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INTRODUCTION  

Vancomycin, an antibiotic indicated for Methicillin-

Resistant Staphylococcus Aureus (MRSA) infections, is 

commonly used for serious infections.
[1]

 Its efficacy is 

closely related to the ratio of 24-hour area under the 

serum concentration-time curve to the minimum 

inhibitory concentration (AUC24/MIC).
[2]

 An 

AUC24/MIC of 400 has been shown to predict better 

clinical and bacteriological outcomes. In order to 

determine the AUC24, multiple blood samples are 

required. The 2009 consensus (Infectious Disease 

Society of America) recommends that to achieve the 

target for AUC-guided dosing using a first-order PK 

equation to estimate the AUC based on two 

concentrations sampled at 1–2 h after infusion and 

trough concentrations before the next dose.
[3]

 The revised 

consensus guidelines for optimizing vancomycin doses 

suggest that maintaining the area under the 

concentration-time curve to minimal inhibitory 

concentration ratio (AUC/MIC) of 400–600 mg·h/L is 

the target pharmacokinetic/pharmacodynamic (PK/PD) 

index for efficacy. These guidelines recommend two 

approaches to estimate the AUC24 for patients receiving 

vancomycin; Bayesian-derived AUC24 monitoring or the 

first-order pharmacokinetic (PK) analytic equations.
[4]

 

Bayesian approach is complex and unfamiliar to most 
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ABSTRACT 

The updated guidelines recommend two approaches to estimate the AUC24 for patients receiving vancomycin; 

Bayesian-derived AUC24 monitoring or the first-order pharmacokinetic analytic equations. Bayesian approach is 

complex and unfamiliar to most pharmacists or clinicians. Several methods were developed to estimate AUC24 for 

vancomycin. However, which approach can produce a more accurate AUC24 remained unanswered. The main 

objectives of this study were to identify the method that able to provide a more accurate values of AUC24 and to 

explore the agreement of AUC24 estimated by the investigated methods to the integration model (standard). We 

conducted a retrospective analysis using the Electronic Hospital Information System from a tertiary hospital in 

Malaysia. Data pertaining to patients who received vancomycin treatment from 1st January 2021 to 31th of 

December 2022 were retrieved for analysis. The mean AUC24 of Simpson’s Rule integrated method (standard) 

versus 2-Point trapezoidal, 3-Point trapezoidal, Pharmacokinetic Method 1(PK1) and Pharmacokinetic Method 2 

(PK2) showed a statistically significant difference by 91.05 ± 40.88 mg·h/L, 116.95 ± 33.71 mg·h/L, 119.60 ± 

40.91 mg·h/L and 38.73 ± 59.56 mg·h/L respectively, p < 0.05. None of the methods agree with the Simpson’s 

Rule integrated method. The 2-Points, 3-Points, PK1 and PK2 methods also appeared to have some imprecision 

versus the Simpson’s Rule Integration method, as 40%, 67.5%, 65 % and 12.5% of AUC24 estimates were outside 

the upper and lower agreement level of ±100 mg*h/L, respectively. The present study failed to demonstrate 

agreement of calculated AUC24 by the four methods to the Simpson integration approach (standard). All the 

approaches underestimated the AUC24. Among the four methods, there is a modest variance of 38.73 mg*h/L in 

the PK2 values, which aligns most closely with the accuracy of Simpson's rule integration. 
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pharmacists or clinicians, while the first order PK 

method requires the obtainment of two vancomycin 

concentrations at specific times, in order to calculate an 

AUC24, and this requires more dedicated time and 

resources.
[4]

 Meanwhile, according to the second edition 

of Malaysia Clinical Pharmacokinetics Pharmacy 

Handbook (2019)
[5]

, there are a total of four different 

methods which can be used to calculate the vancomycin 

AUC24. All of these methods can be utilized in different 

situations giving approximately the same answer for the 

AUC24.
[5]

 However, which calculation approach is the 

most accessible that can produce a more accurate and 

reliable value for the AUC24 remained unanswered. Do 

the trapezoidal method (AUC two-points), AUC three-

points or methods listed in the Malaysia Clinical 

Pharmacokinetics Pharmacy Handbook (2019)
[5] 

able to 

produce a precise AUC24 compared to the standard 

(integration model)? The accuracy of AUC24 estimated 

by various methods as compared to the integral model 

(via Simpson’ Rule) (Standard) remained unknown. It is 

acknowledged that rectangles and trapezoids approaches 

work better for linear functions while Simpson’s Rule 

works better on curves.
[6,7]

 As per our knowledge, this 

shall be the first research proposed to compare the 

accuracy and reliability of the AUC24 calculation models.  

 

The main objectives of this study were to identify the 

method that able to provide a more accurate values of 

AUC24 by comparing the four methods (using 2 points 

method) versus integral approximation using Simpson’s 

rule (as standard) and to explore the agreement of AUC24 

estimated by the four methods to integral approximation 

(standard). 

 

MATERIALS AND METHODS 

This was a retrospective, observational study to compare 

the four methods for computing AUC24 of vancomycin in 

hemodynamically stable patients from 1st January 2021 

to 31th of December 2022. The study was conducted in 

Sultan Abdul Halim General Hospital at Sungai Petani in 

the state of Kedah, Malaysia. Patients who age ≥ 18 

years old; normal renal function; diagnosed with MRSA 

infection; minimum inhibitory concentration 

(MIC)vancomycin ≤ 1 mg/L; receiving intravenous 

vancomycin for ≥ 3 consecutive doses
[8,9]

 from 1st 

January 2021 to 31st of December 2022; and 

haemodynamically stable were recruited into this study. 

Patients with unstable kidney functions; end stage renal 

disease; documented kidney transplant; anuric; 

pyelonephritis; allergy or hypersensitive to vancomycin; 

pregnant; and immunocompromised were excluded from 

this study. Unstable kidney function
 
is defined as an 

acute decrease or increase in kidney function (GFR) over 

a period of hours, days, or even weeks. We follow the 

commonly used definition by which an increase or 

decrease in SCr of 0.5 mg/dL (44.2 μmol/L) or greater or 

a decrease or increase of 25% or greater in the GFR of 

patients with previous normal kidney function OR an 

increase or decrease of 1.0 mg/dl or greater in patients 

with chronic kidney disease (CKD) over a 24 to 48-hour 

period.
[10]

  

 

The sample size required in this study was calculated 

according to Raosoft software (Raosoft, 2004).
[11]

 The 

recorded total population of patients infected with MRSA 

and treated with vancomycin and documented to be 

hemodynamically stable in the specified time frame were 

44 patients. The confidence level of the study was set at 

95% with the margin of error of 5% and 50% respond 

distribution rate. The minimum sample size for the study 

was 40 patients.  

 

Patient clinical data, including demographics, 

characteristics of vancomycin dosing regimens, and 

serum vancomycin through concentrations were recorded. 

Vancomycin administration times were identified from 

the therapeutic drug monitoring (TDM) requesting form 

in the Electronic Hospital Information System (eHIS). 

All vancomycin concentrations were analyzed by 

Particle-enhanced Turbidimetric Inhibition Immunoassay 

(PETINIA; Abbott Alinity Laboratories). Vancomycin 

concentrations of each patient were then use to calculate 

the AUC24 values. 

 

The value of AUC24 of the two-point and three-point 

method is calculated utilizing the modified trapezoidal 

rule. In the two-point trapezoidal estimation method, for 

the patients who had received vancomycin dosing 

interval of 12 h the concentration of vancomycin was 

calculated at 0 and 12 h. The patient who had received 

vancomycin dosing interval of 8 h the concentration of 

vancomycin was calculated at 0 and 8 h. Whereas for the 

patient who had received vancomycin dosing interval of 

6 h, the concentration was calculated at 0 and 6 h. In the 

three-point trapezoidal estimation method, for the 

patients who had received vancomycin dosing interval of 

12 h the concentration of vancomycin was calculated at 0, 

6 and 12 h. The patient who had received vancomycin 

dosing interval of 8 h the concentration of vancomycin 

was calculated at 0, 4 and 8 h. Whereas for the patient 

who had received vancomycin dosing interval of 6 h, the 

concentration was calculated at 0, 3 and 6. AUC two-

points = AUC0-12, AUC12-24; AUC three-points = AUC0-8, 

AUC8-16, and AUC16-24. AUC Two points (2P) is 

calculated using equation: 

 x # of doses per day, 

while AUC Three points (3P) is calculated with the 

following equation: 
 

x # of doses per day. Pharmacokinetic 1 (PK1) method is 

calculated using Log method as the following: 

, AUC24 =AUC ×dosing frequency. 

Pharmacokinetic 2 (PK2) method is calculated using the 

Linear-log method as the following: 

 ;  ; 

AUC24 . Lastly, The 

formula for Simpson’s Rule integrated method is as 
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following 

; 

where  = concentration of vancomycin in body at 

time t, R = dose, V = volume of distribution, k = 

elimination rate of renal and non-renal (kr + knr), ke = 

elimination rate constant, t = time. AUC24 values 

calculated utilizing the Simpson’s Rule integrated 

method described above were compared with AUC24 

estimates from two-point trapezoidal estimation method 

(2 Points), three-point trapezoidal estimation method (3 

Points), method of PK1 and PK 2 as listed in the 

Malaysia Clinical Pharmacokinetics Pharmacy 

Handbook Second Edition 2019.
[5]

  

 

Statistical analysis was performed using SPSS version 

28.0 software. For outcome measures of continuous data, 

paired t-test was used to compare the mean scores of 

continuous variables. Wilcoxon’s signed rank test was 

used for comparison of mean between experiment and 

control groups if data are not normally distributed. The 

Chi Square (χ2) test or Fisher’s exact test was used to 

analyze dichotomous data. Bland-Altman analysis was 

used to determine the level of agreement of AUC24 

estimated by the four methods to the integrated method. 

Descriptive statistics was used to summarize the baseline 

characteristics. Graphical data displays were used to 

summarize data. Data was analyzed for normality using 

skewedness and kurtosis. Differences were considered 

statistically significant if 2-tailed tests estimated at a P 

value of less than 0.05. Bias was estimated by calculating 

the median difference between the AUC24 estimates 

from the integral method (standard) and the four 

investigated methods. Precision was estimated by setting 

an upper and lower agreement limit of ±100 mg*h/L for 

AUC24 difference. These agreement limits were selected 

as an AUC24 of 500 mg*h/L is a reasonable therapeutic 

target and an absolute difference of more than100 

mg*h/L would result in an AUC24 estimate outside the 

recommended AUC24 range of 400–600 mg*h/L (4). 

Bias and precision were graphically depicted using a 

non-parametric alternative to a Bland–Altman plot.
[12]

 

 

The study was performed in accordance with the 

principles of the Declaration of Helsinki, as revised in 

Washington in 2013. This study attained approval from 

the Medical Research Ethics Committee (MREC), 

Ministry of Health Malaysia (NMRR ID-23-01264-YH8 

(IIR). Institutional approval was obtained from the 

district health officer. All data collected were kept 

strictly confidential, and no identifiable information was 

collected. 

 

RESULT AND DISCUSSION 

A total of 53 patients with recorded vancomycin trough 

serum concentrations were identified during the study 

period, whom 9 patients had unstable renal function, 3 

had concentrations not obtained at steady state and 1 had 

missing or incomplete data documented in the medical 

record. Thus, a total of 40 patients were recruited. 

Baseline characteristics of recruited patients and their 

pharmacokinetic parameters are shown in table 1. 

 

Table 1: Baseline Characteristics of the Patients. 

 

Patient demographics  

Age in years * 

Age ≤50 years old 

Age ≥50 years old 

Weight in kilograms (kg) * 

Female gender; n (%) 

 

Race or ethnic background – no. (%)† 

 Malay 

 Chinese 

 Indian 

 

Wards 

Orthopaedic 

Medical 

ICU 

Obstetrics and Gynecology 

 

Serum creatinine in µmol/L * 

Creatinine clearance (ml/min) 

Documented MRSA infection; n (%)  

  

Vancomycin dosing characteristics  

Dose in milligrams (mg) *  

Dose in mg/kg *  

Total (N=40) 

 

54.7 ± 11.35 

13 (32.5) 

27 (67.5) 

64.97 ±11.24 

22 (55) 

 

 

27 (67.5) 

7 (12.5) 

6 (15.0) 

 

 

18 (45) 

14 (35) 

6 (15) 

2 (5) 

 

86.13 ± 22.80 

73.73 ± 24.92 

100 

 

 

812.50 ± 185.62 

13.30 ± 3.01 
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Dosing frequency in hours *  

Number of doses per day *  

Dosing interval = q6h; n (%)  

Dosing interval = q8h; n (%)  

Dosing interval = q12h; n (%)  

Dosing interval = q24h; n (%)  

 

Pharmacokinetic parameters  

Ke in hours
-1 

* 

MIC in mg/L * 

Trough vancomycin (mg/L) 

Cmax in mg/L * 

Vd in litres * 

10.25 ± 3.14 

2.53 ± 0.68 

3 (7.5) 

16 (40) 

20 (50) 

1 (2.5) 

 

 

0.0748 ± 0.0280 

0.99 ± 0.61 

21.32 ± 11.98 

40.58 ± 12.59 

43.38 ± 7.87 

 

Abbreviations  

*Plus-minus values are means ± SD ; ‡ Median (IQR), † 

Race or ethnic background was reported in the case note; 

q6h, every 6 h, etc.; Ke, elimination rate; Cmax, 

maximum concentration; Vd, volume of distribution; 

MIC, minimum inhibitory concentration.  

 

The mean age of patients recruited in this study was 54.7 

± 11.35 years old. The youngest patients were 37 years 

old while the oldest patient being studied was 72 years 

old. This study observed more females than males, 

comprising of 22 females (55.0%) and 18 males (45.0%). 

The majority of the patients in this study were Malays 

with 27 (67.5%), followed by 7 Chinese (12.5%) and 6 

Indians (15.0%). The mean total body weight of the 

patients was 64.97 ±11.24 kg and the mean serum 

creatinine is 86.13 ± 22.80 mol/L. The mean creatinine 

clearance estimated by using Cockroft-Gault formula 

was 73.73 ± 24.92 ml/min. 

 

The trough vancomycin concentrations, AUC24-

trapezoidal methods, pharmacokinetic methods, and 

Simpson’s rule integration of each patient are shown in 

table 2. 

 

Table 2: The trough vancomycin concentrations, AUC-trapezoidal method, Pharmacokinetics method, and 

Simpson’s Rule Integration method of each patient. 
Patient Gender Age BW 

(Kg) 

Dose 

(mg) 

Dosing 

Interval 

(hour) 

Trough 

(mcg/L) 

MIC 

(mcg/ml) 

SrCr 

(umol/L) 

Crcl 

(ml/min) 

Ke 

(h-1) 

AUC 

 2 Point 

(mg·h/L)  

AUC 

3 Point 

(mg·h/L)  

AUC 

PK1 

(mg·h/L) 

AUC 

PK2 

(mg·h/L) 

AUC 

Integration 

(standard) 

(mg·h/L)  
1 M 69 70 750 8 19.56 0.75 95 64 0.0722 653.04 639.96 635.73 717.36 731.31 

2 F 60 60 1000 12 13.16 0.25 128 39 0.0861 601.44 565.32 552.85 602.97 694.22 

3 F 42 60 1000 12 7.84 2 52 118 0.1163 473.76 425.88 409.29 448.77 527.12 

4 F 42 60 750 8 8.84 2 52 118 0.1381 426.36 397.5 387.76 441.06 461.37 

5 F 42 60 750 6 63.06 2 52 118 0.0416 1727.4 1720.5 1714.42 2002.32 1858.93 

6 F 42 60 750 8 10.84 2 52 118 0.1217 474.48 448.8 440.26 499.57 520.72 

7 M 60 40 500 8 12.37 1.5 79 50 0.111 511.08 488.1 482.43 546.32 567.37 

8 M 52 65 1000 12 14.27 0.38 98 72 0.0777 606.12 575.94 565.51 616.02 703.50 

9 M 52 65 750 8 19.02 0.38 110 64 0.078 654.24 638.88 633.85 715.63 732.53 

10 M 60 40 500 6 35.99 1.5 80 49 0.067 1077.96 1067.46 1065.67 1245.33 1178.53 

11 M 59 70 1000 12 33.94 0.5 71 98 0.0392 1059.48 1049.94 1041.33 1129.62 1211.78 

12 M 60 40 500 8 21.17 1.5 63 62 0.0769 722.4 705.6 696.75 787.05 806.18 

13 M 37 67 1000 12 30.32 0.75 112 76 0.0444 983.52 966.48 960.36 1042.32 1132.01 

14 F 42 55 500 12 9.72 2 78 72 0.0709 389.04 372.48 366.15 398.57 452.09 

15 M 52 60 750 8 33.76 0.38 94 69 0.0531 1024.56 1013.16 1009.04 1137.11 1138.90 

16 F 42 55 500 8 9.46 2 78 72 0.108 382.8 366.12 360.56 408.41 424.21 

17 F 42 55 750 6 19.66 2 78 72 0.1145 705.12 685.08 679.13 796.65 768.37 

18 F 72 50 750 8 34.99 1 62 57 0.0597 1096.92 1081.62 1076.88 1214.00 1224.15 

19 F 72 52 750 12 19.02 1 101 37 0.0612 703.68 681.12 673.20 731.84 818.80 

20 F 64 50 1000 8 41.81 0.25 97 41 0.0651 1346.28 1324.02 1316.59 1484.87 1505.07 

21 F 64 50 500 12 28.97 0.25 92 41 0.0334 866.76 858.18 855.69 927.92 981.18 

22 F 38 65 1000 12 6.74 1.5 64 108 0.1207 425.52 379.8 364.21 399.67 470.21 

23 F 52 75 750 12 9.21 0.5 86 80 0.0781 392.52 372.78 365.94 398.65 455.33 

24 F 52 75 750 8 19.02 0.5 86 80 0.07 627.96 616.14 612.43 690.92 702.90 

25 M 41 75 1000 8 19.97 1.5 95 96 0.0837 707.88 688.98 682.80 771.28 792.09 

26 M 41 75 1000 12 19 1.5 93 96 0.0578 684.6 665.1 659.17 716.22 796.52 

27 M 60 80 500 12 29.96 1 93 84 0.041 947.52 754.92 928.78 1007.74 906.75 

28 F 72 65 1000 12 15.83 0.38 113 41 0.0725 643.56 615.42 606.07 659.70 748.87 

29 M 63 69 1000 8 17.53 0.75 81 81 0.0963 672.72 649.8 654.21 738.30 754.02 

30 F 65 63 1000 24 17.59 1 125 39 0.0345 694.32 666.6 657.39 686.32 867.55 

31 F 65 63 750 12 28.76 1 125 39 0.0387 894.36 882.66 879.07 953.60 1021.92 

32 F 51 60 1000 12 29.4 1 118 47 0.0494 991.32 970.38 963.97 1046.58 1147.33 

33 M 63 85 1000 12 7.68 1 89 90 0.0966 386.04 357.66 348.03 380.20 441.22 

34 M 71 80 750 8 46.7 0.5 106 64 0.0315 1281.48 1276.5 1275.24 1435.42 1392.44 

35 M 71 80 750 12 18.3 0.5 101 67 0.0456 599.88 589.14 587.28 637.27 692.66 

36 F 58 50 1000 12 13 0.75 49 87 0.0969 654.84 606.3 589.68 644.25 747.99 

37 F 58 50 750 8 17.2 0.75 54 79 0.1011 669.96 644.34 635.91 719.65 745.29 

38 F 62 55 1000 12 13.1 0.5 60 75 0.0911 626.04 584.46 570.14 622.31 719.42 

39 M 39 65 750 8 17.6 0.38 68 119 0.083 620.16 603.48 595.66 673.18 692.09 

40 M 39 65 1000 12 18.44 0.38 115 70 0.0654 706.32 680.76 672.17 731.03 822.44 

Mean 

±SD 
 

54.7 

±11.35 

64.97 

±11.24 

812.50 

± 

185.62 

10.25 ± 

3.14 

21.32 ± 

11.98 

 

0.99 ± 

0.61 

 

86.13 ± 

22.80 

73.73± 

24.92 

0.0748± 

0.0280 

742.836 

± 290.934 

716.934±   

294.673 

714.29 ± 

298.150 

795.15± 

342.995 

833.885± 

315.459 
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Comparison of AUC24 by Simpsons Rule Integration (Standard) method with the four investigated methods 

Table 3: Comparison of AUC24 and Various Estimating Methods. 

AUC24 by 

Integration 

method (mg/L*hr) 

(Standard) 

AUC24 according to 2 

Point method 

(mg/L*hr) 

AUC24 according to 3 

Point method 

(mg/L*hr) 

AUC24 according to PK 

1 method (mg/L*hr) 

AUC24 according to 

PK 2 method 

(mg/L*hr) 

833.88 ± 315.46 

Standard 

742.84 ± 

290.93 

‡
t = 14.09; 

p < 0.001 

716.93± 

294.67 

‡
t = 21.94 ; 

p < 0.001 

 

714.29 ± 

298.150 

‡
t = 18.47 ; 

p < 0.001 

795.15 ± 

342.99 

‡
t = 4.11; 

p < 0.001 

∆ (mg/L*hr) 

Compared to 

Standard 

91.05 ± 

40.88
 - 

116.95± 

33.71
 - 

119.60 ± 

40.91 
- 

38.73 ± 

59.56 
- 

% ∆ Compared to 

Standard 

11.11 ± 

3.51
 - 

14.74 ± 

3.38
 - 

15.28 ± 

4.87 
- 

5.88 ± 

6.88 
- 

 

The Comparison of the AUC24 calculated by Simpsons 

Rule Integration (Standard) method and the four 

estimating methods is shown in Table 3. The mean 

AUC24 of Simpson’s Rule integrated method versus 2-

point trapezoidal method shows a statistically significant 

difference by 91.05 ± 40.88 mg·h/L (P<0.001), which 

represents a difference of 11.11% (95% CI: -12.23 to -

9.98). A statistically significant difference of mean was 

observed in AUC24 Simpson’s Rule integrated method 

versus 3-point trapezoidal estimation method Simpson’s 

Rule integrated method. The mean AUC24 of 3 point 

shows a statistically significant difference by 116.95 ± 

33.71 mg·h/L (P<0.001) than the standard method, which 

represents a difference of 14.74 % (95% CI: -15,82 to -

13.66). There is a significant difference of mean AUC24 

in the Simpson’s Rule integrated method versus PK1 

calculated method (p<0.001). The mean AUC of PK1 

demonstrated a statistically significant difference by 

119.60 ± 40.91 mg·h/L than the standard method, which 

represents a difference of 15.28 % (95% CI: -16.83 to -

13.72). A statistically significant difference of mean was 

observed in AUC24 Simpson’s Rule integrated method 

versus PK2 calculated method. The mean AUC24 of PK2 

shows a statistically significant difference by 38.73 ± 

59.56 mg·h/L (P<0.001) than the standard method, which 

represents a difference of 5.88 % (95% CI: -8.08 to -

3.60). 

 

Agreement of estimated AUC24 using the four methods 

(investigated) compared to Simpson’s Rule integrated 

method (standard) using Bland-Altman analysis. 

 

Agreement Between Simpson’s Rule integrated method 

(standard) and Various Estimating Methods are shown in 

Table 4. One sample T-test was used to analyze the mean 

differences of estimated AUC24 of the 2 point, 3 points, 

PK1, and PK2 equations to a value of zero (no 

difference). In general, (n = 40) all mean differences of 

AUC24 predicted by the 2-points, 3-points, PK1, and PK2 

method equations were statistically significant with p < 

0.05. None of the methods agree with the standard. 

Bland-Altman plot and linear regression were not 

performed since all differences observed were 

statistically significant, p < 0.05. 

 

Table 4: Agreement Between Simpson’s Rule integrated method (standard) and Various Estimating Methods.  

One Sample T test 
Mean 

difference 
t df P- value Lower Upper 

Standard 833.88 16.718 39 0.001 732.996 934.776 

2 Points 742.84 16.148 39 0.001 649.791 835.881 

3 Points 716.93 15.388 39 0.001 622.693 811.175 

PK1 714.29 15.152 39 0.001 618.937 809.643 

PK2 795.15 14.664 39 0.001 685.455 904.845 

Pair-wise comparison 
Mean 

difference 
t df Correlation P- value Lower Upper 

Standard vs 2 Points 91.049 14.086 39 0.994 0.001 77.975 104.122 

Standard vs 3 Points 116.951 21.944 39 0.996 0.001 106.170 127.731 

Standard vs PK 1 119.595 18.487 39 0.993 0.001 106.510 132.680 

Standard vs PK 2 38.735 4.113 39 0.987 0.001 19.685 57.784 

2 Points vs 3 Points 25.902 5.628 39 0.995 0.001 16.592 35.212 

2 Points vs PK 1 28.546 12.415 39 0.999 0.001 23.895 33.197 

2 Points vs PK 2 -52.314 -5.681 39 0.997 0.001 -70.940 -33.689 

3 Points vs PK 1 2.644 0.578 30 0.995 0.567 -6.608 11.896 

3 Points vs PK 2 -78.216 -8.424 39 0.994 0.001 -96.996 -59.436 

PK1 vs PK 2 -80.860 -10.87 39 0.998 0.001 -96.759 -64.961 
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Note: PK1; Pharmacokinetic Method 1; PK2: 

Pharmacokinetic Method 2 df; The degree of freedom for 

the single sample T-test is simply the number of valid 

observations minus 1, t; student t- statistic. 

 

Assessing the bias and precision of estimated AUC24 

using the four methods compared to Simpson’s Rule 

integrated method (standard) using Bland-Altman 

analysis 

Assessing the bias and precision of 2 points estimated 

methods compared to Simpson’s Rule integrated method 

using Bland-Altman analysis. 

 

 

 

 
Figure 1: Graphical representation of bias and precision for AUC24 estimates for the 2-point method versus 

Simpson’s Rule integrated method. Red dashed lines are the upper and lower agreement levels for AUC24 

difference (± 100 mg*h/L) Orange dashed line is the mean AUC24 difference from Simpson’s Rule integrated 

method: 91.05 ± 40.879 mg*h/L. 

 

Figure 1 Shows the plots assessing the bias and precision 

of the AUC24 estimates from 2 points method. The 2 

points appeared to have negative bias as the mean 

difference between the AUC24 estimates from the 

integration method and the 2 point was 91.05 mg*h/L, 

indicating the AUC24 estimates from 2-point method 

tended to be less than the integration method (p < 0.001). 

 

Assessing the bias and precision of 3-points estimated 

methods compared to Simpson’s Rule integrated method 

using Bland-Altman analysis. 

 

 
Figure 2: Graphical representation of bias and precision for AUC24 estimates for the 3 point method versus 

Simpson’s Rule integrated method. Red dashed lines are the upper and lower agreement levels for AUC24 

difference (± 100 mg*h/L) Orange dashed line is the mean AUC24 difference from Simpson’s Rule integrated 

method: 116.951 ± 33.707 mg*h/L. 
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The 3-points method appeared to have a greater bias as 

the mean difference between the AUC24 estimates from 

the Simpson’s Rule Integration method and the 3 Point 

method was 116.951 mg*h/L, indicating the AUC24 

estimates from 3 point tended to be less than the 

Simpson’s Rule Integration method (p < 0.001). 

 

Assessing the bias and precision of PK1 estimated 

methods compared to Simpson’s Rule integrated method 

using Bland-Altman analysis. 

 

 

 

 
Figure 3: Graphical representation of bias and precision for AUC24 estimates for the 3-point method versus 

Simpson’s Rule integrated method. Red dashed lines are the upper and lower agreement levels for AUC24 

difference (± 100 mg*h/L) Orange dashed line is the mean AUC24 difference from Simpson’s Rule integrated 

method: 119.595 ± 40.914 mg*h/L. 

 

The PK1 method appeared to have a greater bias as the 

mean difference between the AUC24 estimates from the 

Simpson’s Rule Integration method and the PK1 method 

was 119.595 mg*h/L, indicating the AUC24 estimates 

from PK1 point tended to be less than the Simpson’s 

Rule Integration method (p < 0.001). 

 

Assessing the bias and precision of PK2 estimated 

methods compared to Simpson’s Rule integrated method 

using Bland-Altman analysis. 

 

 

 

 

 
Figure 4: Graphical representation of bias and precision for AUC24 estimates for the 3-point method versus 

Simpson’s Rule integrated method. Red dashed lines are the upper and lower agreement levels for AUC24 

difference (± 100 mg*h/L) Orange dashed line is the mean AUC24 difference from Simpson’s Rule integrated 

method: 38.735 ± 59.565 mg*h/L. 
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The PK 2 method appeared to have less bias as the mean 

difference between the AUC24 estimates from the 

Simpson’s Rule Integration method and the PK2 method 

was 38.735 mg*h/L, indicating the AUC24 estimates 

from PK2 point tended to be less than the Simpson’s 

Rule Integration method (p < 0.001).  

 

The PK 2 method appeared to have less bias versus the 

2-point, 3-point and PK 2 method as it had lower mean 

difference versus the Simpson’s Rule Integration method 

(PK2, mean difference: 38.735 ± 59.565 mg*h/L vs 2 

Point mean difference: 91.049 ± 40.879 mg*h/L vs 3 

Point mean difference: 116.951 ± 33.707 mg*h/L and 

PK1 mean difference: 119.595± 40.914 mg*h/, p < 

0.001). 

 

Assessing the precision of the four AUC24 estimated 

methods compared to Simpson’s Rule integrated method 

using Bland-Altman analysis. 

 

The 2-point trapezoidal method, 3-point trapezoidal 

method, PK 1 and PK2 method also appeared to have 

some imprecision versus the Simpson’s Rule Integration 

method, as 40% (16/40), 67.5% (27/40), 65 % (26/40) 

and 12.5% (5/40) of AUC24 estimates were outside the 

upper and lower agreement level of ±100 mg*h/L, 

respectively. 

 

The PK 2 method appeared to have less imprecision, as 

fewer AUC24 estimates were outside the upper and lower 

agreement limits. [PK2: 12.5% (5/40) vs 2 point 40% 

(16/40), 3-point: 67.5% (27/40) and PK1: 65 % (26/40)]. 

 

DISCUSSION 

Before calculus, the area was calculated by dividing the 

zones into very small bands and summing the respective 

areas (either Reimann sum or trapezoidal sum). The 

accuracy of the result is improved only by making the 

band smaller and smaller, bringing the result towards 

some limiting value.
[13]

 In each of these cases, the area 

approximation got better as the width of the intervals 

decreased. This led to the concept of an integral as the 

limit of the area as the partition width tends toward zero. 

Simpson’s Rule, named after Thomas Simpson though 

also used by Kepler a century before, was a way to 

approximate integrals without having to deal with lots of 

narrow rectangles. Its strength is that, although 

rectangles and trapezoids work better for linear functions, 

Simpson’s Rule works quite well on curves.
[14,15]

 

According to a study conducted by Dhali et al. (2019)
[16]

, 

it was noted that Simpson's 1/3 rule demonstrated the 

lowest error of 0.13% when applied to unevenly spaced 

data. In contrast, the 3/8 rule of Simpson yielded a higher 

error rate of 1.09%, and the Trapezoidal rule showed an 

error of 0.99% under similar conditions. In a separate 

study, a calculation difference of 6.23% was recorded for 

the Simpson rules. In general, the data show that the 

Simpson rule obtained a relatively low difference of 

0.623 when compared to the Trapezium rule which 

yielded a value of 0.693 which means that the Simpson 

rule has a more accurate estimate value for AUC 

calculation using C- programming when compared to the 

Trapezium rules.
[17]

 In a study conducted by Winnicka in 

2019
[18]

, an examination of three numerical integration 

methods on midpoint, trapezoidal, and Simpson's rules, 

revealed that the errors associated with Simpson's rule 

exhibited the fastest rate of decrease at 0.36%. The 

subsequent error reduction rates were observed to be 

5.0% and 2.5% for the trapezoidal and midpoint methods, 

respectively. Thus, Simpson’s rule remains as a reference.  

 

To the best of our knowledge, this is the first study to 

compare the Simpsons Rule integration (Standard) 

method with AUC24 estimation methods, including the 2-

points trapezoidal, 3-points trapezoidal, PK1, and PK2 

methods. This study sought to assess various methods for 

calculating the AUC24, specifically comparing the 

magnitude of difference in the standard Simpson’s Rule 

integrated method with alternative AUC24 estimation 

methods. Our research demonstrates a notable disparity 

between Simpson’s Rule and the PK1 log method, with a 

substantial difference of 119.60 ± 40.91 mg*h/L which 

represents a difference of 15.28 % (95% CI: -16.83 to -

13.72) (p < 0.001), as opposed to the PK2 linear log 

method, which exhibits a comparatively lower difference 

of only 38.73 ± 59.56 mg*h/L which represents a 

difference of 5.88 % (95% CI: -8.08 to -3.60) (p < 0.001). 

2-points trapezoidal method shows a difference of 

11.11% (95% CI: -12.23 to -9.98) followed by 3-points 

trapezoidal method demonstrates a difference of 14.74 % 

(95% CI: -15,82 to -13.66). In an alternative 

investigation, three approaches were employed to 

compute the area under the concentration-time curve 

from 0 to the last measurable time point (AUC0-T) in a G 

drug equivalence test: the Linear method, Linear/Log 

method, and Linear Up/Log Down method. The mean 

AUC values for the Linear method were 185.902 

±104.743 mg*h/L, while those for the Linear/Log 

method and Linear Up/Log Down method were 180.835 

±102.409 mg*h/L and 180.794 ± 102.479 mg*h/L, 

respectively. The Linear method demonstrated greater 

efficacy in producing stable results in small sample size 

tests or pre-tests, contrasting with the less frequently 

utilized Linear/Log method.
[19]

 However, it is noteworthy 

that our study contraindicates the use of the PK2 method 

(Linear/Log method), despite its close approximation to 

the accuracy achieved by the Simpsons rule. This 

condition is influenced by factors such as the number of 

subjects examined, the timing of blood sampling, the 

extent to which the subjects represent the intended target 

population, and the inclusion of covariates that 

accurately reflect the characteristics of the overall 

population in the model.
[20]

  

 

Among the four methods, there is a modest variance of 

38.73 mg*h/L in the PK2 values, and it is worth noting 

which method aligns most closely with the accuracy of 

Simpson's rule integration, a variance that is not likely to 

significantly impact efficacy or toxicity outcomes. This 

is particularly noteworthy considering the suggested 
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AUC24 target for MRSA infection is in the range of 400–

600 mg*h/L((assuming a vancomycin MICBMD of 1 

mg/L) unless it is known to be greater or less than 1 

mg/L by BMD [broth microdilution].
[4]

 The PK2 linear 

log method demonstrates a reduced mean difference of 

5.88% in comparison to the other AUC24 estimation 

methods of 2-points (11.11%), 3-points (14.74%), and 

PK1 (15.28%). Although the difference was statistically 

significant, clinically, the difference in AUC values 

(8.3%) was smaller than the 20% threshold for maximum 

acceptable imprecision.
[21]

 Comparably, the FDA 

guidance (FDA 1997)
[22]

 on an in-vitro–in-vivo 

correlation (IVIVC) states that the average absolute 

percent prediction error of ≤10% for Cmax and AUC0-∞ 

establishes the predictability of the IVIVC. In addition, 

the percent prediction error for an individual formulation 

should not exceed 15%. In this study, the predicted 

AUC24 value was well below the FDA limit except for 

the 3-Points trapezoidal estimation method.  

 

The present study failed to demonstrate agreement of 

calculated AUC24 by the four methods to the Simpson 

integration approach (standard). All the approaches 

exhibit a negative bias (underestimating the AUC24), as 

evidenced by the mean difference between AUC24 

estimates obtained through the Simpsons rule integration 

method consistently being lower than the reference 

method of the Simpsons rule (p < 0.001). The PK2 

Linear log method demonstrated comparatively less bias 

and lower imprecision when compared to the 2-point, 3-

pont, and PK1 methods. In an investigation of 253 

patients, the VancoPK single-concentration vancomycin 

calculator demonstrated reduced bias compared to the 

ClinCalc single-concentration vancomycin calculator in 

estimating the AUC. The VancoPK calculator showed a 

median (IQR) difference of 13 (44 to 23) mg*h/L, 

whereas the ClinCalc calculator had a median (IQR) 

difference of 53 (13–89) mg*h/L, with a statistically 

significant p-value of less than 0.001
23

. This estimate is 

consistent with the mean difference of 38.73 mg*h/L 

observed in our study and suggests there may be low bias 

with the PK2 Linear log method. Ondrsush (2022)
[23]

 

suggests approximately 89.7% of the AUC24 estimates 

from the VancoPK single-concentration vancomycin 

calculator would be within 100 mg*h/L of the 2PK 

reference. Our study found that 87.5% (35/40) of AUC24 

estimates from the PK2 were within 100 mg*h/L 

suggesting similar imprecision and that it should be 

expected that 5–10% of AUC24 estimates from the PK2 

linear log method may be more than 100 mg*h/L 

different from the Simpsons rule reference method. 

 

CONCLUSION 

In summary, the mean AUC24 of Simpson’s Rule 

integrated method (standard) versus 2-Point trapezoidal 

(2P), 3-Point trapezoidal (3P), Pharmacokinetic Method 

1 (PK1) and Pharmacokinetic Method 2 (PK2) showed a 

statistically significant difference by 91.05 ± 40.88 

mg·h/L (11.11% ± 3.51%), 116.95 ± 33.71 mg·h/L 

(14.74% ± 3.3%), 119.60 ± 40.91 mg·h/L (15.28% ± 

4.87%) and 38.73 ± 59.56 mg·h/L (5.88% ± 6.88%) 

respectively. All mean differences of AUC24 predicted by 

the 2-points, 3-points, PK1, and PK2 method equations 

were statistically significant with p < 0.05. None of the 

methods agree with the Simpson’s Rule integrated 

method. Bland-Altman plot and linear regression were 

not performed since all differences observed were 

statistically significant, p < 0.05. The 2-Points, 3-Points, 

PK1 and PK2 methods also appeared to have some 

imprecision versus the Simpson’s Rule Integration 

method, as 40% (16/40), 67.5% (27/40), 65 % (26/40) 

and 12.5% (5/40) of AUC24 estimates were outside the 

upper and lower agreement level of ±100 mg*h/L, 

respectively. AUC24 estimates from the PK2 method had 

less bias and better precision versus the 2-Points, 3-

Points, and PK1 methods. All the methods may have 

clinical imprecision, as the 2-Points, 3-Points, PK1 and 

PK2 estimation methods had a clinical disagreement with 

Simpson’s Rule Integration method in 12.5%, 25%, 30%, 

and 10% based on the AUC24 category. 

 

In order to enhance the applicability of the study findings, 

it is recommended to conduct a future prospective study 

involving a larger cohort assessing clinical imprecision 

of the AUC24 estimate from the 2-Points, 3-Points, PK1 

and PK2 methods. Future studies should evaluate 

vancomycin dosing in response to the growing 

occurrence of MRSA in the Malaysian population, 

focusing on effectively monitoring serum concentrations 

to enhance drug efficacy and reduce potential adverse 

events like nephrotoxicity. 
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