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Abstract  

Intravitreal injections of vancomycin (VCM) and ceftazidime (CAZ) are commonly used to 

treat infectious endophthalmitis.  When patient cases require retinal detachment with silicone 30 

oil (SO) tamponade, the antibiotic doses are empirically reduced to 25%.  Currently, there is 

no scientific evidence for these empirical dose reductions.  The purpose of the present study 

is to determine the quantitative impact that SO tamponades have on intraocular VCM 

pharmacokinetics.  Because of high invasiveness of frequent sampling of intraocular VCM 

concentrations in human, this pharmacokinetic study was performed in cynomolgus monkey’s 35 

eyes.  Population pharmacokinetic modeling and simulation were performed using 75 

different intraocular VCM concentrations obtained from 8 male cynomolgus monkeys.  A 

one-compartment model with a first-order diffusion rate was used as a structural 

pharmacokinetic model.  From the covariate analysis, SO tamponade significantly decreased 

the volume of distribution while pars plana vitrectomy with lensectomy (PPV) significantly 40 

increased the clearance and diffusion rate constants.  From the Monte Carlo simulation 

(n=1,000), the median time above minimum inhibitory concentration (T>MIC, a therapeutic 

effect index) durations of SO and normal eyes at clinical doses of 1,000 µg were 2.6 and 11.0 

days, respectively.  Using intravitreal injections of VCM with SO tamponade or PPV may 

reduce the therapeutic effect.  45 
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Abbreviations 

COPD, chronic obstructive pulmonary disease; VCM, vancomycin; CAZ, ceftazidime; SO, 

silicone oil; PPV, pars plana vitrectomies; FOCEi, first-order conditional estimation method 

with interaction; PsN, Perl-speaks-NONMEM; KD, diffusion rate constant; CL, clearance; V, 

volume of distribution; OFV, objective function value; OBS, observed concentration; PRED, 55 

population predicted value; IPRED, individual predicted value; CWRES, conditional 

weighted residual error; PK-PD, pharmacokinetics and pharmacodynamics; MIC, minimum 

inhibitory concentration; MRSA, methicillin‐resistant Staphylococcus aureus; AUC0-24, area 

under the concentration-time curve form 0-24 h; T>MIC, time above MIC; Tmax, time to 

maximum VCM concentration; Cmax, maximum VCM concentration;  60 

 

1. Introduction 

Bacterial endophthalmitis is a major complication of ophthalmic surgeries including 

intraocular lens implantations and can lead to irreversible vision loss or other serious sequelae. 

Therefore, serious preventative measures and appropriate treatments are necessary(Barry et al., 65 

2007; Durand, 2013; Luaces-Rodríguez et al., 2018; “Results of the Endophthalmitis 

Vitrectomy Study: A Randomized Trial of Immediate Vitrectomy and of Intravenous 

Antibiotics for the Treatment of Postoperative Bacterial Endophthalmitis,” 1995; Todokoro et 

al., 2018). Vancomycin (VCM), a gram-positive glycopeptide antibiotic and ceftazidime (CAZ), 
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a gram-negative cephem antibiotic, are commonly administered as intravitreal injections to 70 

combat Staphylococcus aureus and Klebsiella pneumoniae, the main pathogens associated with 

endophthalmitis.(Luaces-Rodríguez et al., 2018; Richette et al., 2015; Tuon et al., 2018) In the 

case of a retinal tear or detachment from ophthalmic surgery, intraocular silicone oil (SO) 

tamponade is often used.(Cibis et al., 1962; Meshi et al., 2017; Steel, 2014) Clinically, VCM 

and CAZ can be administered within the SO injection to patients with retinal detachment, and 75 

are often dosed at empirically reduced rate to 25%.(Luaces-Rodríguez et al., 2018) However, 

little is known about the intraocular dynamics of antibiotics in combination with SO; as such 

there is little evidence to justify this dose reduction. 

Intravitreal pharmacokinetic studies are difficult to conduct in humans as they are very 

invasive. For this reason, we recently conducted an intravitreal pharmacokinetic study in 80 

cynomolgus monkeys. Our study provides evidence showing that the half-lives of VCM and 

CAZ in the aqueous humor of cynomolgus monkey were significantly shorter in SO-filled eyes 

than normal eyes.(Imamura et al., 2021) In the present study, a population pharmacokinetic 

modeling and simulation using our previous data were performed to determine the quantitative 

impact that empirically reduced drug doses in SO has on intraocular VCM pharmacokinetics. 85 
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2. Materials and Methods 

2.1.Population pharmacokinetic modeling of intravitreal VCM in cynomolgus monkey 

The intraocular VCM concentrations used were determined based on reports by 

Imamura et al.(Imamura et al., 2021). CAZ was not used in our analysis due to the limited 90 

previous measurements available. The animal research protocol was approved by the Animal 

Experimentation Committee at Shiga University of Medical Science (Approval #2017-8-2). 

Briefly, eight male cynomolgus monkeys (age 18.3 ± 2.2 y, weight 5.4 ± 0.7 kg) were used. 

Four monkeys underwent pars plana vitrectomies (PPV) with lensectomies in their right eyes. 

A single intravitreal injection of VCM (1 mg/0.1 mL saline) or CAZ (2 mg/0.1 mL saline) was 95 

administered to four normal eyes and four vitrectomized aphakic eyes. VCM and CAZ for 

injection were diluted with saline to 1 mg/0.1 mL and 2 mg/0.1 mL, respectively. Aqueous 

humor samples (0.1 mL) were obtained just before injection and at 2 and 5 hours on day 0 and 

on days 1, 2, 3, 5, 7 and 10 after injection. Three months later, vitreous surgery using a clinically 

approved silicone oil (1000 centistoke, SILIKONTM 1000 polydimethylsiloxane, Alcon Japan 100 

Ltd, Tokyo, Japan) tamponade was performed on the four vitrectomized aphakic eyes. The 

antibiotic administration and sample collection were conducted on the four silicone oil-filled 

eyes in the same manner as described above. All samples were stored at −80°C until analysis. 

HPLC-UV (Prominence, Shimadzu, Kyoto, Japan) was used to determine the aqueous humor 

concentrations of VCM. As the deproteinization treatment, 100 μL of acetonitrile containing 105 
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6.25 μg/mL of internal standard tinidazole was added to 20 μL of aqueous humor sample. After 

centrifugation at 12,000 rpm for 10 minutes at 4°C, the supernatant was separated and 

evaporated to dryness at 40°C. The obtained residue was reconstituted in 200 μL of sodium 

phosphate buffer (20 mM, pH 2.5). Ten microliters of the reconstituted solution were injected 

into the HPLC system after filtration. Chromatographic separation was carried out using the 110 

Shim-Pack XR-ODS column (75 mm × 3.0 mm) at 40°C. The flow rate was 0.6 mL/min with 

the following gradient elution. Sodium phosphate buffer (20 mM, pH2.5) and acetonitrile were 

used as mobile phases A and B, respectively. Then, the percentage of mobile phase B was set 

as follows: 0–6.5 minutes, 7.2%; 6.51 to 7.50 minutes, 40%; and 7.51 to 16 minutes, 7.2%. The 

detection wavelength was 257 nm for ceftazidime and 240 nm for vancomycin and tinidazole. 115 

The retention times of VCM and IS were 7.0 min and 5.9 min, respectively.  In the blank 

aqueous humor sample, there is no interference peak around these retention times (data not 

shown).  The calibration curve of vancomycin was linear within a range of 0.625–40 mg/L 

(R2 > 0.9995). The accuracy and precision at lower limit of quantitation (0.625 mg/L) were 

within 17.6% and 15.0%CV, respectively. The accuracy and precision of three quality control 120 

samples (1.875, 25, and 40 mg/L) were within 10.1% and 15.0%CV, respectively.  There 

values were met the acceptance criteria for bioanalytical method validation by US Food and 

Drug Administration (U.S. Department of Health and Human Services Food and Drug 

Administration, 2018). 
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A population pharmacokinetic analysis was conducted using a nonlinear mixed-effects 125 

modeling program (NONMEM 7.4.0, Icon Development Solutions, Ellicott City, MD, USA) 

with a first-order conditional estimation method with interaction (FOCEi) with GFortran. 

Pirana 2.9.9 and Perl-speaks-NONMEM (PsN) were used as modeling workbenches.(Keizer et 

al., 2013) To create a structural pharmacokinetic model for intraocular VCM, a 1-compartment 

model with first-order diffusion with no lag time (ADVAN2 TRANS2) was used (Fig. 1a). We 130 

assumed the intravitreally injected VCM was diffused uniformly in the eyeball and aqueous 

humor and was eliminated from the aqueous humor through Schlemm’s canal. The mass 

balance equations used for the model are shown below: 

dX1/dt = -KD × X1     (Eq. 1) 

dX2/dt = KD × X1 – CL/V × X2   (Eq. 2) 135 

KD is diffusion rate constant from depot compartment to central compartment, CL is clearance 

from the central compartment, V is the volume of distribution within the central compartment 

and X1 and X2 are the amounts of the drug in depot and central compartments, respectively. 

The inter-individual variability was calculated using an exponential error model as described 

below: 140 

PIndividual = PPopulation × exp(ηp)   (Eq. 3) 

PIndividual is an individual’s estimated parameter value, PPopulation is the typical population value 

of the pharmacokinetic parameters such as CL or V, and ηp is an inter-individual random effect 
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for individuals such that the mean is 0 and the variance is ωp2. A combined proportional and 

additive error model was examined to calculate the residual error as described below: 145 

yij = Fij × (1+ε1ij) + ε2ij    (Eq. 4) 

yij and Fij designate the observed and predicted VCM concentrations in the jth record of ith 

individual, respectively. 

The influence of SO or PPV on pharmacokinetic parameters were calculated using the 

following equation: 150 

Pi = θ1 × θ2COVi     (Eq. 5) 

Pi is a pharmacokinetic parameter for ith individuals and COVi is a dichotomous parameter for 

either SO or PPV. If the SO tamponade was performed, the dichotomous parameter SO would 

be equal to 1, otherwise, it would be set to 0. If the vitreous body and crystalline lens were 

removed by PPV, the dichotomous parameter PPV would be equal to 0, otherwise, it would be 155 

set to 1. Covariates were added into the base model using a forward stepwise inclusion approach 

in order to construct a full model. If a decrease in objective function value (OFV) of more than 

3.84 (p < 0.05) was observed, it was considered statistically significant. In the second backward 

step, covariates were removed from the full model. Covariates were kept in the final model if 

the removal of the covariate resulted in an OFV increase of at least 6.63 (p < 0.01). 160 
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2.2.Model evaluation 

The following diagnostic plots were used to assess the predictive performance of the 

model: observed concentration (OBS) versus population predicted value (PRED), OBS versus 

individual predicted value (IPRED), conditional weighted residual error (CWRES) versus 165 

PRED and time after the dose. The extent of shrinkage was evaluated with post hoc Bayesian 

estimate-based diagnostics. The final model was also evaluated with a visual predictive check 

(VPC) and nonparametric bootstrap analysis. In VPC, a total of 1,000 hypothetical data sets 

were simulated by NONMEM using the final model to generate the expected concentrations 

and 90% prediction intervals. The observed data were overlaid on the prediction intervals and 170 

compared visually. In the bootstrap analysis conducted using PsN, 1000 bootstrap runs were 

generated by random resampling of the original data set, and the median and 95% prediction 

intervals of each parameter were calculated. This analysis included a successful covariance step 

for calculations. The estimated values of each parameter obtained in the final model were 

compared to the medians and prediction intervals obtained by the bootstrap method. 175 

 

2.3.PK-PD simulation after intravitreal VCM injection 

A Monte Carlo simulation analysis for the pharmacokinetics and pharmacodynamics 

(PK-PD) parameter after intravitreal VCM injection was applied to identify the influences of 

SO or PPV on clinical responses. 1000 different pharmacokinetic parameters for different doses 180 
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(250 µg, 1,000 µg, 2,000 µg, 3,000 µg and 4,000 µg) were generated from Monte Carlo 

simulations that utilized NONMEM® for the final VCM pharmacokinetic model. The PK-PD 

parameters were calculated based on the generated PK parameter and the minimum inhibitory 

concentration (MIC) distribution of VCM recorded in clinical isolates of methicillin‐resistant 

Staphylococcus aureus (MRSA). According to Japanese national surveillance data,(Takesue et 185 

al., 2012) the MIC distribution of VCM against MRSA is as follows: MIC = 0.5 mg/L, 1.9%; 

MIC = 1.0 mg/L, 88.3%; MIC = 2.0 mg/L, 9.8%. It appears that an area under the concentration-

time curve form 0-24 h (AUC0-24) /MIC ≥400 is the best predictor of clinical outcomes for 

intravenous injected VCM.(Kishk et al., 2017; Moise-Broder et al., 2004; Rybak et al., 2009) 

Here we calculated the AUC0-∞/MIC in the aqueous humor after a single intravitreal VCM 190 

injection. In addition, we also calculated time above MIC (T>MIC) because the aqueous humor 

concentration represents the concentration at the site of action, unlike the serum 

concentration.(Mouton et al., 2005) T>MIC often represents the cumulative percentage of a 24h 

period where the drug concentration exceeds MIC,(Mouton et al., 2005) but in the present study, 

MIC calculations were used instead of percentages for any durations above the MIC since the 195 

treatment was a single intravitreal administration rather than a repeated administration. 
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3. Results 

3.1.Population pharmacokinetic modeling of intravitreal VCM in cynomolgus monkey 

The pharmacokinetic profiles of intravitreal VCM injections in cynomolgus monkeys 200 

are shown in Fig. 1b. The time to maximum VCM concentration (Tmax) in vitrectomized eyes 

and SO-filled eyes (2 or 5 hours) was shorter than that for normal eyes (24 hours). Conversely, 

the maximum VCM concentration (Cmax) in SO-filled eyes was higher than that in 

vitrectomized eyes and normal eyes. The intravitreal VCM pharmacokinetic profiles were 

described with a 1-compartment model with first-order diffusion that had no lag time. A 205 

covariate analysis (Table 1) demonstrated that SO is a significant covariate on V and that PPV 

is a significant covariate on KD and CL in the final model (△OFV vs base model = −39.2). 

Pharmacokinetic parameter estimates for the final model are summarized in Table 2. The SO 

tamponade decreased the V of VCM by 32.2%. The PPV increased the KD and CL of VCM 

by 76.2% and 38.5%, respectively. 210 

Goodness-of-fit plots (Fig. 2) indicated that our final model can adequately predict the 

VCM concentrations, and that there were no significant miss-specifications in our final model. 

The nonparametric bootstrap analysis confirmed the homogeneity of variances in our final 

developed model (Table 2). The VPC demonstrated that our simulated concentrations were in 

reasonable agreement with the observed values (Fig. 3). 215 
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3.2.PK-PD simulation of intravitreal VCM injection 

PK-PD parameters of intravitreal injected VCM were estimated using the individual 

pharmacokinetic parameters generated by the Monte Carlo simulation analysis (Fig. 4). While 

the PPV decreased the AUC0-∞/MIC, SO tamponade appeared to have no impact on the AUC0-220 

∞/MIC (Fig. 4a). The percentages of AUC0-∞/MIC ≥400 in the clinical dose (1,000 µg) and 

empirically reduced (250 µg) groups were 23.4% and 0.0%, respectively. In our simulation, we 

confirmed that the percentages of AUC0-∞/MIC ≥400 were 90% or greater anytime the dose 

was increased above 3,000 µg. The T>MIC was significantly decreased by both PPV and SO 

tamponade (Fig. 4b). The median durations of T>MIC in SO-filled, vitrectomized and normal 225 

eyes at a clinical dose (1,000 µg) were 2.6 days, 6.6 days and 11.0 days, respectively. In contrast 

to AUC0-∞/MIC, T>MIC in SO-filled eyes was not significantly prolonged by increasing the dose. 

At an increased dose of 4,000 µg in SO-filled eyes, the median T>MIC was 1.2 folds longer (3.2 

days) than at a clinical dose (1,000 µg). 

  230 



 15 

4. Discussion 

Our study has developed a novel population pharmacokinetic model for the intravitreal 

injection of VCM in cynomolgus monkeys. Rapid excretion of VCM was observed in macaque 

eyes with SO tamponade following PPV with lensectomy. The PK-PD simulation from our 

pharmacokinetic model indicated that T>MIC in SO-filled eyes was significantly shortened, 235 

which could possibly result in a decreased clinical response. 

As shown in Fig. 5, it has been reported that the two major excretion routes of 

intravitreally injected drugs are the anterior route and the posterior route.(Hutton-Smith et al., 

2017; Luaces-Rodríguez et al., 2018; Meredith, 1993) In the anterior route, drugs diffuse from 

the vitreous humor into the anterior aqueous humor and are excreted into systemic circulation 240 

via Schlemm’s canal. Therefore, it is likely that hydrophilic or high molecular weight drugs 

will be excreted via the anterior route. On the other hand, in the posterior route, drugs pass 

through the retina from the capillaries out to systemic circulation. Therefore, hydrophobic or 

low molecular weight drugs are likely excreted via the posterior route. It has been reported that 

VCM is mostly excreted via the anterior route.(Meredith, 1993) Thus, CL and V of intravitreal 245 

injected VCM should depend on the aqueous humor flow rate and vitreous volume. In this study, 

the population estimates of CL and V in normal eyes were 4.07 mL/day (3.23 mL/day - 4.91 

mL/day) and 5.08 mL (95%CI: 4.31 mL - 5.85 mL), respectively (Table 2). It has been reported 

that the aqueous humor flow rate and vitreous volume in cynomolgus monkeys were 3.89 ± 
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0.40 mL/day (mean ± SEM)(Wang et al., 2007) and 3.0 - 4.0 mL,(Atsumi et al., 2013; Meredith, 250 

1993) respectively. Though there may be variations depending on the maturity of the monkeys, 

we consider our obtained population pharmacokinetic parameter estimates to be reasonable.  

Here, the aqueous humor flow rate and vitreous volume in human were reported 3.60 mL/day 

and 4.7-5 mL(Missel, 2012), respectively.  Since the aqueous humor flow rate is similar but 

the vitreous volume in human is rather larger than that in cynomolgus monkeys, T>MIC in human 255 

may prolonged.  However, the reported vitreous volume in human was in the range of the 

population estimate of V in cynomolgus monkeys, therefore, the possibility of extrapolation to 

humans requires further investigation. 

Covariate analysis showed that V was decreased to 32.2% by SO tamponade (Table 2). 

As described above, the V value likely depends on the vitreous volume (water phase). Since it 260 

has been reported that VCM often does not distribute to the SO phase,(Leung and Stout, 2019.) 

we assume the intraocular water phase should be decreased to approximately 30% with SO 

tamponade. The reduction of V has been reported to lead to a higher intraocular concentration 

in SO-filled eyes in other drugs as well as VCM,(Falavarjani et al., 2010; Talwar et al., 2003.) 

but our study is the first to describe the quantitative impact of SO tamponade based on 265 

population pharmacokinetic modeling. We expect that there is a wide variation in the amount 

of filling in the SO depending on the severity of retinal detachment and the surgeon’s 

preferences, therefore since a wide variability of the SO impact (95%CI: 22.0% - 42.0%) was 
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observed, it is possible that a more accurate model could be constructed that accounts for the 

variability in SO injection amounts.   In the present study, a 1-compartment model with first-270 

order diffusion with no lag time (Fig. 1a) was used to describe the intraocular VCM 

pharmacokinetics, because VCM does not distribute to the SO phase.  If the VCM could 

distribute to the SO phase, the slope of the elimination phase in SO-filled eyes should be 

biphasic.  Since the slope of the elimination phase in SO-filled eyes was monophasic (Fig. 1b), 

VCM distribution to the SO phase can be ignored.  In the PPV eyes, KD, CL and Tmax were 275 

significantly reduced (Fig. 1b, Table 2). Previous studies have reported that a vitrectomy with 

a lensectomy shortens the half-life of intravitreal molecules.(Christoforidis et al., 2013; 

Kakinoki et al., 2012; Niwa et al., 2015) It has been suggested that the lens or vitreous body 

may act as a barrier to the diffusion and excretion of VCM excretion via the anterior route. 

Therefore, the absence of the lens or vitreous body should also be noted and accounted for.  280 

Since VCM and CAZ inhibit the synthesis of new cell walls, T>MIC may be a good 

indicator of clinical efficacy.(Zhu and Zhou, 2018) However, VCM in the systemic circulation 

after intravenous injection has a relatively long half-life and T>MIC tends to be maintained for a 

long period, so AUC24/MIC is used as an indicator of the clinical outcomes of intravenously 

injected VCM.(Kishk et al., 2017; Moise-Broder et al., 2004) Therefore, we used simulated 285 

T>MIC and AUC0-∞/MIC values as the PK-PD parameters in the present study. Because AUC0-∞ 

is calculated by dividing the VCM dose with CL, AUC0-∞/MIC was decreased by PPV, a 
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covariate of CL, instead of by the anticipated SO tamponade, a covariate of V. In the PPV-

treated eyes, an increased dose of 3,000 µg is required to achieve AUC0-∞/MIC ≥400. Though 

there was no adverse events assessed by endothelial cell density measurements or 290 

electroretinogram recordings with the observed Cmax range (Cmax in normal eyes: 151.4 ± 38.5 

mg/L, Cmax in vitrectomized eyes: 205.6 ± 19.7 mg/L, Cmax in SO-filled eyes: 543.5 ± 187.8 

mg/L) in this study (single dose of 1,000 µg),(Imamura et al., 2021) we believe that further dose 

increases could increase the risk of local side effects in the eyes.(Miyake et al., 2019; Rush et 

al., 2015; Todorich et al., 2018) 295 

Considering that VCM is rapidly excreted from the eyeball, unlike its excretion from 

blood, and that the concentration in the aqueous humor equals the concentration at the action 

site, T>MIC may be a more useful index than AUC0-∞/MIC. As shown in Fig. 4b, T>MIC 

significantly decreased in SO-filled eyes, therefore, an empirically dose reduction to 250 µg in 

SO-filled eyes may lead to a less efficacious response and cause drug resistance. Since dose 300 

escalation in SO-filled eyes did not prolong T>MIC, repeated intravitreal injections every two or 

three days are required to achieve the appropriate T>MIC in SO-filled eyes. However, repeated 

intravitreal injections are highly invasive unlike intravenous injections, so it may be necessary 

to develop a controlled release formulation to avoid increasing the number of intravitreal 

administrations. 305 



 19 

One limitation of our study is that it was not conducted in endophthalmitis eyes, though 

it is reported that the intraocular pharmacokinetics of antibiotics change in endophthalmitis 

eyes.(Wang et al., 2013) Since the impact of PPV and SO tamponade on the intraocular VCM 

pharmacokinetics may also change in endophthalmitis eyes, further pharmacokinetic studies 

should be conducted. Since frequent sampling of aqueous humor in human is difficult due to 310 

the invasiveness, we have conducted the pharmacokinetic study in cynomolgus monkey. 

Therefore, the possibility of extrapolation to humans requires further investigation.  It is 

reported that there are wide interindividual variability in aqueous humor flow rate and vitreous 

volume in human. (McLaren, 2009; Missel, 2012) These variabilities could increase in real 

patients compared with that in homogeneous laboratory animals.  To extrapolate the present 315 

results to real patients in clinical practice, we should take into account various factors such as 

concomitant drugs that influence the aqueous humor flow rate.  

 

5. Conclusions 

Our data suggests that AUC0-∞/MIC and T>MIC as indexes of therapeutic effects for 320 

intravitreally injected VCM for infectious endophthalmitis are reduced by PPV and SO 

tamponade. We hypothesize that the empirical dose reductions currently used may be 

inappropriate and may lead to a further reduction of therapeutic effect or an increase in drug 
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resistance. Our results provide valuable information for the proper use of antimicrobial agents 

for treating infectious endophthalmitis. 325 
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Figure legends 

Fig. 1. (a) Schematic diagrams of the intraocular VCM pharmacokinetic model and (b) 

aqueous humor concentration-time profiles of VCM after intravitreal injection in 470 

cynomolgus monkeys. KD is diffusion rate constant. Blue rhombuses, red circles and black 

squares indicate vitrectomized eyes, silicone oil-filled eyes and normal eyes, respectively (n = 

4 in each group). 

 

Fig. 2. Goodness-of-fit plots for the final models of VCM. The relationship between the 475 

observations (OBS) and (a) population prediction (PRED), and (b) individual prediction 

(IPRED), conditional weighted residual (CWRES) and (c) PRED and (d) the time after the dose. 

Open circles indicate the observed values. Each line shows a line of identity. 

 

Fig. 3. Visual predictive check of VCM concentrations with data obtained from the final 480 

model in (a) vitrectomized eyes, (b) silicone oil-filled eyes and (c) normal eyes. Open circles 

indicate the observed values. The solid, and dashed lines indicate the simulation-based median, 

5th and 95th percentiles, respectively. 
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Fig. 4. Simulated (a) AUC0-∞/MIC and (b) T>MIC after intravitreal VCM injection in (A) 485 

vitrectomized eyes, (B) silicone oil-filled eyes and (C) normal eyes. Dashed line indicates 

the AUC/MIC = 400. 

 

Fig. 5. Schematic diagrams of excretion of intravitreal injected drugs (a) without or (b) 

with concomitant use of silicone oil. Black and white arrows indicate the anterior route for 490 

hydrophilic agents, and the posterior route for hydrophobic agents, respectively. 
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Table 1 Summary of covariate selection step. 

 No. Equation OFV △OFV vs base model 

Base model #1 No covariate 559.354 - 

Forward 
addition 

#2 #1 + SO on V 542.256 −17.1 

#3 #1 + PPV on V 548.654 −10.7 

#4 #1 + PPV on CL 555.389 −4.0 

#5 #1 + PPV on KD 548.118 −11.2 

Full model #6 #1 −(#2 + #3 + #4 + #5) 518.291 −41.1 

        △OFV vs full model 

Backward 
elimination 

#7 #6 −SO on V 535.555 17.3 

#8 #6 −PPV on V 520.106 1.8 

#9 #6 −PPV on CL 523.229 4.9 

#10 #6 −PPV on KD 528.44 10.1 

      △OFV vs. #8 model 

#11 #8 −SO on V 540.447 20.3 

#12 #8 −PPV on CL 527.635 7.5 

#13 #8 −PPV on KD 536.798 16.7 

        △OFV vs base model 

Final 
model 

#14 SO on V + PPV on CL and KD 520.106 −39.2 

KD: diffusion rate constant, OFV: objective function value, SO: silicone oil, PPV: pars plana 495 

vitrectomy 
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Table 2 Population pharmacokinetic parameter estimates for VCM after intravitreal 
injection in cynomolgus monkeys. 

Parameters 
Final model  Bootstrap (n = 1000)  

Mean 95% CI  Median 95% CI 

V (mL) = θ1 × θ4SO × exp (ηV)    

θ1 (mL) 5.08 4.31–5.85   5.02 4.34–5.83 

θ4 0.322 0.222–0.422  0.322 0.214–0.490 

CL (mL/day) = θ2 × θ5PPV × exp (ηCL)    

θ2 (mL/day) 4.07 3.23–4.91  4.02 3.15–4.89 

θ5 0.615 0.457–0.773  0.604 0.469–0.776 

KD (/day) = θ3 × θ6PPV    

θ3 (/day) 16.3 8.7–23.9  16.2 10.0–26.7 

θ6 0.239 0.111–0.367  0.230 0.122–0.377 

Inter- and intra- individual variabilities 
 

  

 Mean (RSE %) [shrinkage %] Median 95% CI 

ηV (%) 16.6 (106.9) [28.4]  17.3 4.8–32.9 

ηCL (%) 21.2 (42.4) [7.2]  17.5 7.5–26.8 

ε1 (%) 38.5 (21.8) [8.6]  36.2 24.2–44.4 

ε2 (%) 83.2 (57.1) [8.6]  89.9 56.1–414.4 

If silicone oil (SO) was used, the dichotomous parameter SO was equal to 1, otherwise it would 500 

be set to 0. If the vitreous body and crystalline lens were removed by pars plana vitrectomy 
(PPV), the dichotomous parameter PPV was equal to 0, otherwise it would be set to 1. The ηV 
and ηCL indicate the inter-individual variabilities of V and CL, respectively. The ε1 and ε2 
indicate the intra-individual variabilities for proportional and additive errors, respectively. 
Success rate of 1000 bootstrap was 99.3%. 505 












