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Once-daily administration of aminoglycosides is routinely used in many institutions. However, comparative
efficacy data for patients with cystic fibrosis (CF) are lacking. The purpose of the present study was to compare
the predicted pharmacodynamic activity of tobramycin at 10 mg/kg of body weight/day administered every 24 h
(q24h), q12h, and q8h. Pharmacokinetic (PK) data were derived from analysis of data on the drug concen-
tration in sera from 60 adult CF patients. Individual maximum a posteriori probability Bayesian PK parameter
values were used to construct serum concentration-versus-time curves and to determine various indices (peak
concentration/MIC ratio [peak/MIC], area under the concentration-time curve/MIC ratio [AUC/MIC], and
time that the concentration was less than the MIC [T<MIC]) for the three regimens described above. MICs
of 1, 2, and 4 pg/ml for Pseudomonas aeruginosa were assumed in the simulations. Irrespective of the MIC,
significantly lower peak/MIC but shorter T<MIC were noted when regimens of q8h versus q12h (P < 0.001),
q8h versus q24h (P < 0.001), and q12h versus q24h (P < 0.001) were compared. This analysis suggests that
the potential benefit of achieving a greater peak/MIC with once-daily aminoglycoside administration may be
offset by the significantly greater T<MIC in CF patients compared with that achieved with multiple-daily-
dosing regimens. Clinical trials are necessary to determine if once daily aminoglycoside administration is

efficacious in the CF population before its routine use can be recommended.

Lung disease is a major cause of morbidity and mortality in
patients with cystic fibrosis (CF). Impaired mucociliary clear-
ance and host defense mechanisms in the airway lead to even-
tual colonization with Pseudomonas aeruginosa and other or-
ganisms. The ensuing chronic infection and inflammation lead
to bronchiectasis and progressive loss of lung function (8, 25,
30). Intermittent courses of intravenous antibiotics adminis-
tered during acute pulmonary exacerbations significantly re-
duce the bacterial load and improve lung function (26). The
combination of a beta-lactam and an aminoglycoside is fre-
quently used due to their potential synergistic activity and for
prevention of the development of resistance (27).

Traditionally, aminoglycosides have been administered by
intermittent infusions three to four times daily. Recently, once-
daily administration of aminoglycosides has been advocated
(24). Several theoretical advantages to this dosing modality
have been suggested. Data from in vitro studies and studies
with animals have demonstrated that aminoglycosides exhibit
concentration-dependent bactericidal activity (6, 17, 19, 33).
The killing effect has therefore been correlated with the peak
concentration achieved. These studies have also demonstrated
that the aminoglycosides exhibit a short (1- to 3-h) in vitro
postantibiotic effect (PAE) (10, 18) and a more prolonged
(10-h) in vivo PAE (7). The presence of a PAE prevents or-
ganism regrowth from occurring for short periods of time after
antibiotic concentrations fall below the MIC at the site of the
infection. In addition, studies with animals have demonstrated
saturable uptake mechanisms within the renal cortex and inner
ear (23). Accumulation of aminoglycosides within these tissues
has been demonstrated to cause nephrotoxicity and ototoxicity
in these animals. Less frequent dosing but administration of
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larger doses reduces the relative accumulation of the amino-
glycosides within these tissues; however, the degree of reduc-
tion is unknown. Taken together, these properties suggest that
dosing strategies which maximize the peak concentration and
allow trough concentrations to drop below the MIC for a short
period of time should maximize bactericidal activity and min-
imize the risk of nephrotoxicity and ototoxicity.

Various pharmacodynamic indices have been proposed to
predict clinical and bacteriological responses to antibiotic ther-
apy. Data from in vitro models and studies with animals sug-
gest that the aminoglycoside peak concentration/MIC ratio
(peak/MIC) and the area under the concentration-versus-time
curve/MIC ratio (AUC/MIC) are significantly correlated with
microbiological outcome (17, 19, 33). However, if the dosing
interval is sufficiently long compared to the half-life of the
antibiotic, the time below the MIC (7<MIC) also becomes a
significant predictor of microbiological outcome (17, 33). Eval-
uations with humans confirm these relationships (15). Moore
et al. (22) demonstrated that aminoglycoside peak/MICs that
exceed 10 provide optimal clinical outcomes for patients with
pneumonia caused by gram-negative organisms. Furthermore,
others noted that subinhibitory levels of gentamicin were as-
sociated with recurrent bacteremia (1). On the basis of these
data, it has been suggested that the dosing interval for amino-
glycosides should allow concentrations to fall below the MIC
only for a short duration of time (i.e., the duration of the
PAE). Considering the relatively short elimination half-life of
aminoglycosides in patients with CF (9), which may lead to the
possibility of organism regrowth at the end of the dosing in-
terval, some have recommended against the use of extended-
interval aminoglycoside dosing in this population (29).

Evidence supporting the use of once-daily dosing of amino-
glycosides in patients with CF is limited. The purpose of this
study was to evaluate three different tobramycin dosing regi-
mens for the treatment of Pseudomonas lung infections in
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patients with CF by comparing predicted pharmacodynamic
indices.

MATERIALS AND METHODS

Patients. CF patients from two centers were included in the study. Patients
were included in the analysis if they met the following criteria: (i) were age 18
years or older, (ii) had acute pulmonary exacerbation due to Pseudomonas
aeruginosa that required hospitalization, and (iii) had received therapy with
tobramycin and had available at least one set of measured peak and trough
serum tobramycin concentrations.

Study design and procedures. The chart records of study patients admitted
over a l-year period were reviewed. The following information was recorded:
tobramycin dosing history, serum tobramycin concentration data, age, height,
weight, gender, and serum creatinine concentration. Blood samples for determi-
nation of peak tobramycin concentrations were obtained within 30 min after the
end of a 30-min infusion. Trough concentrations were obtained within 30 min of
the next scheduled administration time. The exact administration and sampling
times were determined from the nursing medication administration record and
the laboratory data sheets.

Pharmacokinetic model. Pharmacokinetic analysis was performed for each
patient by using the USC*PACK clinical programs (version 10.7; Laboratory of
Applied Pharmacokinetics, University of Southern California School of Medi-
cine, Los Angeles). Serum tobramycin concentrations for each individual were
fitted to a one-compartment open model by using maximum a posteriori prob-
ability Bayesian (MAP-B) analysis. The Bayesian a priori parameter values were
derived from an adult CF population (28), as follows: volume of distribution,
0.27 + 0.05 liter/kg; elimination rate constant (in hours™"), 0.0028 (CLcg) +
0.01, where CLy is creatinine clearance. CL was estimated on the basis of the
patient’s demographics and serum creatinine concentration(s) by the method
developed by Jelliffe and Jelliffe (16).

Serum tobramycin concentrations were weighted by the inverse of the mea-
sured assay error variance. The individual MAP-B parameters were used to
construct simulated serum concentration-time curves for three different tobra-
mycin dosage regimens for each patient: 3.3 mg/kg of body weight every 8 h
(q8h), 5 mg/kg q12h, and 10 mg/kg q24h. Simulations were performed by using
individual rather than mean pharmacokinetic data in order to determine the
variability in the concentrations and pharmacodynamic indices achieved.

Determination of pharmacodynamic indices. The serum concentration-time
curves for each regimen were used to compute the following pharmacodynamic
indices: peak/MIC, AUC/MIC, and T<MIC. Since actual MICs were not avail-
able, values of 1, 2, and 4 pg/ml for P. aeruginosa were assumed in the simula-
tions. These values are consistent with the range of tobramycin sensitivities
reported in a recent clinical trial (12). A total of 540 simulations were performed
(three dosage regimens and three different MICs with 60 patients). Successful
tobramycin dosing regimens were defined as those which (i) achieved a peak/
MIC greater than 10 and (ii) attained a 7<MIC of not greater than the duration
of the PAE (3 h in vitro or 10 h in vivo).

Tobramycin assay. Serum tobramycin concentrations were determined by a
fluorescence polarization immunoassay technique (TDx; Abbott Laboratories,
Chicago, Ill.) at one institution and an enzyme immunoassay (ACA; Dupont,
Wilmington, Del.) at the other. The assay error pattern for each method was
determined by performing replicate measures of concentrations representing the
expected range of measured concentrations. Curve fitting applied to the mea-
sured concentrations and standard deviations (SDs) at each concentration re-
sulted in the following second-order polynomial equations: for TDx, SD (in
milligrams/liter) = 0.059901 + 0.012634 [C] + 0.004375 [C?]; for ACA, SD (in
milligrams/liter) = 0.09061 — 0.021630 [C] + 0.003129 [C?], where SD is the
standard deviation of the assay and [C] and [C?] are the observed concentration
and the concentration squared, respectively.

Statistical analysis. Statistical analysis was performed with GraphPad Prism
software (version 3.00 for Windows; GraphPad Software, San Diego, Calif.).
Differences in predicted peak and trough concentrations and pharmacodynamic
indices between dosage regimens were determined by Kruskal-Wallis analysis of
variance with Dunn’s multiple comparisons test. Significance was defined as a P

value of less than 0.05.

RESULTS

Patients. Sixty adult CF patients treated with intravenous
tobramycin at two different care centers were evaluated. Pa-
tient characteristics and clinical data are as follows: 33 males
and 27 females were evaluated. The median age was 27 = 6
years, the median weight was 54 * 8.9 kilograms, and the
estimated median CL~g was 129.5 = 40 ml/min/1.73 m?
(range, 42.4 to 260 ml/min/1.73 m?). The median tobramycin
dosage received was 3.4 mg/kg of body weight q8h.

Pharmacokinetic analysis. Bayesian analysis performed with
the measured tobramycin concentrations resulted in the fol-
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TABLE 1. Predicted peak and trough concentrations and
pharmacodynamic parameters®

Parameter and

concentration 3.3 mg/kg q8h 5 mg/kg q12h 10 mg/kg q24h

Peak concn (pg/ml) 11.6 = 2.6>¢ 164 =3.8%¢ 293 = 6.9
Trough concn (pg/ml) 1.1 £0.9”¢ 0.4 = 0.754 0.0 = 0.29¢
MIC, 1 pg/ml

Peak/MIC 11.6 = 2.6>¢  16.4 +3.8%¢ 293 + 6.9°¢

T<MIC 0.0 = 0.6>¢ 2.6 = 1.7%¢ 125 = 3.4%¢

AUC/MIC 110.5 £ 31.7 1115 =323 1105 £323
MIC, 2 pg/ml

Peak/MIC 58 =135  82x+19"¢ 147 =35

T<MIC 2.0 = 1.20¢ 49+ 1924  14.6 = 2.7%¢

AUC/MIC 553 =159 57 = 16.1 55.2 = 16.1
MIC, 4 pg/ml

Peak/MIC 2.9 *+0.7%¢ 4.1+ 1.0>¢ 7.3 +1.7%4

T<MIC 42 =145 71+15% 168 =194

AUC/MIC 27.6 £ 8.0 28.5 £ 8.1 27.6 £ 8.1

“ Values are medians = SDs.

b p < 0.001.

<P < 0.001.

4P < 0.001.

lowing fitted pharmacokinetic parameter values (median *
SD): total body clearance, 88.3 = 21.7 ml/min/1.73 m? (range,
43.7 to 167.3 ml/min/1.73 m?); volume of distribution 0.29 +
0.11 liters/kg (range, 0.18 to 0.74 liters/kg); elimination rate
constant, 0.32 = 0.08 h ™! (range, 0.12 to 0.47 h’l); and half-
life, 2.2 = 0.8 h (range, 1.5 to 5.6 h). A comparison of the
predicted peak and trough concentrations and the variability
indicates significant differences between the three regimens
(Table 1). These differences are shown graphically in Fig. 1,
which was constructed by using the medians of the MAP-B
fitted parameter values.

Pharmacodynamic comparisons. Differences in pharmaco-
dynamic indices paralleled the differences in predicted peak
and trough concentrations. Significantly lower peak/MICs but
shorter 7<MICs were noted when the g8h versus q12h, q8h
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FIG. 1. Computer simulations of concentration-time curves of tobramycin at
10 mg/kg/24 h during intermittent infusions. — - —, 3.3 mg/kg q8h over 30 min; —,
5 mg/kg q12h over 30 min; ----- , 10 mg/kg q24h over 60 min; and ===, MIC of
2 pg/ml. Simulations were performed with the USC+PACK package of programs
with the median MAP-B fitted parameter values.
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versus q24h, and q12h versus q24h regimens were compared,
regardless of the MIC (Table 1; Fig. 1). Similarly, with increas-
ing MICs, the peak/MIC decreased significantly while the
T<MIC increased significantly within each dosing group (data
not shown). As expected, since the same total daily dose was
provided by all three dosing regimens, no differences in AUC/
MIC between regimens were observed.

A comparison of pharmacodynamic indices between dosing
regimens in relationship to achievement of the desired goals
(peak/MIC of 10 and T<MIC not to exceed the duration of the
PAE) was also performed (Table 1). Regardless of the MIC, all
once-daily regimens resulted in prolonged drug-free intervals
that exceeded the duration of the PAE (both in vitro and in
vivo). Only the two multiple-daily-dosing regimens (q8h and
q12h) at an MIC of 1 pg/ml met the desired goals. However, at
higher MICs the multiple-daily-dosing regimens failed to
achieve the desired peak/MIC. Somewhat favored is the q12h
regimen, which more effectively balances achievement of the
desired peak/MIC while minimizing 7<MIC.

DISCUSSION

The objective of the present investigation was to compare
the predicted pharmacodynamic activities of three tobramycin
dosing regimens in adult patients with CF. While few studies
describe the pharmacokinetics and safety (3, 5) of this dosing
modality in patients with CF, data on clinical efficacy are scant.

Vic et al. (31) performed a prospective open-label evalua-
tion of once-daily amikacin with 20 pediatric CF patients with
acute pulmonary exacerbations. Patients received amikacin at
35 mg/kg q24h in combination with either ceftazidime or imi-
penem at 200 mg/kg/day for 14 days. Significant improvements
in respiratory and inflammatory indices were observed. How-
ever, without a comparison group, the efficacy of once-daily
aminoglycoside administration remains in question. In a sub-
sequent study, the same investigators performed a prospective
comparative trial of tobramycin given once daily versus three
times daily to 22 pediatric CF patients experiencing acute
pulmonary exacerbations (32). Patients received ceftazidime at
200 mg/kg/day in combination with tobramycin at 5 mg/kg q8h
or 15 mg/kg/day for 14 days. Improvements in pulmonary func-
tion and inflammatory indices were not different between the
two groups. However, that study was underpowered and there-
fore does not provide definitive evidence in support of once-
daily dosing of aminoglycosides in CF patients.

Powell et al. (23) evaluated the efficacies of three different
tobramycin dosages with 52 adult CF patients with moderately
severe pulmonary exacerbations. Twenty-six patients received
9 mg/kg q24h, 10 patients received 15 mg/kg q24h, and 16
patients received 11 mg/kg as a continuous infusion. Efficacy
was evaluated by using a 15-point scale for paroxysmal cough,
nocturnal cough, orthopnea, dyspnea at rest, and dyspnea with
exertion. There were no differences in the rate of resolution of
the five symptoms between the patients receiving the different
dosages. Although these data are interesting, subsequent stud-
ies have shown that clinical symptom scores do not correlate
with objective measures of pulmonary function during acute
pulmonary exacerbations (4).

Various pharmacodynamic indices such as peak/MIC, AUC/
MIC, and T<MIC have been suggested as useful indicators of
the clinical and microbiological effectiveness of an antibiotic
regimen. In particular, the aminoglycoside peak/MIC has been
demonstrated to correlate significantly with successful treat-
ment of pneumonia (15). In the present study we showed that
peak/MIC is significantly greater with once-daily administra-
tion than with either q12h or q8h regimens. However, our data
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also show that T<MIC is significantly prolonged with once-
daily administration than with either q12h or q8h regimens
(Table 1). These two factors would be expected to have op-
posing pharmacodynamic effects. A greater peak/MIC would
provide greater bactericidal activity, while a longer T<MIC
would allow greater organism regrowth to occur within the
dosing interval.

The PAE is frequently cited as one of the principal factors
that enables extended-interval aminoglycoside dosing. While
the PAE has been described in numerous in vitro studies and
several studies with animals, the reported duration varies sig-
nificantly between studies. The most likely explanation for this
variation relates to the experimental methods used including
exposure to fixed versus fluctuating antibiotic concentrations
and differences in the availability of nutritional factors neces-
sary for microorganism recovery. Many studies measured the
PAE in vitro by comparing growth curves following dilution to
remove the antibiotic, with the duration reported to be 2 to 3 h.
A limitation of this approach is that it does not mimic in vivo
conditions. In vivo, aminoglycoside concentrations decline ex-
ponentially. Den Hollander et al. (10) have recently demon-
strated a more prolonged growth inhibition of tobramycin
against P. aeruginosa (6 h) using an in vitro pharmacokinetic-
pharmacodynamic model, which provided fluctuating tobramy-
cin concentrations similar to those achieved under in vivo
conditions. The investigators attributed the more prolonged
growth inhibition to a postantibiotic sub-MIC effect which
would not be detected by standard methods for measurement
of PAE. More recently, Mouton et al. (J. W. Mouton, N. J.
Jacobs, P. DeGraaf, J. G. Hollander Den, and A. M. Hor-
revorts, Abst. 39th Intersci. Conf. Antimicrob. Agents Che-
mother. abstr. 539, p. 22, 1999) have demonstrated that the in
vitro PAE varies with the concentration of nutritional factors
from the broth used for microorganism recovery. The results of
these studies correlate better with the limited in vivo data
available from studies with animals. Craig et al. (7) measured
a PAE of 10 h with amikacin using a once-daily regimen in a
murine neutropenic thigh infection model. These data suggest
that the PAE in humans may be longer than the 2 to 3 h
obtained by standard in vitro techniques.

The tobramycin pharmacokinetic parameters found in the
present study are similar to those reported by other investiga-
tors evaluating adult CF patients (3, 28). Considering the rel-
atively short elimination half-life of approximately 2 h in our
CF population, concentrations in serum would be expected to
be undetectable within 10 h. If a short PAE (i.e., 3 h) is
assumed, a prolonged drug-free interval (or T<MIC) is ob-
served. The expected result is significant organism regrowth
within the dosing interval that may more than offset any benefit
achieved from a higher peak associated with once-daily dosing.
In contrast, in general medicine patients, a slower clearance
and longer half-life would be expected to result in a substan-
tially reduced drug-free interval compared with that in our CF
population (13). Thus, less potential for organism regrowth
within the dosing interval would be expected. These observa-
tions offer a possible explanation for the similar efficacy seen
with once-daily and multiple-daily-dosing regimens in general
medicine patients (24), while the same may or may not be seen
with CF patients. Alternatively, if a more prolonged PAE is
assumed (i.e., 10 h), the greater peak-associated bactericidal
activity of the once-daily regimen may outweigh the relatively
short period of time when the PAE has been exceeded. Com-
parative bactericidal activity data for CF patients are lacking.
On the basis of our analysis, it is unclear whether once-daily
administration would offer improved or poorer outcomes com-
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pared to those achieved with traditional multiple-daily-dosing
regimens.

The analysis applied in this study does not consider the
effects of concomitant antibiotic therapy. In clinical practice,
combination therapy with an aminoglycoside and a beta-lactam
is frequently prescribed in order to provide potentially syner-
gistic activity and to reduce the likelihood for development of
antibiotic resistance. In an experimental model of P. aeruginosa
pneumonia in neutropenic guinea pigs, once-daily dosing of
tobramycin was less active than every 4 h for dosing a similar
overall dose. The addition of mezlocillin to both regimens
resulted in similar killing activities (17). These data suggest
that combination therapy is likely to obscure differences in
aminoglycoside regimens at lower MICs (i.e., an MIC of 0.8
pg/ml was used in the earlier study [17]). It would be important
to know whether this relationship holds true for the isolates for
which MICs are relatively higher and which are commonly
encountered in patients with CF. Additionally, once-daily ad-
ministration of aminoglycosides in our patients would result in
drug concentrations below 0.5 mg/liter for nearly half of the
dosing interval (Fig. 1). Whether this provides similar activity
in terms of synergy and deterring the development of resis-
tance as conventional multiple daily dosing regimens is un-
clear.

Profiles of the concentration in serum were used to predict
the efficacy of tobramycin on the basis of pharmacodynamic
indices. The tobramycin concentrations within the lung airways
have been demonstrated to be significantly lower than those in
serum due to decreased penetration (21). In addition, binding
to sputum mucins also contributes to reduced tobramycin ac-
tivity (20). While these factors would predict decreased killing
activity in the lungs compared with that in the serum, results
from a murine pneumonitis model indicate that aminoglyco-
side elimination is slower from the lungs than from serum (19).
The prolonged elimination from the lungs resulted in a more
sustained antibacterial activity within the lungs. While the net
effect of these factors in patients with CF is not clear, it would
be expected to similarly effect the activities of all tobramycin
dosing regimens. Therefore, the relative differences between
dosing regimens as suggested by the current pharmacodynamic
analysis are likely to be retained.

The results of this study are equivocal with regard to the
predicted comparative efficacy of once-daily and multiple-daily
tobramycin dosing regimens in adult CF patients. In the pres-
ence of a short PAE the potential benefit of achieving a greater
peak/MIC with once-daily aminoglycoside dosing may be more
than offset by the significantly greater 7<MIC in CF patients
compared with that achieved with either a ql2h or a q8h
regimen. In contrast, with a more prolonged PAE, as observed
in studies with animals, once-daily dosing regimens may pro-
vide greater bactericidal activity.

Comparative evaluations of administration of single daily
doses versus multiple daily doses of an aminoglycoside in CF
patients are necessary to determine definitively the efficacy of
the once-daily dosing modality. A comparison of pulmonary
function between treatment groups would enable objective
comparison of the efficacies of the dosing regimens and should
serve as the primary outcome parameter. Reduced bacterial
densities in sputum have been demonstrated to correlate with
improvement in pulmonary function during acute exacerba-
tions in patients with CF and would provide a useful secondary
measure of the comparative activity of once-daily and tradi-
tional multiple-daily dosing regimens (26). Additionally, devel-
opment of standardized measurements of pulmonary inflam-
mation (i.e., cytokine measurements) may provide useful
measures of outcome besides lung function itself. The dosages
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and timing of administration of concomitantly administered
antibiotics (e.g., beta-lactams and fluoroquinolones) in relation
to the aminoglycoside administration should be documented
since these are also likely to affect the relationship (2). Routine
use of once-daily aminoglycoside administration should be
avoided in patients with CF until such data are available to
confirm the efficacy of this dosing modality.
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