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Aims: The most suitable method for predicting the glomerular filtration rate (GFR) in

obesity is currently debated. Therefore, multiple GFR/creatinine clearance prediction

methods were applied to (morbidly) obese and nonobese patients ranging from mod-

erate renal impairment to glomerular hyperfiltration and their predictions were rated

based on observed fosfomycin pharmacokinetics, as this model drug is exclusively

eliminated via glomerular filtration.

Methods: The GFR/creatinine clearance predictions via the Chronic Kidney Disease

Epidemiology Collaboration (CKD-EPI), Modification of Diet in Renal Disease

(MDRD; indexed and de-indexed by body surface area) and creatinine clearance

via the Cockcroft–Gault formula (CLCRCG) using different body size descriptors

were compared to the fosfomycin clearance (CLFOF) from 30 surgical

patients (body mass index = 20.1–52.0 kg m�2), receiving 8000 mg as intravenous

infusion.

Results: The concordance between CLFOF and creatinine clearance predictions was

highest for CLCRCG employing either ideal body weight or adjusted body weight

(if body mass >1.3 ideal body weight; CLCRCG_ABW-Schwartz, concordance-correlation

coefficient [95% confidence interval] = 0.474 [0.156; 0.703], CCC) and GFR predic-

tions via the de-indexed MDRD equation (concordance-correlation coefficient

= 0.452 [0.137; 0.685]). The proportion of predicted GFR values within ±30% of the
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observed CLFOF (P30 = 72.3–76.7%) was only marginally lower than the reported P30

in the original CKD-EPI and MDRD publications (P30 = 84.1–90.0%).

Conclusion: This analysis represents a successful proof-of-concept for evaluating

GFR/creatinine clearance prediction methods: Across all body mass index classes

CLCRCG_ABW-Schwartz or the de-indexed MDRD were most suitable for predicting

creatinine clearance/GFR also in (morbidly) obese, CKD stage <3B individuals in ther-

apeutic use. Their application is proposed in optimising doses for vital therapies in

obese patients requiring monitoring of renal function (e.g. methotrexate dosing).
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creatinine-based equations, drug dosage, fosfomycin, glomerular filtration rate,
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1 | INTRODUCTION

About 2/3 of all marketed drugs are partly and 1/3 predominantly

eliminated by the kidneys.1,2 Therefore, understanding renal function

plays a decisive role in therapy individualisation and therapeutic drug

monitoring.3 Especially for drugs with narrow therapeutic ranges

owing to toxicity, e.g. methotrexate, it is essential to assess individual

renal clearance for selecting adequate drug dosages to avoid adverse

drug reactions or loss of efficacy.4–6

The rapidly growing obese population7 is at particular risk for under-

or overdosing of renally eliminated drugs: While obesity can be associ-

ated with hyperfiltration, typical comorbidities include chronic kidney

disease.8,9 Thus, accurate determination of renal function in obese indi-

viduals is paramount to: (i) prevent erroneous dose adjustment for drugs

such as methotrexate requiring lower doses in patients with low renal

function10; and (ii) to identify patients with hyperfiltration,11 linked to

higher risk of cardiovascular disease and all-cause mortality.12

Different options for determining the glomerular filtration rate

(GFR) exist, the primary parameter of dominating elimination path-

ways of renal function,13 all requiring freely (i.e. unhindered) filtered

molecules, which are neither metabolised nor (actively) secreted/

reabsorbed in the renal tubuli. For time and cost constraints, creati-

nine clearance is not routinely measured (e.g. via 24-h urine collection

method) but predicted, usually applying the Cockcroft–Gault for-

mula13 (CLCRCG), which is based on measured serum creatinine con-

centrations. This formula relies on the predictor total body weight

(TBW) and was originally determined using data from 236 patients

(TBWmean = 72 kg). Due to the often considerably higher TBW of

obese patients, it is still debated whether the predictor TBW and

therefore the standard Cockcroft–Gault formula represents a mean-

ingful prediction method for obese patients.14

Alternative body size-based predictors such as lean (LBW) or

adjusted body weight (ABW) have been suggested.15 Other formulas,

e.g. the MDRD (Modification of Diet in Renal Disease) or CKD-EPI

(Chronic Kidney Disease Epidemiology Collaboration) formula were

designed to predict GFR in patients with chronic kidney disease and are

indexed to the standard body surface area (BSA)9,16 of 1.73 m2.

However, in obese populations, mean BSA deviates substantially from

the standard BSA (BSAobese = 2.21 ± 0.22 m2)17 and hence de-indexation

(multiplication of predicted GFR [eGFR] by individual BSA/standard

What is already known about this subject

• In (morbidly) obese individuals, predictions of the glomer-

ular filtration rate are biased when calculated via the

Cockcroft–Gault formula based on total body weight or

via the MDRD or CKD-EPI equations.

• Alternative body size descriptors in the Cockcroft–Gault

formula and de-indexation of glomerular filtration rate cal-

culated via the MDRD and CKD-EPI formulae to

individual body surface areas have been suggested as

alternative prediction methods, yet no consensus exists

in the literature.

• To guide dosing adaptations or to identify patients with

hyperfiltration, a single formula is required for simple pre-

diction of renal function in therapeutic use.

What this study adds

• As a model drug to identify the most adequate prediction

method of glomerular filtration/creatinine clearance in

nonobese and obese individuals, clearance (derived from

dense plasma sampling) of fosfomycin, a drug exclusively

eliminated through glomerular filtration, without any rele-

vant re-absorption, was exploited.

• Adjusted body weight in the Cockcroft–Gault equation as

well as the de-indexed MDRD equation demonstrated

highest accuracy and precision among all tested prediction

methods and are proposed for therapeutic use to optimise

doses in obese patients with drugs that are primarily elimi-

nated via glomerular filtration (e.g. methotrexate dosing).
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BSA) has been recommended by the US Food and Drug Administration,

the European Medicines Agency and Kidney Disease Improving Global

Outcomes organisation for prediction of GFR in obese patients.8,9

To identify accurate predictors of GFR/creatinine clearance in obese

individuals, previous studies aimed at comparing the agreement between

different formulas to calculate creatinine clearance with measured

GFR/creatinine clearance. These GFR/creatinine clearance references

were either based on creatinine concentrations in serum and cumulative

excreted amounts in 24-hour urine collections or accepted GFR refer-

ences such as tracers measured in plasma, e.g. 51Cr-EDTA.18–20 How-

ever, high imprecision owing to practical difficulties with 24-hour urine

collection13,21 probably compromised the reliability of urine creatinine

based reference values.9 A single study provided 51Cr-EDTA-based clear-

ance values, but only 2 51Cr-EDTA plasma samples were taken,9 which

required a log-linear regression based on 2 data points per patient and

application of empirical correction factors to account for the so-called

distribution phase.22 In the present study, the individual GFR was deter-

mined based on dense plasma sampling of the exogenously administered

compound fosfomycin (no requirement for radioactive labelling and rela-

tive ease of application), which is almost exclusively eliminated via glo-

merular filtration (86.6–94.6% of the dose is recovered unchanged in

urine23–26 and tubular secretion is negligible27), much like the gold stan-

dards 51Cr-EDTA or iohexol, and has no relevant plasma protein bind-

ing.23 Therefore, the calculated fosfomycin plasma clearance (CLFOF)

represents an ideal surrogate of the individual GFR.

This analysis aimed to evaluate the suitability of available predic-

tion methods of GFR/creatinine clearance over a broad body mass

index (BMI) range. Various predicted GFR/creatinine clearance values

using creatinine-based methods were compared to the individual

CLFOF, which served as surrogate reference for the individual glomer-

ular filtration.

2 | METHODS

2.1 | Calculation of the individual reference GFR

This study is an exploratory posthoc analysis using data from a clinical

study (see Supplementary) investigating the effects of obesity on

pharmacokinetics of various antibiotics and analgesics.28

Reference renal function was defined as CLFOF estimated via

noncompartmental analysis (NCA) using the package PKNCA (Version

0.9.4) in the software R (Version 3.6.0, Vienna/Austria: R Foundation

for Statistical Computing). The linear-up log-down approach was

selected for calculating the area under the fosfomycin concentration–

time curve from time point 0 (start of fosfomycin infusion) to the last

sampling time point (AUC0-last). The elimination rate constant (λz) was

determined by log-linear regression in the terminal phase, requiring at

least 3 data points per patient. Extrapolation of AUC0-last until infinity

(AUC0-∞) was performed as follows

AUC0�∞ ¼AUC0�lastþClast,pred

λz
ð1Þ

with Clast,pred being the last predicted fosfomycin concentration

(based on a log-linear regression). Finally, CLFOF was calculated:

CLFOF ¼Fosfomycin Dose
AUC0�∞

ð2Þ

2.2 | Principal investigator statement

The authors confirm that this is an in silico analysis of data from a clin-

ical trial for which P.S. was the Principal Investigator and that he had

direct clinical responsibility for patients.

2.3 | Identification of suitable predictors and
prediction methods for GFR

Based on serum creatinine concentrations measured by the IDMS-

traceable enzymatic CREP2 assay (Roche Diagnostics, Basel,

Switzerland) the predicted GFR/creatinine clearance was calculated:

CLCRCG based on the standard predictor TBW14 and eGFR via the

CKD-EPI29 and MDRD30 equations (Equation S1-S5).

As alternative predictors of renal function, ideal body weight

(IBW),31 ABW,32 ABW based on a criterion defined by Schwartz

(ABWSchwartz)
32–34 and LBW35 (Equation S6-S9) were used in the

Cockcroft–Gault formula to calculate CLCRCG. Additionally, the use

of body size-based predictors in the Cockcroft–Gault formula was

stratified by the World Health Organization-defined BMI

categories.15,36

De-indexation of GFR via CKD-EPI and MDRD was based on the

equation developed by Mosteller due to its wide application17,37

(Equation S4–5 and S10).

Statistical analyses were performed in R: Concordance between

CLFOF vs. CLCRCG and eGFR was evaluated by calculating the

concordance-correlation coefficient (CCC).38 Bias and limits of agree-

ment between CLFOF vs. CLCRCG and eGFR were determined via

Bland–Altman analyses.39 Magnitude of deviation from the reference

(CLFOF) was evaluated by root-mean-square error (RMSE, Equation 1),

average-fold-error (AFE, Equation 2) and by the commonly

used9,15,30,40 percentage of CLCRCG and eGFR within ±30% of CLFOF

(P30) for all patients. Differences in P30 between the prediction

methods were evaluated by an exact version of McNemar's test. To

evaluate if the deviation from CLFOF might depend on obesity, P30

was additionally stratified by obesity status.

RMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

X
log

CLFOF
eGFR or CLCRCG

� �2
s

ð1Þ

AFE¼10RMSE ð2Þ
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2.4 | Identification of glomerular filtration
categories

The adequacy of predictors of renal function for dosing adjustments

was evaluated using the example for dose adaptations based on the

relatively high GFR threshold, associated with methotrexate dose

adjustment: Proportions of patients of the patient collective who

would require methotrexate dose reductions (CLCRCG ≤ 80 mL/min)10

were compared between CLFOF and standard predictors as well as

alternative predictors of GFR/creatinine clearance. To evaluate which

equation performed best to identify patients with hyperfiltration the

proportion of patients with eGFR > 130 mL/min11 was calculated.

Finally, it was checked how many of the patients would have been

correctly categorised based on the different prediction methods.

2.5 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY

2019/20.41

3 | RESULTS

3.1 | Study population and calculation of reference
renal function

The study comprised 30 patients (18 female) with a median (range)

age of 51 (26–68) years, serum creatinine concentration of 0.798

(0.588–1.49) mg/dl, BMI of 33.4 (20.1–52.0) kg/m2, and TBW of 96.0

(61.0–177) kg. 15 patients were obese (BMI ≥ 30 kg/m2) and 15 non-

obese (BMI < 30 kg/m2).36 The calculated BSA was 2.18 (1.70–3.10)

m2. In total, 240 (8 per patient) fosfomycin plasma concentrations

were available for calculating CLFOF and 3–7 fosfomycin plasma con-

centrations per patient were used for calculating λz via log-linear

regression (R2 = .738–.999). NCA results were deemed reliable (see

Supplementary).

3.2 | Identification of suitable predictors of renal
function

Calculated CLFOF,median (range) was 94.0 (32.1–179) mL/min and

predicted values according to prediction methods of GFR/creatinine

clearance were 127 (66.3–265) mL/min for TBW-based CLCRCG, 95.7

(49.9–120) mL/min/1.73 m2 for eGFR via CKD-EPI and 84.5 (47.0–

131) mL/min/1.73 m2 for eGFR via MDRD (both indexed to

BSA = 1.73 m2). Concordance between CLFOF and these predictors

was low (CCC ≤ 0.326, Figure 1A,G,H). For TBW-based CLCRCG pre-

diction bias [95% confidence interval, CI] was higher (�44.6 [�61.9;

�27.2] mL/min, Figure 2A) compared to eGFR via CKD-EPI (�8.00

[�3.06; 19.1] mL/min, Figure 1G) and MDRD (+13.9 [2.69; 25.1] mL/

min, Figure 1H). The precision of predictions for TBW-based CLCRCG

was lower (AFE = 1.71, Table 1) compared to eGFR via CKD-EPI

(AFE = 1.41) and MDRD (AFE = 1.44).

F IGURE 1 Comparison between fosfomycin plasma clearance as
reference and creatinine clearance predicted via: (i) the Cockcroft–
Gault formula (CLCRCG) using different body size-based predictors
(A–E, B: ideal body weight or adjusted body weight if body mass
>1.3 ideal body weight) or stratification of body size-based predictors
by body mass index (BMI) class15 (F); and (ii) glomerular filtration rate
(GFR) predicted via the Chronic Kidney Disease Epidemiology

Collaboration (CKD-EPI) or Modification of Diet in Renal Disease
(MDRD) equation indexed to 1.73 m2 body surface area (G, H) and
de-indexed by individual calculated body surface area37 (I, J). CCC,
Lin's concordance correlation coefficient with 95% confidence
interval; CL, clearance
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Among the alternative prediction methods for GFR,

ABWSchwartz-based CLCRCG and de-indexed eGFR via MDRD

showed highest concordance with CLFOF (CCC ≥ 0.452, Figure 1C,

J) and low prediction bias (≤9.27 mL/min, Figure 2C,J). The CIs of

both prediction methods included zero, indicating negligible bias

([�21.0; 2.82 mL/min] and [�20.7; 2.11 mL/min], respectively;

Figure 2C,J). Comparably low prediction bias [95% CI] was

achieved by IBW-based CLCRCG (+9.27 [�20.7; 2.11] mL/min,

Figure 2E) or BMI-stratified CLCRCG (�2.98 [�15.8; 9.86] mL/min,

Figure 2F). However, the latter showed comparably poor

precision of predictions (AFE = 1.48). LBW-based CLCRCG

demonstrated low concordance with CLFOF (CCC = 0.341,

Figure 1D), and high AFE (1.49).

The P30 for CLCRCG and eGFR using all investigated body size

descriptors was in overall agreement with a literature-reported analy-

sis aiming at evaluating prediction methods of GFR over a wide BMI

range42: After stratification by obesity status, P30 for each prediction

method was 10.0–58.4% lower in obese vs. nonobese patients. TBW-

based CLCRCG resulted in the highest discrepancy between obese and

nonobese patients (58.4%). The difference in P30 between populations

was lower for de-indexed eGFR via MDRD (16.6%) compared to

ABWSchwartz-based CLCRCG (35.7%).

F IGURE 2 Bland–Altman analysis of
creatinine clearance predicted via: (i) the
Cockcroft–Gault formula (CLCRCG) using different
body size-based predictors (A–E, B: ideal body
weight or adjusted body weight if body mass
>1.3 ideal body weight) or stratification of body
size–based predictors by body mass index (BMI)
class15 (F); and (ii) glomerular filtration rate (GFR)
predicted via the Chronic Kidney Disease

Epidemiology Collaboration (CKD-EPI) or
Modification of Diet in Renal Disease equation
(MDRD) indexed to 1.73 m2 body surface area (G,
H) and de-indexed by individual calculated body
surface area37 (I, J). Black dashed line: bias [95%
confidence interval]; grey dashed lines: limits of
agreement. CL, clearance
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The odds ratios (OR) of P30 for ABW- and IBW-based CLCR

were >1 vs. all other prediction methods. However, 95% CIs of OR

were broad and included 1 for each comparison (except for

ABWSchwartz- vs. TBW-based CLCR; Table S2).

3.3 | Identification of glomerular filtration
categories

For the example of methotrexate dose adjustments, 9/30 patients

fell into the category creatinine clearance≤80 mL/min (threshold

dose reduction) as calculated by CLFOF, but a much lower proportion

was identified by TBW-based CLCRCG (2/30; Table S1). Proportions

calculated by ABWSchwartz-based CLCRCG (7/30, 1 false positive) and

eGFR via MDRD (11/30 with 5 false positive; de-indexed: 4/30)

were closer to the reference. Similarly, for patients categorised as

hyperfiltrators (eGFR>130 mL/min) according to the reference pro-

portion of patients (4/30), the agreement was greatest for

ABWSchwartz-based CLCRCG (8/30 with 5 false positive; Table S1) and

eGFR via MDRD (1/30 with 1 false positive; de-indexed: 6/30 with

4 false positive) but was largely overpredicted using TBW-based

CLCRCG (14/30).

4 | DISCUSSION

Fosfomycin clearance based on dense plasma sampling was chosen as

a reliable reference of renal function to permit identification of good

prediction methods and predictors of glomerular filtration/creatinine

clearance for nonobese and obese individuals alike. Whereas the com-

monly employed TBW-based CLCRCG overpredicted renal function,

ABWSchwartz-based CLCRCG and de-indexed eGFR via MDRD pro-

vided a low bias and the highest agreement with the reference renal

function.

Fosfomycin clearance calculation was based on dense plasma

sampling, which can be expected to provide more reliable and accu-

rate individual reference renal function values than the commonly

employed references based on single measurements of serum creati-

nine concentration and 24-hour urine concentrations.18,43,44 In the

past, identification of an adequate value for GFR in the obese has

been based on a small number of measurements of exogenous

markers over time (51Cr-EDTA, iohexol). These studies were not based

on dense sampling schedules and populations did not include normal-

weight individuals and could thus not evaluate if a single formula was

adequate over a large range of BMI values including nonobese individ-

uals.9,45 In contrast, our study represents a proof-of-concept for

employing exposure data from an exclusively renally eliminated drug

in both obese and nonobese individuals to evaluate predictors and

prediction methods of GFR/creatinine clearance. The predictive per-

formance of GFR/creatinine clearance prediction methods has been

evaluated before via the elimination of drugs predominantly elimi-

nated via glomerular filtration, such as vancomycin46,47 (critically ill

patients) or gentamicin48 (geriatric patients). However, accuracy of

elimination of vancomycin as GFR/creatinine clearance reference in

obese and nonobese patients was compromised by tubular secretion

and reabsorption.49

We confirmed the overprediction of creatinine clearance by

TBW-based CLCRCG reported over a large range of BMI values.50

Nevertheless, this method is still recommended by the Food and

Drug Administration and European Medicines Agency. A reported

improvement of bias and precision by using LBW-based CLCRCG in

obese individuals43 or for nonobese and obese individuals by

stratification via BMI classes15 could not be confirmed in our

study. However, stratification by BMI15 might be more accessible

to clinicians than e.g. ABWSchwartz given the wide acceptance of

BMI for categorisation of obesity classes.36 Rather, our finding that

the non-body size-dependent eGFR via MDRD showed low overall

bias and highest precision was in line with previous investiga-

tions.9,51 A previously reported tendency for overpredicting the

GFR by MDRD at normal to high reference GFR values could not

be confirmed.52,53

Notably, accuracy of MDRD derived GFR in individuals with

normal kidney function has been demonstrated to be reduced com-

pared to the CKD-EPI formula.29 Reduced accuracy of predicted renal

function via MDRD vs. the Cockcroft–Gault formula has been

reported in diverse populations, when applying standardised

creatinine concentrations.54

TABLE 1 Summary statistics for the comparison between the
reference (fosfomycin plasma clearance) and creatinine clearance
predicted via the Cockcroft–Gault formula or predicted glomerular
filtration rate including obese and nonobese individuals over a large
range of body mass index

Method RMSE AFE P30

CLCRCG based on:

-Total body weight 0.234 1.71 56.7%

-Adjusted body weight 0.162 1.45 70.0%

-Adjusted body weightSchwartz
a 0.160 1.44 76.7%

-Ideal body weight 0.156 1.43 76.7%

-Lean body weight 0.174 1.49 63.3%

-BMI class stratified 0.168 1.48 70%

eGFR based on:

-CKD-EPI 0.149 1.41 66.7%

-MDRD 0.159 1.44 66.7%

-CKD-EPI, de-indexed 0.170 1.48 70.0%

-MDRD, de-indexed 0.158 1.44 73.3%

AFE, average fold error; BMI, body mass index, CLCRCG, creatinine

clearance predicted via the Cockcroft–Gault formula using different body

size descriptors or stratification of body size descriptors by BMI class15;

eGFR, glomerular filtration rate predicted via the Chronic Kidney Disease

Epidemiology Collaboration (CKD-EPI) or Modification of Diet in Renal

Disease equation (MDRD) de-indexed by individual calculated body

surface area37; P30: proportion of patients within ±30% deviation from

reference glomerular filtration rate; RMSE, root mean squared error; SD,

standard deviation.
aCLCRCG based on ideal body weight (IBW) or adjusted body weight (if

body mass >1.3 IBW), see Equation S8.
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Among the body size-dependent formulas, ABWSchwartz-based

CLCRCG was the most adequate method of GFR/creatinine clearance,

being in line with published results.9,18 Accuracy was similar to

literature-reported values for ABWSchwartz-based CLCRCG (P30

= 76.6% vs. P30 = 69.815) and de-indexed eGFR via MDRD (P30

= 73.3% vs. 73.7%15). Overall, accuracy was close to reported accu-

racy for the original MDRD (P30 = 76.6% vs. P30 = 90.0%30) and

CKD-EPI equations (P30 = 73.3% vs. P30 = 84.6%40) in nonobese indi-

viduals, suggesting adequacy for clinical use. However, in our analysis

no patients with a chronic kidney disease stage ≥3B and a relatively

low patient number (30 patients) were included, which only allowed

identification of trends in P30 values. Further studies with more obese

and nonobese patients, including patients with severe chronic kidney

disease are necessary to evaluate conclusively, which prediction

method of renal function is most adequate in obese patients. Inclusion

of the gold standard 51Cr-EDTA or iohexol as reference for GFR in

such studies will allow confirming the adequacy of exogenously

administered compounds, such as fosfomycin, as alternative refer-

ences of renal function. These could also evaluate if measurement of

serum cystatin C in addition to serum creatinine concentrations55

improves precision and accuracy of GFR/creatinine clearance predic-

tion in obese patients.

Through an example for dose adaptations based on a relatively

high GFR threshold, (methotrexate), we could show that the choice of

the predictor and method to predict GFR would have a relevant

impact on clinical decision making. The high failure rate in our example

when dosing methotrexate according to TBW-based CLCRCG (23.3%

of patients) was largely reduced by using ABWSchwartz-based CLCRCG

(13.3% of patients) or eGFR via MDRD (16.7% of patients) instead.

For classification of patients as hyperfiltrators, both alternative predic-

tion methods resulted in high false-positive rates (ABWSchwartz-based

CLCRCG: 5/8; eGFR via MDRD 4/6), compromising their use for diag-

nostic purposes.

In conclusion, based on a reference renal function calculated by

rich PK data for fosfomycin, a drug almost exclusively eliminated via

glomerular filtration, we showed that the use of ABWSchwartz in the

Cockcroft–Gault formula or de-indexed eGFR by MDRD equation led

to the lowest bias and highest precision among evaluated predictors

and prediction methods of GFR/creatinine clearance over a wide BMI

range. Their application is proposed in obese patients for improving

drug dosing decision-making, which require accurate GFR monitoring,

such as for glucose-lowering (e.g. metformin) anticonvulsant

(e.g. gabapentin), anticonvulsant and analgesic (e.g. pregabalin) and

anti-Parkinson (e.g. amantadine) treatment.
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