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Abstract

Aims: Therapeutic drug monitoring (TDM) aims to optimize drug therapy. As demand
on health resources increases, and the technology underpinning TDM becomes more
sophisticated, the economic benefits of TDM in hospitals is unclear. The aim of this
systematic review was to summarize the economic evidence that could be used to
support investment in TDM in hospital settings. In so doing, we sought to provide
guidance for future economic evaluations.

Methods: Medline, Embase, CENTRAL, Econlit and NHS Economic Evaluation data-
bases were searched (inception to December 2022) for economic evaluations of
hospital-based TDM. Two authors reviewed the studies and extracted data. Overall
quality of economic analysis reporting was assessed using the Consolidated Health
Economic Evaluation Reporting Standards (CHEERS) checklist.

Results: Ten prospective studies (including six randomized studies) and nine retro-
spective studies were eligible. Overall study reporting was poor, publications meeting
a median (range) of 61% (46-82%) of CHEERS checklist criteria. An antimicrobial
TDM intervention for adult patients was the focus of most studies (n = 18). Variable
clinical outcomes were reported, and length of stay was the primary economic out-
come for most studies (n = 13). The majority of studies determined that TDM was
economically and clinically favourable (n= 14), four studies reporting a cost-
reduction in patient sub-populations.

Conclusions: Significant improvements in both economic and clinical outcomes may
be realized with TDM interventions, particularly when targeted to complex patient
populations. Attainment of therapeutic target could serve as a feasible surrogate
measure of benefit for hospital-based TDM interventions. However, systematic

reporting of economic outcomes is needed to inform investment decisions.
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1 | INTRODUCTION

Increasing costs in healthcare prompt questions on the necessity of all
clinical practices. Spending on hospitals accounted for 41% of
all Australian health expenditure in the 2020-2021 financial year.!
Records show that this figure has increased steadily since 2016 and is
likely to be further inflated by higher supply and staffing costs post-
COVID. Given that evidence suggests that up to 25% of healthcare is
unnecessary,? this necessitates the identification of practices that
deliver no benefit. Making investment or disinvestment decisions is
best made when both economic and clinical evidence are available to
decision makers.

Therapeutic drug monitoring (TDM) is recommended for drugs
with a narrow therapeutic index, significant interindividual pharma-
cokinetic variability and/or established relationships between drug
concentration and efficacy/toxicity.® It requires the measurement of
drug concentrations in biological fluids, often blood, during drug
therapy. The drug concentration is used to modify the dosage in
order to maximize therapeutic outcomes while minimizing toxicity.
Although conceptually simple, TDM is complicated by the require-
ment for a multidisciplinary team and the reliance on the collection
and interpretation of timed samples in the busy clinical environ-
ment. This complexity is reflected in audits that repeatedly describe
suboptimal TDM processes.*® Incorrectly timed sample collection
and mis- (or no) interpretation of concentrations represent missed
opportunities to optimize therapeutic outcomes and potentially
undermine investment into (the benefits of) targeted TDM
interventions.

Individualized dosing using TDM may improve clinical outcomes
and reduce costs, but it can also add to the cost of patient care.
Recent evidence suggests that compared to usual care, TDM is cost
effective for some drugs. In oncology, clinical and economic
evidence support the move from traditional dosing adjusted to body
surface area to TDM-guided dosing for a number of drugs, including
5-flurouracil and the tyrosine kinase inhibitor, imatinib.” ' This
work in ambulatory patients provides a framework to inform future
economic evaluations of TDM for oncology drugs. However, for
other medicines that are commonly administered for acute condi-
tions in hospitals and dose-adjusted using TDM, the evidence is less
clear. For instance, although Telles et al.*?> and Touw et al.*® report
cost benefits of TDM for commonly used antimicrobials such as
aminoglycosides, vancomycin, voriconazole and beta-lactams, few
studies report economic evaluations of TDM interventions for the
broader range of medicines used in hospitals to treat acute
conditions.”1213

As the sophistication and costs of the technology and supports
(including expertise) underpinning TDM increases, there are also
changes in drug assays and other components of TDM, prompting a
need to better define the potential economic value of TDM interven-
tions in hospital settings. This paper sought to fill this gap in evidence
by summarizing the economic evidence that could be used to support
investment in TDM for acute conditions in hospital settings. In so

doing, we provide guidance for future economic evaluations.
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2 | METHODS

The literature search aimed to identify economic evaluations of
hospital-based TDM interventions. Electronic databases Medline,
Embase, CENTRAL, Econlit and NHS Economic Evaluation were
searched from inception to 20 December 2022. The World Health
Organization clinical trials registry was also searched and reference lists
of identified studies were screened. The search strategy (see Supporting
information) was restricted to studies published in English. The review
protocol was registered on PROSPERO: CRD42020161066.

Two authors (J.E.C. and T.L.) independently reviewed titles and
abstracts and read potentially eligible full texts. Discrepancies were
resolved by consensus. Studies were included if they reported on the
economic/financial outcomes of hospital-based TDM used to guide
pharmacotherapy for patients treated with drug(s) for an acute indica-
tion during their admission, for which TDM was used. There were no
restrictions with respect to type of drug or TDM intervention, mea-
sure of economic benefit or study design. Studies were excluded if
they did not include a comparator (no TDM or usual care). Usual care
was defined as dosing without the TDM intervention and includes
physician-led and/or pharmacist-led care.

Two reviewers (J.E.C. and T.L) independently extracted data
from eligible studies using a custom data collection form in Excel.
Data collected included study design, setting and participants, TDM
intervention characteristics (including drug class and drug(s),
resources allocated, tools used), comparator and outcomes and
aspects of the economic evaluation (including type of evaluation,
perspective, time horizon(s) and healthcare costs and economic out-
comes reported). The quality of economic reporting was assessed by
one reviewer (T.L.) using the Consolidated Health Economic Evalua-
tion Reporting Standards (CHEERS) checklist by the International
Society for Pharmacoeconomics and Outcomes Research.'* Costs
were converted to 2023 US dollars using the Evidence for Policy
and Practice Information and Coordinating Centre calculator.® If
year of pricing was not provided, year of publication was used. The
earliest year of pricing available was 1980. Where available, quality
of life years (QALY) and incremental cost-effectiveness ratio (ICER)
were reported.

Outcomes were reported as a narrative synthesis, organized by

the Participant, Intervention, Comparison, Outcome (PICO) framework.

3 | RESULTS

A total of 4043 studies were identified, of which 19 were eligible for
full-text review (Figure 1, Tables 1, 2 and 3). The majority of studies
were undertaken in North America (h = 12) and most (n = 15) were
single site studies (Table 1). Ten studies used prospective study

17.22.25.26.29.34 and three used

designs: six used randomized designs
non-randomized designs.?”?%32 One study did not report if randomi-
zation was used.?* Nine studies were retrospective; one used case-
control design,2 one used a decision analysis framework?® and seven

were retrospective cohort studies.}¢18:21:23:27.:3031
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4040 studies identified from databases:
3 studies identified Medline: 444
from reference lists Embase: 2587

CENTRAL: 444

Econlit: 78

NHS Economic Evaluation: 139

FIGURE 1 A preferred reporting items for
systematic reviews and meta-analyses (PRISMA)
flow diagram for the systematic literature review.

Duplicates, n =531

»
»
A
3509
titles/abstracts screened
—

Studies excluded
n=3444

65 studies identified for full text
review

\4

Studies excluded, n = 49
No TDM: 16
Outpatient: 19
» No comparator: 6
No cost outcomes: 4
No health outcomes: 2
No clear comparators: 2

19 studies for review

3.1 | Economic study design and quality

Seven studies were cost-benefit analyses,'®17:22:28.2831.32

20,25-27,30,33,34

seven
were cost-effectiveness analyses and four were cost
consequences analyses.*®172124 One study did not clearly describe
the method of economic evaluation used.?’ Overall quality of report-
ing was poor (Table S1), with a median of 61% of CHEERS checklist
items met (range: 46%-82%). One of the included studies provided a
health economics plan®® and only six studies reported study perspec-
tive (primarily from the hospital perspective). The time horizon for all
studies was implicit, with costs captured across a hospital admission.

2425 captured data across the course of drug therapy. Just

18,20,23,25-27,32-34

Two studies

under half of studies reported year of currency and

three studies¢1723

that extended beyond the study period. One study?® used QALY as

an outcome but did not discuss how it was valued. Heterogeneity and
20,21,27,33

applied a discount rate to outcomes and costs

uncertainty were rarely characterized, with only four studies
reporting on variations by subgroup, most only reporting point esti-
mates. Most studies (n = 12)16-2123:24.26.28.29.32 (i not report fund-

ing source.

3.2 | Participants

Most studies captured data for adult (>18 years) patients (n = 18),
with one reporting on TDM in paediatric patients with cystic fibrosis'®
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TABLE 3

Year of pricing,

Study

PHARI
I

BRIT]
SoC:

Quality®

Economic outcomes

Cost categories

discount rates

Perspective  Time horizon

Type

(drug)

I
E

$20775.46 per nephrotoxic episode

e Economic outcome

SH
MACOLOGICAL.-
TY

CARLAND ET AL.

TDM was cost-effective and could prevent

the occurrence of drug-associated

nephrotoxicity

Note: Significant values are in bold.

Abbreviations: CBA, cost benefit analysis; CCA, cost consequences analysis; CEA, cost-effectiveness analysis; CNY, Chinese yen; CRP, C-reactive protein; Ctrl, control; DFL, Dutch gilders; ICER, incremental cost-

effectiveness ratio; ICU, intensive care unit; ID, infectious diseases; IV, intravenous; LOS, length of stay; NA, not applicable; NR, not reported; PD, pharmacodynamic; PK, pharmacokinetic; QALY, quality adjusted

life years; SD, standard deviation; SOFA, sequential organ failure assessment; TDM, therapeutic drug monitoring, USD, US dollars; VAN, vancomycin associated nephrotoxicity; WBC, white blood cell count.

2Proportion of applicable items met on the CHEERS checklist.

(Table 1). One study reported on a TDM intervention at a hospital that
provided care for adult and paediatric patients, but outcomes were
not differentiated according to age.®! One study reported on older
adult (265 years) patients,?” one study on burns patients,*® one on
patients admitted to the ICU,2> one on immunocompromised, febrile
patients?® and one on patients with intracerebral haemorrhage.° For
studies evaluating TDM for antibiotics (n = 18), most (n = 11) had

inclusion criteria of suspected?” and/or proven infection,1?-2426.32-34

3.3 | Intervention

Antibiotics were the target drug of the majority (n = 18) of TDM
interventions (Table 1). Twelve studies reported on the use of amino-
glycoside antibiotics,1¢719-21-242831-33 fjye studies reported on the

glycopeptide antibiotic, vancomycin?®-26:27:30.34

and one reported on
ciprofloxacin and a range of beta-lactam antibiotics.?®> One study
reported on TDM of the bronchodilator, theophylline.??

Most interventions incorporated pharmacist-led TDM?®-
20.2324,262829.3334 (Taple 2). The majority were staffed by clinical
pharmacists (n = 15)1¢:18-24262829.31-34 4 (Jinical pharmacologists
(n = 1).?7 Three studies did not report staffing.'”-2>°

One study described the use of education to introduce the TDM
intervention to doctors and nurses, along with pre-printed instruction
cards to co-ordinate plasma sampling.2® Some (n = 6) interventions
provided initial dose recommendations,?*24#283% but most (n =9)
provided dose recommendations after the first drug concentration

18,20,25-27,29,31,32,34 (Table 2)

became available Interventions com-

monly relied on population pharmacokinetic models alone or embed-
ded in Bayesian dosing programs to interpret drug concentrations and
provide individualized recommendations (Table 2). Programs used
included Abbottbase, 2%’ InsightRX,25 MWPharm?*32 and SmartDose
PK.3* Six studies did not identify the Bayesian forecasting pro-
gram.17:1821-2331 Three studies undertook pharmacokinetic calcula-

d,19’31'32

tions using the Sawchuk and Zaske metho while two studies

reported using pharmacokinetic equations to determine individual
clearance.?®?’ Two studies did not report on tools used to provide
dose recommendations.?®2° One study provided minimal description

of the intervention.*°

3.4 | Comparator

The majority of studies evaluated the efficacy of TDM individualized
dosing compared to usual care (Table 2). Usual care was described as

physician-led'”:2431:8234  or  non-guided?0?12328:29.33  dosing.  For

three studies, the comparator was no TDM.2427:30

Most studies (n = 15) provided therapeutic targets for the inter-

vention drug with 12 studies reporting achievement of therapeutic

targets either as a proportion of target achievement (n = 8)&"

202224253134 o mean/average concentration (n = 4)17212333

(Table 2). Four studies did not provide therapeutic targets, 6172328 six

t16,26—29,32

did not comment on target achievemen and one study
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provided a mean concentration for the intervention group.*° Five stud-

ies reported significant improvement in achievement of aminoglyco-

17,18,22,23,33

side therapeutic targets and one study reported improved

achievement of target trough concentration for vancomycin.>*

3.5 | Outcomes

3.5.1 | Clinical outcomes

Length of stay was the most common patient outcome used in eco-

16-19,21-23,26,27,29,31-33

nomic evaluations of TDM (n = 13) with two

studies reporting ICU length of stay?>32 (Table 2). Four studies consid-

21,26,27,31

ered length of therapy, while three considered a measure of

dose size.1?273 Six studies considered response to therapy, such as

duration of fever, microbiological cure and length of infection.1426-2%:32

Nephrotoxicity was considered in eight studies,'®2%-2426-2831.34
with two studies also considering ototoxicity.*¢?® Mortality was the
patient outcome used in the economic evaluation of three stud-
ies.272833 One study considered quality of life measures.2> One study
did not report the patient outcome considered in the economic evalu-
ation.3® Most studies (n = 12) reported some improvement in a

patient outcome®¢-19:21232627.29.32-34 Eoyr studies reported no

change in clinical outcomes with TDM intervention.?%-242528

3.6 | Economic evaluation outcomes

3.6.1 | Costsreported

Most (n = 15) studies incorporated the intervention and direct medi-

cal costs in their economic evaluation (Table 3). Two studies used

17,33

direct medical costs alone and one study used intervention costs

alone.'® One study reported total direct medical costs but did not dis-
aggregate the source of costs.%° Fifteen studies attributed interven-
tion costs to operational costs associated with drug analysis

(n = 14/15)'618-2225729.81.3234 gnd/or staff time (n = 12/15)'¢*°"

24.262829313234  gaff  time captured included  pharmacy

(n — 8/15)2024:26282931.3234 nrcing (n — 4/15) 20263134 technical/
pathology staff (n = 2/15)°*?¢ and phlebotomy (n = 1/15).3* Four

studies did not report specific staff.1421-24 Six studies reported fixed

costs of the intervention associated with infrastructure 1¢-21-2481.32

One study captured software costs.3! Direct medical costs included

(n _ 14/17) 17-19,21-23,25-29,31-33

hospital  stay drug  costs

(n = 12/17)17-19:21.22.25-2831.32 554 medical treatment or interven-

tions (n = 8/17).20242529.31-34 Most medical treatment costs were

attributed to treatment for nephrotoxicity (n = 5/8).202431.82.34

3.6.2 | Economic outcomes

Eight studies'®17:21,2226273233 raported per patient intervention

costs ranging from $105.76%7 to $550.77%7 (Table 3). Three

BRITISH 2063
B ﬂ_: % I;‘SCAIRéh{I_eCOLOGICAL
KoHd
: 16,2324 . B . .
studies provided total intervention costs per year, ranging from

$6503.35%4 to $217219.71.%° Four studies did not report intervention
COStS.18'19'25'29

Most economic evaluations determined that the TDM interven-
tion was favourable compared to the comparator. For studies that
reported cost differences, fivel”17212332 reported patient-level cost
savings ranging from $1437.43%2 to $9227.09.2 One study®
reported an increase in per patient costs of ~$1737.80. Seven stud-
jes1821-23.27.3033 ranorted a reduction in total costs, while one study
reported that the TDM intervention cost $39.30 more than physician-
led dosing.®! Three studies attributed costs to nephrotoxic episodes,
one reporting a reduction in aminoglycoside-associated nephrotoxi-

2024 when all

city costs®? and two reporting a net increase in costs
patients were monitored. Of the seven studies that reported on com-
plex patient populations, six reported an economic bene-
fit.16:18:26.27.30.34 An additional four studies reported a cost reduction
with application of TDM in sub-populations.2>2%27-33 Three studies
reported an economic benefit, without a significant improvement in
clinical outcome.”27:28

Three studies reported ICERs.2>2%3* One study found a model
informed precision dosing (MIPD) intervention not to be cost-
effective, reporting an ICER per QALY of —$237723.75 (2020),%°
reflecting the higher cost accompanying a worse outcome. Two stud-
ies reported positive ICERs; one with ICERs >1 relative to the propor-
tion of patients achieving normal values of inflammatory factors®® and
one with an ICER below the willingness to pay ratio.3* Cost-benefit
ratios reported for five studies'®17:?22328 ranged from 1:1.13%% to
1:52.25.22 For cost-benefit evaluations that did not generate a cost-
benefit ratio, one reported that costs associated with treatment of
nephrotoxicity were reduced®? but two found no significant

benefits.2?31

4 | DISCUSSION

TDM is employed in hospitals to optimize therapeutic outcomes of
some drugs, but whether it is a good investment for hospitals is less
well defined. The majority of studies identified in this review reported
improved patient outcomes and reduced costs attributed to an antimi-
crobial TDM intervention. Of note, there is the suggestion that opti-
mal outcomes are more likely to be achieved when interventions are
tailored for complex patient populations, such as those in ICU.

As with previous work,'® most studies reported on TDM inter-
ventions designed to individualize dosing of antimicrobials, predomi-
nantly for aminoglycosides. Despite the 40-year period across which
studies were identified, and the increasing push to consider costs of
clinical practices, the quality of the economic evaluations described
was consistently poor. Many missed key features outlined in the
CHEERS framework, though it must be acknowledged that most
(n = 13/19) of the included studies were published prior to the initial
publication of the framework in 2013.2 Note, the median number of
checklist items met before (61%) and after (57%) publication of the
framework is unchanged. The absence of some features was not
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necessarily deleterious. Time horizon, for example, is implicit given
that costs were largely contained to patient admission. The absence
of other features may reflect the age of the studies. For instance,
patient engagement is a more recent concept, and may not reasonably
be expected to be included in earlier studies. However, some of the
economic descriptors that were missing are useful and can facilitate
comparison between interventions. Study perspective is needed to
help understand whose costs are being considered and who pays but
was only defined in six studies. Currency price was only stated in nine
studies. Structured reporting of economic evaluations provides base-
line guidance to enable translation of an intervention between sites,
regardless of regional variations that contribute to differences in costs
and resources. Consistent use of a reporting framework can provide
valuable insights necessary to determine the appropriateness of an
intervention for a patient population and available infrastructure at a
proposed site. While describing outcomes at one site may be of aca-
demic interest, extending benefits to wider patient populations serves
to achieve the overall aim of medical science: to improve patient
outcomes.

One key feature missing from most economic evaluations was
consideration of heterogeneity. It is necessary to consider if the bene-
fits of an intervention are distributed differently across individuals or
if adjustments need to be made to reflect priority populations. Most
studies identified in this review were undertaken in adult patients,
with only a few considering differences in clinical presentation or pre-
senting some measure of heterogeneity. However, outcomes suggest
that there is value in tailoring an intervention to target specific patient
populations. For example, Darko et al.2° found increased costs associ-
ated with a vancomycin TDM intervention when all patients were
considered, reduced costs were reported for patient subgroups;
patients receiving concomitant nephrotoxins, as well as ICU patients.
Differential TDM outcomes in priority population groups have been
reported previously. For example, young age, male gender and aug-
mented renal clearance are characteristics shared by clinically ill
patients who achieve therapeutic benefits from beta-lactam DM
Characterizing TDM outcomes in different patient populations is nec-
essary to target TDM interventions appropriately. That exploration of
patient subgroups was largely lacking in the studies identified likely
reflects the small sample size of most. More importantly, it demon-
strates a missed opportunity to provide the necessary information to
tailor interventions to bring in more efficiencies, thus likely improve
cost-benefits.

Important methodological considerations when conducting eco-
nomic evaluations of TDM interventions have been outlined by
recent work exploring TDM-guided dosing in oncology.’ Broadly, the
key costs to be considered for a TDM intervention include drug
costs, TDM assay costs, staff time and adverse-event-related costs.”
Most studies identified in this review captured some aspect of these
costs, although few considered implementation or maintenance costs.
This is important given increased literature on the use of software to
guide TDM and the subsequent need to fund software over time.
However, consideration needs to be given to the economic and clini-

cal outcome measures selected for hospital-based TDM

interventions. As opposed to chronic and high-cost cancer treat-
ments, the outcomes captured in this review are aligned with the
short-term (across hospital stay) application of TDM. Only one study
reported QALY,?® length of stay was instead the most cited measure
of economic outcome. Although relatively easy to capture and cost,
it is influenced by factors beyond TDM and drug therapy. Significant
changes in length of stay may not be plausible for a general patient
population receiving antimicrobials and any changes observed must
be considered alongside the clinical context. For example, Bootman
et al.® reported that length of stay of adult burn patients was signifi-
cantly increased for patients in the TDM intervention group.
Although contrary to the hypothesis that improved drug therapy
would reduce length of stay, increased stay likely reflected the
increased probability of survival for patients in the TDM group—
optimized drug dosing achieving improved therapeutic outcomes.
What is apparent in the studies identified is a lack of a common mea-
sure of benefit to value the investment case for TDM interventions
in hospitals. As put forward by Erku et al.,” the more relevant mea-
sures of economic outcomes for hospital-based TDM are the costs
associated with avoiding over- or under-dosing—attaining therapeutic
target and avoiding toxic concentrations.

The overall goal of TDM is to improve therapeutic outcomes by
using information from drug concentrations to adjust drug dosing.
Given that monitoring drug concentrations forms the basis of a TDM
intervention, capturing target attainment could serve as a surrogate
for both clinical and economic benefits. As it stands, the heterogeneity
of therapeutic outcomes reported limits the generalizability of find-
ings. Unlike for studies describing outcomes for chronic conditions,
such as cancer, no study used a validated framework to describe clini-
cal outcomes. For antimicrobial TDM, variable clinical outcomes were
reported—from length of febrile period to changes in inflammatory
markers. Some studies reported adverse effects. This measure is rele-
vant for some drugs, such as vancomycin and the aminoglycoside anti-
biotics, where the drug-related adverse effect (e.g., nephrotoxicity)
can be captured and the required treatment (e.g., haemodialysis) can
be costed. However, this is not applicable for all drugs. More uniform
evaluations could be achieved by reporting target attainment. Of the
12 studies that reported target attainment, eightl”-1%:21-233334
reported trends towards improved target attainment and clinical out-
comes; this was significant for both measures for six stud-
jes 171822233334 Determining achievement of therapeutic target
would provide a feasible approach to describe outcomes of hospital-
based TDM interventions. Costs captured could reflect avoidance of
adverse effects where relevant, but also changes in drug therapy
(e.g., drug dosing and length of therapy).

There are some limitations to this review. Of the studies identi-
fied, most were retrospective. The reporting of clinical and economic
outcomes was variable, with most missing key features from the
CHEERS reporting framework. Regardless, the review highlights
the need to consider subpopulations when designing and evaluating
hospital-based TDM interventions. Future work is needed to investi-
gate the role of TDM interventions in ambulatory care, for example

TDM for immunosuppressants in transplant patients.
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5 | CONCLUSION

TDM is a clinical tool that provides clinicians with the ability to guide
drug dosing to achieve therapeutic targets in complex patients. Signifi-
cant improvements in both economic and clinical outcomes may be
realized when interventions are targeted to populations for whom
achievement of therapeutic targets is compromised by pharmacoki-
netic variability. Monitoring attainment of therapeutic target could

serve as a feasible surrogate measure of benefit.
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