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Abstract: Therapeutic drug monitoring (TDM) is used to 
manage drugs with a narrow window between effective and 
toxic concentrations. TDM involves measuring blood con-
centrations of drugs to ensure effective therapy, avoid toxic-
ity and monitor compliance. Common drugs for which TDM 
is used include aminoglycosides for infections, anticonvul-
sants to treat seizures, immunosuppressants for transplant 
patients and cardiac glycosides to regulate cardiac output 
and heart rate. An essential element of TDM is the provi-
sion of accurate and clinically relevant reference intervals. 
Unlike most laboratory reference intervals, which are 
derived from a healthy population, TDM reference intervals 
need to relate to clinical outcomes in the form of efficacy 
and toxicity. This makes TDM inherently more difficult to 
develop as healthy individuals are not on therapy, so there 
is no “normal value”. In addition, many of the aforemen-
tioned drugs are old and much of the information regarding 
reference intervals is based on small trials using methods 
that have changed. Furthermore, individuals have different 
pharmacokinetics and drug responses, particularly in the 
context of combined therapies, which exacerbates the chal-
lenge of universal TDM targets. This focused review exam-
ines the origins and limitations of existing TDM reference 
intervals for common drugs, providing targets where pos-
sible based on available guidelines.
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Introduction
Therapeutic drug monitoring (TDM) is defined as the 
measure of a compound to provide guidance on clinical 

decision-making. TDM is used for a variety of purposes 
including monitoring compliance, individualizing of 
therapy, avoiding toxicity, detecting drug interactions, 
cost-effectiveness and for guidance of therapy discontinu-
ation [1, 2]. TDM is particularly important for drugs that 
have narrow therapeutic windows and well-established 
target concentrations for efficacy.

TDM is used for a number of medications, including 
aminoglycosides, anticonvulsants, digoxin, lithium and 
immunosuppressants. For these drugs, the foundation 
of TDM is that the blood concentration correlates better 
with efficacy and toxicity than does drug dosage. In addi-
tion, clinical signs and symptoms of toxicity may be dif-
ficult to identify prior to irreversible damage. While there 
has been extensive development in the field of pharma-
cogenomics [3, 4] and a growing understanding of phar-
macokinetics in varying genetic backgrounds, these 
evolving fields have largely failed to replace traditional 
TDM. Currently, TDM retains a wide range of utilities, 
from titrating the initial dose of immunosuppressants to 
monitoring compliance. It is essential for assessing tox-
icity risk when drug clearance mechanisms are affected, 
such as renal impairment. Traditional use of TDM as a 
means to differentiate toxicity from disease remains a 
clinical mainstay.

Despite the clinical utility of TDM and the long 
history of commonly prescribed therapeutic drugs, there 
is often limited new information on appropriate target 
and toxic concentrations (Figure 1). As a result, much of 
the existing literature and target concentrations used by 
laboratories and pharmacies are old. There are a wealth 
of small trials and more recent literature available in 
selected populations, such as neonates or patients with 
renal failure, but broad, evidence-based recommenda-
tions are limited and randomized control trials are rare 
or non-existent.

In addition, there are often substantial differences in 
the results yielded from available commercial methods. 
Proficiency testing data (where unknown samples are 
measured and reported by participating laboratories) 
reveal marked differences between different methods 
used to measure the same drug. Consider that a drug 
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may be measured by more than half-a-dozen differ-
ent methods (e.g. various immunoassays, fluorescence 
polarization or turbidimetry) and there may be as many 
as five or more vendors for each type of method using 
a variety of different hardware platforms. For example, 
there are more than 20 different vendor/method/instru-
ment possibilities for measuring digoxin. Even within 
the same method, variation may exceed 20% for a given 
sample. This variation may be compounded by the vari-
able specificity of proprietary antibodies to metabolites 
and related compounds.

A further confounding factor with TDM is the common 
preanalytical error of inappropriate collection timing 
[5–7]. Inappropriate collection timing refers to drawing 
trough or peak samples when the drug is not its respective 
maximum or minimum. Timing errors may also include 
drawing samples before steady-state concentrations 
are achieved. Effective drug collection timing requires a 
knowledge of the particular pharmacokinetics of a given 
drug, which depends on administration method and half-
life of the drug. It is reported that collection times may be 
inappropriate as much as 70% of the time [5–7]. This col-
lection timing error translates to an inappropriate dosage 
indication in up to 60% of patients. Evidence for effective 
TDM concentrations in pediatric patients is also typically 
limited to small trials and case reports. Finally, the broad 
range of indications for many therapeutic drugs makes a 
single reference interval difficult if not impossible (con-
sider antibiotic requirements in sepsis vs. a urinary tract 
infection).

As part of routine quality review, laboratories examine 
their reference intervals and clinical cutoffs used when 
reporting results. In this focused review, the methods, 
sources, limitations and evidence for selected TDM target 
values including aminoglycosides, antibiotics, anticon-
vulsants, immunosuppressants, lithium and digoxin are 
examined and discussed.

TDM methods
There are numerous different methods used by clini-
cal laboratories to measure therapeutic drugs. With the 
exception of immunosuppressants and lithium, most 
methods rely on specific antibodies for measurement 
(Table 1). Not surprisingly, this long list of what are often 
proprietary methods results in a general lack of stand-
ardization and often substantial differences between 
results. Lithium, as an element, is measured by colori-
metric, spectrophotometric, ion selective electrode and 
enzyme methods, again showing variation in results. 
Immunosuppressants are measured by both immunoas-
says and mass spectrometry, similarly resulting in a wide 
range of results. The main differences between methods 
relate to differential detection of metabolites. Metabo-
lite detection is particularly variant between mass 
spectrometry and immunoassays, the former of which is 
capable of much better specificity when compared with 
immunoassays.
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Figure 1: Cause-effect diagram illustrating factors that contribute to the variability of TDM targets. 
RCTs, randomized control trials.
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Aminoglycosides and antibiotics: 
amikacin, gentamicin, tobramycin, 
vancomycin
Aminoglycosides have long been used to treat infections 
caused by aerobic Gram-negative bacteria, such as Escher-
ichia coli and Pseudomonas aeruginosa. Aminoglycosides 
bind to ribosomal subunits, effectively inhibiting bacte-
rial protein synthesis. Aminoglycosides are a broad class 
of antibiotics, which include amikacin, gentamicin and 
tobramycin. Although there are newer broad-spectrum 
drugs, such as β-lactam antimicrobials, aminoglycosides 
remain essential for select clinical indications. A discus-
sion of indications is beyond the scope of this review, but 
common uses include single dose surgery prophylaxis, 
short duration empirical therapy in severe illness and 
combination therapy for P. aeruginosa [8].

Toxicity from aminoglycosides includes ototoxicity 
and renal tubular necrosis. The toxicity profile of common 
aminoglycosides (amikacin, gentamicin, tobramycin) is 
reported to vary by drug [9–11], but definitive evidence 
is lacking [8]. Overall rates of toxicity range from 5 to 

20% and definitions of toxicity vary [12, 13]. Risk factors 
for toxicity include high dose, advanced age, volume 
depletion or dehydration and co-morbidities that affect 
clearance and metabolism [13]. Unfortunately, the risk of 
toxicity varies widely between patients and doses [14]. 
While proximal tubule damage may be reversible over a 
short time frame, it may become permanent if high blood 
concentrations are maintained beyond a few weeks; oto-
toxicity is often irreversible [13]. However, even with short 
dosing duration and no apparent risk factors toxicity may 
occur [15].

Aminoglycosides are not well-absorbed when admin-
istered orally. They are largely cleared by the kidney and 
have a short half-life of 2–3 h, low protein binding (<30%) 
and consequently low volume of distribution. For effec-
tive treatment, minimum inhibitory concentrations (MICs) 
need to be reached and maintained. While a discussion 
of dosing recommendations is beyond the scope of this 
review, there are fundamentally two main regimens used, 
conventional and pulse. Conventional dosing involves 
administration of the drug every 8–12  h whereas “pulse 
dosing” (also known as extended interval dosing) involves 
a wider interval between doses (typically 24–48 h).

Table 1: Commonly used TDM methods.a

Method   Analyte class

Cloned enzyme donor immunoassay (CEDIA)   Anticonvulsants, aminoglycosides, immunosuppressants

Chemiluminescent immunoassay (CIA), heterogenous   Anticonvulsants, cardiac glycosides, aminoglycosides, 
antibiotics, immunosuppressants

Chemiluminescent microparticle immunoassay (CMIA)   Anticonvulsants, cardiac glycosides, aminoglycosides, 
antibiotics, immunosuppressants

Enzyme immunoassay (EIA), homogenous   Anticonvulsants, cardiac glycosides, aminoglycosides, antibiotics

Fluorescence polarization immunoassay (FPIA)   Anticonvulsants, aminoglycosides, antibiotics

Immunoturbidimetry   Anticonvulsants, cardiac glycosides, aminoglycosides, antibiotics

Kinetic interaction of microparticles in solution (KIMS)   Anticonvulsants, cardiac glycosides, aminoglycosides, antibiotics

Latex particle agglutination   Anticonvulsants, cardiac glycosides, aminoglycosides

LC-MS/MS   Immunosuppressants

Magnetic particle immunoassay   Cardiac glycosides

Particle-enhanced turbidimetric inhibition immunoassay 
(PETINIA)

  Anticonvulsants, cardiac glycosides, aminoglycosides, 
antibiotics, immunosuppressants

Spectrophotometry, colorimetric, enzymatic/colorimetric, 
ion selective electrode

  Lithium

Enzyme multiplied immunoassay technique (SYVA EMIT)   Anticonvulsants, cardiac glycosides, aminoglycosides, 
antibiotics, immunosuppressants

LC-MS/MS, liquid chromatography with tandem mass spectrometry. aBased on College of American Pathologists proficiency testing 
survey data.
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The combination of MIC requirements and toxicity 
risk is the basis for aminoglycoside TDM. TDM is used 
to maintain effective bacterial killing concentrations, 
while limiting the risk of nephrotoxicity and ototoxicity. 
The combined need to achieve a minimum drug concen-
tration and avoid toxicity necessitates measurement of 
both minimum and maximum concentrations [16]. Thus, 
with conventional dosing of aminoglycosides, both peak 
and trough levels are typically measured. However, there 
are recommendations that suggest a peak and random 
timed collection would be more effective for dose adjust-
ments [8, 17]. For “pulse chase dosing”, there have been 
several nomograms and algorithms [18–20] developed 
to attempt to improve efficacy and reduce toxicity. Algo-
rithms modify dosing based on the inputs, which include 
infection type, renal function and co-morbidities. It is 
noteworthy that bacterial susceptibility is also impor-
tant for directing minimum dosing. MIC may be used in 
combination with the area under the curve (AUC) or peak 
concentrations.

In general, there is some evidence that patients who 
achieve target concentrations have better outcomes [21, 
22]. However, aminoglycosides typically lack evidence-
based outcome measures for TDM targets. Despite exten-
sive anecdotal information, case reports and small trials 
in selected patient groups, there is a lack of randomized 
control trials and limited support for optimal TDM targets 

[23]. Collectively, the evidence for TDM target concentra-
tions for aminoglycosides is complex and varied, making 
concise universal recommendations difficult. The involve-
ment of clinical pharmacology, assurance of accurate data 
(e.g. time of collection and dosing) and recognition of risk 
factors (e.g. renal impairment) are all important consid-
erations for aminoglycoside TDM.

Amikacin

There is limited evidence-based data on the appropriate 
TDM targets for amikacin [23]. Of the existing trials, most 
fail to either define target concentrations or monitor if 
those concentrations were achieved. Older retrospective 
case literature supports >80% treatment efficacy rates 
[24], with an associated 20% of patients with side effects, 
such as ototoxicity and nephrotoxicity.

Where evidence is available [23], target concentra-
tions are highly variable, ranging from troughs between 2 
and 30 mg/L and peaks between 15 and 40 mg/L (Table 2). 
It is reported that trough concentrations >8 mg/L and peak 
concentrations >32  mg/L are associated with ototoxicity 
and nephrotoxicity [12]. Generally, recommendations for 
desirable serum concentrations range from 1 to 10 mg/L 
for trough concentrations, and from 20 to 40  mg/L for 
peak concentrations [12, 23] (Table 1).

Table 2: TDM reference intervals for common drugs.

Drug   Collection timing   Reference intervala   Critical value   Recommended collection time

Amikacin   Trough   1–10 mg/L   >10 mg/L   Within 30 min of next dose
  Peak   20–40 mg/L   >40 mg/L   30–60 min post I.V. infusion

60–90 min post I.M. injection
  Random   None   >10 mg/L   –

Carbamazepine   –   17–51 μmol/L   >60 μmol/L   Trough
Digoxin   –   1.0–2.6 nmol/L

0.6–1.3 nmol/L; heart failure
  >3.2 nmol/L   6–10 h post dose

Gentamicin/tobramycin   Trough   <2 mg/L   >2 mg/L   Within 30 min of next dose
  Peak   5–12 mg/L   >12 mg/L   –
  Random   None   >12 mg/L   –

Lithium   –   0.6–0.8 mmol/L; bipolar disorder 
maintenance
1.0–1.2 mmol/L; acute mania
0.4–0.8 mmol/L; age ≥ 65

  >1.5 mmol/L   12 h post-dose during steady 
state

Phenobarbital   –   43–172 μmol/L   >200 μmol/L   Trough
Phenytoin   –   40–80 μmol/L   >100 μmol/L   Trough
Valproic acid   –   350–700 μmol/L   >1000 μmol/L   Trough
Vancomycin   Trough   10–20 mg/L   >20 mg/Lb   Within 30 min of next dose

  Peak   None   –   Not recommended
  Random   None   >20 mg/L   Not recommended

aValues refer to total drug concentration (not free). bCritical value may be higher based on more recent evidence, but will be patient-specific.
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Amikacin displays substantial inter-laboratory vari-
ability, where measurements between different methods 
yield different results on the same sample. Based on exter-
nal proficiency testing data from the College of Ameri-
can Pathologists (CAP), amikacin values differ by 5–20% 
between methods. Using the desirable concentrations 
mentioned above, these would translate to a maximum 
range of trough concentrations between <1 and 12  mg/L 
(target 1–10 mg/L) and peak concentrations between 16 and 
48 mg/L (target 20–40 mg/L).

Gentamicin

As with other aminoglycosides, gentamicin is typically 
used to treat infections caused by Gram-negative bacte-
ria. This includes respiratory and urinary tract infections 
amongst several others. It too can cause toxicity to the 
kidney and inner ear. Despite the use of TDM to avoid tox-
icity, there are reports of renal damage after single dose 
of gentamicin [15, 25]. While some of these are transient, 
permanent damage can occur after a single dose. Efforts 
to reduce toxicity include development of models and 
algorithms for gentamicin dosing [26]. There are numer-
ous clinical practice guidelines for different infections, 
including endocarditis, meningitis, pneumonia, sepsis 
and prophylaxis [27–30].

For conventional dosing, trough target concentrations 
aim for values <2 mg/L (Table 1). Generally recommended 
values are <1 mg/L, but rise to 2 mg/L with life-threatening 
infection. For peak concentrations, targets are 4–6 mg/L for 
urinary tract infections or pyelonephritis [31]. With serious 
or life-threatening infections, target concentration ranges 
rise to 6–10  mg/L [31], though these are variable and as 
high as 8–12 mg/L [13]. Disease-specific targets have been 
recommended, for example, trough targets of <1 mg/L for 
combination therapy in infective endocarditis [27].

As with other analytes, gentamicin displays substan-
tial inter-laboratory variability. Based on external profi-
ciency testing data from CAP, gentamicin values differ by 
~15–26% between methods. Using the target concentra-
tions mentioned above, these would translate to a range 
of up to 2.5 mg/L for trough concentrations (versus target 
of <2 mg/L) and 2.9–7.6 mg/L compared with 4–6 mg/L for 
peak concentrations for serious infection.

Tobramycin

Tobramycin is another aminoglycoside used to treat 
infections caused by P. aeruginosa, E. coli and other 

Gram-negative bacteria. Tobramycin displays nephro- 
and ototoxicity requiring TDM. Tobramycin is cleared 
by the kidneys and renal impairment is a risk factor for 
toxicity. Similar to other aminoglycosides, high doses 
over a prolonged period are associated with toxicity [32]. 
While evidence is not definitive, some reports suggest 
that tobramycin is less toxic than gentamicin [10]. As with 
other aminoglycosides, tobramycin may be administered 
conventionally or as a “pulse” or extended dosing, where 
pulse dosing is thought to reduce toxicity [33].

Despite the possible difference in toxicity, trough and 
peak targets are largely similar to gentamicin with trough 
targets typically <2 mg/L and peak targets of <10 mg/L [12] 
(Table 1). In addition to generic targets, numerous studies 
have also examined disease-specific cutoffs, such as for 
cystic fibrosis, hemodialysis and burn patients amongst 
others [34–36].

Tobramycin displays substantial inter-laboratory vari-
ability. Based on external proficiency testing data from 
CAP, tobramycin values differ by as much as ~25–49% 
between methods. Using the target concentrations men-
tioned above, these would translate to a range of up to 
2.9 mg/L of for trough concentrations (target of <2 mg/L) 
and a range of 5.1–14.9  mg/L at a target of 10  mg/L for 
peak concentrations. This wide range of potential results 
between methods highlights the limitations of general 
targets for TDM for aminoglycosides.

Vancomycin

Vancomycin is a complex peptide discovered in the 1950s. 
It was named for its ability to “vanquish” staphylococci 
bacterium, which is resistant to penicillin [37]. It is effec-
tive against many strains of microorganisms including 
Clostridium difficile, Listeria monocytogenes, Streptococ-
cus pyrogenes and Streptococcus pneumoniae. Currently, it 
is essential for treatment of methicillin-resistant Staphylo-
coccus aureus (MRSA) infections. It may also be used for 
C. diff colitis.

While effective as an antibiotic, early use of vanco-
mycin revealed a narrow therapeutic window with poten-
tial for nephrotoxicity and ototoxicity. While debate is 
ongoing, more recent evidence suggests that toxicity is 
unlikely at conventional doses, particularly when used 
as a single agent [38, 39]. Thus, the utility of measuring 
vancomycin in serum is evolving primarily to ensure the 
MIC is reached (and to calculate AUC) as much as to avoid 
toxicity.

As an early source of vancomycin TDM targets, 
Geraci [40] recommended peak serum vancomycin 
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concentrations of 30–40 mg/L and trough concentrations 
of 5–10 mg/L in the 1970s. Unlike many of the other drugs 
discussed in this review, there are recent guidelines on 
TDM targets for vancomycin [41]. According to the joint 
2009 guidelines, the older recommendation of 5–10 mg/L 
is too low to reach the MICs for many types of infection. 
The guidelines recommend that trough vancomycin con-
centrations should be higher than 10  mg/L to reduce 
development of resistance. For complicated infections 
caused by S. aureus (bacteremia, hospital-acquired, venti-
lator associated and health-care associated pneumonia), 
the guidelines recommend that trough serum vancomy-
cin concentration should be maintained at 15–20  mg/L. 
Serum concentrations are commonly used as a surrogate 
marker for AUC.

As far as timing of sample collections, there is a rec-
ommendation against using peak serum vancomycin 
concentrations to monitor efficacy [41]. This reflects the 
time-dependent kinetics of vancomycin on bacterial 
killing, where cure rates are independent of peak con-
centration. Trough serum vancomycin concentrations are 
considered the most accurate and practical method for 
monitoring the effectiveness of vancomycin. For patients 
on vancomycin monotherapy, monitoring for ototoxicity is 
not recommended [41].

Collectively, from the laboratory standpoint, a single 
reference interval (therapeutic interval) of 10–20 mg/L is 
appropriate for trough vancomycin measurements. Values 
above 20 mg/L should be denoted as high by laboratories. 
Clinicians monitoring results should be aware of the risks 
of toxicity in patients with renal instability, cases of multi-
drug therapy and if a high concentration (>15 mg/L) is tar-
geted for >5 days.

Other considerations for toxicity include infusion 
rates and protein-binding. Vancomycin is 30–60% pro-
tein-bound, such that patients with decreased albumin 
have higher bioavailability. In addition, vancomycin is 
given parenterally because of its low bioavailability, and 
toxicity may be reduced with slower infusion rates.

In terms of inter-assay consistency, vancomycin 
results differ from 9 to 29% depending on the concen-
tration. This translates to a lower cutoff of 7.1–12.9 (at 
10  mg/L) and an upper cutoff of 19.1–20.9  mg/L (at 
20  mg/L). The Institute for Quality Management in 
Healthcare (IQMH) proficiency testing program allows 
for up to a 2-mg/L difference at concentrations below 
10 mg/L and up to 20% at concentrations above 10 mg/L, 
which equate to a lower cutoff of 8–12 and an upper cutoff 
of 16–24  mg/L. Clinical users of vancomycin should be 
aware of these ranges and the limitations of the assay 
when monitoring patients.

Anticonvulsants: carbamazepine, 
phenobarbital, phenytoin, valproic 
acid
Anticonvulsants, also known as anti-epileptic drugs 
(AEDs), are widely used to control seizures.

There are three generations of anticonvulsants, the 
first developed in the early 1910s (e.g. phenobarbital), the 
second generation appeared in the 1990s (e.g. lamotrigine) 
and the third generation started in 2008 (e.g. lacosamide). 
The primary benefits of newer drugs are the reduction 
in side effects, though clinical efficacy is not better than 
older drugs [42]. This section focuses on reviewing the 
first generation drugs including carbamazepine, pheno-
barbital, phenytoin and valproic acid.

First generation anticonvulsants have been highly 
effective at treating seizures for decades. The advan-
tages of first generation anticonvulsants are the wealth 
of knowledge about mechanisms of action and their 
lack of neuropsychiatric side effects [43]. However, they 
have undesirable side effects and pharmacokinetic char-
acteristics [44]. Most act on ion channels or neurotrans-
mitter transport in the brain. Side effects include motor 
impairment, liver damage and abnormal blood counts. 
Undesirable pharmacokinetic characteristics include 
zero-order kinetics, high protein binding and metabolism 
by cytochrome P450 (CYP450). Zero-order kinetics refers 
to the drug being cleared independent of its concentra-
tion (linear); effectively zero-order kinetics makes it more 
difficult to manage blood concentrations. High protein 
binding, as occurs with phenytoin, is difficult to manage 
because only free drug levels are bioactive and measure-
ment is more challenging. Clearance by CYP450 is not 
ideal because this enzyme is required for many other pro-
cesses, which can result in liver damage and interactions 
[45]. In addition, CYP450 may be either induced or inhib-
ited by different anticonvulsants. Despite these undesira-
ble features, first generation anticonvulsants are clinically 
effective, remain in wide use and require TDM. As with 
other drugs, TDM is used for anticonvulsants because the 
blood concentration correlates better with response than 
dose [46]. TDM is used for anticonvulsants to avoid toxic-
ity, monitor compliance and ensure effective therapy.

As with many of the other drugs described in this 
review, there are a limited number of clinical trials and it 
is unclear what the benefit of TDM is, let alone drug target 
concentrations.

Because there are many newer drugs available, 
there tend to be limited new research and clinical trials 
on older anticonvulsants. While there are some data on 
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comparative effective of different anticonvulsants for 
various types of seizure [47], pharmaceutical companies 
tend not to invest in agents that are not patent protected 
[48]. Other challenges with TDM are the lack of targets due 
to variability in patient response, drug-drug interactions 
and the effect of co-morbidities on metabolism and toxic-
ity. Moreover, at least half of patients are on more than one 
drug [49]. For anticonvulsant TDM, interassay variability 
is also a challenge. Despite recognition of this issue in the 
1970s [50], current methods still vary substantially and 
are not necessarily interchangeable between laboratories. 
Preanalytical factors, such as collection time and tube 
type, also contribute to variability [51]. Data are limited in 
pediatric patients, though there are selected population 
dosage recommendations, which are generally lower [52, 
53]. Anticonvulsants are typically collected prior to the 
next dose (trough), though those with very long half-lives 
(phenobarbital) may be collected any time after a steady 
state is reached. An excellent review by Patsalos et al. [46] 
details the many limitations and provides best practices 
for the all three generations of anticonvulsants.

Carbamazepine

Approved for clinical use in the 1970s, carbamazepine is 
used to treat partial and generalized tonic-clonic seizures; 
it is also used to treat trigeminal neuralgia. It is structur-
ally, but not functionally, related to tricyclic antidepres-
sants, though it is sometimes used in manic-depressive 
patients. Side effects include stupor, coma, diplopia, 
headache and dizziness. Similar to phenytoin, carbamaz-
epine blocks sodium channels preventing proliferation of 
action potentials in depolarized neurons [42].

Carbamazepine has 70–100% oral bioavailability with 
a half-life of 12–55 h. Carbamazepine potentiates several 
CYP enzymes (CYP1A2, CYP2C9 and CYP2C19), effectively 
reducing the concentration of many other drugs that are 
metabolized by these enzymes [49].

Carbamazepine is almost exclusively metabolized 
by the liver, primary through oxidation by CYP3A4. The 
predominant metabolite is carbamazepine-10,11-epoxide, 
which is as bioactive as the parent drug; this metabolite 
may accumulate when the patient is on other drugs which 
affect clearance [43] or in cases of renal impairment [54]. 
The accumulation of the epoxide metabolite should be 
considered in cases of apparent toxicity when the parent 
drug is within the reference interval.

Therapeutic reference intervals are typically in the 
range of 17–50 μmol/L (4–12 μg/mL) with a toxic limit of 
>60 μmol/L (15 μg/mL) [37, 42]. There are several trials 

that compare carbamazepine with other anticonvulsants 
[55–57], yielding effective therapeutic concentrations that 
generally agree with these targets. For example, one dou-
ble-blind comparison between phenytoin and carbamaz-
epine to treat long-term poorly controlled seizures (n = 25) 
had a range of concentrations from 25 to 51 μmol/L [56]. 
Recent guidelines endorse these intervals [58]. As stated 
above, where symptoms of toxicity manifest at therapeu-
tic concentrations, it is important to consider the epoxide 
metabolite, which is typically not detected with commer-
cial immunoassays [59].

Carbamazepine displays substantial inter-laboratory 
variability. Based on external proficiency testing data from 
CAP, carbamazepine values differ by ~12–32% between 
methods. Using the reference intervals mentioned above, 
drug reference intervals would range from 11 to 62 μmol/L 
at a target concentration of 17–47 μmol/L.

Phenobarbital

Phenobarbital was one of the first anticonvulsants dis-
covered and was approved for use in 1939. It is used for 
partial and generalized tonic-clonic and myoclonic sei-
zures. Side effects include sedation, mood alteration and 
hyperactivity. Phenobarbital enhances the activity of 
gamma-aminobutyric acid (GABA). Phenobarbital is >95% 
bioavailable orally with roughly 50–60% of phenobarbital 
being protein-bound. It has a long and variable half-life 
of 50–150 h [42], which differs between patients. Pheno-
barbital is partially cleared by the kidney and predomi-
nantly metabolized by CYP2C9 in the liver. In the liver, it 
promotes metabolism of itself and other drugs through 
enhancement of CYP3A4 and CYP2C activity.

Targets for phenobarbital blood concentrations are 
typically listed as between 43 and 172 μmol/L (10–40 mg/L) 
[60, 61], but there is limited evidence to support either the 
toxicity or efficacy at these concentrations [50]. Limited 
evidence suggests that efficacy relates to the seizure 
type. Toxicity is reported to manifest above 215 μmol/L 
[62], though lower concentrations may be toxic in some 
patients. Phenobarbital is used for seizures in neonates, 
despite target concentrations not being evidence-based. 
Two studies of pharmacokinetics used 43–130 μmol/L 
(10–30 mg/L) as the target range [61, 63].

Phenobarbital displays substantial inter-laboratory 
variability. Based on external proficiency testing data from 
CAP, phenobarbital values differ by ~18–26% between 
methods. Using the reference intervals mentioned above, 
drug reference intervals would range from 35 to 216 μmol/L 
(at a target range of 43–172 μmol/L).



54      McCudden: Limitations of TDM reference intervals

Phenytoin

Similar to phenobarbital, phenytoin is another of the first 
anticonvulsants to be approved for clinical use. It is used 
as a first-line treatment for partial and generalized tonic-
clonic and myoclonic seizures. Phenytoin is also used as 
an analgesic [64]. Side effects of phenytoin include rashes, 
anemia, neuropathy, balance impairment, fatigue and 
pseudolymphoma. Phenytoin acts by blocking sodium 
channels, inhibiting proliferation of action potentials [42]. 
Phenytoin has high oral bioavailability and high protein 
binding (80–90%). Predicting blood concentrations from 
the dose is particularly challenging [65]. A small portion is 
cleared by the kidney, but the majority is metabolized by 
the liver, primary through CYP2C9 and CYP2C19; the major 
inactive metabolite is parahydroxyphenyhydantoin. The 
half-life is highly variable between individuals and with 
dose (30–100 h), as clearance is readily saturated at thera-
peutic concentrations >40 μmol/L. As with other anti-
convulsants, phenytoin potentiates several CYP enzymes 
(CYP1A1, CYP2C9 and CYP2C1), effectively reducing the 
concentration of many other drugs that are metabolized 
by these enzymes (valproic acid, antimicrobials, immu-
nosuppressants, steroids, cardioactive drugs). Dosing is 
complicated by the interactions between drugs that affect 
protein binding, bioavailability and metabolism [46, 49].

As with most of the drugs discussed in this review, 
there is limited randomized control trial evidence for TDM 
[66, 67]. Existing evidence tends to be old with small sample 
sizes, and the methods used to measure phenytoin may 
differ from those used currently. The therapeutic concen-
tration typically encountered is between 40 and 80 μmol/L 
(10–20  mg/L), with toxic concentrations occurring above 
80 μmol/L (20  mg/L); concentrations above 200  μmol/L 
may induce coma [68]. There are reports of blood concen-
tration as high as 400 μmol/L, which the patient survived 
[69]. Therapeutic reference intervals should be considered 
as rough estimates as toxicity may occur at these levels 
and clinical efficacy may be achieved at lower doses [70–
72]. One study of phenytoin concentrations and patient 
response to therapy showed a poor correlation, leading the 
authors to conclude that the value of therapeutic reference 
intervals for phenytoin is limited [71].

Because of its high protein-binding, measurement of 
total phenytoin may be misleading, particularly where 
other drugs are present or serum protein levels are affected 
[64]. Free drug levels are useful in situations where there 
are multiple drugs used or protein levels are altered; free 
drug concentrations are reported to correlate better with 
efficacy [73–75]. One aspect that has improved over time is 
the specificity of phenytoin measurement methods. Older 

methods were reported to show interference with metabo-
lites in patients with renal failure, but at least some newer 
methods appear to be robust [76]. However, there are still 
methodological differences for phenytoin. A older report 
on commercial methods identified variation between a 
reference method [high-performance liquid chromatogra-
phy (HPLC)] and immunoassays to range from 12 to 83%, 
indicating huge differences between methods [77]. While 
there are many newer methods that have been developed 
to measure phenytoin [78–80], most laboratories still rely 
on commercial immunoassays. These newer assays are 
better than earlier reports, but still show substantial vari-
ation with coefficients of variation (CVs) from 13 to 36%; 
based on CAP data, the mean variation ranges from 13% at 
low concentrations (10 μmol/L) to 36% at a concentration 
of 80 μmol/L.

Valproic acid

Valproic acid was approved for clinical use in the 1970s 
and is used to treat patients with all types of seizures, 
particularly those resistant to ethosuximide. It is often 
used as a combination therapy with other anticonvul-
sants for complex seizure disorders. Valproic acid acts by 
increasing the concentration of GABA in the brain [42]. It 
is nearly completely orally bioavailable with a short half-
life (8–15 h) requiring frequent dosing. Side effects include 
anorexia, nausea, sedation and ataxia [42, 46].

Due to the high extent of protein binding, some inves-
tigators have advocated for measurement of free valproic 
acid. There are several case reports demonstrating toxicity 
with unremarkable total valproic acid, but highly elevated 
free valproic acid in patients with hypoalbuminemia [81–
83]. Despite the potential utility of these measurements, 
free valproic acid measurement is not commonly available 
in clinical laboratories.

Typical therapeutic targets for valproic acid are 
346–693 μmol/L (50–100 mg/L), with toxicity occurring at 
≥693–1390 μmol/L (100–250 mg/L) [37, 46]. These values 
are largely based on small clinical trials, which demon-
strated effective seizure control with sample sizes as small 
as 13 patients [67, 84–86]. Guidelines recommend individ-
ualizing therapy to ensure appropriate valproic acid con-
centrations [46], collecting trough samples.

CAP data indicate variation between methods. There 
are 12 different methods to measure valproic acid with 
mean differences ranging from 20 to 28% depending on 
the concentration. Using the aforementioned reference 
interval of 346–693 μmol/L, the range of possible values 
obtained by different methods is 249–887 μmol/L.
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Immunosuppressants
Immunosuppressants are widely used in transplant 
patients to prevent organ rejection. They are also 
employed for treatment of autoimmune diseases. Immu-
nosuppressants are broadly classified into corticoster-
oids (e.g. dexamethasone), antimetabolic agents (e.g. 
mycophenolate), calcineurin inhibitors (e.g. cyclo-
sporine), rapamycin inhibitors (e.g. sirolimus) and mono-
clonal antibodies (e.g. infliximab). Most of these therapies 
do not meet the criteria for TDM, such that only a few are 
subject to routine clinical measurement. Immunosup-
pressant TDM drugs typically include cyclosporine, tac-
rolimus, sirolimus, mycophenolic acid and everolimus. 
These drugs are employed for a variety of transplant and 
immunosuppressive modalities. Modalities include heart, 
kidney, liver and lung transplants, which all have various 
target values which are dependent on drug, formulation 
(e.g. long or slow release), patient risk factors, time post-
transplant, organ(s) and drug combination. As such, a 
complete description of the target values is beyond the 
scope of this mini-review; the interested reader may seek 
these references: [87–89]. However, the issue of methodo-
logical differences remains a significant issue for immu-
nosuppressants, which is worthwhile to highlight.

As with other TDM targets, there are numerous differ-
ent methods employed for measuring immunosuppres-
sants (Table 1). Accordingly, results vary widely between 
instrumentation due to differential specificity toward 
target compounds and drug metabolites. In particular, the 
antibodies used for immunosuppressant immunoassays 
all typically have some cross-reactivity with many drug 
metabolites. Unlike other TDM targets, liquid chromato-
graphy with tandem mass spectrometry (LC-MS/MS) is 
used by a significant proportion of laboratories (26–43% 
depending on the analyte based on CAP survey data from 
2017). LC-MS/MS, as a newer methodology [90], is able to 
differentiate metabolites from the parent compound ena-
bling much better analytical specificity and measurement 
accuracy [91–93].

Despite improved analytical performance and exten-
sive development efforts [92, 94], standardization of 
LC-MS/MS remains problematic [88, 89]. Methodological 
differences are well-described in an excellent review of the 
current state of TDM [88]; the review describes variation of 
20% between LC-MS/MS assays and up to 30% between 
various immunoassays, as well as the innumerable vari-
ables that contribute to assay quality and differences in 
practice. In short, immunosuppressants have a complex 
set of targets and assay variation remains a problem for 
managing patients toward these targets.

Lithium
Lithium has been used for treatment-resistant major 
depressive disorder and bipolar disorder for some 50 years. 
The origin of lithium as a therapeutic agent is interesting 
in that is was initially conceived as a treatment for gout. 
While lithium was ineffective for gout and highly toxic at 
the concentrations used, animal experiments identified 
its calming effects [95, 96]. Remarkably, the mechanism 
of action is still unknown, though potential explanations 
include modulation of neurotransmitters, such as nor-
epinephrine and serotonin, modulation of cyclic adeny-
lyl cyclase and stabilization of neuroprotective proteins, 
among several others [97].

Lithium is usually provided as Li2CO3, though lithium 
citrate is also widely available. As a simple ion, lithium is 
absorbed completely orally with 80–100% bioavailability 
[98]. Eliminated by the kidneys, lithium has a long half-
life that is renal function dependent [99], ranging from 
18 to 36 h [100]. In general, side effects from lithium are 
common, occurring in some 70–90% of patients when 
given as monotherapy. In polypharmacy, this rate is likely 
even higher [101, 102]. Side effects are numerable and 
include polyuria, polydipsia, hypothyroidism, cognitive 
impairment, weight gain, tremor, diarrhea, sexual dys-
function, psoriasis and hypercalcemia [101].

Lithium has a narrow therapeutic window, and may 
be toxic at concentrations >1.5 mmol/L. Signs of toxicity 
include drowsiness, nausea, diarrhea, tremors, ataxia 
and confusion [101]. Importantly, lithium toxicity risk is 
increased in the elderly as their renal function declines 
with age.

There are numerous guidelines for lithium treat-
ment globally, including the USA, UK, Canada, Japan, 
Australia/New Zealand, South Africa and Taiwan [103]. 
Recommendations vary, but according to the American 
Psychiatric Association (APA) guidelines [104], therapeu-
tic targets for lithium are 0.5–1.2 mmol/L for acute mania 
and 0.6–1.0  mmol/L for maintenance. For bipolar disor-
der, targets are almost universally 0.6–0.8 mmol/L [103]. 
Plasma concentrations below 0.4 mmol/L are ineffective 
for treatment [104]. Toxicity generally occurs at concentra-
tions >1.5 mmol/L, with severity increasing to the risk of 
death at concentrations >3.5 mmol/L.

Guidelines vary, but lithium monitoring is typically rec-
ommended at least every 6 months [104]. Samples should 
be collected ~12  h post-dose, and a steady state should 
be reached before measuring (~1  week after initiation or 
dosage adjustment) [98]. Because of the risks to renal 
function, measurement of urea and creatinine at regular 
intervals (2–3  months at initiation, yearly thereafter) is 
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recommended. Other recommended laboratory measure-
ments include thyroid testing, electrolytes, complete blood 
count (CBC) and human chorionic gonadotropin (hCG) 
because of potential side effects and risk to fetus.

Special considerations are needed for pregnancy, chil-
dren and the elderly. Generally, avoidance of lithium during 
pregnancy is recommended, by tapering off the dose and 
substitution with other anti-psychotics [104]. However, in 
instances where other agents are ineffective, lithium may be 
given with discussion and consideration of potential tera-
togenicity. Higher frequency monitoring is recommended if 
lithium is given during pregnancy, including fetal echocar-
diograms [104]; again specific guidelines are variable and 
evidence is lacking. Some recommendations are trimester-
specific [e.g. increasing dose in the last trimester to account 
for the increased glomerular filtration rate (GFR)] and lac-
tation is contraindicated for patients on lithium. In chil-
dren, recommendations for treatment of bipolar disorder 
are again highly variable, ranging from nothing to apply-
ing adult dosing; evidence is once again sparse for this 
population. For the elderly, guidelines are inconsistent. An 
excellent review of guidelines recommends a lower thera-
peutic plasma concentration, but evidence is lacking and 
a specific value was not provided [104]. Several authors do 
provide discrete targets of 0.4–0.8 mmol/L [105, 106].

Based on CAP proficiency testing survey data, there 
are markedly different results yielded by various instru-
ments. The mean variability between methods ranges up 
to 30–75%. The variability would effectively widen the 
therapeutic reference interval to 0.2–2.1 mmol/L (from 0.8 
to 1.2 mmol/L). This huge variability could potentially lead 
to significant toxicity at high concentrations or potential 
treatment failure at apparent therapeutic levels of lithium. 
Standardization of lithium methods is needed as the inter-
assay analytical variability remains very high even within 
a particular class of assay (e.g. colorimetric).

Digoxin
Digoxin is a cardiac glycoside with a long and interesting 
history. Digoxin is derived from the foxglove plant Digitalis 
sp. It is used to manage heart failure and cardiac arrhyth-
mias. It acts to increase cardiac output and normalize 
ventricular pulse rate by inhibiting sodium-potassium 
ATPase in myocardial cells [107].

The side effects of digoxin are perhaps most famously 
exemplified by the color distortions characteristic of Van 
Gogh’s “Starry night” painting [108, 109]. Other side effects 
include nausea, vomiting and cardiac symptoms of ventric-
ular fibrillation and premature ventricular contractions. 

Toxicity is notably affected by electrolyte concentrations; 
specifically, hypokalemia and hypomagnesemia increase 
the response to digoxin [107, 110, 111]. Treatment for toxic-
ity involves administration of specific antibody fragments 
(digoxin-Fab), which has been shown to be safe and effec-
tive [112]. Despite the long history of clinical use of digoxin, 
there remains a debate as to the risk-benefit tradeoffs [113, 
114]. A recent systematic review concluded that there was 
no effect on mortality, but a reduction in hospital admis-
sion in patients given digoxin for atrial fibrillation and 
heart failure [115]. Fundamentally, well-designed rand-
omized control trials are needed to definitively conclude 
whether digoxin benefits outweigh the toxicity risks [116].

Digoxin has high oral bioavailability, but this can be 
affected by other drugs and gastrointestinal factors, such 
as bacteria and the presence of food [117]. The half-life of 
digoxin is 36–48  h, which is prolonged substantially in 
renal impairment to 2–5 days. In particular, dosages should 
be reduced in patients with renal impairment to reduce 
toxicity [118]. In addition, serum potassium and creatinine 
measurements should be taken when increasing dosage 
or changing interacting drugs [119]. Some immunoassays 
show cross-reactivity with “digoxin-like immunoreactive 
substances”, which are produced in neonates, patients 
with liver failure or renal impairment and pregnant women 
[120]. These can falsely elevate digoxin measurements, 
though some newer methods are more resistant to this type 
of interference [121, 122]. Unlike other drugs, sample collec-
tion timing is based on the peak tissue concentration rather 
than trough or peak blood levels; this generally translates 
to a collection time of ~6–10 h after a dose.

Analytical measurement of digoxin after treatment 
with digoxin-Fab for toxicity can be inaccurate due to 
cross-reactivity with reagents and Fab fragments [123]. 
This interference may be avoided by delaying collection 
after treatment. Alternatively, free digoxin measurement 
can resolve the interference by removing the offending 
protein fragments [123–125].

Commonly cited therapeutic reference intervals for 
digoxin are 1.0–2.6 nmol/L (0.8–2.0 ng/mL) based on the 
Randomized Assessment of Digoxin on Inhibitors of the 
Angiotensin Converting Enzyme (RADIANCE) trial which 
studied 178 patients with heart failure [126]. These targets 
are largely based on toxicity rather than efficacy and defin-
itively randomized control trials are absent. Additional ret-
rospective analysis of the Prospective Randomized Study of 
Ventricular Failure and the Efficacy of Digoxin (PROVED) 
[127], RADIANCE and Digitalis Investigation Group (DIG) 
[128] trials supports that lower concentrations of 0.6–
1.3 nmol/L (0.5–1.0 ng/mL) are effective for treating heart 
failure [126]. More recent guidelines for management of 



McCudden: Limitations of TDM reference intervals      57

heart failure also endorse these targets [129]. Other guide-
lines advise maximum trough concentrations of 1.5 nmol/L 
(1.2 ng/mL) for controlling heart rate in patient with atrial 
fibrillation where first-line therapies are ineffective [118]. 
Toxicity is better supported, with several studies identi-
fying adverse effects at concentrations above 3.2  nmol/L 
(2.5 ng/mL) [130–133]. Recent guidelines suggest the use of 
TDM for digoxin purely to avoid toxicity given the paucity 
of evidence for efficacy [119].

Inter-method variability is an important considera-
tion for digoxin TDM. Based on CAP proficiency testing 
survey data, the mean variability between methods ranges 
up to 28–40%. The variability would effectively widen the 
therapeutic reference interval to 0.6–3.6 nmol/L (from 1 to 
2.6 nmol/L). The variability could potentially lead to toxic-
ity at apparent therapeutic levels of digoxin.

Summary
Collectively, therapeutic reference intervals for many 
commonly monitored drugs are based on limited evi-
dence. In particular, there are few if any randomized 
control trials demonstrating the efficacy of target con-
centrations. This is compounded by the lack of consid-
eration of methodological differences in most of the 
available evidence and case reports. Moreover, variabil-
ity in collection timing may contribute to uncertainty 
around the appropriate target values. While it is unlikely 
that there will be an investment in new studies for these 
older drugs, those interpreting the results should be 
aware of the limitations of the therapeutic targets and 
use available clinical signs and symptoms for monitor-
ing individual patients. Algorithms, such as Bayesian 
approaches for aminoglycosides, may improve appro-
priate dosing. Awareness of the effect of co-morbidities 
and risks of polypharmacy are also important to avoid 
toxicity.

Given the variability, individuality and complex-
ity of different patients, single target values in isolation 
are unlikely to serve the clinical need. Further, the small 
therapeutic window and potential overlap between ther-
apeutic and toxic ranges mandate careful consideration 
during drug dosing in each patient. Guidelines and algo-
rithmic, condition-specific target criteria are likely to 
better serve patients and help clinical users to achieve 
appropriate drug concentrations. Improvement and 
standardization of analytical methods may help improve 
consistency and interchangeability of therapeutic refer-
ence intervals.
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