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1. INTRODUCTION
Critically ill patients often have conditions such as 

sepsis and multi-organ dysfunction. These conditions impact 
pharmacokinetics and lead to over-therapeutic or subtherapeutic 
drug levels [1]. Previous research identified that the dose 

selection (37.1%) was the leading cause of antibiotic-related 
problems in intensive care unit (ICU) settings [2]. Therefore, 
optimizing antibiotic dosing in critically ill patients is crucial 
for improving outcomes.

Since 1998, the US Food and Drug Administration 
(FDA) has recommended the Cockcroft-Gault (CG) equation 
for assessing drug pharmacokinetics in patients with renal 
impairment [3]. This results in manufacturers recommending 
antibiotic dosing based on the CG equation. When only 
serum creatinine is available, the CG equation can be used to 
estimate creatinine clearance for commonly used antibiotics 
approved by the FDA in earlier years [4–7]. Conversely, the 
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ABSTRACT
Optimizing antibiotic dosing in critically ill patients is challenging. This study evaluated the discordance rate of 
antibiotic dosing between the Cockcroft-gault (CG) and chronic kidney disease-epidemiology collaboration (CKD-
EPI) estimated glomerular filtration rate (eGFR) equations in medical intensive care units (MICUs) patients. We also 
assessed the concordance analysis of estimated kidney function and stage of dosing for each antibiotic agent between 
equations. A retrospective study was conducted on patients in MICUs who received commonly used antibiotic 
agents between August 2020 and July 2023. The agreement was assessed using a weighted kappa statistic. A total 
of 171 patients with 266 cystatin C sampling points were included. The mean age and median sarcopenia index 
were 67.23 years and 0.45, respectively. The CKD-EPI eGFRcys 2012 equation showed the highest discordance in 
antibiotic dosing. Discordance rate of antibiotic dosing based on CG and CKD-EPI eGFR based on creatinine ranged 
from 10% to 30%. Compared with cystatin C-based equations, Piperacillin/tazobactam had the highest negative 
discordance rates, while ertapenem had the lowest. The acute kidney injury group exhibited a reduced correlation and 
an increased discordance rate of antibiotic agents between creatinine-based and cystatin C-based equations. Various 
equations for estimating renal clearance from the Kidney Disease: Improving Global Outcomes guideline result in 
different antibiotic dosages. Further research is required for appropriate dose adjustment.
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creatinine levels measured on the same day during their MICU 
admission. We excluded patients receiving extracorporeal 
circuit treatments (e.g., Extracorporeal Membrane Oxygenation 
or Renal Replacement Therapy), patients who died within 
24 hours post-MICU admission, and pregnant. Patients with 
incomplete baseline characteristic data were excluded from 
the study. This study was approved by the Institutional Review 
Board (IRB) of the Faculty of Medicine, Chulalongkorn 
University (IRB No. 0848/66). All data were fully anonymized 
before we accessed them. The IRB waived the requirement for 
patients’ informed consent.

2.2. Data collection
Data were collected from the e-PHIS-CUH program 

and medical charts to gather demographic information, including 
actual body weight, serum albumin levels, APACHE II scores, 
and the presence of septic shock within 24 hours of cystatin C 
measurement. The use of a standardized electronic medical 
record system ensures consistent data collection. The data were 
collected retrospectively from a complete hospital database, which 
minimized potential recall bias. We also recorded corticosteroid 
exposure within 14 days prior to cystatin C measurement. Kidney 
function was assessed at the time of each concurrent cystatin C 
and creatinine measurement, utilizing these results to calculate 
eGFR with the CKD-EPI eGFRcr 2021, CKD-EPI eGFRcys 
2012, and CKD-EPI eGFRcr-cys 2021 equations (Supplementary 
Table 1). Acute kidney injury (AKI) was evaluated based on the 
serum creatinine criteria from the KDIGO [15]. 

Some patients receiving care in the MICU exhibited 
fluctuations in serum creatinine and cystatin C levels. All 
collected serum creatinine and cystatin C were used for 
discordance and concordance analyses. We used the CG 
equation to estimate creatinine clearance (CrCl) for comparison 
with eGFR equations, particularly the CKD-EPI from the latest 
KDIGO guidelines [8,9]. We selected these specific eGFR 
equations because they represent the most commonly used 
and updated methods for assessing kidney function in clinical 
practice, including in critically ill patients [3,13]. The CG 
equation, despite its limitations and lack of standardization for 
predicting kidney function, is commonly used for antibiotic 
dosing. This widespread use makes it the most relevant 
comparator for evaluating the real-world impact of alternative 
eGFR equations, particularly in this patient population [16–18].

2.3. Definitions
Discordance rate was defined as the percentage of 

occurrences where there was a discrepancy in drug dosing for 
at least one antibiotic agent when comparing the CG equation to 
the eGFR equations. Positive discordance indicated that higher 
doses were suggested by eGFR, while negative discordance 
suggested lower doses. Intra-individual difference referred to 
the numerical difference between CG and eGFR, with thresholds 
(15 ml/min, 30 ml/min, 20%, and 30%) based on previous 
studies to categorize the extent of discrepancy [17,19,20]. 
The percent of absolute difference between equations was 
calculated as [(CG-eGFR)/CG] × 100. Stage of dosing (SOD) 
was defined as the recommended drug dosing stage according 
to the Uptodate and Lexi-drug application or simulation studies 

2024 Kidney Disease: Improving Global Outcomes (KDIGO) 
guideline recommends using estimated glomerular filtration 
rate (eGFR) equations with serum creatinine for drug dosing 
and switching to combined creatinine and cystatin C equations 
when estimated glomerular filtration rate based on creatinine 
(eGFRcr) is unreliable [8,9], aligning with the US FDA’s 2024 
recommendation for pharmacokinetic studies [10]. Serum 
creatinine is not a reliable measure for estimating glomerular 
filtration rate in critically ill patients. Previous studies show 
that cystatin C-based eGFR equations and the chronic kidney 
disease-epidemiology collaboration (CKD-EPI) eGFRcr-cys had 
the highest accuracy, least bias, and more precision compared to 
other methods in critically ill patients when we compared these 
equations with measured GFR (mGFR) [11]. Cystatin C is a 
newer endogenous biomarker that can provide a more accurate 
estimate of GFR. However, in Thailand, the use of cystatin C is 
limited due to its higher cost compared to serum creatinine. As a 
result, the creatinine-based equation remains the most commonly 
used method for adjusting antibiotic doses in clinical practice. 
A more accurate estimation of GFR could enhance appropriate 
antibiotic dosing, leading to improved clinical outcomes and 
reduced adverse drug reactions. While some studies showed 
the improved accuracy of the CKD-EPI eGFR equation by 
combining creatinine and cystatin C to assess kidney function, 
there are limited data on using this equation for antibiotic dose 
adjustment, especially in critically ill patients [12,13].

A survey study of pharmacists on the current practice 
of estimating kidney function for antimicrobial dosing shows 
that 86% who routinely estimate kidney function utilized the 
CG equation [14]. According to recommendations from KDIGO 
and the US FDA, this approach could influence our decision-
making when selecting the eGFR equation for antibiotic dosing 
[8,10]. Estimating renal clearance with different equations can 
result in varying antibiotic dosages, potentially compromising 
patient safety. In addition, data on this issue is limited for 
critically ill patients using antibiotics. In this study, we aimed to 
evaluate the discordance rate of antibiotic dosing between the 
CG and KDIGO guideline (CKD-EPI eGFRcr 2021, CKD-EPI 
eGFRcys 2012, and CKD-EPI eGFRcr-cys 2021) in critically ill 
patients. We also compared the concordance of estimated renal 
clearance and stage of dosing (SOD) using the CG equation 
with CKD-EPI eGFR equations for commonly used antibiotics 
in medical intensive care units (MICUs).

2. MATERIALS AND METHODS

2.1. Study design, setting, and participants
This retrospective observational study was conducted 

at King Chulalongkorn Memorial Hospital in Thailand. The 
inclusion criteria were as follows: (i) patients aged ≥18 years 
admitted to MICUs between August 2020 and July 2023; 
(ii) patients who received antibiotics, including meropenem, 
imipenem/cilastatin, ertapenem, piperacillin/tazobactam, 
cefoperazone/sulbactam, ampicillin/sulbactam, sulbactam, 
colistin, fosfomycin, amikacin, gentamicin, and vancomycin 
during MICU admission. We aimed to compare estimated renal 
clearance and SOD using the CG equation and CKD-EPI eGFR 
equations, so we included patients with serum cystatin C and 
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used in our setting [21–27] (Supplementary Tables 2–10). We 
utilized the results of renal clearance from the CG equation and 
other eGFR equations to guide the SOD. The AKI group was 
defined as patients who met KDIGO’s creatinine criteria for 
AKI diagnosis at each occurrence of cystatin C and creatinine 
measurement. In addition, we assessed the serum creatinine 
to cystatin C ratio with a cutoff value of 0.8 as a potential 
biomarker for sarcopenia in critically ill patients [28].

2.4. Statistical analysis
Descriptive statistics were used to analyze the 

discordance rate. The Wilcoxon signed-rank test was used 

to compare estimated kidney function between the CG and 
eGFR equations. To evaluate the agreement of kidney function 
between the CG and the various CKD-EPI eGFR equations, 
we utilized the concordance correlation coefficient (CCC) 
and Bland-Altman plots. Subgroup analyses were conducted 
for AKI and non-AKI patients to evaluate discordance and 
concordance in antibiotic dosing and renal clearance within 
these groups. Regarding missing data, we performed a complete 
case analysis, where patients with any incomplete baseline data 
were excluded from the study.

Our sample size was determined based on previous 
findings, which reported a 32.00% difference in SOD for 
meropenem between the CG and CKD-EPI eGFRcr-cys 
equations, with a CCC range of 0.568–0.830 and a weighted 
kappa of 0.651 (95% CI: 0.590–0.712) [16]. Our pilot study 
revealed a difference of 49.30% [29]. Therefore, we set K1 
at 0.50 and K2 at 0.70, requiring a minimum of 98 serum 
creatinine and cystatin C sampling points to achieve 90% power 
with an alpha of 0.05 [30]. The agreement of SOD between 
eGFR equations was assessed using the weighted kappa statistic 
with Cicchetti–Allison weights. The interpretation of the CCC 
and weighted kappa statistics is shown in Table 1 [31,32]. All 
analyses were conducted using STATA (Version 18.0).

Table 1. Interpretation of the CCC and weighted kappa statistics.

CCC Weighted kappa statistic

Value Interpretation Value Interpretation

>0.80 Excellent 0.81–1.00 Almost perfect

0.20–0.80 Acceptable 0.61–0.80 Substantial

<0.20 Poor 0.41–0.60 Moderate

0.21–0.40 Fair

0.00–0.20 Slight

<0.00 Poor

Figure 1. Flowchart of inclusion and exclusion criteria.
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3. RESULT

3.1. Characteristics of the study population
A total of 171 patients with 266 serum cystatin C 

sampling points met the inclusion criteria (Fig. 1). Of these, 57 
patients (33.33%) have multiple serum cystatin C and serum 
creatinine measured in MICUs, 104 patients with 166 serum 
cystatin C sampling points were in the non-AKI group, and 67 
patients with 100 serum cystatin C sampling points were in the 
AKI group. The mean ± SD age was 67.23 ± 17.45 years. The 
mean ± SD of BMI and BSA was 22.71 ± 4.58 kg/m2 and 1.60 
± 0.21 m2, respectively. The sarcopenia index (SI) exhibited a 
median [interquartile range (IQR)] of 0.45 (0.26). Meropenem 
was the most frequently administered antibiotic (75.44%), 
followed by colistin (31.58%) and vancomycin (29.82%). The 
baseline characteristics are presented in Table 2.

Two hundred sixty-six sampling points of serum 
creatinine and cystatin C were included for primary and 
secondary analysis. The median (IQR) serum creatinine was 
0.90 (0.89) mg/dl, while the mean ± SD serum cystatin C was 
2.40 ± 1.19 mg/l. The AKI staging, according to KDIGO, was 
as follows: Stage I, 69.00%; Stage II, 22.00%; and Stage III, 
9.00%. The mean intra-individual differences for the eGFR were 
as follows: CKD-EPI eGFRcr 2021, CKD-EPI eGFRcys 2012, 
and CKD-EPI eGFRcr-cys 2021 had a difference of 10.62 ± 
58.30 ml/min, 51.12 ± 70.98 ml/min, and 36.56 ± 64.22 ml/min, 

Table 2. Baseline characteristics (N = 171).

Baseline characteristics
Overall

(n = 171)

Non-AKI 
group (n = 

104)

AKI group  
(n = 67)

Age (year), mean (SD) 67.23 
(17.45)

68.72 
(16.17)

64.91 
(19.16)

Female sex, n (%) 86 (50.29) 53 (50.96) 33 (49.25)

Weight (kg), mean (SD) 58.15 
(13.28)

57.15 
(13.85)

59.70 
(12.27)

Body mass index (kg/m2), 
mean (SD)

22.71 (4.58) 22.44 (4.79) 23.13 (4.25)

Body surface area (m2), mean 
(SD)

1.60 (0.21) 1.58 (0.21) 1.62 (0.19)

Sarcopenia index (SI), 
median (IQR)

0.45 (0.26) 0.41 (0.19) 0.53 (0.30)

Underlying disease, n (%)

 Cardiovascular disease

 Endocrinologic disease

 Thyroid dysfunction

 Oncologic disease

 Solid tumors

 Hematologic malignancies

 Neurological disease

 Pulmonary disease

 Gastrointestinal disease

 Renal disease

 Transplantation

150 (87.72)

97 (56.73)

57 (33.33)

10 (5.85)

48 (28.07)

35 (20.47)

13 (7.60)

33 (19.30)

29 (16.96)

26 (15.20)

16 (9.36)

5 (2.92)

93 (89.42)

62 (59.62)

36 (34.62)

6 (5.77)

26 (25.00)

18 (17.31)

8 (7.69)

23 (22.12)

18 (17.31)

18 (17.31)

7 (6.73)

3 (2.88)

57 (85.07)

35 (52.24)

21 (31.34)

4 (5.97)

22 (32.84)

17 (25.37)

5 (7.46)

10 (14.93)

11 (16.42)

8 (11.94)

9 (13.43)

2 (2.99)

Current smoker, n (%) 15 (8.77) 8 (7.69) 7 (10.45)

Past corticosteroid use within 
14 days, n (%) 

121 (70.76) 75 (72.12) 46 (68.66)

Immunocompromiseda, n (%)

Immunosuppressive agents 
useb, n (%)

47 (27.49)

13 (7.60)

30 (28.85)

9 (8.65)

17 (25.37)

4 (5.97)

Serum albuminc (gm/dl), 
mean (SD)

2.90 (0.54) 2.91 (0.57) 2.88 (0.49)

Septic shockc, n (%) 57 (33.33) 30 (28.85) 27 (40.30)

APACHE II Scorec, mean 
(SD)

20.85 (5.26) 20.67 (5.22) 21.13 (5.35)

Charlson comorbidity index, 
mean (SD)

3.19 (2.86) 3.19 (2.92) 3.19 (2.78)

Site of infection, n (%)

 Respiratory tract

 Unknown sources

 Bloodstream

 Intra-abdominal

 Urinary tract

 Skin and soft tissue

 Bone and joint

104 (60.82)

28 (16.37)

24 (14.04)

12 (7.02)

5 (2.92)

3 (1.75)

3 (1.75)

64 (61.54)

19 (18.27)

15 (14.42)

7 (6.73)

2 (1.92)

2 (1.92)

2 (1.92)

40 (59.70)

9 (13.43)

9 (13.43)

5 (7.46)

3 (4.48)

1 (1.49)

1 (1.49)

Baseline characteristics
Overall

(n = 171)

Non-AKI 
group (n = 

104)

AKI group  
(n = 67)

Antibiotic use, n (%)

 Meropenem

 Colistin

 Vancomycin

 Piperacillin/tazobactam

 Sulbactam (including 
ampicillin/sulbactam 
cefoperazone/sulbactamd, 
and sulbactam)

 Fosfomycin

 Amikacin

 Imipenem/cilastatin

129 (75.44)

54 (31.58)

51 (29.82)

38 (22.22)

30 (17.54)

19 (11.11)

10 (5.85)

3 (1.75)

82 (78.85)

34 (32.69)

31 (29.81)

21 (20.19)

16 (15.38)

12 (11.54)

6 (5.77)

2 (1.92)

47 (70.15)

20 (29.85)

20 (29.85)

17 (25.37)

14 (20.90)

7 (10.45)

4 (5.97)

1 (1.49)

aImmunocompromised patients, including innate immune deficiency, 
oncological disease with chemotherapy, hematologic stem cell transplant, solid 
organ transplant, acquired immunodeficiency syndrome, immunosuppressive 
agents use, current corticosteroid use (equivalent ≥ 20 mg of prednisolone at 
least three weeks or cumulative dose ≥ 600 mg of prednisolone).
bImmunosuppressive agents, including selective immunosuppressant [anti-
thymocyte globulin, baricitinib, leflunomide, mycophenolate mofetil (MMF), 
sirolimus, teriflunomide, tofacitinib, and vedolizumab], TNF-alpha inhibitors, 
calcineurin inhibitors, interleukin inhibitor, and azathioprine.
cSeptic shock, APACHE II score, serum albumin, and serum creatinine were 
recorded on the day of cystatin C sampling, and past corticosteroid use was 
recorded 14 days before cystatin C sampling.
dCefoperazone/sulbactam was administered to 14 patients (8.19%).
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renal clearance was 20% or more between the CG and CKD-
EPI eGFRcys equation, followed by CKD-EPI eGFRcr-cys 
2021 (71.05%) and CKD-EPI eGFRcr 2021 (50.75%). The 
discordance rate on the absolute difference in renal clearance 

respectively, among overall patients. In the non-AKI group, the 
differences were 19.82 ± 71.97 ml/min for CKD-EPI eGFRcr 
2021, 64.92 ± 85.24 ml/min for CKD-EPI eGFRcys 2012, and 
47.36 ± 78.20 ml/min for CKD-EPI eGFRcr-cys 2021. The 
Wilcoxon signed-rank test indicated significant differences in 
kidney function estimates from CKD-EPI eGFRcr 2021, CKD-
EPI eGFRcys 2012, and CKD-EPI eGFRcr-cys 2021compared 
to the CG equation, with all p-values < 0.05. The baseline 
biomarker and kidney function are shown in Table 3.

3.2. Agreement of kidney function between creatinine clearance 
and estimated glomerular filtration rate

The CKD-EPI eGFR equation, based on creatinine, 
cystatin C, or combined, demonstrated acceptable agreement 
with the CG equation in all groups except the CKD-EPI 
eGFRcr 2021 shows excellent agreement in AKI group. The 
CCC in both AKI and non-AKI groups is shown in Table 4. 
The Bland–Altman plot illustrates the differences between the 
CG and eGFR equations (Fig. 2). Both eGFR equations based 
on cystatin C or combined creatinine and cystatin C exhibited 
significant bias and a higher mean difference than creatinine 
alone (95% CI of mean difference for CKD-EPI eGFRcr 2021 
−2.99 to 11.23, CKD-EPI eGFRcys 39.42 to 56.64, and CKD-
EPI eGFRcr-cys 2021 24.25 to 39.88). The limits of agreement 
were wide in all eGFR equations. Although the mean difference 
between the non-AKI and AKI groups was similar to that of 
the overall patient population, the AKI group had a lower mean 
difference than the non-AKI group (Supplementary Fig. 1).

3.3. Discordance rate of antibiotic dosing based on absolute 
difference of estimates renal clearance between equations

The highest discordance rate for antibiotic dosing 
was observed (89.10%) when the absolute difference in 

Table 3. Baseline biomarker and kidney function (N = 266).

Parameters Overall 
(n = 266)

Non-AKI 
group (n = 166)

AKI group 
(n = 100)

Serum creatinine (mg/
dl), median (IQR)

0.90 (0.89) 0.63 (0.55) 1.38 (1.09)

Serum cystatin C 
(mg/l), mean (SD)

2.40 (1.19) 1.75 (1.34) 3.14 (1.60)

Cockcroft–Gault, 
CrCl (ml/min), median 
(IQR)

59.97 (65.26) 78.10 (78.32) 44.20 (33.92)

CKD-EPI eGFRcr 
2021 (ml/min/1.73 m2), 
mean (SD)

79.19 (37.38) 93.11 (34.23) 56.09 (30.37)

CKD-EPI eGFRcys 
(ml/min/1.73 m2), 
median (IQR)

25.23 (29.83) 34.95 (40.89) 16.90 (15.23)

CKD-EPI eGFRcr-cys 
2021 (ml/min/1.73 m2), 
median (IQR)

40.44 (42.32) 58.21 (52.41) 26.62 (19.07)

CKD-EPI eGFR, chronic kidney disease-epidemiology collaborative estimated 
glomerular filtration rate calculated using serum cystatin C and/or creatinine; 
cr, serum creatinine; cys, serum cystatin C; IQR, interquartile range; mg/dl, 
milligram per deciliter; SD, standard deviation; ml/min/1.73m2, milliliters per 
minute per 1.73 square meters of body surface area.

Figure 2. Bland–Altman analysis of 266 cystatin C sampling points. Grey 
dashed lines represent bias and 95% CI. Red lines represent 95% Limits of 
Agreement (LoA) and 95% CI for the upper and lower LoA



006	 Sungsana et al. / Journal of Applied Pharmaceutical Science 2025: Article in Press

Online F
irst

of 15 ml/min or more between the CG and CKD-EPI eGFRcr 
2021 was observed at 36.84% for overall patients, 50.00% 
for the non-AKI group, and 15.00% for the AKI group. This 
outcome was consistent across both non-AKI and AKI groups. 
The discordance rate of antibiotic dosing is shown in Table 5.

3.4. Comparison of antibiotic dosing stages between creatinine 
clearance and estimates glomerular filtration rate

Continuous GFR from 266 serum creatinine and 
cystatin C were matched with the SOD of each antibiotic agent 
for weighted kappa analysis. The CKD-EPI eGFRcr 2021 
equation found substantial agreement and positive discordance 
of antibiotic dosing with the CG equation for all antibiotic 
agents. The CKD-EPI eGFRcys 2012 equation showed fair 
agreement and negative discordance with the CG equation. 
CKD-EPI eGFRcr-cys 2021 demonstrated moderate agreement 
and negative discordance with the CG equation for all antibiotic 
agents except sulbactam, which shows substantial agreement. 

Table 4. CCC between creatinine clearance and estimates glomerular filtration rate (n = 266).

eGFR equation

CCC for Cockcroft–Gault and eGFR equations*

Overall 
(n = 266)

Non-AKI group 
(n = 166)

AKI group 
(n = 100)

CCC 95% CI CCC 95% CI CCC 95% CI

CKD-EPI eGFRcr 2021 0.583 0.537, 0.629 0.496 0.445, 0.546 0.850 0.798, 0.901

CKD-EPI eGFRcys 0.257 0.208, 0.305 0.207 0.149, 0.265 0.212 0.132, 0.293

CKD-EPI eGFRcr-cys 2021 0.420 0.368, 0.472 0.349 0.285, 0.413 0.514 0.415, 0.613

*All comparisons between the CG equation and eGFR equations were significant; AKI, acute kidney injury; CCC, concordance correlation coefficient; 
CG, Cockcroft–Gault equation; CKD-EPI eGFR, chronic kidney disease-epidemiology collaborative estimated glomerular filtration rate calculated 
with serum creatinine and/or cystatin C; Cr, serum creatinine; Cys, serum cystatin C; 95% CI, 95% confidence interval.

Table 5. The rate of discordance in antibiotic dosing based on the absolute difference between creatinine clearance and estimates 
glomerular filtration rate.

Discordance rate
Overall

(n = 266)

Non-AKI group (n 
= 166)

AKI group

(n = 100)

Cockcroft–Gault and CKD-EPI eGFRcr 2021

 Absolute difference ≥15 ml/min, n (%) 98 (36.84) 83 (50.00) 15 (15.00)

 Absolute difference ≥30 ml/min, n (%) 40 (15.04) 38 (22.89) 2 (2.00)

 Absolute difference ≥20 %, n (%) 135 (50.75) 97 (58.43) 38 (38.00)

 Absolute difference ≥30 %, n (%) 79 (29.70) 62 (37.35) 17 (17.00)

Cockcroft–Gault and CKD-EPI eGFRcys

 Absolute difference ≥15 ml/min, n (%) 192 (72.18) 126 (75.90) 66 (66.00)

 Absolute difference ≥30 ml/min, n (%) 134 (50.38) 93 (56.02) 41 (41.00)

 Absolute difference ≥20 %, n (%) 237 (89.10) 149 (89.76) 88 (88.00)

 Absolute difference ≥30 %, n (%) 223 (83.83) 138 (83.13) 85 (85.00)

Cockcroft–Gault and CKD-EPI eGFRcr-cys 2021

 Absolute difference ≥15 ml/min, n (%) 140 (52.63) 86 (51.81) 54 (54.00)

 Absolute difference ≥30 ml/min, n (%) 78 (29.32) 58 (34.94) 20 (20.00)

 Absolute difference ≥20 %, n (%) 189 (71.05) 111 (66.87) 78 (78.00)

 Absolute difference ≥30 %, n (%) 146 (54.89) 81 (48.80) 65 (65.00)

CKD-EPI eGFR, chronic kidney disease-epidemiology collaborative estimated glomerular filtration rate calculated using serum cystatin C and/or 
creatinine; cr, serum creatinine; cys, serum cystatin C; ml/min, milliliters per minute.

Table 6. Discordance rate of SOD for each antibiotic agent between 
creatinine clearance and estimates glomerular filtration rate.

Antibiotic agents Weighted k 
(95% CI)

Discordance rate (n, %)

Negative 
discordance

Positive 
discordance

Meropenem

 CKD-
EPI 

eGFRcr 

Overalla 0.643 (0.620–0.675) 6 (2.26) 55 (20.68)

Non-AKIb 0.540 (0.489–0.599) 1 (0.60) 31 (18.67)

AKIc 0.650 (0.612–0.694) 5 (5.00) 24 (24.00)

 CKD-
EPI 

eGFRcys

Overalla 0.251 (0.235–0.282) 164 (61.65) 5 (1.88)

Non-AKIb 0.242 (0.222–0.269) 95 (57.23) 2 (1.20)

AKIc 0.128 (0.097–0.170) 69 (69.00) 3 (3.00)

 CKD-
EPI 

eGFRcr-
cys

Overalla 0.536 (0.477–0.554) 87 (32.71) 10 (3.76)

Non-AKIb 0.577 (0.542–0.632) 38 (22.89) 5 (3.01)

AKIc 0.360 (0.199–0.470) 49 (49.00) 5 (5.00)

Continued
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Antibiotic agents Weighted k 
(95% CI)

Discordance rate (n, %)

Negative 
discordance

Positive 
discordance

Imipenem

 CKD-
EPI 

eGFRcr 

Overalla 0.645 (0.623–0.662) 4 (1.50) 69 (25.94)

Non-AKIb 0.526 (0.511–0.593) 1 (0.60) 38 (22.89)

AKIc 0.665 (0.632–0.760) 3 (3.00) 31 (31.00)

 CKD-
EPI 

eGFRcys

Overalla 0.266 (0.253–0.283) 174 (65.41) 4 (1.50)

Non-AKIb 0.245 (0.136–0.301) 101 (60.84) 3 (1.81)

AKIc 0.150 (0.095–0.188) 73 (73.00) 1 (1.00)

 CKD-
EPI 

eGFRcr-
cys

Overalla 0.541 (0.492–0.585) 98 (36.84) 16 (6.02)

Non-AKIb 0.515 (0.450–0.614) 48 (28.92) 11 (6.63)

AKIc 0.435 (0.382–0.471) 50 (50.00) 5 (5.00)

Ertapenem

 CKD-
EPI 

eGFRcr

Overalla 0.643 (0.515–0.772) 2 (0.75) 22 (8.27)

Non-AKIb 0.257 (0.011–0.503) 1 (0.60) 14 (8.43)

AKIc 0.780 (0.646–0.915) 1 (1.00) 8 (8.00)

 CKD-
EPI 

eGFRcys

Overalla 0.255 (0.179–0.330) 107 (40.23) 2 (0.75)

Non-AKIb 0.227 (0.121–0.333) 57 (34.34) 1 (0.60)

AKIc 0.166 (0.067–0.265) 50 (50.00) 1 (1.00)

 CKD-
EPI 

eGFRcr-
cys

Overalla 0.557 (0.450–0.665) 42 (15.79) 4 (1.50)

Non-AKIb 0.584 (0.403–0.765) 13 (7.83) 3 (1.81)

AKIc 0.440 (0.297–0.584) 29 (29.00) 1 (1.00)

Piperacillin/tazobactam

 CKD-
EPI 

eGFRcr

Overalla 0.720 (0.654–0.739) 6 (2.26) 62 (23.31)

Non-AKIb 0.675 (0.616–0.705) 3 (1.81) 39 (23.49)

AKIc 0.705 (0.672–0.719) 3 (3.00) 23 (23.00)

 CKD-
EPI 

eGFRcys

Overalla 0.212 (0.176–0.218) 192 (72.18) 8 (3.01)

Non-AKIb 0.181 (0.156–0.209) 119 (71.69) 5 (3.01)

AKIc 0.130 (0.075–0.162) 73 (73.00) 3 (3.00)

 CKD-
EPI 

eGFRcr-
cys

Overalla 0.451 (0.342–0.490) 123 (46.24) 17 (6.39)

Non-AKIb 0.412 (0.398–0.418) 70 (42.17) 13 (7.83)

AKIc 0.361 (0.260–0.406) 53 (53.00) 4 (4.00)

Sulbactam

 CKD-
EPI 

eGFRcr

Overalla 0.750 (0.716–0.774) 3 (1.13) 30 (11.28)

Non-AKIb 0.596 (0.499–0.646) 0 21 (12.65)

AKIc 0.834 (0.775–0.866) 3 (3.00) 9 (9.00)

 CKD-
EPI 

eGFRcys

Overalla 0.375 (0.347–0.413) 133 (50.00) 2 (0.75)

Non-AKIb 0.352 (0.274–0.357) 76 (45.78) 0

AKIc 0.352 (0.333–0.376) 57 (57.00) 2 (2.00)

 CKD-
EPI 

eGFRcr-
cys

Overalla 0.637 (0.580–0.657) 61 (22.93) 4 (1.50)

Non-AKIb 0.645 (0.505–0.677) 26 (15.66) 3 (1.81)

AKIc 0.585 (0.483–0.623) 35 (35.00) 1 (1.00)

Colistin

 CKD-
EPI 

eGFRcr

Overalla 0.663 (0.616–0.672) 3 (1.13) 42 (15.79)

Non-AKIb 0.462 (0.401–0.652) 1 (0.60) 25 (15.06)

AKIc 0.744 (0.695–0.813) 2 (2.00) 17 (17.00)

Antibiotic agents Weighted k 
(95% CI)

Discordance rate (n, %)

Negative 
discordance

Positive 
discordance

 CKD-
EPI 

eGFRcys

Overalla 0.229 (0.176–0.282) 154 (57.89) 6 (2.26)

Non-AKIb 0.207 (0.193–0.208) 84 (50.60) 3 (1.81)

AKIc 0.136 (0.113–0.138) 70 (70.00) 3 (3.00)

 CKD-
EPI 

eGFRcr-
cys

Overalla 0.479 (0.369–0.576) 83 (31.20) 12 (4.51)

Non-AKIb 0.463 (0.367–0.510) 34 (20.48) 8 (4.82)

AKIc 0.381 (0.315–0.411) 49 (49.00) 4 (4.00)

Aminoglycosides

 CKD-
EPI 

eGFRcr

Overalla 0.656 (0.637–0.679) 5 (1.88) 74 (27.82)

Non-AKIb 0.546 (0.456–0.594) 1 (0.60) 44 (26.51)

AKIc 0.683 (0.617–0.710) 4 (4.00) 30 (30.00)

 CKD-
EPI 

eGFRcys

Overalla 0.259 (0.231–0.281) 176 (66.17) 8 (3.01)

Non-AKIb 0.253 (0.215–0.309) 99 (59.64) 5 (3.01)

AKIc 0.111 (0.093–0.139) 77 (77.00) 3 (3.00)

 CKD-
EPI 

eGFRcr-
cys

Overalla 0.494 (0.474–0.521) 109 (40.98) 20 (7.52)

Non-AKIb 0.483 (0.414–0.594) 52 (31.33) 14 (8.43)

AKIc 0.352 (0.297–0.422) 57 (57.00) 6 (6.00)

Vancomycin

 CKD-
EPI 

eGFRcr

Overalla 0.675 (0.643–0.719) 7 (2.63) 77 (28.95)

Non-AKIb 0.618 (0.563–0.670) 2 (1.20) 52 (31.33)

AKIc 0.636 (0.586–0.741) 5 (5.00) 25 (25.00)

 CKD-
EPI 

eGFRcys

Overalla 0.235 (0.222–0.261) 178 (66.92) 7 (2.63)

Non-AKIb 0.199 (0.176–0.237) 112 (67.47) 5 (3.01)

AKIc 0.157 (0.103–0.162) 66 (66.00) 2 (2.00)

 CKD-
EPI 

eGFRcr-
cys

Overalla 0.509 (0.459–0.560) 102 (38.35) 14 (5.26)

Non-AKIb 0.480 (0.447–0.536) 65 (39.16) 10 (6.02)

AKIc 0.389 (0.336–0.430) 37 (37.00) 4 (4.00)

Fosfomycin

 CKD-
EPI 

eGFRcr

Overalla 0.640 (0.566–0.655) 6 (2.26) 43 (16.17)

Non-AKIb 0.432 (0.368–0.473) 0 29 (17.47)

AKIc 0.729 (0.697–0.845) 6 (6.00) 14 (14.00)

 CKD-
EPI 

eGFRcys

Overalla 0.223 (0.202–0.263) 146 (54.89) 7 (2.63)

Non-AKIb 0.245 (0.195–0.293) 80 (48.19) 3 (1.81)

AKIc 0.090 (0.028–0.117) 66 (66.00) 4 (4.00)

 CKD-
EPI 

eGFRcr-
cys

Overalla 0.461 (0.429–0.576) 87 (32.71) 13 (4.89)

Non-AKIb 0.477 (0.434–0.542) 37 (22.29) 10 (6.02)

AKIc 0.336 (0.292–0.360) 50 (50.00) 3 (3.00)

aOverall instance of serum creatinine and cystatin C included 266 sampling 
points from 171 critically ill patients.
bNon-AKI patients included 166 sampling points from 104 critically ill 
patients.
cAKI patients included 100 sampling points from 67 critically ill patients.
CG, Cockcroft–Gault equation; eGFR, estimated glomerular filtration rate; 
CKD-EPI eGFR, chronic kidney disease-epidemiology collaborative estimated 
glomerular filtration rate calculated with serum creatinine and/or cystatin C; 
cr, serum creatinine; cys, serum cystatin C; 95% CI, 95% confidence interval.
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critically ill patients found a mean age of 58.7 ± 14.9 years, 
a median BMI of 27.3 (22–35.3) kg/m2, and a mean (SD) 
albumin of 2.8 (0.6) g/dl [17]. This group was younger and had 
a higher body weight compared to our research. Critically ill 
patients exhibit several non-GFR determinants, such as muscle 
wasting, inactivity, hypoalbuminemia, and elevated levels 
of serum C-reactive protein (CRP) or tumor necrosis factor 
(TNF), affecting GFR estimates, contributing to discordance 
between the equations [7,11]. Our findings support the theory 
of systematic differences, as we observed larger differences in 
CCC than those reported in previous studies [11,16,38]. These 
differences can be attributed to variations in physiological and 
clinical variables, including elderly age, body weight, muscle 
wasting, hypoalbuminemia, AKI, and critical illness. Our 
findings show that numerous non-GFR determinants affect 
both serum creatinine and cystatin C levels in critically ill 
patients. This leads to the observed discordance. Even though 
the equations suggested by KDIGO are generally more reliable, 
they still have difficulty dealing with these complex factors in 
the intensive care unit [8]. Therefore, selecting the appropriate 
equations to optimize dosage regimens for critically ill patients 
requires a careful evaluation of the risks and benefits.

Discordance in at least one antibiotic agent was 
frequently observed in patients with an absolute difference 
of 20% or more in their eGFR. A recent study indicated a 
discordance rate of 30% or more, with an absolute difference of 
15 ml/min or more between the CG and CKD-EPI eGFRcr-cys 
2021 equations, reported at 52.20% and 58.20%, respectively 
[17]. In our study, we found discordance rates of 52.63% and 
54.89%, which are similar to these previous findings. We 
observed negative discordance between the CG and cystatin 
C-based equations. In contrast, the CKD-EPI eGFRcr 2021 
demonstrated positive discordance, indicating that lower doses 
are recommended with cystatin C-based equations and higher 
doses with the creatinine-based equation. In comparing CG with 
CKD-EPI eGFRcys 2012, we observed the most significant 
negative discordance at up to 72.18%, and with CKD-EPI 
eGFRcr-cys 2021, the discordance reached up to 46.24%. This 
finding, while seemingly suggesting reduced dosing, requires 
careful interpretation, as creatinine-based eGFR, particularly 
CG, can overestimate actual renal function in critically ill patients 
with reduced muscle mass due to sarcopenia, malnutrition, 
and prolonged immobilization. The recent critically ill study 
shows the total discordance rate of meropenem at 45.00%, 
piperacillin/tazobactam at 11.60%, and sulbactam at 9.10% 
[17]. Another study that included 56.00% of ICU patients found 
a negative discordance of 38.00% for CKD-EPI eGFRcys and 
24.00% for CKD-EPI eGFRcr-cys 2012 in meropenem dosing. 
Our findings have a higher discordance rate in overall patients 
when compared with previous studies [16,17]. Several factors 
affect the pharmacokinetics of critically ill patients, aside 
from renal clearance [1]. This negative discordance carries a 
substantial clinical risk of antibiotic underdosing, especially in 
critically ill patients with leaky capillaries or hypoalbuminemia 
[1]. Relying solely on renal clearance by CKD-EPI eGFRcys 
for dose adjustment can result in insufficient drug levels. 
Therapeutic drug monitoring (TDM) is essential for maintaining 
appropriate drug levels and reducing potential risks. However, 

The CKD-EPI eGFRcys 2012 equation showed highest 
discordance in determining SOD compared to the CG equation, 
with negative discordance rates of 71.69% for piperacillin/
tazobactam (weighted k 0.181: 95% CI 0.156–0.209), 67.47% 
for vancomycin (weighted k 0.199: 95% CI 0.176–0.237), and 
60.84% for imipenem (weighted k 0.245: 95% CI 0.136–0.301) 
in the non-AKI group. The differences in SOD between CG and 
CKD-EPI eGFRcr-cys 2021 exhibited negative discordance 
for 42.17% (weighted k 0.412: 95% CI 0.398–0.418), 39.16% 
(weighted k 0.480: 95% CI 0.447–0.536), and 31.33% (weighted 
k 0.483: 95% CI 0.414–0.594) of cases for piperacillin/
tazobactam, vancomycin, and aminoglycosides, respectively, 
in the non-AKI group. The positive discordance between the 
CKD-EPI eGFRcr 2021 and the CG equation ranged from 10% 
to 30%. The AKI group showed a decreased concordance with 
eGFR based on cystatin C or combined (Table 6).

4. DISCUSSION
Cystatin C is considered to be a more effective marker 

than serum creatinine for estimating GFR because it is not 
influenced by factors such as age, sex, or muscle mass [33,34]. 
However, several studies have indicated that hypothyroidism 
decreases serum cystatin C levels, while factors such as 
corticosteroid use, smoking, chronic inflammation, obesity, and 
hyperthyroidism increase these levels [3,33–35]. Serum cystatin 
C is becoming increasingly recognized as an alternative marker 
for predicting kidney function. However, its measurement in 
Thailand has only recently commenced. Few critically ill patients 
have had their cystatin C levels measured. Our study found that 
serum cystatin C measurements are frequently used for elderly 
patients with sarcopenia and malnutrition, in accordance with 
the KDIGO 2024 recommendation to accurately predict kidney 
function [8]. This finding may explain why our results showed 
higher renal clearance in creatinine-based equations compared 
to those based on Cystatin C.

Our study showed that various eGFR equations differ 
from the CG equation. Equation based on combined biomarkers 
performed moderately in agreement with the CG. In a previous 
study that excluded AKI patients, the CCC ranged from 0.568 
to 0.830, with a mean deviation of −6 to −16.20 ml/min 
between CKD-EPI eGFR and the CG equation [16]. Compared 
to previous studies [19,34,36], our study identified higher bias 
and lower CCC with 95% CI of 0.496 (0.445–0.546), 0.207 
(0.149–0.265), and 0.349 (0.285–0.413) for CKD-EPI eGFRcr 
2021, CKD-EPI eGFRcys 2012, and CKD-EPI eGFRcr-cys 
2021, respectively, in non-AKI group. Our study revealed 
significant discordance between eGFR equations and the CG 
equation. Using the KDIGO suggestion for drug dosing in this 
specific group of patients can lead to variation of dosing [8]. 
This discordance has important clinical implications, as relying 
on a single eGFR equation may lead to inappropriate antibiotic 
dosing in critically ill patients. Systematic differences in eGFR 
between equations result from variations in GFR measurement 
methods and non-GFR determinants, leading to bias and 
imprecision [7]. Previous research has shown that creatinine is 
less accurate in elderly patients due to low muscle mass and 
malnutrition, which can lead to an overestimation of eGFR and 
an increased risk of drug toxicity [37]. A recent study involving 
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EPI eGFRcr 2021 with CKD-EPI eGFRcys 2012, most ADEs 
related to antibiotics occurred in patients whose eGFRcys were 
>30% lower than their eGFRcr [20]. Cystatin C-based dosing 
tends to impact antibiotic dose optimization. Although our 
study cannot determine which equation is the best for estimating 
renal clearance in antibiotic dose adjustment to improve patient 
clinical outcomes, we recognize concerns regarding variations 
in dosage when using different equations. Therefore, our 
results can serve as a basis for future research. Future research 
should evaluate the pharmacokinetics of antibiotics and clinical 
outcomes using cystatin C-based equations for antibiotic dose 
adjustment in critically ill patients.

The generalizability of this study is limited due to 
its single-center design, retrospective nature, and focus on a 
specific population of patients in MICUs. In addition, we did 
not investigate the patients’ clinical outcomes. Our findings 
indicate that changing the renal dose adjustment from the 
estimated renal clearance calculated using the CG formula to 
the equation suggested by the 2024 KDIGO guidelines may 
result in different dosage regimens [8]. This is particularly 
relevant for antibiotics with narrow therapeutic ranges and 
those with higher dose adjustment breakpoints or multiple 
dosing stages. Future research should focus on the relationship 
between different equations for estimating renal clearance and 
clinical outcomes in critically ill patients, to determine the most 
suitable equation for this population.

4.1. Strengths and limitations
Our study had some strengths and limitations. This 

study was the first to compare the discordance rate between eGFR 
equations for common antibiotics used in critically ill patients 
with infections. Following KDIGO 2024 recommendations, 
we examined the discordance among newer CKD-EPI eGFR 
equations, which may influence the staging of antibiotic dosing 
in clinical settings. Moreover, we explored discordance in both 
the AKI and non-AKI groups, which are common challenges 
for drug dose optimization in these patients. Our study has 
limitations. First, patients with incomplete data were excluded; 
only four patients (2.34%) were removed from the study, resulting 
in minimal impact on the outcomes. Second, we did not evaluate 
the association between renal clearance estimation equations 
and clinical outcomes. While previous studies have asserted the 
superior accuracy of cystatin C-based eGFR equations compared 
to creatinine-based equations in critically ill patients [11,13], our 
study did not directly validate these equations against mGFR. 
Third, we only measured serum cystatin C and creatinine 
once during MICU stay, potentially missing fluctuations in 
biomarker levels over time. Fourth, fifty-seven (33.33%) patients 
had multiple orders of biomarkers during MICU admission, 
potentially impacting discordance and concordance analysis. 
Fifth, the estimates of GFR equations were not adjusted by BSA 
because most patients in this study had an average weight. Their 
BSA was lower than 1.73 m2, which may have had less impact 
on the dosing stage in our patients. Sixth, some variables, such as 
serum CRP and TNF levels, were not collected, which may have 
influenced serum cystatin C levels.  Seventh TDM, particularly 
for colistin and beta-lactams, was limited in our setting, which 
could have helped confirm drug-specific models and optimize 
dosing. Finally, the small sample size of our study to the routine 

several studies indicate that cystatin C-guided dosing, while not 
significantly affecting overall clinical outcomes, reduces the 
risk of adverse drug events [20,39,40].

According to the KDIGO 2024 recommendation, the 
CKD-EPI eGFR based on creatinine is preferred for drug dosing 
in patients with renal impairment [8]. This study demonstrated 
that antibiotic dosing based on the CKD-EPI eGFRcr 2021 
showed substantial agreement with the CG equation, as well as 
higher dosing up to 28.95% for all antibiotics. This is concerning 
for drugs with a narrow therapeutic index, as small dosage 
variations may lead to toxicity. Antibiotic dosing using the CKD-
EPI eGFRcys and CKD-EPI eGFRcr-cys 2021 equations showed 
fair and moderate agreement with the CG equation, respectively, 
and often results in lower dosing up to 71.69%. In these cases, a 
lower dose suggested by a cystatin C-based or combined eGFR 
equation—less affected by muscle mass—may accurately reflect 
the patient’s true GFR. This can enable optimal antibiotic dosing, 
helping to prevent harmful overdoses and toxicities that may 
arise from relying on an inflated creatinine-based GFR. However, 
applying these equations uniformly without considering 
equation-specific biases or the patient’s clinical status can lead 
to inappropriate dosing. This highlights the importance of 
careful monitoring for both efficacy and safety when making 
antibiotic dose adjustments according to the KDIGO 2024 
recommendations [8]. Currently, there is no definitive conclusion 
regarding the most effective equation for adjusting antibiotic 
dosing in critically ill patients with renal impairment. Future 
research should evaluate the association between renal clearance 
estimation equations and clinical outcomes to determine the best 
equation for antibiotic dosing in this patient population.

The differences in dose adjustment breakpoints 
and stages in research led to varying discordance rates for 
each antibiotic agent across studies [16,17]. Our findings 
demonstrated the varying discordance rates among different 
antibiotics depending on their dose adjustment breakpoints and 
stages. For instance, some antibiotics require a narrow range 
of GFR with higher dose adjustment breakpoints or multiple 
dosing stages. For example, piperacillin/tazobactam requires 
dose adjustments at a CrCl breakpoint of 100 ml/min with four 
stages of dosing, whereas the ertapenem dose adjustments at a 
CrCl breakpoint is 30 ml/min with two stages of dosing. These 
findings indicate a greater discordance rate for piperacillin/
tazobactam than ertapenem. Although the mean intra-individual 
differences of eGFR were high between equations, less effect 
on drugs with lower dose adjustment breakpoints and a low 
number of dosing stages. The AKI group had lower intra-
individual differences in eGFR. This study indicates that poor 
kidney function is associated with a higher discordance rate for 
each antibiotic agent. This contrasts with previous studies that 
suggested patients with poorer kidney function experienced less 
discordance compared to those with intact kidney function [17].

Prior research has discussed drug-specific models 
for eGFR assessment and individualized dosing, supported 
by studies showing varied correlations between eGFR and 
drug clearance [38,41–43]. Previous studies evaluated the 
clinical outcomes in patients who received antibiotic dose 
adjustment by cystatin C. For cefepime, Cystatin C-based 
dosing results in a reduced risk of morbidities, including AKI 
and encephalopathy [39]. Furthermore, when comparing CKD-
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use of creatinine-based dosing may have impacted the evaluation 
of discordance and concordance analysis. Future research is 
needed for a prospective multi-center study to enhance data 
completeness and increase the sample size. In addition, studies 
examining the relationship between renal clearance estimation 
equations and clinical outcomes are essential, as this information 
is crucial for clinical practice.

5. CONCLUSION
The discordance of antibiotic dosing in critically 

ill patients was significant, especially in cystatin C-based 
equations. However, the CKD-EPI eGFRcr equation shows the 
lowest discordance. 

Our findings suggest being cautious with antibiotic 
dose adjustments for medications with higher dose adjustment 
breakpoints or multiple dosing stages, such as piperacillin/
tazobactam. Currently, there is no absolute equation to guide 
the adjustment of antibiotic doses in critically ill patients with 
renal impairment. Antibiotics with narrow therapeutic windows 
require careful risk-benefit assessments and, when possible, 
TDM. Future research should focus on identifying optimal 
equations for adjusting antibiotic doses based on renal function 
to enhance treatment outcomes.
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