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Abstract: Cost-effectiveness analysis has been widely used to assess and compare the costs and
benefits of a clinical service. The cost-effectiveness of vancomycin therapeutic drug monitoring
(TDM) has not been studied in the elderly, who are susceptible to vancomycin-induced adverse
effects. This study was performed to evaluate if vancomycin TDM is cost-effective in elderly patients
in the Republic of Korea. Using the electronic medical records at a tertiary university hospital,
we performed a retrospective observational study to evaluate the cost-effectiveness of vancomycin
TDM in 850 elderly patients who underwent vancomycin TDM with an appropriate, recommended
dosing regimen and 1094 elderly patients who did not. Cost-effectiveness variables such as clinical
outcomes and medical expenses were evaluated using univariate and multivariate analyses. The
TDM group spent significantly less than the non-TDM group per patient for total medical expenses
(by USD 841.40) and medication expenses (by USD 16.70). However, no significant difference was
noted between the TDM and non-TDM groups in clinical outcomes such as microbiological cure,
prevention of nephrotoxicity, or reduced mortality, irrespective of admission to the intensive care
unit. Vancomycin TDM in elderly patients was associated with economic benefits, but not with better
clinical outcomes.
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1. Introduction

Therapeutic drug monitoring (TDM) has played a significant role in individualized
pharmacotherapy as TDM services have become readily available in many hospitals [1,2].
Patients may benefit from TDM because it helps attain therapeutic concentrations or pre-
vents concentrations falling into the toxic range, particularly for drugs that have a narrow
therapeutic window such as aminoglycosides, vancomycin, digoxin, and immunosup-
pressants [2]. However, as concerns about rising health care expenses have increased, the
cost-effectiveness of TDM has been also questioned [3].

Cost-effectiveness analysis (CEA) is a tool to analyze and compare the costs and out-
comes or effects of a treatment or an intervention in monetary units. CEA has been widely
used in health care services to aid decision making in the clinical setting [4]. For CEA
to be clinically meaningful, it is important to decide which costs and benefits are to be
assessed [5,6]. For example, TDM for aminoglycosides has proven to be cost-effective by
decreasing nephrotoxicity and mortality [1,7,8]. Likewise, TDM for conventional antiepilep-
tic drugs including phenobarbital, phenytoin, carbamazepine, primidone, and valproic
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acid was found to be cost-effective or potentially cost-effective by increasing quality of
life [5,6]. However, the cost-effectiveness of TDM for other drugs has not been thoroughly
investigated [5,6].

Although vancomycin is one of the most frequently monitored drugs, like amino-
glycosides, the cost-effectiveness of vancomycin TDM has only been studied in selected
populations such as patients with cancer, those admitted to the intensive care unit or co-
medicated with other nephrotoxic drugs including aminoglycosides, amphotericin, and
acyclovir [9,10]. In those studies, TDM for vancomycin was cost-effective, i.e., it lowered
the incidence of nephrotoxicity and shortened the days of hospitalization [9,10].

However, the cost-effectiveness of vancomycin TDM has not been studied in other
patient populations, particularly the elderly, who are susceptible to vancomycin-induced
adverse effects, e.g., infusion-related toxicities, nephrotoxicity, and possibly ototoxicity.
Older age, higher trough plasma vancomycin concentrations, and longer treatment courses
in the elderly can put them at an increased risk for vancomycin toxicities [11–14]. Because
the glomerular filtration rate (GFR) is progressively reduced as a person gets older and
vancomycin is primarily excreted through the kidney, the clearance of vancomycin is
diminished in elderly patients, leading to higher concentrations [15]. Furthermore, the
elderly are more likely to suffer from comorbidities. Therefore, elderly patients tend to take
more concomitant medications, which can potentially increase the drug–drug interaction
and/or lengthen the treatment duration due to adverse events, thereby they are more
vulnerable to vancomycin toxicity.

The objective of this study was to evaluate if vancomycin TDM is cost-effective in elderly
patients. To this end, we retrospectively compared the clinical outcomes and medical expenses
of elderly patients who underwent vancomycin TDM and those who did not.

2. Materials and Methods
2.1. Performance of Vancomycin TDM with Pharmacokinetic Consultation

Based on the vancomycin TDM guidelines issued in 2009 [14], an appropriate dosing
regimen for vancomycin was recommended by monitoring trough serum vancomycin
concentrations. Trough serum vancomycin concentrations were recommended to be at least
10 mg/L to avoid the development of resistant strains or 15–20 mg/L for complicated infec-
tions including meningitis, endocarditis, hospital-acquired pneumonia, and osteomyelitis,
and improved penetration. A group of clinical pharmacologists, who are medical doctors,
clinical pharmacists, or clinical pharmacokineticists performed vancomycin TDM under the
supervision of professors at the Department of Clinical Pharmacology and Therapeutics,
Seoul National University Hospital by thoroughly reviewing the patients’ medical records
such as clinical history, microbial information, dosing regimen with actual history and the
results of laboratory tests. In this study, the term TDM was used as the measurement of
vancomycin serum concentration along with pharmacokinetic consultation for individual
elderly patients. Pharmacokinetic calculations were performed with the ABBOTTBASE®

Pharmacokinetic Systems software (version 1.10, Abbott Laboratories, Abbott Park, IL,
USA). Using the results from the software, the clinical pharmacologists performed van-
comycin TDM and provided the most appropriate dosing and monitoring regimen for the
clinical settings.

2.2. Study Design and Patients

The clinical data and medical expense information were retrospectively obtained from
the electronic medical records in Seoul National University Hospital, Seoul, Republic of
Korea, which also contained health insurance reimbursement data. Patients ≥ 65 years of
age who received vancomycin for at least for 72 h any time during their hospitalization
from January 2009 to December 2013 were eligible for inclusion [16]. Depending on the
TDM status and its temporal relationship with vancomycin treatment (VT), patients were
divided into two groups: TDM and non-TDM groups. Patients who underwent the initial
TDM with the appropriate, recommended dosing regimen within three days of starting
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VT were classified as the TDM group. In contrast, patients who did not receive TDM at
all while they were admitted or those who underwent TDM after three days of VT were
assigned to the non-TDM group. If a patient received vancomycin more than one time,
only the first treatment was included. However, if the second treatment was not >2 months
after the first one, the patient was excluded. Likewise, patients were excluded when the
difference in the duration between VT and hospitalization exceeded 30 days. Additionally,
patients who had extreme or biologically implausible clinical or laboratory test results were
considered as outliers and excluded.

This study was approved by the Institutional Review Board (IRB) of Seoul National
University Hospital (IRB No. 1410-042-616), Jongno-gu, Seoul, Republic of Korea. Because
this study was based on a retrospective analysis of anonymized electronic medical records,
obtaining informed consent was not required by the Institutional Review Board at the
Seoul National University Hospital. All procedures were performed in accordance with the
recommendations of the Declaration of Helsinki.

2.3. Identificaition of Microorganisms and Quantification of Vancomycin Concentration

Blood culture and identification of microorganisms were performed by using BacT/ALERT
FA/FN (BioMérieux Inc., Durham, NC, USA). All blood bottles were cultured at 37 ◦C
for 7 days, and identification was performed using an automated system (Microscan
WalkAway-96, Siemens Healthcare diagnostics, Deerfield, IL, USA).

Vancomycin serum concentration was measured at the Department of Laboratory
Medicine in Seoul National University Hospital as part of the TDM currently being imple-
mented, and was measured by fluorescence polarization immunoassay using TDx assay
system (Abbott Laboratories, Chicago, IL, USA). The lowest limit of quantitation in this
assay was 0.6 mg/L.

2.4. Cost-Effectiveness Variables

We extracted the following information from each patient’s record: sex, age, body
weight, height, serum creatinine (Scr), GFR, white blood cell (WBC) count, high sensi-
tivity C-reactive protein (hs-CRP), body temperature, dates and dosing regimens of VT,
concomitant antibiotics and antiviral/antifungal agents (whether they are nephrotoxic or
not), cultured infectious microorganisms, dates of hospitalization and discharge, dates of
admission to and discharge from the intensive care unit (ICU) if applicable, and death
or survival during hospitalization. Patients were assigned to the ICU group if they were
admitted to the ICU at least once or the non-ICU group.

Using the extracted information, we derived the following continuous clinical cost-
effectiveness variables: duration of VT, daily vancomycin dose, length of hospital stay, and
duration of fever (up until 5 days after VT). Furthermore, the following binary clinical cost-
effectiveness variables were derived: microbiological cure, nephrotoxicity, and mortality.
We judged that microbiological cure was achieved if any of the following conditions were
met: (1) the patient did not die within 14 days after the end of VT, (2) fever did not continue
for more than 5 days after the end of VT, or (3) the microorganism culture was negative for
7 days after the end of VT. Likewise, nephrotoxicity was defined as any of the following
conditions: (1) increase in Scr by >0.5 mg/dL from baseline, (2) >50% increase in Scr from
baseline, or (3) >50% decrease in the estimated creatinine clearance using the Cockcroft–
Gault equation [14,17–20]. Finally, mortality was documented if it occurred within 14 days
after the end of VT.

Additionally, using the health insurance reimbursement data in the electronic medical
records, costs for the following medical expenses were calculated: hospitalization, med-
ications, laboratory tests, TDM services, and the total, which might have included other
expenses incurred over the period of VT. The medical expenses were converted to US
dollars (USD) at the exchange rate of 2017.
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2.5. Statistical Analysis

CEA was performed separately for the ICU group and non-ICU group. Univariate or
unadjusted analyses were conducted first to compare the TDM and non-TDM groups using
the two-sample t-test or Mann–Whitney U test for continuous variables and the chi-square
test for binary variables. Then, multivariate or adjusted analyses, i.e., the analysis of covari-
ance (ANCOVA) and multiple logistic regression analysis were performed for continuous
and binary variables, respectively. The covariates for the multivariate analyses included sex,
age, body weight, height, baseline values of Scr, GFR, hs-CRP, and WBC, ICU admission
(yes or no) or the duration of ICU admission, use of nephrotoxic comedications (yes or no),
and the number of nephrotoxic comedications. Nephrotoxic comedications included antimi-
crobials (aminoglycosides (amikacin, gentamicin, tobramycin, streptomycin), sulfonamides
(sulfamethoxazole/trimethoprim), fluroquinolone (ciprofloxacin), polymyxins (colistin,
polymycin B)), antiviral agents (acyclovir, foscarnet, antiretroviral drugs), and antifungal
agents (amphotericin B) [21,22]. Using the final multiple logistic regression model, the
probabilities for developing binary clinical outcomes were predicted. SAS (version 9.4, SAS
Institute Inc., Cary, NC, USA) was used for statistical analyses, and a p-value of ≤0.05 was
considered statistically significant.

3. Results
3.1. Patients

We initially identified 2303 patients who received vancomycin for at least for 72 h. Of
these, 63 patients who received oral vancomycin were excluded. Additionally, 277 patients
were excluded because the duration between VT and hospitalization was >30 days. Fur-
thermore, 19 patients were removed because they had one or more extreme or biologically
implausible clinical or laboratory test results, and were considered outliers. As a result, a
total of 1944 patients were finally included for CEA.

3.2. Baseline Demographic and Clinical Characteristics

Eight-hundred-fifty (43.7%) and 1094 patients (56.3%) were classified into the TDM
and the non-TDM groups, respectively. At baseline, the TDM group (mean: 73.7 years and
57.3 kg) was significantly older by 1.1 years and weighed less by 1.6 kg compared to the non-
TDM group (mean: 72.6 years and 58.9 kg), whereas the sex distribution (%females) was
similar in the TDM (35.5%) and non-TDM (37.8%) groups. In general, the TDM group had
significantly worse clinical conditions than the non-TDM group, i.e., lower renal function
(mean GFR: 81.3 vs. 83.9 mL/min/1.73 m2), higher levels of inflammation (mean hs-CRP:
11.9 vs. 8.9 mg/dL), and more frequent and higher use of nephrotoxic comedications
(frequency/no. of use: 23.1%/1.3 vs. 19.3%/1.2). Therefore, all the baseline characteristics
that were significantly different between the TDM and non-TDM groups were incorporated
as covariates in the multivariate analyses (Table 1).

3.3. Univariate Cost-Effectiveness Analysis

The TDM group had significantly worse clinical outcomes than the non-TDM group,
i.e., longer duration of VT (mean: 10.8 vs. 9.5 days), longer stay in hospital (mean:
17.4 vs. 16.3 days), more days with fever (mean: 1.7 vs. 1.4 days), lower rate of mi-
crobiological cure (61.2% vs. 71.7%), and higher mortality (27.5% vs. 18.2%) (Table 2). In
addition, nephrotoxicity was more frequently developed in the TDM group (31.8%) than
in the non-TDM group (28.1%) although it was not statistically significant. However, the
daily dose of vancomycin (mg/day/kg) was significantly lower in the TDM group (29.8)
than in the non-TDM group (31.0). The differences in the clinical outcomes between the
TDM and non-TDM groups were generally similar regardless of ICU admission.
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Table 1. Baseline demographic and clinical characteristics by ICU admission and TDM group.

Characteristic

Non-ICU
(n = 1258)

ICU
(n = 686)

Total
(n = 1944) p-Value 1

Non-TDM n TDM n Non-TDM n TDM n Non-TDM n TDM n Non-
ICU ICU Total

Males/Females/
%Females 441/265/37.5 706 338/214/38.8 552 240/148/38.1 388 210/88/29.5 298 681/413/37.8 1094 548/302/35.5 850 0.655 0.0186 0.3136

Age, years 72.3 ± 5.6 706 73.6 ± 6.4 552 73.1 ± 5.9 388 73.8 ± 6.0 298 72.6 ± 5.7 1094 73.7 ± 6.2 850 0.0006 0.0978 0.0002
Body weight, kg 58.1 ± 10.9 704 57.3 ± 11.2 552 60.3 ± 11.2 388 57.5 ± 10.5 298 58.9 ± 11.1 1092 57.3 ± 11.0 850 0.2961 0.001 0.006
Serum creatinine,

mg/dL 1.0 ± 0.7 652 1.1 ± 0.9 530 1.2 ± 0.8 370 1.3 ± 0.9 298 1.0 ± 0.7 1022 1.2 ± 0.9 828 0.0063 0.1199 0.0037

Glomerular filtration
rate, mL/min/

1.73 m2
88.6 ± 39.3 652 83.7 ± 45.4 530 75.5 ± 40.4 370 77.1 ± 51.8 298 83.9 ± 40.2 1022 81.3 ± 47.9 828 0.0036 0.2523 0.0058

White blood cell
count,

103 cells/µL
9.7 ± 6.1 674 10.7 ± 8.7 537 10.7 ± 7.0 368 13.6 ± 8.4 297 10.0 ± 6.4 1042 11.8 ± 8.7 834 0.05 <0.0001 <0.0001

High sensitivity
C-reactive protein,

mg/dL
8.0 ± 8.1 620 10.1 ± 7.6 507 10.6 ± 10.0 335 14.9 ± 9.0 294 8.9 ± 8.9 955 11.9 ± 8.4 801 <0.0001 <0.0001 <0.0001

Use of nephrotoxic
comedications, % 19.8 706 18.7 552 18.3 388 31.2 298 19.3 1094 23.1 850 0.6017 <0.0001 0.0426

No. of nephrotoxic
comedications 1.1 ± 0.4 140 1.3 ± 0.5 103 1.3 ± 0.7 71 1.4 ± 0.7 93 1.2 ± 0.5 211 1.3 ± 0.6 196 0.0053 0.6241 0.00083

Site of infection (%)
Blood stream 8.6 706 13.6 552 8.2 388 13.1 298 8.5 1094 13.4 850 0.005 0.0391 0.0005

Bone and joint 13.0 706 8.3 552 0.3 388 2.0 298 8.5 1094 6.1 850 0.0081 0.0233 0.0473
Central nervous

system 5.9 706 2.4 552 5.2 388 5.0 298 5.7 1094 3.3 850 0.002 0.943 0.0135

Ear, nose and throat 2.0 706 3.8 552 0.8 388 1.7 298 1.6 1094 3.1 850 0.0513 0.274 0.0252
Intra-abdominal 19.8 706 25.9 552 8.2 388 13.8 298 15.7 1094 21.6 850 0.0104 0.0203 0.0008

Reproductive organ 0.8 706 0.9 552 0.3 388 0.7 298 0.6 1094 0.8 850 0.9158 0.416 0.6347
Respiratory 21.5 706 27.0 552 57.2 388 53.7 298 34.2 1094 36.4 850 0.0242 0.3569 0.3209

Skin and soft tissue 9.5 706 4.3 552 1.0 388 0.0 298 6.5 1094 2.8 850 0.0005 0.0788 0.0002
Surgical prophylaxis 15.9 706 9.6 552 17.8 388 9.1 298 16.5 1094 9.4 850 0.0011 0.0011 <0.0001

Urinary tract 2.8 706 4.2 552 1.0 388 1.0 298 2.2 1094 3.1 850 0.1963 0.975 0.232

Abbreviations: TDM (therapeutic drug monitoring); ICU (intensive care unit); n (number of patients). Data are
shown as mean ± standard deviation. 1 The TDM group vs. the non-TDM group. The two-sample t-test for
continuous variables and the chi-square test for proportions, except for the number of nephrotoxic comedications,
for which the Mann–Whitney U test was used.

Table 2. Clinical outcomes by ICU admission and TDM group: univariate analysis.

Clinical
Outcome

Non-ICU
(n = 1258)

ICU
(n = 686)

Total
(n = 1944) p-Value 1

Non-TDM
(n = 706)

TDM
(n = 552)

Non-TDM
(n = 388)

TDM
(n = 298)

Non-TDM
(n = 1094)

TDM
(n = 850) Non-ICU ICU Total

Duration of
vancomycin

treatment, days
10.0 ± 9.7 10.4 ± 7.7 8.5 ± 7.8 11.4 ± 8.2 9.5 ± 9.1 10.8 ± 7.9 <0.0001 <0.0001 <0.0001

Vancomycin
dosage,

mg/day/kg
33.3 ± 23.1 2 30.5 ± 19.0 26.8 ± 14.1 28.6 ± 29.7 31.0 ± 20.6 3 29.8 ± 23.3 0.0003 0.6104 0.0029

Length of stay
in hospital,

days
16.3 ± 11.6 17.2 ± 10.2 16.5 ± 10.4 17.9 ± 11.4 16.3 ± 11.2 17.4 ± 10.6 0.0038 0.1804 0.0019

Duration of
fever, days 1.9 ± 3.2 2.2 ± 3.4 0.5 ± 1.7 0.7 ± 2.0 1.4 ± 2.9 1.7 ± 3.1 0.0613 0.0087 0.0054

Microbiological
cure, n (%) 544 (77.1) 399 (72.3) 240 (61.9) 121 (40.6) 784 (71.7) 520 (61.2) 0.0526 <0.0001 <0.0001

Nephrotoxicity,
n (%) 143 (20.3) 136 (24.6) 164 (42.3) 134 (45.0) 307 (28.1) 270 (31.8) 0.0633 0.4797 0.0763

Mortality, n (%) 75 (10.6) 81 (14.7) 124 (32.0) 153 (51.3) 199 (18.2) 234 (27.5) 0.0305 <0.0001 <0.0001

Abbreviations: TDM (therapeutic drug monitoring); ICU (intensive care unit); n (number of patients). Data are
shown as mean ± standard deviation. 1 The TDM group vs. the non-TDM group. The two-sample t-test was used
for continuous variables, and the chi-square test for proportions. 2 n = 705; 3 n = 1093.

The TDM group paid significantly more on average for hospitalization (USD 1234.6
vs. USD 967.8 and laboratory tests (USD 1251.20 vs. USD 1092.80) than the non-TDM
group (Table 3). However, the medication expenses and the total medical expenses were
significantly lower in the TDM group than in the non-TDM group (USD 62.80 vs. USD 87.10
in medication expenses, p = 0.0278; USD 6623.60 vs. USD 8388.10 in total expenses, p = 0.007,
Table 3). As seen in the clinical outcomes, the differences in the medical expenses between
the TDM and non-TDM groups were generally similar irrespective of ICU admission.
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Table 3. Medical expenses by ICU admission and TDM group: univariate analysis.

Medical
Expenses, USD

Non-ICU
(n = 1258)

ICU
(n = 686)

Total
(n = 1944) p-Value 1

Non-TDM
(n = 706)

TDM
(n = 552)

Non-TDM
(n = 388)

TDM
(n = 298)

Non-TDM
(n = 1094)

TDM
(n = 850)

Non-
ICU ICU Total

Hospitalization 911.2 ± 1027.1 1143.2 ± 1370.8 1070.8 ± 959.8 1403.8 ± 948.0 967.8 ± 1006.2 1234.6 ± 1244.8 <0.0001 <0.0001 <0.0001
Medications 84.3 ± 156.0 60.0 ± 85.4 92.1 ± 113.8 68.0 ± 94.2 87.1 ± 145.3 62.8 ± 88.6 0.7014 0.0024 0.0278

Laboratory tests 690.4 ± 752.0 748.3 ± 643.5 1825.1 ± 1538.1 2182.8 ± 1461.0 1092.8 ± 1223.6 1251.2 ± 1218.4 0.0005 <0.0001 0.0003
TDM Service - 89.1 ± 68.1 - 102.0 ± 75.3 - 93.6 ± 71.0 - - -

Total 2 5048.6 ± 5944.1 4121.7 ± 3933.9 14,464 ± 10,608 11,258 ± 10,015 8388.1 ± 9107.2 6623.6 ± 7532.4 0.5394 <0.0001 0.0070

Abbreviations: TDM (therapeutic drug monitoring); ICU (intensive care unit); n (number of patients). Data are
shown as mean ± standard deviation. 1 The TDM group vs. the non-TDM group. The two-sample t-test was used.
2 The total could include other expenses incurred during hospitalization than those listed.

3.4. Multivariate Cost-Effectiveness Analysis

Unlike the results from the univariate analysis, only the duration of VT was statisti-
cally longer by 0.9 of a day in the TDM group compared to the non-TDM group, for the
total population (11.7 vs. 10.8 days, p = 0.0439, Table 4). The other continuous clinical
outcomes, i.e., daily vancomycin dose (29.2 vs. 29.8 mg/day/kg), length of hospital stay
(18.5 vs. 17.5 days), and duration of fever (1.7 vs. 1.5 days), were comparable between the
TDM and non-TDM groups in total or irrespective of ICU admission.

Table 4. Continuous clinical outcomes and medical expenses by ICU admission and TDM group:
multivariate analysis.

Variable
Non-ICU
(n = 1101)

ICU
(n = 628)

Total
(n = 1729)

ANCOVA
p-Value 1

Non-TDM
(n = 602)

TDM
(n = 499)

Non-TDM
(n = 334)

TDM
(n = 294)

Non-TDM
(n = 936)

TDM
(n = 793)

Non-
ICU ICU Total

Duration of
vancomycin

treatment, days

11.0
(10.2–11.8)

11.4
(10.5–12.3)

10.5
(9.5–11.5)

11.8
(10.8–12.8)

10.8
(10.2–11.4)

11.7
(11.0–12.3) 0.4928 0.0522 0.0439

Vancomycin
dosage,

mg/day/kg

31.5
(29.6–33.4)

29.8
(27.7–31.8)

27.5
(24.9–30.1)

28.7
(26.0–31.5)

29.8
(28.3–31.4)

29.2
(27.5–30.8) 0.1650 0.4846 0.5169

Length of stay in
hospital, days

17.6
(16.6–18.6)

18.6
(17.5–19.8)

17.1
(15.8–18.5)

18.3
(16.9–19.7)

17.5
(16.7–18.3)

18.5
(17.7–19.4) 0.1243 0.2097 0.0531

Duration of fever,
days

2.4
(2.1–2.7)

2.6
(2.2–2.9)

0.7
(0.4–0.9)

0.8
(0.6–1.1)

1.5
(1.3–1.8)

1.7
(1.4–1.9) 0.3832 0.3760 0.3897

Medical
expenses, USD

Hospitalization 1026.3
(914.4–1138.3)

1214.0
(1092.5–1335.4)

1320.0
(1204.5–1435.5)

1456.4
(1336.6–1576.2)

1155.5
(1072.2–1238.8)

1342.7
(1254.1–1431.3) 0.0109 0.0832 0.0006

Medications 84.8
(72.4–97.2)

70.0
(56.6–83.5)

97.4
(84.3–110.4)

78.9
(65.4–92.4)

91.4
(82.1–100.6)

74.7
(64.8–84.5) 0.0697 0.0383 0.0062

Laboratory tests 803.1
(740.3–865.8)

862.6
(794.5–930.7)

2240.2
(2059.2–2421.2)

2381.8
(2194.1–2569.6)

1505.3
(1426.8–1583.8)

1611.5
(1527.9–1695.0) 0.1493 0.2509 0.0399

Total 2 5583.5
(4649.8–5517.3)

4623.2
(4152.4–5093.9)

14,112
(12,865–15,359)

12,716
(11,422–14,010)

9502.8
(8963.1–10,043)

8661.4
(8087.2–9235.6) 0.1068 0.1007 0.0178

Abbreviations: TDM (therapeutic drug monitoring); ICU (intensive care unit); n (number of patients); ANCOVA
(analysis of covariance). The covariates included sex, age, body weight, the baseline values of GFR, hs-CRP, and
WBC count, ICU admission a week before vancomycin treatment until a week after vancomycin treatment, and
use of nephrotoxic comedications. Data are shown as least squares means (95% confidence limits) derived by
an analysis of the covariance model. 1 The TDM group vs. the non-TDM group; 2 The total could include other
expenses incurred during hospitalization than those listed.

Furthermore, none of the binary clinical outcomes were significantly different between
the TDM and non-TDM groups. For example, all the odds ratios of undergoing vancomycin
TDM for microbiological cure, nephrotoxicity, and mortality in the total population were
close to 1 and their 95% confidence limits included 1, i.e., 0.824 (95% confidence limits:
0.664–1.022), 1.011 (0.813–1.256), and 1.255 (0.976–1.615), respectively (Figure 1, Table S1).
Although the TDM group paid significantly more for hospitalization (USD 1342.70 vs.
USD 1155.50) and laboratory tests (USD 1611.50 vs. USD 1505.30) than the non-TDM group,
medication (USD 74.70 vs. USD 91.40) and total expenses (USD 8661.40 vs. USD 9502.80)
were significantly lower in the TDM group than in the non-TDM group (Table 4).
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Figure 1. Odds ratios and their 95% confidence limits by TDM and other covariates for (a) microbio-
logical cure, (b) nephrotoxicity, and (c) mortality: multiple logistic regression analysis. Abbreviations:
TDM (therapeutic drug monitoring); ICU (intensive care unit); GFR (glomerular filtration rate);
hs-CRP (high sensitivity C-reactive protein); WBC (white blood cell).
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In both the TDM and non-TDM group, patients with ICU admission, use of nephro-
toxic comedications, higher baseline values of hs-CRP and WBC were less likely to expe-
rience microbiological cure while they were more likely to die (Figure 2). Patients who
used nephrotoxic medications were also predicted to develop nephrotoxicity more fre-
quently, whereas, surprisingly, elderly patients with a higher baseline of GFR had a higher
probability of nephrotoxicity (Figure 2).
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(a) microbiological cure, (b) nephrotoxicity, and (c) mortality: multiple logistic regression analysis.
Abbreviations: TDM (therapeutic drug monitoring); ICU (intensive care unit); GFR (glomerular
filtration rate); hs-CRP (high sensitivity C-reactive protein); WBC (white blood cell).

4. Discussion

We showed that vancomycin TDM could be cost-effective in elderly patients in that
the total medical expenses and medication expenses were significantly lower in the TDM
group than in the non-TDM group. The evidence is that the TDM group spent USD 841.40
(p = 0.0062) and USD 16.70 (p = 0.0178) less for the total medical and medication expenses,
respectively, than the non-TDM group (Table 4). However, the difference in total medical
expenses between the two groups became statistically non-significant when analyzed
separately for ICU admission (non-ICU, p = 0.1068; ICU, p = 0.1007, Table 4). Moreover,
for other cost-effectiveness variables such as clinical benefits, our data did not support the
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notion that vancomycin TDM in elderly patients is cost-effective. No significant difference
was seen between the TDM and non-TDM groups in the duration of VT, vancomycin
dosage, length of hospital stay, or duration of fever regardless of ICU admission (Table 4).
Furthermore, mortality and nephrotoxicity were not significantly reduced and the chance of
microbiological cure was not significantly increased in the TDM group (Figure 1). What is
more, the TDM group spent significantly more on hospitalization and laboratory tests than
the non-TDM group (Table 4). These findings were obtained after each cost-effectiveness-
related outcome was adjusted by significant patient characteristics. In contrast to the results
of univariate analysis, which varied depending on the occurrence of ICU admission across
cost-effective variables, multivariate or adjusted analyses generally confirmed that there
was no evidence of cost-effectiveness.

Our results were different from those of some previous reports that showed van-
comycin TDM was cost-effective by preventing nephrotoxicity in patients with hematologic
malignancies, intensive care, and nephrotoxic comedication [9,10]. Another previous study
reported that vancomycin TDM was associated with clinical benefits such as decreased
vancomycin dosage, shortened duration of VT, and decreased length of hospitalization,
although they were not statistically significant [23]. One possible explanation for the dis-
crepancies is that elderly patients with clinically worse conditions underwent more frequent
vancomycin TDM services. In our study, elderly patients in the TDM group were clinically
worse in general than those in the non-TDM group; they were significantly older and had
a higher Scr, lower GFR, higher WBC, and higher CRP at baseline (Table 1). Therefore,
we adjusted for the differences in those covariates in our multivariate analyses, but we
could still not demonstrate that vancomycin TDM was cost-effective in terms of several
clinical outcomes and medical expenses. The other possible explanation is that the elderly
patients in our population have received vancomycin TDM services without appropriate
interpretation and recommendations [24]. Therefore, vancomycin TDM was not effective
enough to reverse the clinical conditions in the elderly in this study. Our findings suggest
that the benefit in the TDM group, i.e., lower medication and total medical expenses, may
be eradicated by the high expenses in other areas such as hospitalization and laboratory
tests and no significant difference in clinical outcomes.

Several covariates were significantly associated with the binary cost-effectiveness
variable of vancomycin TDM. First, the use of nephrotoxic comedications significantly
increased nephrotoxicity and mortality while it significantly decreased the chance of micro-
biological cure, regardless of ICU admission (Table S1). Therefore, it is recommended to
avoid other nephrotoxic medications as much as possible in elderly patients, particularly
those receiving VT [21]. Second, worse clinical outcomes were associated with elderly
patients with an increased baseline of hs-CRP, WBC, and GFR (Figure 2 and Table S1). It
is rather counterintuitive that the higher the baseline of GFR in elderly patients was, the
greater the risk of nephrotoxicity (Figure 2 and Table S1). This unexpected finding suggests
that elderly patients with a higher baseline of GFR are more likely to experience a greater
decline in renal function [25].

TDM for vancomycin in this study was performed to maintain minimum serum trough
concentrations >10 mg/L to avoid the development of resistance according to the previous
guidelines [14]. As a recent update, a ratio of the area under the concentration curve to
minimum inhibitory concentration (AUC/MIC) of ≥400 (with the MIC driven by broth mi-
crodilution (BMD)) is the current recommended target for vancomycin [26]. The minimum
trough concentration has been required to be 15 mg/L to achieve a target AUC/MIC of 400
for a pathogen with an MIC of 1 mg/L. Meanwhile, previous studies showed that bacterial
susceptibility to vancomycin was significantly shifted over a five-year surveillance period,
leading to the question of whether the cut-off point for vancomycin resistance should
be lowered [27–29]. However, recent international studies indicated that vancomycin
MICs have remained unchanged over time, i.e., methicillin-resistant Staphylococcus aureus
(MRSA) susceptibility: MIC of ≤1 mg/L for more than 90% of isolates [30,31]. In addition,
a global surveillance research showed that no signs of MIC creep over 20 years appeared in
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95% of 57,319 isolates [32]. From susceptibility data in South Korea, the oxacillin resistance,
which is the standard for the MRSA rate, decreased significantly from 62.2% in 2010 to 46.8%
in 2017 [33]. A decrease in resistance to most antibacterial agents was observed, and no
S. aureus resistant to vancomycin was found during the investigation period. Vancomycin
Resistance Enterococcus showed a resistance rate of 35.0% (48/137) during the period from
28.6% in 2010 to 42.1% in 2017. No antimicrobial resistance of Streptococcus pneumoniae
to vancomycin was observed over the recent 10-year period from 2009 to 2018 [34].

Furthermore, various vancomycin susceptibility testing methods may have produced
considerable variability in MIC results [26]. The ETEST methodology (bioMérieux) used in
this study for the vancomycin susceptibility test, had the lowest agreement with BMD, which
could have produced a higher MIC (0.5 to 2 dilutions higher) than BMD [35]. However, the
variability in MIC results could have similarly affected both TDM and non-TDM groups.
Therefore, we strongly believe that the difference in the cut-offs of bacterial susceptibility by
different methods over time could not invalidate the overall conclusion of this study.

According to the performance of vancomycin TDM, it is also important to know
whether vancomycin resistance occurs in treated patients. To the best of our knowledge,
there was no available clinical research that investigated the association between the per-
formance of TDM and the emergence of vancomycin resistance. Meanwhile, there has
been controversy as to whether vancomycin MIC has an impact on the clinical and micro-
biological outcomes; some reported that a higher vancomycin MIC resulted in a higher
probability of treatment failure, but others did not [36–38]. A recent retrospective obser-
vational study investigating the clinical outcomes of vancomycin TDM in adults reported
that the proportion of patients with MIC = 1 mg/L in MRSA infection was significantly
higher in the TDM group than in the non-TDM group (57% vs. 24%, p = 0.015), while
that with MIC ≤ 0.5 mg/L was lower in the TDM group (68% vs. 43%, p = 0.114) [39].
As we have shown in this study, this research reported that vancomycin TDM did not
result in better microbiological cure, shorter duration of vancomycin treatment, or re-
duced nephrotoxicity [39]. This study suggests that optimizing vancomycin therapy with
appropriate TDM and pharmacokinetic consultation can avoid under-dosing, which con-
tributes to the emergence of vancomycin resistance; however, it does not always lead to
clinical effectiveness.

In addition to vancomycin, there are various drug classes that can be used for the
treatment of MRSA infections such as lipopeptides (daptomycin), oxazolidinones (linezolid,
tedizolid), and fifth-generation cephalosporins (ceftaroline, ceftobiprole) [40]. Clinical
use of daptomycin, due to its variability in the pharmacokinetics/pharmacodynamics in
populations with special conditions despite receiving standard dose, needs to be supported
by the performance of TDM to optimize the dosage and to guarantee therapeutic success,
based on the reduced risks of side effects and bacterial resistance [41–43]. On the other hand,
the current dosing guidelines for linezolid do not include TDM despite its large variability
in exposure, and the standard doses may result in inadequate exposure in a significant
proportion of patients [44]. Certain populations, such as elderly patients and patients with
renal impairment, are more susceptible to the risk of incorrect dosing for linezolid, thereby
exposing them to the increased risk of adverse effects including thrombocytopenia and
neuropathy. As part of clinical settings, TDM of linezolid with evidence-based thresh-
olds can be a useful tool to maximize therapeutic success and minimize toxicity in most
patients [44–46]. Ceftaroline and ceftobiprole are fifth-generation cephalosporins with a
broad antibacterial spectrum, including potent activity against MRSA [47–49]. As for the
other cephalosporins, they exhibit high pharmacokinetic variability and concentration-
dependent neurotoxicity [50–52]. To apply TDM to those drugs in routine practice, methods
of quantitative analysis for drugs are being developed [53,54]. However, there is still no
research on the cost-effectiveness of TDM for the aforementioned drugs. Although van-
comycin TDM was not cost-effective in the elderly in our study, it is necessary to evaluate
the cost-effectiveness of other current treatments through additional studies.
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This study had several limitations. First, we did not exclude elderly patients with renal
impairment at baseline. The inclusion of these patients could have resulted in worse clinical
outcomes and an increase in medical expenses. Therefore, vancomycin TDM could appear
to be not cost-effective in elderly patients with renal impairment at baseline no matter how
effective it was. However, we adjusted for renal function at baseline, such as for GFR and Scr,
in the multivariate analyses. Furthermore, it is more important to evaluate the overall cost-
effectiveness of vancomycin TDM in elderly patients including those with renal function
impairment. Second, misclassification could have happened in this study. For example, we
assigned patients to the TDM group only when they underwent the initial TDM within
three days of starting VT. Because patients with reduced renal function could have received
VT at a dosing interval >24 h, they may have undergone the initial TDM >3 days after the
initial VT. Therefore, patients with reduced renal function could have been assigned to the
non-TDM group. Nevertheless, our definition of vancomycin TDM was consistent with
most vancomycin TDM guidelines that recommend TDM be performed within three days
of VT (before the fourth or fifth dose in patients with normal renal function) [16,55,56].
Furthermore, the potential misclassification was weakened in our study by performing
multivariate analyses that adjusted for baseline renal functions. Lastly, we did not adjust
for the “type of the infection” or “clinical department that prescribed vancomycin” in
multivariate analyses. Considering that TDM implementation is commonly affected by the
overall policy of a clinical department and by individual clinicians, TDM implementation
could have been unevenly distributed among different types of infections and clinical
departments. However, interpretation of vancomycin TDM and the recommendation of
an appropriate dosing regimen for vancomycin was solely performed by professionally
trained practitioners in the Department of Clinical Pharmacology and Therapeutics at a
university-affiliated tertiary training hospital, which might minimize the potential bias.

5. Conclusions

Vancomycin TDM was associated with economic benefits in elderly patients. How-
ever, there was no indication that vancomycin TDM in this population resulted in better
clinical outcomes such as microbiological cure, prevention of nephrotoxicity, or reduced
mortality. The mere determination of a drug concentration does not ensure the usefulness,
effectiveness, or benefit of TDM. Based on the determined drug concentration, TDM must
be more adapted to the individual needs (i.e., comedication and baseline characteristics) of
the patient to have a chance of improving the therapeutic outcome.
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