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ABSTRACT Mycobacterium abscessus pulmonary disease is increasing in prevalence 
globally, particularly for individuals with cystic fibrosis. These infections are challeng
ing to treat due to a high rate of resistance. Amikacin is critical to treatment, but 
the development of toxicity, amikacin resistance, and treatment failure are signifi
cant challenges. Amikacin has been characterized previously as peak-dependent and 
extended-interval dosing is commonly used. In our hollow fiber infection model of M. 
abscessus, amikacin exhibited time-dependent rather than the expected peak-depend
ent pharmacodynamics. Humanized amikacin exposures with more frequent, short-inter
val dosing (continuous infusion or every 12 hours) yielded improved microbiological 
response compared to extended-interval dosing (every 24 hours or 1–3 times per 
week). Short-interval dosing inhibited growth with a mean (SD) maximum Δlog10 colony 
forming units of −4.06 (0.52), significantly more than extended-interval dosing (P = 
0.0013) every 24 hours, −2.40 (0.58), or 1–3 times per week, −2.39 (0.38). Growth 
recovery, an indicator of resistance emergence, occurred at 6.56 (0.70) days with 
short-interval dosing but was significantly earlier with extended-interval dosing (P = 
0.0032) every 24 hours, 3.88 (0.85) days, and 1–3 times per week, 3.27 (1.72) days. 
Microbiological response correlated best with the pharmacodynamic index of %T > 
minimum inhibitory concentration (MIC), with an EC80 for growth inhibition of ~40%T 
> MIC. We used a previously published population model of amikacin to determine the 
probability of achieving 40%T > MIC and show that current dosing strategies are far 
below this target, which may partially explain why treatment failure remains so high for 
these infections. These data support a cautious approach to infrequent amikacin dosing 
for the treatment of M. abscessus.

IMPORTANCE Pulmonary disease caused by Mycobacterium abscessus complex (MABSC) 
is increasing worldwide, particularly in patients with cystic fibrosis. MABSC is challenging 
to treat due to high levels of antibiotic resistance. Treatment requires 2–4 antibiotics 
over more than 12 months and has a significant risk of toxicity but still fails to eradi
cate infection in over 50% of patients with cystic fibrosis. Antibiotic dosing strategies 
have been largely informed by common bacteria such as Pseudomonas aeruginosa. The 
“pharmacodynamic” effects of amikacin, a backbone of MABSC treatment, were thought 
to be related to maximum “peak” drug concentration, leading to daily or three times 
weekly dosing. However, we found that amikacin MABSC kill and growth recovery, an 
indicator of antibiotic resistance, are dependent on how long amikacin concentrations 
are above the minimum inhibitory concentration, not how high the peak concentra
tion is. Therefore, we recommend a re-evaluation of amikacin dosing to determine if 
increased frequency can improve efficacy.
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N on-tuberculous mycobacteria (NTM) disease has been increasing in frequency 
globally (1–4). Estimates of disease burden vary widely, but one recent study in the 

United States demonstrated an increase from 6.8 to 11.7 per 100,000 persons annually 
between 2008 and 2015 (4). Patients with cystic fibrosis (CF) are among the most 
vulnerable. In 2020 alone, 10% of individuals with CF had NTM isolated from sputum 
(5). Mycobacterium abscessus complex (MABSC) is a group of rapidly growing NTM that 
cause a significant proportion of disease, accounting for 36% of NTM-positive cultures 
in CF patients in 2020 (5). MABSC is particularly challenging to treat due to a high rate 
of intrinsic and acquired antibiotic resistance (6). The treatment of pulmonary MABSC 
disease requires multiple antibiotics for over 12 months and has a high rate of toxicity (7, 
8). Despite this, treatment failure still occurs in over 50% of patients (9, 10). More studies 
regarding optimal treatment are needed to improve patient outcomes.

A backbone of MABSC treatment is the aminoglycoside amikacin. Recommended 
dosing of amikacin is by intravenous administration for a minimum of 3 months, and 
this is often followed by inhalation for the remainder of therapy (7, 8). Aminoglycosides 
are described as having peak-dependent pharmacokinetics-pharmacodynamics (PK-PD) 
against Gram-negative bacteria, allowing them to be administered with longer dosing 
intervals (11–13). Therefore, in an effort to reduce toxicity from prolonged treatment with 
amikacin for MABSC, less frequent dosing, particularly thrice weekly, is advocated (7, 8). 
However, the PK-PD studies to support this against MABSC are limited.

Ferro et al. (14) used an in vitro hollow fiber infection model (HFIM) to characterize 
amikacin PK-PD. They found that the amikacin effect correlated best with the Peak:min
imum inhibitory concentration (MIC) ratio. However, there did appear to be some 
correlation with 24-hour area under the curve (AUC24) and the effect depended on 
the duration of the experiment, with some timepoints showing a better correlation 
with %T > MIC. In our current study, we used a similar HFIM to quantify bacterial kill 
and development of resistance of M. abscessus subsp. abscessus (Mab) with amikacin 
treatment to further define PK-PD of amikacin against MABSC. This work expands on the 
study by Ferro et al. to include a wider range of dosing frequencies, from continuous 
infusion to weekly, and the additional analysis of pediatric PK parameters to relate to 
clinical practice.

RESULTS

We quantified bacterial growth in the HFIM over 14 days with various amikacin dosing 
conditions (Table 1; Fig. 1; Fig. S1). The growth curves when amikacin was adminis
tered with more frequent, short-interval dosing (continuous infusion or every 12 hours) 
showed greater growth inhibition relative to extended-interval dosing from days 3 to 
7 (P < 0.0001, analysis of variance [ANOVA], as shown in Fig. 1D). Maximal growth 
inhibition occurred when amikacin was administered continuously (ΔCFUmax −4.58 log10 
CFU) or every 12 hours (ΔCFUmax −3.4 to −4.57 log10 CFU). Growth inhibition was 
decreased when amikacin was given as extended-interval dosing, including every 24 
hours (ΔCFUmax −1.87 to −3.21 log10 CFU), thrice weekly (ΔCFUmax −2.14 to −2.83 log10 
CFU), and every 7 days (ΔCFUmax −2.21 log10 CFU). These data are reported numeri
cally in Table 1. Overall, ΔCFUmax was significantly greater when amikacin was dosed 
continuously or every 12 hours, with a mean (SD) of −4.06 (0.52) log10 CFU, compared to 
dosing every 24 hours, with −2.40 (0.58) log10 CFU, or dosing 1–3 times per week, with 
−2.39 (0.38) log10 CFU (P = 0.0013, ANOVA), as shown in Fig. 2A.

We also quantified the emergence of amikacin resistance by growth on agar contain
ing amikacin at 3× MIC (Fig. 1B). For the ATCC strain of Mab used, amikacin MIC was 
8 µg/mL. At baseline, mean (SD) amikacin phenotypic resistance frequency in this Mab 
strain is 1.9 (2.4) × 10−7 (n = 3). We first detected resistant colonies between 1 and 7 days, 
with resistance emergence varying between dosing conditions. Resistance did not 
increase over time in control arms. However, with amikacin monotherapy, regardless of 
dosing frequency or concentration, resistance rapidly emerged, and the resistant 
organisms fully replaced the susceptible bacterial population within 7–14 days. To 
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control for different times to first resistant CFU detection and better compare regimens, 
we defined our resistance endpoint of growth recovery as 1 log10 CFU increase above 
the minimum CFU. More frequently, short-interval dosing of amikacin delayed growth 
recovery until 5.7–7.5 days with amikacin continuous or every 12-hour dosing, compared 
to extended-interval dosing with 2.7–4.6 days with amikacin every 24 hours, and 1.7–5.7 
days with amikacin thrice weekly or once weekly (Table 1). Overall, growth recovery was 
significantly delayed when amikacin was given with short-interval dosing, continuously 
or every 12 hours, occurring at a mean (SD) of 6.56 (0.70) days post infection, compared 
to extended-interval dosing every 24 hours with growth recovery at 3.88 (0.85) days, or 
dosing 1–3 times per week with growth recovery at 3.27 (1.72) days (P = 0.0032, ANOVA), 
as shown in Fig. 2B.

FIG 1 Growth of Mab in the HFIM with amikacin treatment. CFU on MH2 agar plates without (closed symbols, A) or with 3xMIC amikacin (open symbols/dashed 

lines, B) over 14 days. Amikacin was administered at different concentrations and dosing frequencies to approximate human pediatric doses with an infusion 

time of 30–60 min and half-life of 3 hours. Control arms did not receive antibiotic or vehicle. Amikacin dosing frequencies are summarized as <24 hours (pink; 

continuous infusion, n = 1, or every 12 hours, n = 4), every 24 hours (blue; n = 4), or >24 hours (green; thrice weekly, n = 2, or every 7 days, n = 1). Mean ± SEM of 

CFU/mL grouped by dosing frequency is shown. On days 3, 5, and 7, CFU/mL was significantly lower for amikacin dosed <24 hours than for all other conditions, 

*P < 0.05. During the early time points, resistant isolates were below the limit of detection in the quantity of bacteria plated on 3xMIC amikacin plates. Data 

shown in B are only reported when resistant isolates were above the threshold to allow quantification.

TABLE 1 Summary of HFIM dosing regimens, pharmacodynamic indices, and microbiological effecta

Target Cmax 

(μg/mL)b

Infusion time 

(min)

1 hour Cmax 

(μg/mL)

Frequency Approximate human

daily dosec

%Time > MICd Peak:MICd AUC24:MICd ΔCFUe
max Day of growth

recoveryf

15 Continuous 15.0 Continuous 20 mg/kg 100.0 1.9 45.0 −4.58 6.2

20.3 30 18.1 q12h 10 mg/kg 36.2 2.3 21.8 −3.71 5.7

22.3 30 19.9 q12h 12 mg/kg 40.0 2.5 24.0 −4.03 7.5

23.3 60 23.3 q12h 15 mg/kg 44.7 2.9 26.5 −4.57 7.0

50.5 30 45.0 q12h 25 mg/kg 70.0 5.6 54.0 −3.40 6.4

12.6 30 11.2 q24h 3.5 mg/kg 9.0 1.4 7.2 −1.87 4.4

40.1 30 35.7 q24h 10 mg/kg 30.8 4.5 22.9 −2.11 2.7

45.7 30 40.7 q24h 12 mg/kg 33.2 5.1 26.1 −2.41 3.8

52.5 60 52.5 q24h 15 mg/kg 37.5 6.6 31.7 −3.21 4.6

71.2 30 63.4 TIWg 20 mg/kg 17.7 7.9 18.1 −2.14 1.7

149.6 30 133.3 TIW 40 mg/kg 23.5 16.7 38.1 −2.83 5.1

90 30 80.2 q7 days 25 mg/kg 6.5 10.0 7.4 −2.21 3.0
aNotes: HFIM conditions modeled a half-life of 3 hours in all experiments.
bTarget Cmax is defined as the free amikacin concentration at the end of amikacin infusion.
cApproximate human daily dose that corresponds with the targeted 1 hour Cmax based on our Pmetrics model using pediatric dosing.
dFor all indices, an MIC value of 8 μg/mL was used.
eΔCFUmax is the maximum decrease in CFU compared to control samples obtained at the same time.
fDay of growth recovery is the day that CFU had rebounded by 1 log10 above CFUmin in a treatment arm, linearly interpolated from the surroundings days when CFU 
samples were collected.
gTIW, three times weekly.
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Based on our non-linear regression analysis of ΔCFUmax or day of growth recovery 
(DGR), which compared %T > MIC, AUC24:MIC, or Peak:MIC, the best fit occurred with %T 
> MIC, with an R2 of 0.78 for ΔCFUmax, an EC50 of 36%T > MIC, and Akaike information 
criterion (AIC) of 24.8 (Fig. 3). For day of growth recovery, the regression had an R2 of 0.66, 
an EC50 of 36%T > MIC, and AIC of 44.1. AUC24:MIC was a worse predictor of ΔCFUmax 
than %T > MIC, with R2 of 0.39 and AIC of 36.5. For day of growth recovery, AUC24:MIC 
was also worse, R2 was 0.36, and AIC was 51.9. Peak:MIC did not fit any sigmoidal 
regression curve. Based on the highest R2 and the lowest AIC for both ΔCFUmax and day 
of growth recovery, %T > MIC was the best predictor. This was consistent at every 
timepoint when analyzed independently for microbial kill based on the AIC score (Table 
S1).

FIG 2 Microbiological response of Mab in the HFIM with amikacin treatment. Data were analyzed for 

results grouped by amikacin dosing frequencies of <24 hours (continuous infusion, n = 1; or every 12 

hours, n = 4), every 24 hours (n = 4), or >24 hours (thrice weekly, n = 2; or every 7 days, n = 1). Mean ± SEM 

of ΔCFUmax (A), defined as the maximum decrease in CFU compared to control samples obtained at the 

same timepoint, and day of growth recovery (B), defined as the day that CFU had rebounded by 1 log10 

above CFUmin in a treatment arm, linearly interpolated from the surroundings days when CFU samples 

were collected. For both indicators of microbiological response, the effect was significantly greater with 

amikacin dosed <24 hours compared to the other conditions, *P < 0.05.

FIG 3 Sigmoidal inhibitory Emax regression models of PK-PD indices describing the microbiological response of Mab to amikacin in the HFIM. ΔCFUmax 

(A–C) and day of growth recovery (D–F) are shown relative to %T > MIC (A and D), AUC24:MIC (B and E), and Peak:MIC (C and F). R2 associated with each curve is 

shown. Peak:MIC did not fit any sigmoidal regression model.
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The probability of target attainment (PTA) analysis for expected concentration-time 
profiles arising from pediatric dosing regimens is shown in Fig. 4. Cognizant of the 
increased risk of nephrotoxicity with high trough concentrations of aminoglycosides, 
based on our regression model, we chose %T > MIC of 40% as a reasonable target 
which would achieve ~80% of maximal growth inhibition (EC80) without unnecessarily 
prolonging high concentrations. Our goal PTA was 80% of simulated concentration-time 
profiles achieving this target for a given dosage regimen. Clinical isolates of Mab have 
higher MICs on average than typical Gram-negative pathogens. Ferro et al. reported a 
mean MIC for Mab of 16 µg/mL among 44 clinical isolates (14). All dosing regimens failed 
to achieve 80% PTA for an MIC of 16 µg/mL except for 90 mg/kg (total body weight) per 
day divided every 8 hours, which reached 97% PTA. For an MIC of 8 µg/mL, amikacin 
doses of 45–90 mg/kg/day divided every 8 hours and 60–90 mg/kg/day divided every 
12 hours achieved 80% PTA. Amikacin dosed every 24 hours only achieved >80% PTA for 
MIC ≤2 µg/mL if the dose was 90 mg/kg and for MIC ≤1 µg/mL if the dose was 60 mg/kg. 
Thrice weekly dosing up to 90 mg/kg/dose did not meet 80% PTA for any MIC. None of 
the current recommended clinical dosing strategies [10–30 mg/kg/dose daily or thrice 
weekly (7, 8)] reached >80% PTA, even with very low MICs.

Amikacin has been described to follow peak-dependent PD for other organisms such 
as Pseudomonas, and a target Peak:MIC ratio of 3.2 was proposed by Ferro et al. for Mab 
(14). In our model, this Peak:MIC target was more readily achieved than our proposed 
%T > MIC targets, particularly with every 24-hour or thrice-weekly dosing (Fig. 4). When 
amikacin was dosed every 24 hours or thrice weekly, 45–90 mg/kg/day yielded >80% PTA 
for an MIC of 16 µg/mL. However, Peak:MIC was not identified as the PK-PD link in our 
hollow fiber system.

Another important consideration for amikacin dosing is to minimize the risk 
of nephro- and ototoxicity. Nephrotoxicity has been associated with higher trough 
concentrations, with a proposed trough cutoff of 10 µg/mL (15). Our PTA for a trough 
concentration of ≥10 µg/mL (with a goal to minimize attainment in this case) was not 
surprisingly highest with 90 mg/kg/day divided every 8 hours, which resulted in 18% 
PTA (Fig. 5A). However, typical clinical dosing regimens of 15–30 mg/kg/day had a low 
probability of achieving ≥10 µg/mL, with the highest PTA being 2% for 30 mg/kg/day 
divided every 8 hours. The risk of ototoxicity has been associated with cumulative AUC, 
rather than trough, and Modongo et al. proposed a threshold of 87,232 mg/L*hours for 
ototoxicity, which they associated with a 10% risk of ototoxicity (16). In our model, with 

FIG 4 PTA. For each plot, PTA was determined from 1,000 simulated concentration-time profiles at total daily dosages of 15, 30, 45, 60, and 90 mg/kg/day 

divided every 8, 12, or 24 hours (q8h, q12h, and q24h) and also given TIW. Top row target was %T > MIC ≥ 40%, which was the EC80 based on our sigmoidal 

regression analysis for ΔCFUmax. In the bottom row, the target was Peak:MIC ≥ 3.2 as suggested by Ferro et al. (14). In all plots, the goal PTA was >0.8 as indicated 

by the horizontal dotted lines.
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1 year of therapy, dosing regimens of 45–90 mg/kg/day resulted in 19%–21% PTA for 
ototoxicity for all regimens except thrice weekly (Fig. 5C). However, the ototoxicity risk 
was substantially lower for the typical duration of intravenous amikacin therapy of 3 
months, with 90 mg/kg/day reaching only 5% and all other regimens resulting in less 
than 1% PTA for ototoxicity (Fig. 5B).

DISCUSSION

As attractive as less frequent aminoglycoside dosing is to both simplify regimens 
and reduce toxicity, published evidence to support less frequent dosing of aminoglyco
sides, especially thrice weekly, does not adequately address efficacy against MABSC in 
terms of either kill magnitude or suppression of resistance emergence. While a recent 
Cochrane review showed equivalent short-term efficacy and reduced toxicity with q24h 
aminoglycoside treatment relative to three times daily dosing (17), the indication was 
for Pseudomonas aeruginosa treatment in CF, not MABSC, the review did not assess 
long-term efficacy or the emergence of resistance, and TIW dosing was not included. 
There are no comprehensive clinical studies comparing amikacin dosing frequencies 
for MABSC pulmonary disease. Our data suggest that the clinical response of Mab to 
amikacin may be different than for Gram-negative rods like Pseudomonas.

Aminoglycosides are established as peak-dependent drugs based on pre-clinical and 
clinical studies of Gram-negative bacteria, which grow faster and typically have lower 
aminoglycoside MICs than MABSC (18, 19). Our data show that growth inhibition, as 
indicated by maximum change in CFU, is greatest with short-interval dosing (less than 
24 hours). Short-interval dosing also provides more favorable outcomes regarding the 
emergence of resistance, as indicated by the day of growth recovery. This suggests more 
time-dependent PK-PD for the effect of amikacin on Mab. Non-linear regression analysis 
supports this conclusion, with the strongest correlation to effect occurring with %T > 
MIC. In contrast to what has been shown for other organisms, there was no correlation 
of effect with Peak:MIC in our studies. Ferro et al. discuss a PK-PD “wobble” and report 
that at some times in their hollow fiber system, amikacin behaved with time-dependent 
PD against Mab as we found. We also analyzed the PK-PD relationship at each time 
point but consistently found time dependence as the superior predictor of either kill or 
suppression of resistance.

The reasons for these unexpected findings are not clear. As a Mycobacterium, the 
kinetics of growth for MABSC are very different from typical gram-negative pathogens, 
which is likely to impact the duration of the effect of antibiotics. Peak-dependent 
antibiotics typically have a prolonged post-antibiotic effect (PAE), which allows for 
continued growth inhibition even during times when the concentration is below the 
MIC. Studies have shown a prolonged PAE for aminoglycosides against Gram-negative 
pathogens (20), but this has not been studied for MABSC. With the slow rate of growth 

FIG 5 Probability of nephro- and ototoxicity by regimen. Probability of toxicity was determined from 1,000 simulated concentration-time profiles at total daily 

dosages of 15, 30, 45, 60, and 90 mg/kg/day divided every 8, 12, or 24 hours (q8h, q12h, and q24h) and also given TIW. Nephrotoxicity threshold was defined as 

an amikacin trough of ≥10 µg/mL (A), and probability of ototoxicity for given cumulative AUC over 3 months (B) and 12 months (C) was according to the function 

in Modongo et al. (16).
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of MABSC, it is possible that any PAE that occurs is not adequate to maintain growth 
suppression. Furthermore, the amikacin MIC for MABSC is generally much higher than 
for Gram-negative pathogens. The optimal Peak:MIC is suggested to be ≥8 for Gram-neg
ative rods (19), but this goal is not achieved for MICs of ≥8 µg/mL, which are typical for 
MABSC. Work by Ferro et al. suggests that this goal may be lower for MABSC but can still 
be difficult to achieve (14). It is reasonable to conclude that peak-dependence may be 
less relevant clinically in organisms with higher amikacin MICs, such as MABSC, leading to 
a more important role for time and AUC.

Our findings indicate a need to re-evaluate amikacin dosing recommendations for 
MABSC pulmonary disease. To determine what the optimal dosing strategy may be, 
we used computer modeling and simulation to assess the PTA to achieve growth 
inhibition and to avoid nephro- and ototoxicity. When using a target of 40%T > MIC 
for clinical effect, more frequent dosing is best. However, this does also increase the risk 
of nephrotoxicity, particularly when dosing every 8 hours. Therefore, a balance between 
these factors is needed. When the same total daily dose is used, the risk of ototoxicity 
is equivalent for all dosing frequencies, except for thrice weekly. However, thrice weekly 
dosing results in extremely poor %T > MIC PTA, and our data suggest that this strat
egy may compromise efficacy. Current CF Foundation and American Thoracic Society 
guidelines for treatment of MABSC pulmonary disease recommend 10–30 mg/kg/dose 
daily or thrice weekly (7, 8). Our data show that the currently recommended amikacin 
dosing would be likely to achieve an adequate Peak:MIC target but would not reach 
our proposed %T > MIC targets. This may, in part, explain why clinical failure of MABSC 
treatment is so high despite what is thought to be adequate dosing with high target 
attainment when the target is peak concentration. The reported clinical success rates of 
less than 50% (9, 10) are more in line with the lower probabilities of target attainment for 
time above MIC that we found.

As discussed above, less frequent dosing has long been favored to reduce toxicity 
risk. However, our data indicate that a higher dose of 30–45 mg/kg/day divided every 
8 to 12 hours would likely improve efficacy while still maintaining a nephrotoxicity risk 
below 10% and an acceptable ototoxicity risk of <1% for a 3-month intravenous amikacin 
treatment regimen. This toxicity risk is a modeled prediction and would need to be 
closely monitored if more frequent dosing is used clinically.

It is important to note that growth inhibition and the emergence of resistance 
were suboptimal for all dosing strategies with amikacin monotherapy, even contin
uous infusion. Current guidelines include treatment with 3–4 antibiotics, and our 
findings emphasize the importance of such combination therapy. We examined amikacin 
monotherapy in only one laboratory strain of Mab, and it will be important to con
firm these findings in clinical strains and in combination therapy experiments before 
generalizing to clinical dosing strategies. While we intend to study PK-PD of combination 
therapy in the HFIM, it was important to start with amikacin monotherapy for several 
reasons. First, ascertaining the optimal PK-PD relationship of multiple drugs simultane
ously in the HFIM is factorially expensive and complex, necessitating knowledge of 
optimal targets of individual agents to reduce the number of combinations. Second, 
amikacin is often clinically combined with oral drugs, and if adherence or absorption 
of these drugs is compromised, there may be disproportionate reliance upon amikacin, 
making knowledge of mono-therapeutic PK-PD more important. Third, some isolates 
may be only susceptible to amikacin, and although combination therapy is still indicated 
due to uncertainty about the predictive strength of laboratory resistance on clinical 
outcomes, amikacin again may be the most active agent in the regimen.

In conclusion, we found that at exposures associated with current CF dosing regimens 
and typical pediatric PK, amikacin exerts time-dependent PD against Mab with respect to 
kill and resistance emergence, which may be a function of dosing intervals that exceed 
the PAE after a given peak concentration. Further investigation of the amikacin PAE and 
these findings is warranted. Ongoing and future clinical studies of Mab treatment should 
incorporate PK-PD analysis correlated with clinical response to verify the optimal dosing 
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regimen(s). Our findings indicate that higher dosing of 30–45 mg/kg/day divided every 
8–12 hours, particularly in the initial intensive phase of treatment, may be warranted to 
improve efficacy.

MATERIALS AND METHODS

Bacteria and reagents

For all experiments, M. abscessus ATCC 19977 (American Type Culture Collection) 
was used. Stock cultures were stored at −80°C in Middlebrook 7H9 broth (BD Difco) 
supplemented with 10% oleic acid albumin dextrose catalase (BD Biosciences) and 20% 
glycerol. With each experiment, a fresh vial of bacteria was thawed, centrifuged at 
8,000 rpm for 5 min, and the bacterial pellet was resuspended in fresh media. Bacteria 
were incubated at 37°C for ~24 hours until at logarithmic growth phase prior to diluting 
for initial inoculum. With the exception of glycerol stocks, all bacterial culture was 
carried out in Cation-adjusted Mueller-Hinton II broth (MH2; Sigma-Aldrich or VWR). 
Amikacin sulfate powder was purchased from Sigma-Aldrich. Stock amikacin was stored 
at 25 mg/mL in sterile ddH2O at −20°C.

MIC and mutation frequency

We determined the MIC for amikacin using the standard broth microdilution method 
established by CLSI (21). We quantified the baseline frequency of amikacin resistance 
by diluting bacteria to ~1 × 108 CFU/mL and plating a total of 3 × 108 CFU onto MH2 
agar containing amikacin at 3xMIC (24 µg/mL), distributing 200 µL of bacteria per 10 cm 
agar dish, and incubating at 37°C for 4–5 days. We also quantified total CFU/mL by serial 
dilution and plating onto antibiotic-free plates. Amikacin resistance mutation frequency 
was defined as the number of CFU on amikacin plates relative to the total CFU plated.

Hollow fiber infection model

In a polysulfone cartridge (C2011, FiberCell Systems), we treated Mab with amikacin 
sulfate (Sigma-Aldrich) per established protocol (22–25). Briefly, bacteria were inocula
ted at a starting inoculum of 1 × 106 CFU/mL into the extracapillary space of the 
cartridge. The pore size of the cartridge is small enough to maintain bacteria in the 
extracapillary space while allowing the antibiotic to move freely. Media was constantly 
circulated through the cartridge from a central reservoir. Antibiotic was administered at 
set concentrations and frequencies shown in Table 1 via NE-1600 syringe pump (New 
Era) and half-life controlled by media influx and efflux from the central reservoir using 
Masterflex L/S peristaltic pumps. We defined regimens in Table 1 with continuous or 
every 12 hours as “short-interval” and with 24 hours, thrice, or once weekly as “extended-
interval.” We used an infusion time of 30–60 min, half-life of 3 hours, and specified target 
Cmax (μg/mL) of free amikacin as below. We confirmed concentrations by QMS Amikacin 
assay (Thermo Fisher Scientific) on a Vitros 5600 chemistry analyzer (Ortho Clinical 
Diagnostics). We first validated the use of this method to quantify amikacin in MH2 broth 
by testing amikacin in MH2 at known concentrations, 0, 3.75, 15, and 30 µg/mL. Accuracy 
of measured concentration relative to known concentration was 95%–103% (Table S2). 
We collected 1 mL of media from the HFIM system just prior to drug infusion (target 
trough) and at the completion of drug infusion (target Cmax) for amikacin quantification. 
Measured Cmax was within 25% of all target values, while trough concentrations were 
more variable, with accuracy ranging from 93% to 170% (Table S3).

We collected 1 mL of bacteria from the extracapillary space in each cartridge to 
quantify total CFU/mL on days 1, 2, 3, 5, 7, 10, and 14 post infection by plating serial 
dilutions onto MH2 agar and resistant colonies on plates containing 24 µg/mL amikacin 
(3xMIC). During the early time points, samples were plated onto 3xMIC agar, but the 
concentration of bacteria was below 107 CFU/mL, so baseline-resistant isolates were too 
infrequent to quantify. Data are reported as ΔCFUmax, the maximum decrease in CFU 
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compared to control samples obtained at the same time, or day of growth recovery 
(DGR), the day that CFU had rebounded by ≥1 log10 above CFUmin in a treatment arm. 
To more precisely estimate DGR, we linearly interpolated between CFU measured on 
the surrounding sampling days. We compared growth curves using two-way ANOVA 
with Tukey’s multiple comparisons test and ΔCFUmax and DGR with Student’s t test and 
one-way ANOVA.

PK-PD modeling, simulation, and PTA

To determine which PK-PD index (%T > MIC, AUC24:MIC or Peak:MIC) best predicted 
ΔCFUmax and DGR, we used the minpack.lm package (26) for R 4.2.2 to perform 
non-linear regression fitted to a sigmoidal model for ΔCFUmax and DGR as shown in 
the equations below.

ΔCFUmax = y0 − Emax ∗ xℎEC50ℎ + xℎ
For ΔCFUmax, x is either AUC24:MIC, Peak:MIC, or %Time >MIC.

DGR = y0 +   Emax ∗ xℎEC50ℎ + xℎ
For DGR, x is days. For both equations, y0 is the value of y when x is 0; Emax is the 

maximum effect of x on y; EC50 is the value of x with half-maximal effect on y; h is the 
Hill exponent that controls the steepness of the sigmoidal response curve. We calculated 
AUC24 from trapezoidal approximation of amikacin concentrations in the HFIM, peak 
by extracting the maximal concentration in a dosage interval, and %T > MIC as the 
duration in one dosage interval that HFIM concentrations exceeded the MIC divided by 
the dosage interval. We chose the model with the best coefficient of determination (R2) 
for predicted vs observed data and lowest AIC, which is a function of the likelihood of 
the model penalized for overparameterization (27). These are standard criteria for model 
selection in pharmacometrics (28, 29).

To link exposures in the HFIM to human pediatric dosing, we used our Pmetrics 
modeling and simulation package for R (30) to simulate from a previously published 
model of amikacin in children (31). The model had a central and peripheral compartment 
with clearance from the central compartment. We used the reported mean and CV% for 
model parameters and a CV% of 100 when not reported. We included weight as in the 
original model, with a mean (SD) of 40 (10) kg. To avoid negative parameter values, 
we log transformed the reported linear parameter value distributions according to 

the following formulae (32): log sd = log sd2mean2 + 1  and log mean = log meane0.5*log sd 2 , 

where mean and sd are the linear values. We verified our simulated output against Fig. 
5 of the original paper (31) and cross-validated the output to be similar to a study of 
amikacin PK in pediatric patients with CF (33).

For PTA, we used the model to simulate 1,000 concentration-time profiles at daily 
dosages of 15, 30, 45, 60, and 90 mg/kg (total body weight) per day divided every 
8, 12, or 24 hours and TIW. All regimens were simulated for 2 weeks. We chose the 
target based on the exposure-response analysis above, aiming for a %T > MIC of 40%, 
which corresponded to the EC80 for ΔCFUmax. For direct comparison with the only prior 
study on amikacin PK-PD against Mab (14), we also included PTA analysis with a target 
Peak:MIC of 3.2. For all regimens, we also modeled the probability of amikacin toxicity for 
both oto- and nephrotoxicity. For ototoxicity, we used the model by Modongo et al. (16) 
and extrapolated the simulated steady-state daily AUC to a cumulative AUC over 3 and 
12 months. For nephrotoxicity, we assessed the probability of a steady-state amikacin 
trough concentration >10 µg/mL, in accordance with the threshold identified by Yamada 
et al. (15).
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