M. avium isolates in broth should
provide, in our opinion, better predictive data for chemo-
therapy and possibly could become a tool to monitor che-
motherapy with EMB in M. avium infection.
We confirmed the bactericidal activity of EMB against M.

tuberculosis (7, 17) and found that EMB is also bactericidal
against M. avium. We observed almost the same delayed
bactericidal activity against M. avium as against M. tuber-
culosis, which is thought to be associated with the inability
of EMB to affect the nonproliferating cells (11, 17). The
MIC/MBC ratios of EMB were in the same range for both M.
tuberculosis and M. avium when the 99% MBC criterion was
applied; however, high-level bactericidal effects (killing of
99.9%) were more common among M. tuberculosis strains.
Comparison of the activity of EMB in vitro against M.

tuberculosis and M. avium indicates that for most of the M.
avium isolates the drug had the same bacteriostatic (MIC)
and bactericidal (MBC) effect as for susceptible M. tubercu-
losis strains. Therefore, the in vitro findings of EMB activity
against M. avium support the utility of EMB in treatment of
M. avium infection and justify its present use for this
purpose, a use which has thus far been based only on
empirical evidence.
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