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Purpose: Artificial neural network (ANN) model has been developed in prediction of serum drug concentration.
The aim of this study was verifying the accuracy of ANN model in predicting vancomycin trough serum con-
centration in ARC adult patients.

Methods: A total of 162 ARC patients (258 observations) who received vancomycin treatment (500-2000 mg) at
the First Affiliated Hospital of China Medical University between Jan 2017 and Nov 2020 were included. The
performance and accuracy of the ANN model was evaluated by mean absolute deviation (MAD), mean absolute
percent error (MAPE), mean square error (MSE), and root mean squared error (RMSE). In addition, the vanco-
mycin calculator and multivariable linear regressions were compared with the ANN model in predicting vanco-
mycin concentration.

Results: From results of linear regression analyses, dosage, dosage interval, age, creatinine clearance, sex, weight,
total bilirubin (T-Bil), haemoglobin (HGB) and total protein (TP) were used as input variables to develop an ANN
model for predicting vancomycin concentration in ARC patients. The MAPE, MSE, RMSE, MAD and R? were
14.81%, 2.47%, 0.44%, 1.40% and 0.88%, respectively.

The ANN model might be an useful tool to predict vancomycin concentration and help modify the dosing regimen
accurately and in a timely manner to improve the clinical efficacy in ARC patients. In the future, ANN model could
be developed to predict serum concentration and modify dosing regimens for more types of therapeutic drugs and
patients with more complex diseases.

1. Introduction result in subtherapeutic concentrations of drugs, antibacterial resistance
and treatment failure in antibacterial therapy.’
In recent years, with the increasing prevalence of infections caused by

Gram-positive bacteria in hospitals, vancomycin has been widely used in

Augmented renal clearance (ARC) refers to the enhanced renal
elimination of solutes, such as nitrogenous metabolites and active

pharmaceutical ingredients.' Renal function is the result of the combined
effects of glomerular filtration, tubular reabsorption and tubular secre-
tion. Young patients with trauma and no organ dysfunction are likely to
suffer from ARC.> Many investigators have demonstrated that ARC might

clinical scenarios.” Vancomycin is predominantly eliminated through
renal pathways, and the concentration of vancomycin is closely related to
patients’ renal function.” For most ARC patients, enhanced drug elimi-
nation might lead to ineffective therapeutic vancomycin concentrations,
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treatment failure or emergence of resistant organisms. It is suggested that
the dosages of vancomycin should be increased,® and therapeutic drug
monitoring (TDM) and individual dosing requirements be widely pro-
moted for ARC patients.

TDM and adjusting drug dosage in time in ARC patients are necessary
to improve the clinical efficacy and avoid drug resistance. TDM plays an
important role in accurate and timely modification of drug dosages to
achieve the expected pharmacokinetic pharmacodynamic targets. Pre-
dicting drug concentration is another effective method to achieve the
desired pharmacodynamic targets as quickly as possible. Systems using
artificial neural network (ANN) are machine-learning algorithms and
therefore learn and test what they have learned.” During the learning and
test phase, the data can be divided into two groups, one group is used for
learning and establish algorithm, while the others can be used for vali-
dation to reach the most accurate mathematical formula.®! An ANN
model has been used for the prediction of some pharmaceuticals, medical
diagnoses and clinical outcomes.'> ANN modelling is proved to be a
potential approach to predict drug concentrations and capture the
complicated relationship between drugs and patient characteristics in the
complex human body.!®'* ANN modelling has been utilized to predict
drug concentrations and clinical outcomes, such as digoxin, nitrendipine,
and aminoglycosides, and exhibits relatively accurate predictions.'>**
Yao et al compared and contrasted the predicted concentrations of
digoxin estimated from traditional regression modeling and from ANN
modeling for the critically ill newborn infants prescribed with digoxin for
clinically significant patent ductus arteriosus (PDA).'® It was confirmed
that the nine-parameter ANN model has better forecasting accuracy and
differentiation ability for toxic concentrations. Yamamura et al applied
ANNA modeling to predict the plasma concentration of arbekacin in burn
patients taking into account the burn severity, and proved that the pre-
dictive performance of the ANN including burn severity was much better
than linear modeling and logistic regression analysis. >

The aim of this study was verifying the accuracy of ANN model in
predicting vancomycin trough serum concentration in ARC adult pa-
tients. In this retrospective study, some important independent variables,
including dosage, dosing interval, age, sex, weight, creatinine clearance
(CLcr), total bilirubin (T-Bil), hemoglobin (HGB) and total protein (TP),
were selected for ANN modelling through linear regression analyses.
ANN modelling was utilized to predict the serum concentration of van-
comycin in ARC patients and exhibited better performance compared
with the results from the vancomycin calculator and multivariable linear
regressions.

2. Materials and methods
2.1. Administration of vancomycin

A dose of 500-2000 mg of vancomycin was administered by intra-
venous infusion once/twice/three times a day. Blood samples were
collected just 30 min before the next administration (trough concentra-
tion) and stored at 2-8 °C. Within 8 h, serum samples were analysed by
the enzyme multiplied immunoassay method performed with the Viva-E
instrument. This method had a quantitative range of 2.0-50 pg/mL, with
the lowest limit of 2.0 pg/mL'®!”

2.2. Database

Patients with CL,; > 130 mL/min were defined as ARC patients.17
CL.; and GFR was calculated using the Cockcroft-Gault formula, S, is
serum creatinine (umol/L), BSA is body surface area (mz).

CL= (140-age) x weigh / (0.818 x Scr) Males
CL; = 0.85 x (140-age) x weigh / (0.818 x Scr) Females

GFR = 0.84 x CL x 1.73/ BSA
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Between Jan 2017 and Nov 2020, 162 ARC adult patients (258 ob-
servations) who received vancomycin treatment at the First Affiliated
Hospital of China Medical University were included in this study. A total
of 258 observations were introduced into this study to investigate the
prediction of vancomycin concentration in ARC patents. Demographic
data (sex, age, weight, height), laboratory data (CLcr, TP and HGB, etc.)
and dosage data (dosage, dosing interval) were collected. In addition, 30
min before the subsequent dose, serum concentration of vancomycin was
recorded.

2.3. Artificial neural network modelling

A standard backpropagation ANN, with robustness and perfect per-
formance, was used in this. MATLAB BP neural network toolbox was used
to build ANN neural network model structure, as shown in Fig. 1 MAT-
LAB train the network using the input data through a series of transfer
and activate function, and subsequently being able to predict the output
with minimum error. The architecture of an ANN is made up of a series of
individual component, which, in fact are represented in matrix form. The
network above can be used as a general function approximator to
approximate any function with a finite number of discontinuities.'®
Among 258 data points, 245 data points were randomly used for training,
and 13 data points were randomly used to validate the ANN model. A
four-layered ANN model structure with 8 input variables was established,
including one input layer (8 nodes, the input variables), two hidden
layers (hidden layer 1 with 20 nodes, hidden layer 2 with 10 nodes) and
one output layer (1 node, the output result). Important input variables
were selected as follows: dosage, dosing interval, age, sex, weight, CLcr,
TP, T-Bil and HGB. The vancomycin concentration was set as the output
layer. The training was repeated constantly to modify the hidden layers
and neurons to establish a model with high accuracy. During the process
of ANN training, the cross validation was used to complete the training of
the model. In which, 170 observations were randomly used for actual
training, and the rest 75 observations were used for internal validation in
the training process. When MSE value reached the requirement of 5% or
less, the model was considered to meet the expectation, and the training
was stopped.

Vancomycin
concentration

Cutput Layer

s

Fig. 1. Structure of the optimum ANN model.
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2.4. Model accuracy

To test the accuracy of the ANN model, some goodness-of-fit indices
were evaluated, including the mean absolute deviation (MAD), mean
absolute percent error (MAPE), mean square error (MSE), and root mean
squared error (RMSE). The MAPE value must be less than 50%, and
smaller values of MAD, MAPE, MSE, and RMSE indicate better
accuracy.'?

In addition, an ANN model was used to predict whether the vanco-
mycin serum concentration would reach the effective therapeutic con-
centration (the minimum therapeutic concentration was 10 pg/m). A
positive number indicated that the plasma concentration was in the range
of 10-50 pg/mL (50 pg/mL is the detection limit of the detection
method), and a negative number indicated that the plasma concentration
was lower than 10 pg/mL. True positive (TP, correctly classified as
“positive”), true negative (TN, correctly classified as “negative”), false-
positive (FP, incorrectly classified as “positive™), false negative (FN,
incorrectly classified as “negative”) were used to show the prediction
performance.

The rate of correct prediction (RCP), sensitivity (SE), and specificity
(SP) were investigated. Where RCP = (TP + TN)/(TP + TN + FP + FN);
SE infers the RCP among all positive predictions: SE = TP/(TP + FN); and
SP infers the rate of correct negative prediction among all negative
predictions: SP = TN/(TN + FP).

The accuracy of the ANN model was tested on the basis of goodness-
of-fit indices (MSE, RMSE, MAD, MAPE, R%) and prediction rates (RCP,
SE, SP).

The areas under the receiver operating characteristic (ROC) curve
(AUCQ) of the ANN model was evaluated.

2.5. Comparison of accuracy

The accuracy of the ANN modeling was verified by comparing with
vancoymcin calculator and multivariable liniear regressions.'>?° 13 data
points from validation group was predicted using vancoymcin calculator
and multivariable liniear regressions. The basis of goodness-of-fit indices
(MSE, RMSE, MAD, MAPE, R?) and prediction rates (RCP, SE, SP) of the
ANN modeling, vancoymcin calculator and multivariable liniear re-
gressions were compared.

2.6. Statistical analysis

IBM SPSS 25.0 (SPSS Inc., Chicago, IL) was used for statistical ana-
lyses. Descriptive statistics were processed for all study variables, and
continuous variables were expressed as medians (interquartile ranges)
where applicable. A p value of <0.05 was considered statistically sig-
nificant. Linear regression analyses were performed to examine the sta-
tistically significant correlations between the observed vancomycin
concentrations and the potential variables. Multivariable linear regres-
sion was used to predict the vancomycin concentration for comparison
with the ANN model.

3. Results
3.1. General clinical data of patients

Eventually, 258 observations of 162 ARC patients at the First Affili-
ated Hospital of China Medical University between Jan 2017 and Nov
2020 were involved in this study. A total of 258 observations were
randomly divided into two groups: 245 cases were used for model
training, and another 13 cases were used for validation. The de-
mographic information and clinical laboratory data of the patients are
presented in Table 1. Laboratory data included CLcr (mL/min), glomer-
ular filtration rate (GFR, ml//min/1.73 mz), T-Bil (umol/L), HGB (g/L),
TP (g/L), white blood cell (WBC, x 109/L), neutrophil (NEUT, x 109/L),
lymphocyte (LY, x 109/L), monocyte (MONO, x 109/L), neutrophil
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(ug/ml)
Dosage data

500 mg, g6 (1/245)
500 mg, 8 (10/245)
500 mg, q12 (8/245)
500 mg, q24 (2/245)
1000 mg, q8 (28/
245)

1000 mg, q12 (190/
245)

1000 mg, q24 (2/
245)

2000 mg, q12 (2/
245)

2000 mg, g8 (2/245)

1000 mg, q8 (2/13)

1000 mg, q12 (11/13)

Table 1
Summary of the demographic information and laboratory data of ARC patients.
Variables In modeling dataset In validation dataset p-
(n = 245) (n=13) value
Demographic information
Age (years) 46 (37.5-59) 55 (37-60.5) 0.397
Gender (male/female) 154/91 7/6
Weight (kg) 72 (64-84) 76 (60-88) 0.780
Height (cm) 170 (163-176) 170 (161.5-177.5) 0.938
BSA (m?) 1.8057 1.8569 0.882
(1.6734-1.9611) (1.5963-2.05595)
Laboratory data
CLer (mL/min) 169.64 175.5 0.766
(149.36-209.10) (137.62-221.06)
GFR (ml//min/1.73 194.99 195.74 0.870
m?) (171.46-239.11) (170.68-238.51)
T-Bil (umol/L) 10.90 (7.35-22.90) 15.00 (8.3-21.55) 0.439
HGB (g/L) 92.0 (73.5-115.5) 102.0 (72.0-132.0) 0.451
TP (g/L) 55.9 (52.5-60.1) 58.9 (53.65-60.3) 0.714
WBC( x 10°/L) 8.525 9.77 (4.9-13.16) 0.783
(5.0425-13.0975)
NEUT ( x 10°/L) 5.85 (3.17-9.665) 6.73 (2.91-10.13) 0.793
LY ( x 10°/L) 1.06 (0.67-1.6675) 0.77 (0.46-1.755) 0.620
MONO( x 10°/L) 0.55 (0.2725-0.79) 0.62 (0.25-0.83) 0.853
NEUT% 74.1 (62.9-82.825) 78.7 (66-83.9) 0.485
RBC 3.18 (2.565-3.8875) 3.31 (2.555-4.185) 0.658
ALT 33.5 (21-57.25) 32 (19-46) 0.594
GGT 66 (36.75-105.25) 72 (29-99) 1.000
ALP 92.5 (65-135.25) 98 (72-138) 0.867
Urea 4.55 (3.185-6.21) 3.91 (2.75-5.18) 0.191
PLT (10°/L) 217 (94-325) 287 (103.5-366.5) 0.257
ALB 28.65 31 (25.45-34.5) 0.273
(24.85-32.275)
Drug concentration 7.7 (5.5-10.75) 10.5 (7.6-14.15) 0.067

* BSA-Body surface area, CLcr-creatinine clearance, GFR-glomerular filtration
rate, T-Bil-total bilirubin, HGB-hemoglobin, TP-Total Protein, WBC-white blood
cell, NEUT-,neutrophil, LY-lymphocyte, MONO-monocyte, NTUT%-neutrophil
percent, RBC-red blood cell, ALT-alanine aminotransferase, GGT-gama gluta-
myltransferase, ALP-alkaline phosphatase, PLT-platelet,ALB-serum albumin.

percent (NEUT, %), red blood cell (RBC x 1012/L), alanine amino-
transferase (ALT, U/L), y-glutamyl transferase (GGT, U/L), alkaline
phosphatase (ALP, U/L), platelet (PLT, x 109/L), and serum albumin
(ALB, g/L). There were no statistically significant differences between
the observed vancomycin concentrations and general clinical data of
patients from modelling and validation datasets. The CLcr value of all the
ARC patients was higher than or equal to 130 mL/min, and the median
CLcr of the modelling and validation groups was 169.64 mL/min and
175.5 mL/min, respectively. Furthermore, the distribution of observed
vancomycin concentrations in these ARC patients was not normally
distributed (p < 0.001).

3.2. Selection of the input variables

The correlations between the observed vancomycin concentration
and general clinical data were tested by linear regression analyses, and
the values of the correlation coefficient and p are shown in (Table 2).
Statistically significant correlations between the observed vancomycin
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Table 2

Bivariate correlations between observed vancomycin concentrations and labo-
ratory data used for ANN model.

Variable Correlation coefficient P value
Gender (male/female) —0.144* 0.021
Age (years) 0.268%** 0.000
CLcr (mL/min) —0.266** 0.000
Weight (kg) ~0.160* 0.010
T-Bil (umol/L) —0.149* 0.017
HGB (g/L) 0.139* 0.026
TP (g/L) 0.129* 0.039
BSA (m?) —0.142* 0.022
GFR (ml//min/1.73 m?) —0.204** 0.001
WBC ( x 10°/L) —0.079 0.208
NEUT ( x 109/L) 0.007 0.908
LY ( x 10%/L) 0.001 0.981
MONO ( x 10%/L) —0.034 0.586
NEUT (%) 0.067 0.282
RBC ( x 10'%/1) 0.074 0.234
ALT (U/L) —0.018 0.779
GGT (U/L) 0.013 0.839
ALP (U/L) 0.069 0.269
Urea (mmol/L) —-0.106 0.092
Height (cm) —0.061 0.327
PLT (109/L) 0.113 0.069
ALB (g/L) 0.011 0.859

concentration and age/CLcr/GFR (p < 0.01)/sex/weight/T-Bil/HGB/
TP/BSA (p < 0.05) have been proven. However, there existed multi-
collinearity among some variables (CLcr, GFR and BSA). Finally, weight,
age, sex, CLcr, T-Bil, HGB, TP and dosage regimen were selected for the
prediction of vancomycin concentration in ARC patients by the ANN
model.

3.3. Prediction of vancomycin concentration by the ANN model

Important parameters (validation method, activation function, hid-
den layers, and number of nodes in each layer) were taken into account to
obtain the optimum ANN model for the prediction of vancomycin con-
centration. Finally, the ANN model was developed, which consisted of
four layers, i.e., input layer, two hidden layers and output layer (shown as
Fig. 1).

According to the literature and our previous study, weight, age,
sex, CLcr, dosage and dosing interval were shown to be the important
effect factors on drug concentration. Thus, they were used as input var-
iables to predict vancomycin concentration at first. On this basis, T-Bil,
HGB and TP were added into the ANN model as input variables. The
MAPE, MSE, RMSE, MAD and R? between the observed vancomycin
concentrations and the prediction results on the validation dataset are
shown in Table 3 to evaluate the predictive performance and accuracy of
the established ANN model.

When weight, age, sex, CLcr, dosage and dosing interval were used as
input variables, MAPE, MSE, RMSE, MAD and R? were 16.47%, 4.24,
0.57,1.64 and 0.82, respectively. After adding T-Bil, HGB and TP as input
variables, MAPE, MSE, RMSE, MAD and R? increased or decreased to
varying degrees. Finally, all 9 variables were set as input variables, and
the accuracy of the ANN model was highest: MAPE, MSE, RMSE, MAD
and R® were 14.81%, 2.47, 0.44, 1.40 and 0.88, respectively. In addition,
AUC of the ANN model was 0.976 (Fig. 2).

To verify the accuracy of ANN model, the predictive vancomycin
concentration and accuracy of the vancomycin calculator and multivar-
iable linear regressions were compared with those of the ANN model. The
vancomycin calculator and multivariable linear regressions are widely
used for the prediction of drug concentration.'®?° From Fig. 3, the ac-
curacy of the ANN model was better than that of the vancomycin
calculator and multivariable linear regressions.

Comparisons of the results of each sample in different predictive
method groups are shown in Fig. 4. The vancomycin concentrations

21,22
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Table 3
Accuracy of each ANN model.
NO  No. Of Variables MAPE MSE RMSE MAD R?
Variables (%)
1 6 Sex, Age, CLcr, 16.47 4.24 0.57 1.64 0.82
Weight, dosage,
dosage interval
2 7 Sex, Age, CLcr, 16.16 6.56 0.71 1.95 0.84
Weight, dosage,
dosage interval,
HGB
3 7 Sex, Age, CLcr, 20.91 4.40 0.58 1.70 0.88
Weight, dosage,
dosage interval,
T-Bil
4 7 Sex, Age, CLcr, 19.56 5.98 0.68 1.93 0.81
Weight, dosage,
dosage interval,
TP
5 8 Sex, Age, CLcr, 15.97 4.26 0.57 1.65 0.84
Weight, dosage,
dosage interval,
HGB, T-Bil
6 8 Sex, Age, CLcr, 19.03 5.18 0.63 1.87 0.82
Weight, dosage,
dosage interval,
TP, T-Bil
7 8 Sex, Age, CLcr, 17.80 3.46 0.52 1.47 0.80
Weight, dosage,
dosage interval,
HGB, TP
8 9 Sex, Age, CLcr, 14.81 2.47 0.44 1.40 0.88
Weight, dosage,
dosage interval,
TP, HGB, T-Bil
1.0
0.8 1
o
(Al
~ 0.6 -
>
ot
=
=
@ 0.4
O]
w
0.2 ANN
AUC: 0.976
Cl: 0.910-1.000
O - 0 1 1 | 1 |
0.0 0.2 0.4 0.6 0.8 1.0

1-Specificity (FPR)

Fig. 2. Receiver operating characteristic curve of the ANN model. The area
under the receiver operating characteristic curve was 0.976.

predicted by the ANN model were closer to the observed values than
those predicted by the vancomycin calculator and multivariable linear
regressions. Ten of 13 predictive results by multivariable linear re-
gressions were mainly distributed in the range of 9.35-11.36 pg/mlL,
although the observed vancomycin concentrations were in the range of
7.6-17.5 pg/mL. In the vancomycin calculator group, 10 predictive
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Fig. 3. Accuracy of each method (ANN model, Vancomycin Calculator, Multi-
variable linear regressions) on validation dataset.

0 2 4 6 8

10 12 14

@® ANN @ Vancomycin Calculator Multivariable linear regressions

Fig. 4. Comparison results of each in different

method groups.

sample predictive

results were lower than the observed vancomycin concentration.

In addition, whether vancomycin serum concentration could reach
the effective therapeutic concentration (10-50 pg/mL) was predicted by
the ANN model, vancomycin calculator and multivariable linear re-
gressions. From Table 4, RCP and SE values of ANN model were higher
than other two methods, and SP value was similar to the Vancomycin
Calculator.

4. Discussion

Patients with CrCl >130 mlL/min/1.73 m? were defined as ARC pa-
tients.”> ARC was significantly associated with subtherapeutic vanco-
mycin concentration regardless of being treated with the standard
dosage.?* In this study, 68.99% of the vancomycin trough concentration

Table 4
Classification performance of each method (ANN model, Vancomycin Calculator,
Multivariable linear regressions) on validation dataset.

TP TN Fp FN RCP(%) SE SP(%)

(%)
ANN model 6 5 1 1 84.62 85.71 83.33
Vancomycin Calculator 2 5 1 5 53.85 28.57 83.33
Multivariable linear 5 4 2 2 69.23 71.43 66.67

regressions
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in ARC patients was <10 pg/mL. The results showed that the initial
empirical dosing regimen of vancomycin was insufficient in ARC pa-
tients. According to the literature, higher vancomycin doses (3 g/day) are
required to achieve effective therapeutic concentrations compared with
patients with normal renal function.?® However, this has been neglected
in clinical use.

If the vancomycin concentration in serum was predicted according to
demographic information, laboratory data and dosage regimen before
administration, individual dosing requirements could be optimized
accurately. In this study, ANN was used to predict the vancomycin con-
centration of ARC patients. General clinical factors, having significant
correlations with vancomycin concentration, were selected by linear
regression analyses and used as input variables for the ANN model. The P
values of age, CLcr and GFR were <0.01, and those of sex, weight, T-Bil,
HGB, TP, BSA were p < 0.05. To decrease the input variable number and
simplify the structure of the ANN model, BSA and GFR, existing multi-
collinearity with weight, were abandoned. The following nine input
variables were used: dosage, dosage interval, age, sex, weight, CLcr, T-
Bil, HGB and TP. MAPE, MSE, RMSE, MAD and R? were used to evaluate
the predictive performance of the established ANN model. Some studies
have demonstrated that dosing regimen, age, sex, weight and CLcr were
important factors for vancomycin serum concentration.”>2° Based on
dosing regimen, age, sex, weight and CLcr, MAPE, MSE, RMSE, MAD and
R? of ANN modelling were 16.47%, 4.24, 0.57, 1.64 and 0.82, respec-
tively. Thus, it can be concluded that the accuracy of the developed ANN
model was good and that the selected input variables are important to
vancomycin concentration.

The CLcr value was negatively correlated with the vancomycin con-
centration of ARC patients in this study. Vancomycin is basically not
metabolized in the body and is mainly excreted by glomerular filtration,
which is linearly correlated with CLer.?®> Most ARC patients could not
reach the effective vancomycin concentration under the standard dosage
and exhibited subtherapeutic levels. In this study, the vancomycin con-
centration of 68.99% (178/258) of ARC patients was lower than 10
pg/mL, which might lead to treatment failure or vancomycin resistance.
Thus, CLer was demonstrated to be an important input variable for ANN
modelling. In the clinic, appropriately increasing the vancomycin dosage
of ARC patients is necessary to reach the effective therapeutic range.

Age was positively correlated with the vancomycin concentration of
ARC patients in this study. In this study, 57.98% (69/119) of old patients
(older than 50 years) did not reach the effective therapeutic concentra-
tion (<10 pg/mL), which was slightly different from the data from other
studies (<50%). This was because all patients involved were ARC pa-
tients, whose CLcr value was higher than or equal to 130 mL/min/1.73
m?. The effect of CLer was larger than that of age on vancomycin con-
centration in ARC patients.

In this study, the average body weight of patients was 74.5 kg, and
45% (115/258) of patients’ body weights were higher than the average
value. Among them, vancomycin concentrations of 77% (89/115) of
patients did not reach 10 pg/mL. The volume of distribution of vanco-
mycin was associated with total body weight due to its hydrophilicity. It
has been reported that the volume of distribution of vancomycin in obese
patients correlates best with total body weight rather than body mass
index.?” The amount of adipose tissue and muscle mass increased with
the total body weight, and the serum concentration of vancomycin
decreased.?’

Some studies have reported that ALB and TP concentration are related
to vancomycin concentration.?® It was proved that ALB concentration
was an important covariate showing a positive correlation with vanco-
mycin clearance after covariate testing by a population pharmacokinetics
study.?’ However, in this study, there was no correlation between ALB
and vancomycin concentration, and TP concentration was positively
correlated with vancomycin clearance. This was because all included
patients in this study were ARC patients, whose CLcr was high enough to
cancel the effect of ALB concentration. In this study, the TP concentration
of 90.31% (233/258) of patients was lower than the normal range, in
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which 92.27% (215/233) of patients showed lower ALB concentrations.

All ARC patients enrolled in this study had suspected or confirmed
infection caused by Gram-positive bacteria, which might show some in-
flammations, and received vancomycin treatment. However, the vanco-
mycin tough concentration of 68.99% (178/258) patients was lower than
10 pg/mL, which was not sufficient for therapy. In all included ARC
patients, 85.66% (221/258) of patients were categorized as anaemic
(HGB concentration was lower than 120 g/L in women and 130 g/L in
men), and 68.99% (178/258) of patients showed moderate or severe
cases of anemia (HGB concentration<109 g/L).30 This might be because
bacteria or inflammation was not effectively controlled, leading to ane-
mia of inflammation.>!

To date, no study has reported the direct correlation between TP/T-
Bil/HGB and vancomycin concentration in ARC patients. In this study,
the three factors were analyzed and added as input variables for ANN
modelling. TP/T-Bil/HGB was added individually or two by two to
investigate the importance of each factor to the accuracy of the ANN
model. However, the value changes of MAPE, MSE, RMSE, MAD and R?
were irregular, and the importance of each factor could not be obtained.
After all TP/T-Bil/HGB were added as variables (the total number of
variables was 9), the values of MAPE, MSE, RMSE, MAD and R? were
14.81%, 2.47%, 0.44%, 1.40% and 0.88%, respectively. The accuracy
was best compared with other models (Models 1-7).

The superiority of the ANN model was demonstrated by comparison
with the vancomycin calculator and multivariable linear regressions.>>
The MAPE of both vancomycin calculator and multivariable linear re-
gressions was <50%, and the method could be recognized as applicable
to predict serum vancomycin concentrations.'® Multivariable linear re-
gressions exhibited lower values of MAD, MAPE, MSE, and RMSE than
the vancomycin calculator and could be considered an optimal model.
However, the observed vancomycin concentrations for these ARC pa-
tients were not normally distributed, and some assumptions of traditional
multivariable linear regression modelling might be violated. The CLcr
value should be in the range of 10-200 mL/min according to the in-
troductions from the Vancomycin Calculator website. However, in this
study, the CLcr value of 28.29% (73/258) of ARC patients was higher
than 200 mL/min. Thus, it was concluded that the accuracy of the van-
comycin calculator was unsatisfactory and that the vancomycin calcu-
lator was not suitable for ARC patients. The ANN model could provide a
reference for the individualism dosing regimen of vancomycin in ARC
patients.

There are some limitations that should be addressed in this study.
First, a prospective and well-designed clinical trial is better for predicting
the serum concentration and optimizing the dosing regimen of vanco-
mycin. Second, inherent imperfections in data collection were obvious,
the modelling and validation datasets were from a single medical center,
and the sample size was small. Although it has been reported that the
small sample size is not a problem in ANN modelling,*® larger studies and
cross-validation studies in other medical centers are critical to confirm
the accuracy and good performance of the ANN model in the future.
Third, the established ANN structure might not be sufficiently robust due
to the limited sample size in the modelling dataset, which leads to
slightly low values of RCP, SE and SP (<90%). Fourth, the correlation of
TP/HGB/T-Bil and vancomycin serum concentration was analyzed only
according to the results of this study and has not been proven in other
studies. Further in-depth studies and detailed analysis are required to
elucidate the mechanism. The CLcr value was calculated by the Cock-
croft-Gault equation, which might result in an inaccurate correlation
coefficient between CLcr and vancomycin trough concentration. Finally,
57 of 254 observations were from patients admitted to intensive care,
and disease severity of patient must be of vital importance for vanco-
mycin serum concentration.
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5. Conclusion

This was the first study to apply an ANN model to predict vancomycin
trough concentration in ARC patients. Statistically significant correla-
tions between the observed vancomycin concentration and age, CLcr,
sex, weight, T-Bil, HGB and TP were proven by linear regression analyses.
In addition, dosage and dosage interval were used as input variables to
develop an ANN model for predicting the vancomycin concentration in
ARC patients. The performance and accuracy of the ANN model have
been shown as superior to the vancomycin calculator and multivariable
linear regressions in ARC patients. During the treatment of vancomycin,
it is necessary to closely monitor drug concentrations of ARC patients to
avoid insufficient therapy and drug resistance. On the other hand, renal
function must be evaluated in a timely manner to prevent the high
vancomycin exposure caused by the change in clearance rate. In the
future, a larger dataset and more patients with multiple doses should be
included to establish a sufficiently robust ANN model for both predicting
vancomycin concentration and modifying the dosing regimen accurately
and in a timely manner in ARC patients. Furthermore, it is expected that
the ANN model has the potential to predict drug concentrations and
modify dosing regimens for more types of therapeutic drugs and patients
with more complex diseases.
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