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AUC, area under the concentration—time curve

AUC24, area under the concentration-time curve normalized to 24 hours
BSCt, Bayesian approach using single trough concentration
BW, body weight

BMI, body mass index

CI, confidence interval

CL, clearance

CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration
Css. peak, Steady—state peak concentration

Css, trough, Steady—state trough concentration

eGFR, estimated glomerular filtration rate

EMR, electronic medical record

EWUSH, Ewha Womans University Seoul Hospital (Seoul, Korea)
IQRE, interquartile range of error

IQRPE, interquartile range of percentage error

ke, elimination rate constant

LOESS curve, locally estimated scatterplot smoothing curve
LR, linear regression model

MdAE, median absolute error

MdAPE, median absolute percentage error

MdE, median error

MdPE, median percentage error

MRSA, methicillin-resistant Staphylococcus aureus
Mod-Nathan, modified Nathan model

MUSI, Mahidol University Faculty of Medicine Siriraj Hospital (Bangkok,
Thailand)

Orig-Nathan, original Nathan model
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P20, percentage of estimated AUC24 within 20% of reference AUC24
SSTA, Simple Single Trough equation for AUC

TDM, therapeutic drug monitoring

UUH, Ulsan University Hospital (Ulsan, Korea)

Vd, volume of distribution
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Cs. trouan &F 7157 AUC24 7F9] A 3] A4S HAATH S
ol-gste] etk HEFE o] APFIFAS ol&ste] AUC24
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Table 1. Summary of used datasets, models, and reference AUCs.

Dataset (No.

Candidate Comparative
Process of TDM Reference AUC
. models models
occasions)
Model .
development and Bayesian
P UUH (1,034) SSTA-1, SSTA-2 LR, Mod-Nathan (using 1 or 2

internal
validation

EWUSH (326)

External
validation

MUST (20)

LR, Mod-
Nathan, Orig-
Nathan, BSCt

SSTA-1, SSTA-2

LR, Mod-
Nathan, Orig-
Nathan

SSTA-1

conc. data)

First-order
equat ion
(using peak
and trough
conc. data)

Trapezoidal
(using 7
conc. data)

Abbreviations: AUC, area under the concentration—time curve; BSCt, Bayesian approach

using single trough concentration;
University Seoul Hospital (Seoul, Korea); LR,

modified Nathan model;
Trough equation for AUC; TDM,
Hospital (Ulsan, Korea)

Orig-Nathan,

Conc., concentration;

original Nathan model;

14

EWUSH,
linear regression model; Mod-Nathan,
SSTA, Simple Single
therapeutic drug monitoring; UUH, Ulsan University

Ewha Womans



Excel 2021 (Microsoft Corporation, Redmond, WA,
USA)& ol&ste] Tel7lsom 283l #hs Aejoh $AZA 3 A17hek= R
WA 4.3.0 (R Foundation for Statistical Computing, Vienna, Austria)
TS o]&egltt (46). ZF AeH7E A#EEA thd 95% confidence

interval (CI)& bootstrap percentile ¥ (5000 bootstraps)= ©]-&3}¢]

FAEAL, THEFHEY vuEFE 7+ P20 A %o Zfolo] gk 95% Cl =
FAsAT. Z¥EE 7kl P20 Abolol] Wik =AY A S = exact McNemar test =

menemar .exact (exact2x2) 32 o] 83to] Algsla 8952 0.05 = A A5}
AAEAT (47). AAA BH Adxxo 2 E=E linear weighted kappa <
kappa (ved) & o]&ste] T3t (48). AHAZA Hxo] A4 HEE
7] 938l locally estimated scatterplot smoothing (LOESS) =418 3&H7
FAISAT (49). AR Aot Ao o]&H 7| HARE ETE R session
A= FZ Do 7|=3t).
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Vancomycin TDM data from Mar 2020 to Jul 2021
(1,780 TDM occasions [N] from 812 patients)

Exclusion
» Under the age of 18 (N=79)
» Under renal replacement therapy (N=175)
* Misorder (N=5)

Adult patients without RRTx
(N=1,521 from 680 patients)

Exclusion
» Concentration data outside the range for proper sampling
time for steady status trough (N=310)
! * No available body weight or serum creatinine data (N=27)

. . . » Concentration below LoQ or suspected of sampling error
Adult patients without RRTx with proper TDM data (N=14)

(N=1,170 from 580 patients)

Exclusion
» TDM occasions > 3 per treatment episode or treatment
episode > 3 per subject (N=136)

Final enroliment: patients with data appropriate for
model development
(N=1,034 from 580 patients)

Figure 1. Flow chart of patient and TDM data enrollment for UUH dataset
Abbreviations: LoQ, limit of quantification; RRTx, renal replacement therapy; TDM, therapeutic drug monitoring; UUH, Ulsan University

Hospital (Ulsan, Korea)
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Vancomycin TDM data from Jan 2020 to Mar 2021
(963 TDM occasions [N] from 405 patients)

Exclusion

A 4

TDM occasions with both trough and peak
concentration data (N=589 from 265 patients)

"I« TDM occasions with only trough or peak concentration

(N=374)

Exclusion

» = Under the age of 18 (N=1)

¥

Adult patients without RRTx
(N=557 from 247 patients)

» Under renal replacement therapy (N=31)

Exclusion
* Trough concentration data outside the range for proper
sampling time for steady status trough (N=31)

A A

Final enroliment: Patients with proper 2-point TDM
data for model evaluation
(N=326 from 163 patients)

« Peak concentration data outside the range for proper
sampling time (N=189)

* No available body weight or serum creatinine data (N=2)

+ Concentration below LoQ or suspected of sampling error
(N=9)

Figure 2. Flow chart of patient and TDM data enrollment for EWUSH dataset

Abbreviations: EWUSH, Ewha Womans University Seoul Hospital (Seoul, Korea); LoQ, limit of quantification; RRTx, renal replacement

therapy; TDM, therapeutic drug monitoring
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Table 2. Characteristics of patient

and TDM data for model development (UUH

dataset)
Characteristics Valuex
Number of subjects 580
Male sex, N (%) 362 (62.4)
Age, years 68 (57, 77)

Body weight, kg

Height, cm

Body mass index, kg/m’
Serum creatinine, mg/dL

eGFRT | mL/min/1.73m*

60.0 (52.1, 67.7)
163 (156, 170)
22.6 (20.4, 25.3)
0.67 (0.52, 0.86)

96.3 (81.9, 107.8)

Number of treatment episodes
Indications for vancomycin, N (%)
MRSA infection
Severe infection
Pleuropulmonary infection
Osteoarticular infection
Bacteremia
infectious endocarditis
Non-severe infection
Skin and soft tissue infection
Diabetic foot infection
Ear infection
Others
Non-MRSA infection
Pleuropulmonary infection
Skin and soft tissue infection

Others

Prophylaxis

647

142 (21.9)
90 (13.9)
61 (9.4)
17 (2.6)
11 (1.7)
1 (0.2)
52 (8.0)
27 (4.2)
11 (1.7)
8 (1.2)
6 (0.9)
494 (76.4)
135 (20.9)
91 (14.1)
268 (41.4)

11 (1.7)
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Number of TDM occasions 1,034

Location, N (%)

General ward 934 (90.3)
Intensive care unit 100 (9.7)
Single dose, mg 1,000 (800, 1000)

Vancomycin dosing interval, N (%)

6 h 2 (0.2)

8 h 27 (2.6)

12 h 945 (91.4)

18 h 16 (1.5)

24 h 43 (4.2)

48 h 1(0.1)
Daily dose per weight, mg/kg/day 30.6 (25.9, 35.9)
Measured vancomycin trough concentration, mg/L 12.6 (8.8, 17.1)
AUC24 by Bayesian method, mg-hr/L 484 .5 (381.9, 591.7)

*Number (%) or median (Ql, Q3)

TCalculated by the 2009 CKD-EPI equation

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours;
eGFR, estimated glomerular filtration rate; MRSA, methicillin-resistant

Staphylococcus aureus; TDM, therapeutic drug monitoring
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Table 3. Characteristics of patient and TDM data for external validation

(EWUSH dataset)

Characteristics Valuex

Number of subjects 163
Male sex, N (%) 95 (58.3)
Age, years 72 (60, 80)

Body weight, kg
Height, cm
Body mass index, kg/m’
Serum creatinine, mg/dL
eGFRT, mL/min/1.73m’
Number of treatment episodes
Number of TDM occasions
Single dose, mg
Vancomycin dosing interval, N (%)
3 h
4 h
6 h
8 h
12 h
24 h
Daily dose per weight, mg/kg/day
Measured vancomycin trough concentration, mg/L
Measured vancomycin peak concentration, mg/L

AUC24 by first-order equation, mg-hr/L

57.7 (49.6, 67.7)
163 (155, 170)
22.2 (19.5, 24.7)
0.60 (0.46, 0.82)
97.9 (79.7, 115.0)
172
326

750 (550, 1,000)

2 (0.6)

14 (4.3)

58 (17.8)

51 (15.6)

179 (54.9)

22 (6.7)
31.1 (22.5, 42.9)
16.7 (11.5, 21.1)
28.8 (23.8, 36.1)

560.2 (441.8, 684.8)

"Number (%) or median (Q1, Q3)
TCalculated by the 2009 CKD-EPI equation

Abbreviations: AUC24, area under the concentration-time curve normalized to 24 hours;
eGFR, estimated glomerular filtration rate; TDM, therapeutic drug monitoring
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o] ool digh AR} oy 815 dig At S Bl T
RS FREYPOR Aota Hrist. 7 O FEEYP] TR FA(AUC24 =
(Dose x 24)/(Vd x In(1 + Dose/(Vd X Csstrougn))))< L3k, Vd 78] ojsh
2ol th2th, A B2 SSTA-1 0.2, AT BT Vd F4 20 Z3heT), Yol=
frofsbA] kol ESIAZIA] @Skth. FHAl EFES SSTA-2 2, SSTA-1 9
ZEaHEA ol A e BML 7 2 A5l A YEUE 54 vlolo] s 2A S
913l BUL & Vd 42 9] W42 F71sE Blo|th(Figure 3). + 239 Vd 442
ofzfj e} tt.

1) SSTA-1 ®&: Vd = 20.663+ 0.541 x BW

2) SSTA-2  ®&: Vd =—6.684+ 1.727 x BW — 0.031 x BW x BMI +
(0.048 x BW, if BMI > 30)
T ORY R AN 8-S 2R e Ak £ zbol= gl (Figure
4).

H] 2N Ame] AT F BYPL ot 9} ).

1) LR 23 : AUC24 = 168.082 + 24.754 X Cyg rougn

]al
Em
ol

2) Mod-Nathan 2.8: Vd = 21.441 —0.029 X Age + 0.44 X BW

SHEYHEY X3H vuREE 5] WA S (subject-wise 10-fold cross

ARV}

validation)S E3F W74 Z= 23+ Table 49 7|<=3519tt. =& yYR243Z H37}

A3l A SSTA-2 7} 7H8 573+ 3t H it}

Ox
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Figure 3. Residual plots of candidate models according to fitted value and
variables included in the models. Residuals are depicted against fitted
AUC24 values, body weight, and BMI for SSTA-1 (left; A, C, and E) and SSTA-
2 (right; B, D, and F). The gray lines represent LOESS curves to assist
visual exploration of trends.

Abbreviations: AUC24, area under the concentration-time curve normalized to 24 hours;
BMI, body mass index; LOESS, locally estimated scatterplot smoothing
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Figure 4. Distribution of residuals of candidate models according to hospital
unit and indication category. Residuals are depicted as boxplot according
to hospital unit and indication category for SSTA-1 (left; A and C) and
SSTA-2 (right; B and D).

Abbreviations: GW, general ward; ICU, intensive care unit; MRSA, methicillin-
resistant Staphylococcus aureus; N-SI, non-severe infection; SI, severe infection
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Table 4. Internal validation (subject-wise 10-fold cross validation) results

of fitted models for UUH dataset

Per formance metric SSTA-1 SSTA-2 LR Mod-Nathan
Bias
MdE, mg-hr/L 2.1 0.8 1.5 1.1
MdPE, % 0.5 0.1 0.3 0.2
Precision
IQRE, mg-hr/L 25.7 19.3 52.8 26.3
IQRPE, % 5.1 4.0 10.8 5.5
Accuracy
MdAE, mg-hr/L 13.2 10.1 26.4 13.1
MdAPE, % 2.7 2.1 5.4 2.8
P20, % 99.4 99.5 96.2 99.7

Abbreviations: IQRE, Interquartile range of error;

Interquartile range of

percentage error; LR, linear regression model; MdAE, Median absolute error; MdAPE,

Median absolute percentage error; MdE, Median error; MdPE, Median percentage error;
Mod-Nathan, modified Nathan model; P20, percentage of estimated AUC24 within 20% of
reference AUC24; SSTA, Simple Single Trough equation for AUC; UUH, Ulsan University

Hospital (Ulsan, Korea)
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nE 5153 I EASRC: R=C) AUC24 FAUES
dArebEste s of&ste] 3k 7I= AUC24 &t vlatshe] 28 ghell A
54 wpolojaE,  We FolA A HlojojrE FEAHOR

BAH(Figure 5, 6). EFHEZ Z}7Fo] error ¢ percentage error 9
F¥XE Yehd AA29S Figure 7914 HoF3 9t} o] error
HES ol&3te] -3k H7F A3k Table 59 7]<=3FSiT.
SSTA-1 ¥} SSTA-2 = BE W& H7F Aol A 1% ojule] 22
z}ol S Hgom P20 ¢ x}0](95% CI lower bound, upper bound; P-value
by exact McNemar test)+ -0.6% (-2.5%, 0.9%; P = 0.73)= SSTA-1 ©]
O3 Sttt a5} ek o, SSTA-1-2 LR 2 5.2% (0.9%, 9.2%;
P =0.02), Mod-Nathan &} 0.0% (-1.8%, 1.8%; P = 1.00), Orig-Nathan
Z -0.6% (-1.8%, 0.6%; P = 0.63), BSCt 2 3.7% (-0.3%, 7.4%; P =
0.06)2] P20 7k =}olE& HAT. =, SSTA-12 LR I} Hlus)] SAX o=
o)Al =2 P20 k= BHlom, tE RE = 73 Ahol & HolA
t}.
ghd SSTA-2 &= Wl R PS5} v o [R 7} 5.8% (1.8%, 9.8%;

Jo

&2
%5

P=0.01), Mod-Nathan ¥} 0.6% (-1.5%, 2.8%; P=0.79), Orig-Nathan 3}
0.0% (-1.8%, 1.8%; P = 1.00), BSCt 3} 4.3% (0.9%, 8.0%; P = 0.02)2]
P20 %k AolE HATE F, SSTA-2& LR =3, BSCt =@} 8w
AR FoeA =& P20 #e HAH.

AapobEsta A ol&ste] -3k 7]+ AUC24 ghol wE 444
et 7 B ES FAGk e B9 dAEE 3 (contingency
table)9} linear weighted kappa #tS. % Table 6 oA H o511 Jt}.
Tk 20099 W= 7Ashs] A WE G, romd] HEXEEEHAE
Vo m g A Fam HoAFa QQvh. o] ¢ AUC24 7ol wE
Bn5ol HAME X% (percent agreement)™ 64.7%% AUC 74 Rso

Azfo] H]3] vk, AUC F4 REES HAHME dxx= Aip= SSTA-1
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83.7%, SSTA-2 84.0%, LR 74.5%, Mod-Nathan 83.1%, Orig-Nathan 82.2%,
BSCt 81.3% o]ST}. ©] ¥ LR 2 PHHUFE Cos, troumn WS 7FAEE,
AUC24 =+ 71557421 400 2+ 600 mg-hr/L ol tH-83F= Css, trousn #k& FAFE
4= 9)ar, Z¢zF 9.4, 17.4 mg/L 2 A2ET. = ol Cus. troun 7] HHE
DM = A3 FE ol&ste] RRERAE AEGst] AT 452 AUC24

7]Hke] TOM o] dA =g ovdttal & 5 ItH(Figure 8).
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Figure 5. Relation of reference and predicted AUC24 in EWUSH dataset. Scatter
plots comparing reference AUC24 values calculated using the first-order
equation and AUC24 values predicted by various models in EWUSH dataset: (A)
SSTA-1, (B) SSTA-2, (C) LR, (D) Mod-Nathan, (E) Orig-Nathan, and (F) BSCt.
Dashed lines indicate clinical cut-off wvalues for AUC24. The gray lines

represent LOESS curves to assist visual exploration of trends.

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours;
BSCt, Bayesian approach using single trough concentration; EWUSH, Ewha Womans
University Seoul Hospital (Seoul, Korea); LR, linear regression model; Mod-Nathan,
modified Nathan model; Orig-Nathan, original Nathan model; SSTA, Simple Single
Trough equation for AUC
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Figure 6. Relation of reference AUC24 and percentage error in EWUSH dataset.
Scatter plots show percentage errors of various models against AUC24 values
calculated using the first-order equation in EWUSH dataset: (A) SSTA-1, (B)
SSTA-2, (C) LR, (D) Mod-Nathan, (E) Orig-Nathan, and (F) BSCt. Dashed lines
indicate clinical cut-off values for AUC24. Dotted lines indicate the
allowable error (20%). The gray lines represent LOESS curves to assist visual

exploration of trends.

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours;
BSCt, Bayesian approach using single trough concentration; EWUSH, Ewha Womans
University Seoul Hospital (Seoul, Korea); LR, linear regression model; Mod-Nathan,
modified Nathan model; Orig-Nathan, original Nathan model; PE, percentage error;
SSTA, Simple Single Trough equation for AUC
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Figure 7. Distribution of error and percentage error in EWUSH dataset.
Boxplots depict the distribution of (A) error and (B) percentage error of
each model in predicting AUC24 from the EWUSH dataset as an external cohort.

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours;
BSCt, Bayesian approach using single trough concentration; EWUSH, Ewha Womans
University Seoul Hospital (Seoul, Korea); LR, linear regression model; Mod-Nathan,
modified Nathan model; Orig-Nathan, original Nathan model; SSTA, Simple Single
Trough equation for AUC
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Table 5. External validation result from EWUSH dataset (326 TDM occasions)

Prediction Models

Performance metric

SSTA-1 SSTA-2 LR Mod-Nathan Orig-Nathan BSCt
Bias
MAE, mg-hr/L (95% 7.7 (-13.9, -  -6.9 (-13.9, 24.0 (13.2. ~4.3 (-10.7, -12.0 (-19.5, -
mg-hr/L (95% ( ( ( ( ( 75 (<1.1. 16.4)
CI) 1.6) 2.0) 34.2) 5.9) 6.9)
1.3 (2.9, - -1.3 (-2.6. -0.8 (-2.3, 2.2 (-3.5, -
MAPE, % (95% CI 45 (2.1, 6.2 1.5 (0.2, 2.8
b (95% CI) 0.3) 0.4) ( ) 0.7) 1.4) ( )
Precision
RE. mebe/L (056 ¢y 740 (62.2, 76.3 (66.3, 102.5 (90.7, 76.7 (62.1, 705 BLO. o6 an
, mg-hr . .6, .
& ’ 85.3) 88.3) 115.0) 90.0) 82.4)
13.0 (11.2, 13.6 (12.0, 19.0 (16.7, 13.5 (11.3, 12.4 (10.7,
IQRPE, % (95% CI) 15.1 (12.7, 17.2)
15.0) 15.4) 21.8) 15.7) 14.8)
Accuracy
WIAE. e/ (o6 oy 02 (24, 37.3 (33.3, 58.9 (51.2, 36.4 (31.0, 3.2 (295, o
mg-nr . .4, .
o e ’ 10.6) 39.2) 64.2) 41.7) 41.0)
10.2 (9.2,
MAAPE, % (95% CI) 6.6 (5.5, 7.5) 7.0 (6.1, 7.9) o) 6.3 (5.6, 7.4) 6.6 (5.9, 7.1) 7.5 (6.6, 8.5)
87.1 (83.4, 87.7 (84.0. 81.9 (77.6. 87.1 (83.4. 87.7 (84.0.
P20. % (95% CI) 83.4 (79.1, 87.4)
90.8) 91.1) 85.9) 90.8) 91.1)

Abbreviations: BSCt, Bayesian approach using single trough concentration; CI, confidence interval; EWUSH, Ewha Womans University
Seoul Hospital (Seoul, Korea); IQRE, Interquartile range of error; IQRPE, Interquartile range of percentage error; LR, linear
regression model; MdAE, Median absolute error; MdAPE, Median absolute percentage error; MdE, Median error; MdPE, Median percentage
error; Mod-Nathan, modified Nathan model; Orig-Nathan, original Nathan model; P20, percentage of estimated AUC24 within 20% of
reference AUC24; SSTA, Simple Single Trough equation for AUC; TDM, therapeutic drug monitoring
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Table 6. Contingency table of agreement between AUC24s by first—order

equation and by various models in the clinical categories from EWUSH dataset

Weighted kappa

Clinical category (Cirough, AUC24 by first-order equation (95% CT)
0
mg/L; AUC24, mg-hr/L)
& & <400 400-600 >600
Ctrough
<15 54 71 5
0.587 (0.526,
15-20 0 65 32
0.648)
>20 0 7 92
AUC24 by SSTA-1
<400 46 14 0
0.786 (0.732,
400-600 8 119 21
0.840)
>600 0 10 108
AUC24 by SSTA-2
<400 46 13 0
0.790 (0.736,
400-600 8 118 19
0.844)
>600 0 12 110
AUC24 by LR
(corresponding Cirough)
<400 (<9.4) 40 13 0
0.668 (0.603,
400-600 (9.4-17.4) 14 91 17
0.733)
>600 (>17.4) 0 39 112
AUC24 by Mod-Nathan
<400 45 15 0
0.779 (0.724,
400-600 9 116 19
0.834)
>600 0 12 110
AUC24 by Orig-Nathan
<400 46 18 0
0.768 (0.712,
400-600 8 116 23
0.823)
>600 0 9 106
AUC24 by BSCt
<400 45 13
0.754 (0.696,
400-600 9 105 13
0.812)
>600 0 25 115

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours
(mg-h/L); BSCt, Bayesian approach using single trough concentration; CI, confidence
interval; Cirougn, trough concentration; EWUSH, Ewha Womans University Seoul Hospital
(Seoul, Korea); LR, linear regression model; Mod-Nathan, modified Nathan model;
Orig-Nathan, original Nathan model; SSTA, Simple Single Trough equation for AUC
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Figure 8. AUC24 cut-off and corresponding trough concentration cut—off
derived from LR. Scatterplot depicts the relationship between trough
concentration and AUC24 values calculated using the first-order equation
(reference) in EWUSH dataset. Solid line represents the line by LR. Dashed
lines indicate clinical cut-off values for AUC24, while long-dashed lines
correspond to trough concentration values calculated via LR for the
respective AUC24 cut-off values.

Abbreviations: AUC24, area under the concentration-time curve normalized to 24 hours
(mg-h/L); EWUSH, Ewha Womans University Seoul Hospital (Seoul, Korea); LR, linear

regression model
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Figure 9. Relation of reference and predicted AUC24 in MUSI dataset. Scatter
plots show the relationship between reference AUC24 values and AUC24 values
predicted by various models in MUSI dataset: (A) SSTA-1, (B) LR, (C) Mod-
Nathan, and (D) Orig-Nathan. Dashed lines indicate clinical cut-off values
for AUC24. The gray lines represent LOESS curves to assist visual exploration
of trends.

Abbreviations: AUC24, area under the concentration-time curve normalized to 24 hours
(mg-h/L); LR, LOESS, locally estimated scatterplot smoothing; linear regression
model; Mod-Nathan, modified Nathan model; MUSI, Mahidol University Faculty of
Medicine Siriraj Hospital (Bangkok, Thailand); Orig-Nathan, original Nathan model;
SSTA, Simple Single Trough equation for AUC
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Figure 10. Relation of reference AUC24 and percentage error in MUSI dataset.
Scatter plots shows the relationship between reference AUC24 values by linear
trapezoidal method and percentage error of models in MUSI dataset: (A) SSTA-
1, (B) LR, (C) Mod-Nathan, and (D) Orig-Nathan. Dashed lines indicate
clinical cut-off values for AUC24. Dotted lines indicate the allowable error.
The gray lines represent LOESS curves to assist visual exploration of trends.

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours
(mg-h/L); LR, LOESS, locally estimated scatterplot smoothing; linear regression
model; Mod-Nathan, modified Nathan model; MUSI, Mahidol University Faculty of
Medicine Siriraj Hospital (Bangkok, Thailand); Orig-Nathan, original Nathan model;
PE, percentage error; SSTA, Simple Single Trough equation for AUC
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Figure 11. Distribution of error and percentage error in MUSI dataset.
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each model in predicting AUC24 in the MUSI dataset.

Abbreviations: AUC24, area under the concentration-time curve normalized to 24 hours
(mg-h/L); linear regression model; Mod-Nathan, modified Nathan model; MUSI, Mahidol
University Faculty of Medicine Siriraj Hospital (Bangkok, Thailand); Orig-Nathan,
original Nathan model; SSTA, Simple Single Trough equation for AUC
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Table 7. External validation result from MUSI dataset (20 TDM occasions)

Performance metric SSTA-1 LR

Mod-Nathan Orig-Nathan

Bias
MdE, mg-hr/L (95% CI)
MdPE, % (95% CI)
Precision
IQRE, mg-hr/L (95% CI)
IQRPE, % (95% CI)
Accuracy
MdAE, mg-hr/L (95% CI)

=3.7 (-64.7, 19.4)
-0.7 (-9.3, 2.9)

2.3 (-27.5, 13.9)
0.3 (-5.0, 2.8)

98.6 (41.4, 177.0)
14.2 (6.8, 26.5)

53.7 (26.2, 125.7)
10.5 (4.5, 18.4)

27.5 (13.9, 52.5) 62.1 (22.2, 87.8)

-28.2 (-78.6, 3.3)
-5.3 (-11.6, 0.4)

109.9 (50.1, 153.6)
15.9 (7.8, 22.6)

53.7 (24.2, 78.9)

-39.4 (-79.2, -13.2)
-7.2 (-11.1, -2.0)

86.2 (37.9, 123.8)
11.1 (5.7, 17.2)

39.4 (23.5, 79.2)

MdAPE, % (95% CI) 5.6 (2.5, 8.6) 9.3 (3.5, 13.7) 8.1 (3.5, 13.7) 7.2 (4.4, 11.1)
P20, % (95% CI) 95 (85, 100) 90 (75, 100) 90 (75, 100) 95 (85, 100)
Abbreviations: CI, confidence interval; IQRE, Interquartile range of error; IQRPE, Interquartile range of percentage error; LR,

linear regression model;

MdAE, Median absolute error; MdJAPE, Median absolute percentage error;

MdE, Median error; MdPE, Median

percentage error; Mod-Nathan, modified Nathan model; MUSI, Mahidol University Faculty of Medicine Siriraj Hospital (Bangkok, Thailand);
Orig-Nathan, original Nathan model; P20, percentage of estimated AUC24 within 20% of reference AUC24; SSTA, Simple Single Trough

equation for AUC, TDM, therapeutic drug monitoring
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Vdol 93s F= BMI 9 A%, WHO 7]&o wE AA5(<18.5 kg/m?)
AAAZ(18.5-24.9 kg/m?), TAZF(25-29.9 kg/m?), HWH(>30.0 kg/m’)o.=
AT S TS u, BRE R EE Fxttod tis] FE3 nlojojas

BolA= &tk SHARE HIRE ShApol

==

3o SSTA-1 3} Orig-Nathan E& <]
MdPE &= Z}7} -9.5%, -8.1%% th2 EPEo)] nlste] & vlo]oj~E BT}, BSCt
2 e Huk Sxprtol A P20 o] 65.20% thE St @ RS} vlmwate] we
#S HltH(Table 8). HAa&ol JFS =+ eGFR 9 A5, Al F7H(<60, 60-89,
>90 ml/min/1.73m%)¢] FA}FelA] BT FEEE nlo]o]AE HolAE gk}

Aol Al 98l A Fxpe] P20 Ktk
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E= BgolA P20 o] Al7]ee] A
F2 45 E3ltH(Table 9).
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=

=
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Table 8. Performance of AUC24 prediction according to BMI

MdPE., % P20, %
BMI
intervals, N Mod- Orig- Mod- Orig-

) SSTA-1  SSTA-2 IR © e BSCt  SSTA-1  SSTA-2 IR 0 e BSCt
kg/m Nathan  Nathan Nathan  Nathan
<18.5 57 0.7 0.3 2.1 1.5 15 1.7 9.5  93.2 89.5  96.5  96.5  96.5
18.5-24.9 187 -1.3 2.1 4.6 0.7 2.5 1.6 8.0 845  78.1 8.0  85.0  80.2
95-29.9 59  -2.0 0.9 7.9 14 2.0 0.8 8.4  89.8  83.1 8.1  88.1 88.1
>30 23 -9.5 2.3 3.5 77 8.1 0.8 82.6  82.6 91.3 87.0  87.0  65.2

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours; BSCt, Bayesian approach using single trough
concentration; BMI, body mass index; LR, linear regression model; MdPE, Median percentage error; Mod-Nathan, modified Nathan model;
Orig-Nathan, original Nathan model; P20, percentage of estimated AUC24 within 20% of reference AUC24; SSTA, Simple Single Trough
equation for AUC
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Table 9. Performance of AUC24 prediction according to eGFR

MAPE, % P20, %
eGFR
intervals, N Mod- Orie— Mod- Orig-

. ) SSTA-1  SSTA-2 LR 0 P87 Bsct SSTA-1 SSTA-2 LR 0 e BSCt
mL/min/1.73m Nathan Nathan Nathan Nathan
<60 38 3.9 3.1 6.6 2.8 4.3 -2.9 97.4 94.7 89.5 97.4 97.4 89.5
60-89 79 0.4  -0.1 6.7 1.0 2.2 -2.2 91.1 91.1 83.5 92.4 91.1 91.1
> 90 209 -0.9 -1.0 2.8 -0.8 -1.7 4.6 83.7 85.2 79.9 83.3 84.7 79.4

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours; BSCt, Bayesian approach using single trough
concentration; eGFR, estimated glomerular filtration rate; LR, linear regression model; MdPE, Median percentage error; Mod-Nathan,
modified Nathan model; Orig-Nathan, original Nathan model; P20, percentage of estimated AUC24 within 20% of reference AUC24; SSTA,
Simple Single Trough equation for AUC
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Table 10. Performance of AUC24 prediction according to age

A MAPE, % P20, %
ge
inter- BMI (Q1, lod 0 0
- ig- Mod- rig-
vals, Q3) SSTA-1  SSTA-2 LR © TeT TA-1 SSTA-2 LR B
Nathan Nathan Set 55 55 Nathan Nathan Stt
years
24.2 (228,
<40 18 2. 2) 6.0 -7.9 1.7  -8.3 -5.3 0.3 72.2 72,2 778 72.2  72.2  72.2
21.2 (16.4,
10-59 74 25.7) 3.2 -3.1 1.1  -3.4 -2.4 3.4 9.5 90.5 87.8 91.9 91.9  83.8
22.7 (20.0,
60-79 157 0.5 -1.1 5.1 06 -2.0 0.1 86.0 86.0 79.0 85.4 86.6  83.4
21.5 (19.1,
>80 77 2 1) 0.8 1.5 6.9 2.1 -2.2 1.3 89.6  92.2  83.1 89.6  89.6  85.7

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours; BSCt, Bayesian approach using single trough
concentration; BMI, body mass index; LR, linear regression model; MdPE, Median percentage error; Mod-Nathan, modified Nathan model;
Orig-Nathan, original Nathan model; P20, percentage of estimated AUC24 within 20% of reference AUC24; SSTA, Simple Single Trough
equation for AUC
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Table 11. Performance of AUC24 prediction according to number of regular dosing

MdPE, % P20, %

Number
of N Mod- Orig- Mod- Orig-

. SSTA-1  SSTA-2 LR BSCt SSTA-1 SSTA-2 LR BSCt
dosing Nathan  Nathan Nathan  Nathan
3 47 -3.2 -1.4 1.6 -0.7 -3.2 -3.7 80.9 85.1 78.7 83.0 83.0 85.1
4 49 -0.5 -2.7 0.6 -0.9 -3.7 -2.5 81.6 83.7 71.4 83.7 81.6 83.7
5 19 0.1 1.3 9.3 2.0 0.9 0.8 89.5 89.5 84.2 84.2 89.5 89.5
>6 211 -1.3 -1.0 5.2 -1.1 -1.8 3.4 89.6 89.1 84.8 89.1 90.0 82.5

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours; BSCt, Bayesian approach using single trough
concentration; LR, linear regression model; MdPE, Median percentage error; Mod-Nathan, modified Nathan model; Orig-Nathan, original
Nathan model; P20, percentage of estimated AUC24 within 20% of reference AUC24; SSTA, Simple Single Trough equation for AUC
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Figure 12. Relation of various factors and percentage error of SSTA-1 in
EWUSH dataset. Scatter plots show the relationship between various factors
and percentage errors of SSTA-1 in EWUSH dataset: (A) Age, (B) Sex, (C) Body
weight, (D) BMI, (E) Trough concentration, (F) eGFR, (G) Single dose, (H)
Dosing interval, (I) Number of regular dosing, and (J) Time from start of
dosing to TDM.

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate;
EWUSH, Ewha Womans University Seoul Hospital (Seoul, Korea); TDM, therapeutic drug

monitoring
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Figure 13. Relation of various factors and percentage error of SSTA-2 in
EWUSH dataset. Scatter plots show the relationship between various factors
and percentage error of SSTA-2 in EWUSH dataset: (A) Age, (B) Sex, (C) Body
weight, (D) BMI, (E) Trough concentration, (F) eGFR, (G) Single dose, (H)
Dosing interval, (I) Number of regular dosing, and (J) Time from start of
dosing to TDM.

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate;
EWUSH, Ewha Womans University Seoul Hospital (Seoul, Korea); TDM, therapeutic drug

monitoring
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5. 394 QAE Hol= AldEle] AE

T SR (SSTA-1, SSTA-2)ol A t} & Al#| 9] percentage error #tE3}
H) 1 &le] kA ol @ xF(SSTA-1 ol A percentage error 7} —27.8% ®|¥F T 241
% 3}; SSTA-2 o A percentage error 7} -28.4% MWk TE= 26.2 23¥)E Hol+=

AMEIE0] 22 71(6.7%) YR o, o]= AUC24 A F7holl A YEFTHFigure 14).

['UJ.,

2 oAE HAdv. pF & kg HQl Ae-e AlEWE 273 WMo R, SSTA-1
2o A -39.0%, SSTA-2 EFo|A -40.3%% Z}Zz}e] R &o A percentage error
Aghel HAE HPow, OrigNathan EHoAME -41.5%=2 &3 2
percentage error AUlgte] HUIAE RS A=Y, Sl Al BMI 9F eGFR <
Aol Cos, troun (6.1 mg/L)ol HIBFA Cos, peac (36.5 mg/L)7F 6 8] o]/ =4
dJ€ A5, e AEER g d9AA G, ovon o8 AUC24 9
diA A Hojup A oA o] upgEe EE = AlglE ol ATk (Figure
15).
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Table 12. Characteristics of outlying cases in EWUSH dataset

Subject characteristics

Percentage errors, %

TDM

occasion Age. BV, BMI. " Dose Inter Trough Peak AUC24 by Nod- Orig-

No. Sex vears ke kg/it eGFR ng -val, conc., conc., flrst—?rdir SSTA-1  SSTA-2 LR Nathan Nathan BSCt

hr mg/L  mg/L  equation

20 M 70 66.9 24.3 105 1000 12 9.5 43.8 604 -33.3 -33.7 -33.2 -31.5 -33.6 -35.4
58 M 75 49.7 19.1 115 1000 12 14.2 22 438 26.7 25.2 18.5 29.4 22.1 26.5
117 F 75 59.0 23.9 91 500 12 7.9 33.3 471 -38.7 -38.0 -22.8 -37.4 -40.0 -37.6
129 F 67 55.9 20.0 126 750 12 16.5 19.9 439 26.1 23.9 31.2 27.1 24.0 23.1
130 F 67 55.9 20.0 129 700 4 20.6 43.6 938 -31.2  -32.2 -27.7 -33.0 -34.2 -19.1
139 M 52 63.8 22.3 126 1000 12 5.4  38.5 474 -37.7 -39.5 -36.4 -35.9 -35.0 -18.8
157 M 65 53.9 20.6 122 1000 6 17.6 23 500 26.5 25.3 20.6 23.2 20.2 42.8
161 M 66 80.7 28.9 107 1200 12 8.8 16.7 308 27.9 32.3 25.4 31.7 30.6 27.3
180 F 79 79.8 29.3 84 750 12 12.8 43.2 653 -33.7 -31.8 -25.8 -32.4 -34.1 -31.9
191 M 8 59.2 20.0 103 800 12 7.2 35.6 482 -33.3 -39 -28.1 -31.3 -35.7 -34.1
199 F 30 60.5 24.2 133 1250 12 5.4 40.7 495 -32.2  -31.0 -39.0 -30.6 -23.4 -28.6
221 M 28 103.9 32.4 144 600 3 16.8 27.3 699 -29.8 -28.9 -16.4 -32.4 -29.9 -15.9
223 M 28 116.0 36.2 145 800 6 15.1 36.6 674 -30.5 -27.0 -19.6 -30.9 -27.2 -21.8
225 F 74 56.4 23.5 92 650 8 24.9 66.2 1130 -34.6 -34.0 -30.6 -34.4 -35.9 -31.1
229 M 81 62.5 18.4 118 1000 12 4.8 14.1 222 26.3 15.9 29.5 29.8 20.0 21.5
260 F 86 53.1 21.5 96 750 12 5.3 12.1 207 30.0 30.4 44.3 33.0 20.3 34.0
265 F 73 43.7 20.2 96 850 6 42.6  93.8 1766 -29.9 -29.0 -30.8 -30.4 -32.2 -23.1
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273 M 80 56.9 20.9 105 750 12 6.1 36.5 470 -39.0 -40.3 -32.0 -37.1 -41.5 -38.2
285 F 74 50.2 23.9 113 1000 12 9.5 18.2 334 29.1 35.9 20.7 32.5 24.1 41.8
288 M 39 80.0 23.6 118 1000 12 7.1 33 454 -29.0 -32.3 -24.3 2.2 -22.7 -30.9
314 M 60 72.7 23.5 115 1000 12  10.8 44 620 -30.9 -32.8 -29.8 -30.6 -30.7 -34.5
322 M 57 60.6 20.5 70 450 12 10,9 32.7 513 -31.2 -32.8 -14.7 -30.4 -30.6 -30.7

Calculated by the 2009 CKD-EPI equation, mL/min/1.73m’

"The equation utilizing extrapolated concentration at the end of infusion, mg-hr/L

Abbreviations: AUC24, area under the concentration-time curve normalized to 24 hours; BSCt, Bayesian approach using single trough
concentration; BMI, body mass index; BW, body weight; conc., concentration; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration;
eGFR, estimated glomerular filtration rate; LR, linear regression model; MdPE, Median percentage error; Mod-Nathan, modified Nathan
model; Orig-Nathan, original Nathan model; P20, percentage of estimated AUC24 within 20% of reference AUC24; SSTA, Simple Single
Trough equation for AUC

51



e

Qutlying PE © N A Y

-

[9)]

(@]

(=]
L

-

o

o

o
f

wn

o

o
L

AUC24 by SSTA-1 (mg*hiL)

0 500 1000 1500 2000
AUC?24 by first-order equation (mg*h/L}

(

L

QOutlying PE © N A Y

- -
o [4)]
o o
o ]

f s

AUC24 by SSTA-2 (mg*hiL)
[4)]
o
o

0 500 1000 1500 2000
AUC?24 by first-order equation (mg*h/L}

Figure 14. Distribution of outlying cases according to AUC24 values.
Scatterplot comparing reference AUC24 values calculated using the first-
order equation and those predicted by (A) SSTA-1 and (B) SSTA-2 from EWUSH
dataset. Outlying cases with extreme percentage errors are denoted in

triangle markers.

Abbreviations: AUC24, area under the concentration-time curve normalized to 24 hours;
EWUSH, Ewha Womans University Seoul Hospital (Seoul, Korea); SSTA, Simple Single
Trough equation for AUC
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A 47)

o & 59, 7 11240l 8 AIZtoleb™ AUC24 = AUCg x 3°|t}.

Pai MP, Neely M, Rodvold KA, Lodise TP. Innovative approaches to
optimizing the delivery of vancomycin in individual patients. Adv Drug Deliv

Rev. 2014;77:50-7.
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1. Beringer PM. Winter’ s Basic Clinical Pharmacokinetics. 6th ed: LWW; 2017.
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Figure Bl. The relationship between input variables and output AUC24 values in the
SSTA model. (A) Correlation between dose and AUC24. The dashed line represents the
curve for Vd = 40 L and Css, trousn = 25 mg/L; the solid line corresponds to Vd = 60 L
and Css. trouen = 15 mg/L; and the dotted line corresponds to Vd = 80 L and Css. troueh =
5 mg/L. (B) Correlation between Vd and AUC24. The dashed line represents the curve
for Dose = 1500 mg and Css, trouen = 25 mg/L; the solid line corresponds to Dose = 1000
mg and Css, troush = 15 mg/L; and the dotted line corresponds to Dose = 500 mg and Css,
trough = D mg/L. (C) Correlation between Css, trousn and AUC24. The dashed line represents
the curve for Dose = 1500 mg and Vd = 40 L; the solid line corresponds to Dose =

1000 and Vd = 60 L; and the dotted line corresponds to Dose = 500 mg and Vd = 80 L.
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> AUC_func_Nathan <- function(v0, v1, v2, Dose, ti, tau, tc, Css, age, Bw)
+ {

+ AUC24 <- numeric(length(Dose))

+ for (i in seq_along(Dose)) {

+ Vd = vO + vl*ageli] + v2+Bw[i]

+ func_Ke <- function(Ke, Dose, tc, ti, Vd, tau, Css) {

+ Dosex(exp(-Kex(tc—ti)))*(1-exp(-Kexti))/(ti*KexVd*(1-exp(-

Kextau))) - Css
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+ ¥

+ func_Ke_1 <~ function(Ke) {

+ func_Ke(Ke, Doseli], tcl[il, tili], Vd, tauli], Css[i])

+ h

+ Ke <- uniroot(func_Ke_1, interval = c(1le-8, 1), tol = le-8)$root

+ AUC24[i] = Doselil]*(24/tauli])/(Ke*Vd)

+ )
+ return(AUC24)
+ }

# oA HoJH function S ©]-&3Fe] Nathan Fewel ©] A A3+ Vd AlS=3ka} 2zt
Mo ghS ¥ ste] AUC24 AH=

> test_data$AUC24_pred_oN <- AUC_func_Nathan(11, 0.29, 0.33,

+ test_data$Dose, test_data$ti,
+ test_data$tau, test_data$tc,
+ test_data$Css, test_data$age,
+ test_data$Bw)
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1. Beringer PM. Winter’ s Basic Clinical Pharmacokinetics. 6th ed: LWW; 2017.
2. Fewel N. Vancomycin area under the curves estimated with pharmacokinetic
equations using trough-only data. J Clin Pharm Ther. 2021;46(5):1426-32.

3. Fewel N. Vancomycin Calculator. Accessed December 13, 2023.

https://www.vancopk.com/ .
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Table Cl1. Verification of AUC24 value by self-written R function that
implements Nathan method. MUSI patient data and AUC24 values obtained using

the coded R function and the VancoPK website.

AUC24 estimated by Nathan model

Igfus Inter . (mg-h/L)
No Age BV~ Dose —Ton. -val Te™ Cas, eroven Difference
(yr) (kg) (mg) 2¥3? (h) (h)  (mg/L) R code VancoPk (R code
VancoPK)
1 31 40 1000 2 8 7 22.16 713.12 713 0.12
2 45 57.7 1000 2 12 11 21.11 682.95 683 -0.05
3 93 56 1000 2 24 23 7.98 342 .27 342 0.27
4 87 60.1 1000 2 12 11 23.8 708.93 709 -0.07
5 70 60 800 2 12 11 22.38 658.29 658 0.29
6 81 47.5 1000 2 48 47 20.15 681.07 681 0.07
7 65 59 1500 2 12 11 13.86 553.43 553 0.43
8 78 70 750 2 24 23 19.89 601.58 602 -0.42
9 41 71 1250 2 12 11 14.82 554.48 555 -0.52
10 52 48 500 1 24 23 16.43 510.56 511 -0.44
11 58 90 675 1.5 12 11 21.42 610.60 611 -0.4
12 62 68 750 2 24 23 12.24 425.54 426 -0.46
13 66 79 1200 2 12 11 17.08 571.03 571 0.03
14 38 47 500 1 12 11 17.61 536.33 536 0.33
15 63 51.2 1000 2 12 11 26.46 801.75 802 -0.25
16 66 68 1000 2 8 7 20.12 597.83 598 -0.17
17 38 43 1000 2 12 11 20.14 690.67 691 -0.33
18 75 50 1000 2 12 11 19.26 616.82 617 -0.18
19 93 59 750 2 24 23 15.49 492.72 493 -0.28
20 73 43 750 2 48 47 10.6 408.32 408 0.32

"Time from infusion start to sampling

Abbreviations: AUC24, area under the concentration—time curve normalized to 24 hours;
BW, body weight; Css.trouen, Steady-state trough concentration; MUSI, Mahidol
University Faculty of Medicine Siriraj Hospital (Bangkok, Thailand)
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B D. R session AH

A= f3 AFY F4Y A7A 555 EFT R session HERE

esto] o Hhzof 7] AEHGAT).

A

e

sessionlnfo +E o] &3

> sessionlnfo()

R version 4.3.0 (2023-04-21 ucrt)

Platform: x86_64-w64-mingw32/x64 (64-bit)
Running under: Windows 10 x64 (build 19045)

Matrix products: default

locale:

[1] LC_COLLATE=Korean_Korea.utf8 LC_CTYPE=Korean_Korea.utf8
[3] LC_MONETARY=Korean_Korea.utf8 LC_NUMERIC=C

[5] LC_TIME=Korean_Korea.utf8

time zone: Asia/Seoul

tzcode source: internal

attached base packages:

[1] grid parallel stats graphics grDevices utils datasets

[8] methods base

other attached packages:
[1] exact2x2_1.6.8 exactci_1.4-4 testthat_3.1.8 ssanv_1.1
[5] ved_1.4-11 simpleboot_1.1-7 boot_1.3-28.1 nephro_1.3

[9] nlme_3.1-162 ggbeeswarm_0.7.2 cowplot_1.1.1 ggpubr_0.6.0
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[13] mer_1.3.2 robslopes_1.1.3 readxl_1.4.2
[17] forcats_1.0.0 stringr_1.5.0 dplyr_1.1.2
[21] readr_2.1.4 tidyr_1.3.0 tibble_3.2.1

[25] tidyverse_2.0.0

loaded via a namespace (and not attached):

[1] gtable_0.3.3 beeswarm_0.4.0 rstatix_ 0.7.2

[5] tzdb_0.4.0 vetrs_0.6.2 tools_4.3.0

[9] fansi_1.0.4 pkgconfig 2.0.3 lifecycle_1.0.3
[13] brio_1.1.3 munsell_0.5.0 carData_3.0-5
[17] pillar_1.9.0 car_3.1-2 MASS_7.3-58.4

[21] tidyselect_1.2.0 stringi_1.7.12 colorspace_2.1-0

[25] magrittr_2.0.3 utf8.1.2.3 broom_1.0.4

[29] scales_1.2.1 backports_1.4.1 timechange_0.2.0

[33] cellranger_1.1.0 zoo_1.8-12 hms_1.1.3
[37] rlang_1.1.1 Repp_1.0.10 glue_1.6.2
[41] R6_2.5.1

lubridate_1.9.2
purrr_1.0.1

ggplot2_3.4.2

lattice_0.21-8
generics_0.1.3
compiler_4.3.0
vipor_0.4.5
abind_1.4-5
cli_3.6.1
withr_2.5.0
gosignif_0.6.4
Imtest_0.9-40

rstudioapi_0.14

77




B2 E FAE AUC4 9 WE £ x4 v

TR AUC24 A 3ES o] &3] B AUC24 o =3l r] 93 ks f3o
bekst wgAAE ol FE & 3 5
428 (CL)T} AUC, & (Dose)o] #A= vhe3 ) (1).

FY A FAebw vheel Aol APk (1)

Current Dose New Dose

= E2
Estimated AUC24 Target AUC24 (E2)

o] 21(E2)E WA &3 (New Dose)oll thale] Helshd,
New D Current Dose . et AUC24 (E3)

eW L€ = Estimated auc24 T 19¢
ojt}. olwe] Dose &= U3 FoF §Fo R Aitste] T2 FoF 1hAo A &R
v = Qlal, e obF Fof BFom Atete] shyo & &S BE H
|F FoF 1HAS AAs] 24T 5 vk dE =], 12A1F HA 2 ® 1000

mg o] WrEubo] A Roksle] A g Elol Al A AUC24 Fhol 80091 A, HE
AUC24 & 500 mg-h/L & sto] &g WA A drhd, A (E3)l met S 1999 o« 500 =

6250122 A3 FoF &

off

S 1000 mg A 625mg o= WAT F£% g

2000 500 = 12500] =

oo 2, % Fok 825 2000 mgol A 1250 mg o2 WA
=

7 38 Ferpria s, 48 Fof gL

1250 + 3 = 416.666...©| 2.2 ¢ 417 mg & 8 At HAS =R Fofsh= Ao=

S itk olul, 8AIZ AL

89 83 WA 5+ A

32 g9 FuE
1. Murphy JE. Clinical Pharmacokinetics. 7th ed: American Society of Health-

System Pharmacists; 2021.

78



Abstract

Backgrounds: Vancomycin 1s an antibiotic used to treat gram—positive
bacterial infections, particularly considered as a primary agent In
Methicillin-resistant Staphylococcus aureus (MRSA) infections. Due to its
narrow therapeutic index and significant inter—individual pharmacokinetic
variability, vancomycin is regarded as a drug requiring therapeutic drug
monitoring (TDM). Traditionally, vancomycin TDM has been based on the trough
concentration. However, accumulating evidence suggests that the area under
the concentration-time curve (AUC) correlates better with the therapeutic
efficacy. Moreover, adjusting the dosing regimen based on AUC is found to
be more beneficial in reducing vancomycin-associated acute kidney injury
than trough concentration-based adjustments. Two recent vancomycin TDM
guidelines released in 2020 in the United States and 2022 in Japan recommend
AUC-based monitoring, and advocate using Bayesian program for AUC estimation.
However, utilizing Bayesian program requires specialized personnel, making
timely reporting of AUC values challenging during staffing shortages, and
may incur additional costs for the program. These issues are recognized as
major obstacles to implementing AUC-based TDM into clinical practice. This
study aims to develop a simple AUC estimation method using a single
vancomycin concentration value, and evaluate its performance.

Methods: Electronic medical records of patients for whom TDM consultations
were requested at Ulsan University Hospital between March 2020 and July 2023,
were reviewed. Data including patients' anthropometric information,
medication history, and drug concentration measurements were collected.
Among the 1,780 TDM consultation requests from 812 patients, a subset
comprising hospitalized patients receiving vancomycin treatment without
renal replacement therapy was selected for analysis (UUH dataset). Finally,

1,034 TDM consultation records from 580 patients were used to develop an AUC
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estimation model. The reference AUC24 values for model fitting were
calculated using a Bayesian program. The equation structure of the developed
model, named Simple Single Trough equation for AUC (SSTA), was derived based
on relationships among pharmacokinetic parameters under the assumption of
first-order drug elimination during steady-state. To evaluate the model,
external data of 326 TDM consultation records from 163 patients (EWUSH
dataset) at Ewha Womans University Seoul Hospital and data from 20 Thai
patients (MUSI dataset) reported in the literature from Mahidol University
Faculty of Medicine Siriraj Hospital were used. For the evaluation using
EWUSH dataset, first-order kinetic equation with peak and trough
concentrations was used to calculate the reference AUC value. The AUCZ24
value by linear trapezoidal method with seven concentrations was used as
reference value for the evaluation using MUSI data. Comparisons were made
with other AUC estimation models based on trough concentration, including
simple linear regression (LR), the model proposed by Nathan Fewel (Orig-
Nathan), a modified version of Orig-Nathan based on UUH dataset (Mod-Nathan),
and a Bayesian model (BSCt). Evaluation metrics, including median percentage
error (MdPE), interquartile range for percentage error (IQRPE), median
absolute percentage error (MdAPE), and the percentage of observations within
+20% error (P20), were calculated. Statistical significance of differences
in P20 among the models was assessed using the exact McNemar test with a
significance level of 0.05.

Results: The derived SSTA equation is AUC24 =
(Dose x 24)/(Vd x In(1 + Dose/(Vd X Csstrougn))) - Two candidate models were
developed differed in volume of distribution (Vd) estimation equation: Vd =
20.663 + 0.541 x BW for SSTA-1 and Vd = —6.684 + 1.727 X BW — 0.0315 X BW X
BMI + (0.0485 x BW, if BMI > 30) for SSTA-2. External validation using EWUSH
dataset showed that SSTA-1, SSTA-2, LR, Mod-Nathan, Orig-Nathan, and BSCt
had MdPE of -1.3%, -1.3%, 4.5%, -0.8%, -2.2%, 1.5%, IQRPE of 13.0%, 13.6%,
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19.0%, 13.5%, 12.4%, 15.1%, MdAPE of 6.6%, 7.0%, 10.2%, 6.3%, 6.6%, 7.5%,
and P20 of 87.1%, 87.7%, 81.9%, 87.1%, 87.7%, 83.4%, respectively. The
difference in P20 between SSTA-1 and SSTA-2 was not statistically significant
(P =0.73), while a significant difference was observed between SSTA-1 and
LR (P =0.02). No significant differences were found with other comparative
models. External validation using MUSI dataset showed that SSTA-1, LR, Mod-
Nathan, and Orig-Nathan had MdPE of 0.3%, -0.7%, -5.3%, -7.2%, IQRPE of
10.5%, 14.2%, 15.9%, 11.1%, MdAPE of 5.6%, 9.3%, 8.1%, 7.2%, and P20 of 95%,
90%, 90%, 95%, respectively. No statistically significant differences were
observed in P20 among the developed and comparative models.

Conclusion: Among the candidate models, SSTA-2, which requires BMI as an
additional input compared to SSTA-1, did not show a significant difference
in performance metrics. Therefore, the final developed model was determined
to be SSTA-1. Compared with the LR, SSTA-1 exhibited a significantly higher
P20 by 5.2%. No significant differences in performance metrics were observed
with other comparative models, suggesting SSTA-1 model has performance
levels similar to other comparative models. The SSTA-1 is practical, as it
requires only single-dose, weight, and trough drug concentration values as
input data, making it more user—friendly than Nathan method, which
necessitates additional input for infusion time and sampling time and
involves solving complex equations numerically. Additionally, it is more
practical than Bayesian methods, which require detailed information such as
dosing history and necessitate specialized programs. This practicality 1is
expected to facilitate the implementation of AUC-based TDM in clinical
settings, providing valuable assistance in real-time clinical decision—

making.

Keywords: vancomycin, therapeutic drug monitoring, area under the

concentration-time curve, volume of distribution
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