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Abstract
Introduction Direct quantification of drug concentrations allows for medication adherence monitoring (MAM) and therapeu-
tic drug monitoring (TDM). Multiple less invasive methods have been developed in recent years: dried blood spots (DBS), 
saliva, and hair analyses.
Aim To provide an overview of emerging drug quantification methods for MAM and TDM, focusing on the clinical valida-
tion of methods in patients prescribed chronic drug therapies.
Methods A scoping review was performed using a systematic search in three electronic databases covering the period 
2000–2020. Screening and inclusion were performed by two independent reviewers in Rayyan. Data from the articles were 
aggregated in a REDCap database. The main outcome was clinical validity of methods based on study sample size, means 
of cross-validation, and method description. Outcomes were reported by matrix, therapeutic area and application (MAM 
and/or TDM).
Results A total of 4590 studies were identified and 175 articles were finally included; 57 on DBS, 66 on saliva and 55 on 
hair analyses. Most reports were in the fields of neurological diseases (37%), infectious diseases (31%), and transplantation 
(14%). An overview of clinical validation was generated of all measured drugs. A total of 62 drugs assays were applied for 
MAM and 131 for TDM.
Conclusion MAM and TDM are increasingly possible without traditional invasive blood sampling: the strengths and limi-
tations of DBS, saliva, and hair differ, but all have potential for valid and more convenient drug monitoring. To strengthen 
the quality and comparability of future evidence, standardisation of the clinical validation of the methods is recommended.
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1 Introduction

Medication adherence is crucial for achieving optimal 
treatment effects [1, 2]. Notably, failure to assess adher-
ence may lead to under-treatment, potentially dangerous 
complications, and unnecessary complex or expensive sec-
ond-line therapies [1, 2]. Medication adherence monitoring 
(MAM) is the periodical or routine assessment of patients’ 

medication-intake behaviour. Data on medication adherence 
allow clinicians to underpin their follow-up interventions 
and guide initiation of potential additional drugs. Currently, 
most clinicians rely on indirect measures, such as patient 
self-report, pill counts, and pharmacy-dispensing records, 
although it is widely recognised that these are subjective, 
non-granular, and prone to white-coat adherence, and there-
fore often overestimate true adherence [3, 4]. A more granu-
lar, but still indirect method to monitor medication intake 
information is MAM with electronic monitoring devices [5]. 
However, the most objective method to confirm adherence is 
to detect the actual presence of the drug in biological fluids.

Furthermore, an important stage of pharmacological 
patient management is the follow-up and optimisation of 
initial drug dosing. For a wide range of drugs, this can be 
done by monitoring drug concentrations [6]. Therapeutic 
drug monitoring (TDM) is the quantitative measurement of 
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Key Points 

This scoping review shows that dried blood spot, saliva, 
and hair are feasible for medication adherence and thera-
peutic drug monitoring in a wide range of chronically 
administered drugs and may improve the acceptability 
and accessibility of patient sampling. It recommends 
further research particularly in the fields of neurologi-
cal diseases, respiratory diseases, transplantation and 
haemato-oncology.

A comprehensive overview is generated of drug assays 
with their current clinical validation status as appreciated 
by use of clinical samples, methods for validation, and 
the assessment for usability as stated in the publication.

Guidelines for clinical validation of emerging methods 
need to be developed further to improve the interpreta-
tion of their value, acceptability and use in routine care.

and stability of the method should be taken into account 
[12, 13]. This should be followed by a clinical valida-
tion, where the concentrations measured in the alternative 
matrix samples are compared to other established methods 
(mostly blood or plasma concentrations), that are taken 
at the same time point, as recommended by the Interna-
tional Association for TDM and Clinical Toxicology (IAT-
DMCT) for DBS validation [14]. While there are clear 
validation criteria for the analytical part, questions have 
been raised about whether the clinical validation receives 
sufficient attention and how it should be executed to verify 
its clinical usability [14].

For multiple chronic drug therapies (e.g., to treat human 
immunodeficiency virus (HIV), tuberculosis, epilepsy, etc.) 
the evidence for new measurement methods is growing and 
a translation from research to practice is expected to improve 
clinical outcomes in the near future. Especially during the 
global COVID-19 pandemic, an increased interest in remote 
(home) monitoring demands convenient methods for patients 
to provide samples themselves [15]. Between different thera-
peutic drug groups, however, there seem to be profound dif-
ferences between validity and feasibility of applying these 
emerging drug-monitoring methods [6].

This scoping review provides an overview on the state-of-
the-art and clinical value of emerging non-invasive bioana-
lytical methods for drug-level monitoring. In particular, we 
focus on the use of these methods in real-life patient samples 
and whether they could be routinely applied to MAM and 
TDM of chronic drug therapies. We aim to give a high-level 
overview of the evidence in these fields and provide future 
research needs.

2  Materials and Methods

2.1  Study Design

A scoping review was performed to elucidate which chroni-
cally administered drugs are measured in DBS, saliva, and 
hair, the clinical validity of these methods, and their rel-
evance for clinical decision making. A scoping review is an 
appropriate approach to explore evidence and knowledge 
gaps with the purposes defined by Arksey and O’Malley, 
namely to “examine the extent, range, and nature of research 
activity, to determine the value for undertaking a fully 
focused systematic review, to summarize and disseminate 
research findings, and to identify research gaps in the exist-
ing literature” [16]. Reporting was carried out in accord-
ance with the Preferred Reporting Items for Systematic 
Reviews and Meta-Analysis extension for Scoping Reviews 
(PRISMA-ScR) [17] (Online Supplementary Information 
(OSM) 1). The protocol was registered before comple-
tion of the screening in the Open Science Platform under 

drug concentrations to assess adequate exposure, resistance, 
or side effects to medication [7]. This method is usually 
applied in conjunction with drugs that have a small thera-
peutic range, those that are known to exhibit high interin-
dividual variation, and where a relationship between drug 
concentration and drug effect has been established. The main 
goal of TDM is dose optimisation, but it can also be used 
for the assessment of drug-drug interactions and medication 
adherence, where drug concentrations outside predefined 
ranges may indicate non-adherence [7].

Historically, MAM and TDM relied on classic venous 
blood sampling. However, venepuncture is burdensome for 
patients as it requires a visit to a clinic, needs to be per-
formed by a phlebotomist or other healthcare professional, 
and is invasive, with associated pain and hematomas at the 
puncture site [8]. In some patient groups it is hard to sample 
blood, as veins may be hard to access or blood supply may 
be limited. For these patient groups and for general con-
venience, multiple emerging less invasive and non-invasive 
pre-analytical and bioanalytical methods have been devel-
oped. These upcoming methods include dried blood spots 
(DBS), urine, saliva, and hair analysis. A recent review has 
been published on the development of bioanalytical meth-
ods to measure drug concentrations in urine [9], leading to 
clear clinical consensus recommendations for urine testing 
of MAM or TDM [10, 11]. Therefore, this review will focus 
on DBS, saliva, and hair as interesting matrices for drug 
monitoring.

Before any bioanalytical method can be implemented 
into clinical practice, the method needs to be analytically 
and clinically validated. In an analytical validation at 
least the linearity, accuracy and precision, matrix effect 
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the registration https:// doi. org/ 10. 17605/ OSF. IO/ QJD9R 
(https:// osf. io/ qjd9r).

2.2  Data Sources and Search Strategy

The search was performed on 12 February 2020 in three 
electronic databases: Pubmed, Embase and Web of Sci-
ence. The actual search terms used were ‘(non-)adherence’, 
‘(non-)compliance’, ‘drug monitoring’, ‘dried blood spots’, 
‘urine’, ‘saliva’, ‘hair’, ‘concentration’, ‘assay’, ‘measure-
ment’, ‘level’, ‘analysis’, and ‘quantification’. The only 
search filter applied was year of publication (after 2000). 
A follow-up search was performed on 10 March 2021 to 
include all articles up to 31 December 2020. The exact 
search queries are provided in OSM 2.

2.3  Eligibility Criteria, Screening and Snowball 
Search

All results from the search strategies were imported into 
the screening tool Rayyan [18], where the citations were 
checked for duplicates. All articles were screened for rel-
evance based on title and abstract. This was followed by a 
review of the full-text articles. The inclusion and exclusion 
criteria were applied to the abstract and full-text articles. 
The screening and full-article eligibility assessment was per-
formed by two independent reviewers (TRZ and ZI). In case 
of disagreement on inclusion, the article was discussed and 
could be assessed by a third independent reviewer (JFMvB) 
until consensus was reached. This study focuses on emerging 
methods, i.e. DBS, saliva, and hair monitoring, but exclud-
ing urine since urine was addressed in a previous review [9].

Articles that followed all of the following criteria were 
included: (1) the article used clinically applicable analyti-
cal methods to quantify drug compounds in patients’ finger-
prick DBS, saliva, and hair; (2) concentration levels were 
measured of medication that was prescribed for a duration of 
a minimum of 3 months and/or to treat a chronic disease; (3) 
the article was in English; and (4) the article was published 
between 2000 and 2020.

Articles were excluded when any of the following crite-
ria were applicable: (1) reviews, protocols, case reports, no 
full-text available, (2) articles with a focus on toxicology, 
drug abuse, or unlicensed drugs, short-term, or single-dose 
drugs, (3) studies in healthy volunteers only, (4) studies that 
only analysed (clinical) samples or did not investigate the 
clinical applicability of the method in patients (e.g., TDM, 
precision medicine, adherence studies, cross-validation with 
a clinically used method), and (5) studies that reported fewer 
than ten patients using the drug of interest, which were con-
sidered case reports.

A snowball search was performed, where the following 
protocol was followed. A list was generated of all included 

studies with study ID, publication year, and matrix studied. 
Subsequently, from the articles published in the last 5 years 
(2016–2020), five articles per study matrix were randomly 
selected with the use of a true random-number generator 
(https:// www. random. org/). Thereafter the reference lists 
in the randomly selected studies [19–33] were assessed to 
identify new articles of interest. Articles not identified with 
the previous searches that fulfilled the inclusion and not the 
exclusion criteria, were added to the Rayyan database for 
further analysis.

2.4  Data Extraction

All included articles were filed in a standardised form in 
a Research Electronic Data Capture (REDCap) database 
[34, 35], hosted by the University Medical Center Gron-
ingen (UMCG). The following study characteristics were 
extracted: (1) general article information (first author, title, 
publication year, continent); (2) assay methods (matrix, ana-
lytical method); (3) study population (disease group, sub-
ject description, patient population size), drugs measured 
(number of drugs tested, generic names of all drugs tested, 
number of patients that used the drug, metabolites tested), 
which was limited to drugs that have been used by ten or 
more patients; (4) assay information per matrix (valida-
tion characteristics, sample size per drug); and (5) clinical 
application (used for MAM and/or TDM, study outcomes to 
which the assay was linked). Data extraction was performed 
by one person and checked by a second person.

2.4.1  Available Clinically Valid Methods for Chronically 
Used Drugs

Before a drug assay can be clinically applied, the bioana-
lytical method must be analytically validated on the basis 
of guidelines provided by the European Medicines Agency 
(EMA) and/or the US Food and Drug Administration (FDA) 
[12, 13]. Some clinical or intervention trials may have previ-
ously validated their assay method and described this ana-
lytical validation in a separate article. As it was outside of 
the scope of this review to assess the analytical details, these 
articles were not included. However, the existence of an ana-
lytical validation paper was registered in the RedCap data-
base when its citation was available in the included article.

This review only included articles that described a clini-
cal validation or that are reported to be used in clinical prac-
tice or within clinical trials, hence clinically valid. However, 
only a few guidelines or quality standards exist that describe 
how methods should be clinically validated, where the clini-
cal validation of DBS has been described most [14]. At pre-
sent, no guidelines exist for the clinical validation of saliva 
and hair.

https://doi.org/10.17605/OSF.IO/QJD9R
https://osf.io/qjd9r
https://www.random.org/
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2.4.2  Quality Assessment of Clinical Validation

We developed quality criteria to classify all included studies 
on the basis of their clinical validity. The following factors 
were assessed to grade the quality of clinical validity: (1) 
sample size, (2) study methods for cross-validation, and (3) 
the opinion from the publishing authors on the clinical usa-
bility of their own developed method. For the sample size, 
the statistical value for patient and sample numbers have 
been described by Capiau et al., on behalf of IATDMCT 
[14], regarding DBS (40 patient samples or ≥ 25 patients 
with multiple samples). The same sample-size criteria were 
adapted for saliva and hair. When either the number of sam-
ples or the number of patients was not available in the arti-
cle, the assumptions were made that each patient provided 
one sample, or that each sample was provided by a unique 
patient.

The second criterion regarding study methods was spe-
cific for each matrix. For DBS and saliva, a cross-validation 
should be performed where the method is correlated with a 
previously validated analytical method in blood, plasma or 
serum, with bias assessed. For hair, a cross-validation with 
paired samples is less feasible, as body fluid levels change 
in time, while hair captures long-term exposure. Thus, vali-
dating hair studies could also be based on correlation with 
clinical parameters, such as dosage intake, average exposure 
over a certain time, or disease outcomes.

The last quality criterion was the opinion as expressed 
by the original authors of the included studies, which was 
assessed by any statements made in the article on the appli-
cability of the method for clinical use. This part of the qual-
ity criteria was included because while some methods may 
have undergone full clinical validation, the results of this 
validation can be unconvincing or the authors can even con-
clude that the method is not feasible. These statements from 
the article were cited in the database, and graded as ‘sure, 
applicable for clinical use’, ‘sure, not applicable for clinical 
use’, and ‘not sure (maybe or possibly) or no statements 
made’.

Each criterion was scored and the quality of clinical vali-
dation assays was finally labelled with different colours as 
described in the decision tree (Fig. 1). The colours represent 
the sum of criteria scores and show the degree of validity 
and clinical applicability. Note that the ‘black’ label refers 
to the authors’ conclusions that the assay is not applicable in 
MAM and/or TDM, regardless of sample size or cross-over 
validation performed. Studies with the ‘blue’ label have the 
highest clinical validation quality for application in MAM 
and/or TDM followed by ‘green’ for valid application. A 
‘yellow’ label is graded moderately valid, and ‘red’ less 
valid, both having a possible use for application in clinical 
settings.

2.5  Outcomes

We qualitatively evaluated the clinical applicability of non-
invasive methods (DBS, saliva, and hair) either for MAM or 
TDM of chronically administered drugs. Furthermore, tables 
and graphs were created to reflect the characteristics of the 
included studies, including an overview of the drugs that 
were measured in the studies and their clinical validation 
status. Moreover, a figure was created to highlight the gaps 
in literature per bioanalytical method.

2.6  Data Analysis

Before data analysis, data quality was checked for discrep-
ancies in the RedCap module. For the analysis, all data 
were downloaded from the RedCap and summarised in MS 
Excel for review and visual inspection. Data were grouped 
per study and per drug in R (RStudio version 1.4.1106). 
Descriptive statistics with absolute numbers per categories 
and percentages were used to describe the data.

3  Results

3.1  Search and Selection of Studies

Covering the period between 1 January 2000 and 31 
December 2020, a total of 4590 studies were identified in 
the database searches on two separate occasions (Fig. 2). 
In the screening, records were removed on the basis of title 
and abstract; there were many records on bacterial adher-
ence, biomarker quantification and reports on methods that 
only mentioned analytical validation in the abstract. After 
application of the exclusion criteria, articles on urine were 
removed, together with conference abstracts, case studies, 
studies where no real patient data were measured, and stud-
ies on drugs and patient populations that fell outside the 
scope of this review. A total of 175 articles were further 
analysed including four additional articles identified from 
the snowballing process. An overview of all included studies 
with citations is presented in OSM 3.

3.2  Description of the Studies

The general characteristics of all included studies are sum-
marised in Table 1. Most studies reported on the measure-
ment of a single drug in the paper that was considered for 
clinical validation (n = 121, 69.1%), while some articles 
reported on simultaneously measured multi-drug methods. 
For both single- and multi-drug methods, only the drugs that 
were measured in ten or more patient samples were consid-
ered for this review, so the true number of drug assays men-
tioned in the publication may be higher in some studies [36, 
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37]. The median number of patients included in the studies 
was 43 and ranged from the minimum of ten to as many as 
1165. Most studies were performed in adults and elderly 
patients, with 37 (21%) articles that included neonates or 
children, and four (2%) that specifically included pregnant 
or breastfeeding women. In some studies, multiple samples 
from the same patients were measured [19, 38–41].

The four most prominent clinical areas from which most 
articles were retrieved were neurological diseases, infectious 
diseases, transplantation medicine, and haemato-oncology. 
The emerging methods were majorly applied in neurological 
diseases, where epilepsy and psychiatric disorders were the 
most eminent diagnoses. Distinctions within the infectious 
disease groups were made in the diagnoses of HIV medica-
tion and tuberculosis, covering all but one included studies 

on infection diseases (where the remaining study was on a 
doxycycline assay in hair) [42].

The numbers of included articles were evenly distrib-
uted between DBS (n = 57), saliva (n = 66) and hair (n = 
67). Most articles reported on the measurement of drugs in 
only one matrix of interest. Some articles combined sev-
eral matrices of interest [43–45], or included other experi-
mental methods such as sweat [46, 47], nasal mucus [48], 
volumetric absorptive microsampling (VAMS) [49], finger 
smears, and scalp swabs [31]. The majority of the articles (n 
= 129, 73.7%) measured the drugs in simultaneously taken 
venepuncture-acquired blood samples to compare the new 
method to an established method.

The ultimate clinical applicability for the described meth-
ods, either for MAM or for TDM, was assessed for each 
article. Most articles on DBS were performed with a focus 

≥ 25 patients [1]10-24 patients [0]<10 patientsSample size

≥ 40 samples [1]< 40 samples [0]

Authors’ opinion

Study
label

Excluded

Cross-over test
performed Yes [1]No [0] Yes [1]No [0] Yes [1]No [0]

Drug assay

Yes
[1]

No
[0]

NS
[0]

Yes
[1]

No
[0]

NS
[0]

Yes
[1]

No
[0]

NS
[0]

Yes
[1]

No
[0]

NS
[0]

Yes
[1]

No
[0]

NS
[0]

Yes
[1]

No
[0]

NS
[0]

Not applicable for clinical use

Less valid and may be applicable for clinical use Highly valid and applicable for clinical use

Valid and applicable for clinical use

Moderately valid and may be applicable for clinical use

Fig. 1  Decision tree for labelling clinical validation quality of the 
bioanalytical assays. The study label is based on the sum scores of 
all quality criteria (scores of: 4 = blue, 3 = green, 2 = yellow, and 
0–1 = red), except the black label, which refers to the conclusion of 
the authors of the included studies (“author’s opinion”) that the assay 
is not applicable for MAM and/or TDM regardless of other criteria. 

Each study label therefore represents the degree of method validity 
and clinical applicability. The “author’s opinion” refers to the original 
authors of the included studies. MAM medication  adherence moni-
toring, NS not sure (maybe, possibly) or no statements made, TDM 
therapeutic drug monitoring
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on TDM (n = 52, 91%, of which three also showed possi-
ble application for MAM). Similarly, for saliva the majority 
(n = 47, 71%) focused on an applicability for TDM or for 
both MAM and TDM (n = 10, 15%). However, for hair, the 
most research was performed on long-term adherence and 
therefore applicability for MAM (n = 35, 64%). Only 17 
(31%) articles researched whether hair could predict clinical 
outcomes and therefore be suitable for TDM, where seven 
articles (13%) had shared focus on MAM and TDM.

The literature on clinically validated assay methods in 
DBS, saliva, and hair has considerably increased in the last 
few years. For example, half of the included articles were 
published in the last 5 years (2016–2020), and approxi-
mately 80% in the last decade (2011–2020). In geographical 
terms, half of the articles (50%) were published in Europe. 
Asia and North America delivered comparable numbers of 
publications, with 16% and 14% of the included articles, 
respectively.

The applicability for which each method was proposed in 
MAM or TDM, for each publication year, and the number of 
articles in the major specific therapeutic groups are shown 
in Figs. 3 and 4, respectively.

3.3  Clinical Validation Quality of the Drug Assays

A total of 219 drug assays described in the articles were 
evaluated for clinical validity (Table 2), with the quality cri-
teria as described previously and classification of the colours 
in accordance with Fig. 1. Assays with under ten patients 
or patient samples were excluded. A total of 121 assays 
were performed with samples from under 25 patients. For 
139 assays, samples from 25 or more patients were used, of 
which 100 assays (63%) were validated with more than 40 
patient samples. For 31 assays, either the number of patients 
or the number of samples was not available.

Cross-validation was rated as the assessment of a cor-
relation with either a previously validated assay method or 

Records identified through database 
search on Feb 12, 2020 

(N = 4,142): 
- PubMed, N = 1,049
- Embase, N = 1,410
- Web of Science, N = 1,683

Id
en

tif
ic

at
io

n
Sc

re
en

in
g

Titles and abstracts screened:
N = 2,485

Abstracts excluded
N = 2,008

Full-text articles assessed for 
eligibility:
N = 477

El
ig

ib
ili

ty

Eligible articles:
N = 158

In
cl

ud
ed

Records identified through database 
search on March 10, 2021 

(N = 448): 
- PubMed, N = 116
- Embase, N = 158
- Web of Science, N = 174

DBSa)

N = 57
Salivaa)

N = 66
Haira)

N = 55

Full-text articles assessed for 
eligibility:

N = 87

Eligible articles:
N = 13

Included studies for further 
analysis: 
N = 175

Abstracts excluded
N = 198

Duplicates 
removed
N = 163
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- Case studies, N = 9
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Fig. 2  Diagrammatic representation of literature-screening process and results. FP-DBS finger prick-dried blood spots. aIn the included studies, 
one article described both hair and DBS, two articles described saliva and hair analysis simultaneously
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a clinical or adherence outcome. Of the drug assays, 48 did 
not describe a full cross-validation, which was a result of the 
article not reporting on the linearity of the method, or not 
describing a bias assessment with a Bland Altman plot (for 
24 DBS articles). For DBS, only five articles were without 
venous measurement as comparator [50–53]. These articles 
described a new detection method [50], compared the results 
with adherence outcomes (self-report, prescription refills, 
pill counts, or combinations) [51, 52], or applied DBS in a 
clinically usable pharmacokinetic model for TDM.

In the opinion of the authors of the studies with regard 
to the methods, most assays were stated to be suitable for 
at least one of the clinical applications mentioned (n = 185, 
84.5%). For 25 assays (11.4%), the authors concluded that 
the method was not clinically applicable. For some methods, 
the authors were uncertain about the clinical applicability of 
the assay (n = 60, 27%), or did not describe any conclusion 
on usability (n = 21, 9.6%).

3.4  Drug Measurements

A total of 118 unique drugs that were measured in DBS, 
saliva, and hair were considered in this review. A list of these 
drugs was ordered by the Anatomical Therapeutic Chemical 
(ATC) classification system and grouped by the ATC level 
that was considered appropriate for displaying the results. 
An overview of all drugs measured, including the number 
of assays that assessed the drug and the highest clinical vali-
dation status achieved for MAM and TDM, is presented in 
Table 2. For drugs with several studies on the same clinical 
application and matrix, the colour of the dot represents the 
colour of the highest clinical validation status.

Most non-invasive methods were valid and (possibly) 
applicable for MAM in clinical settings. No reported assays 
were infeasible for MAM. Furthermore, highly valid meth-
ods were available for 16 drugs measured for MAM mostly 
in epilepsy, HIV/AIDS, and pain [21, 52, 54–65]. Hair is 
the most widely used method to detect the presence of 37 
unique drugs and/or their metabolites, followed by saliva (31 
drugs) and DBS (20 drugs). The emerging matrices may also 
be applied to detect intake adherence and changes in drug-
taking behaviour, such as mentioned for aripiprazole and 
pipamperone in DBS [66], amisulpride [67], aripiprazole 
and olanzapine [68] in saliva, and ciclosporin in hair [69].

On the other hand, the applicability of less invasive meth-
ods for TDM in clinical practice varied. There is evidence 
that TDM of the following drugs is not feasible using DBS 
(aripiprazole, pipamperone, risperidone) [66], saliva (ami-
sulpride, aripiprazole, lisdexamfetamine, moxifloxacin, 

Table 1  Characteristics of the included studies (N = 175)

AIDS acquired immunodeficiency syndrome, DBS dried blood spots, 
HIV human immunodeficiency virus, MAM medication  adherence 
monitoring, TDM therapeutic drug monitoring
a Other: cardiovascular disease (7, 4.0%), inflammatory bowel disease 
(3, 1.7%), asthma/chronic obstructive pulmonary disease (2, 1.1%), 
chronic migraine (2, 1.1%), systemic inflammatory disease (2, 1.1%), 
chronic hyposmia (1, 0.6%), diabetes mellitus (1, 0.6%), Q fever or 
Whipple’s disease (1, 0.6%)
b Eighteen studies described the applicability of the method in both 
TDM and MAM

Parameter N (%)

Number of drugs clinically validated, median (range) 1 (1–9)
Sample size, median (range) 43 (10–1165)
Study population
 Adults and elderly 134 (76.6)
 Paediatrics 37 (21.1)
 Pregnant or breastfeeding women 4 (2.3)

Most reported fields
 Neurological diseases 64 (36.6)
  Epilepsy 27 (15.4)
  Pain 6 (3.4)
  Parkinson’s disease 1 (0.6)
  Psychiatry 30 (17.1)

 Infectious diseases 54 (30.8)
  HIV/AIDS 44 (25.1)
  Tuberculosis 10 (5.7)

 Transplantation 24 (13.7)
 (Haemato-)Oncology 14 (8.0)
  Othera 19 (10.8)

Matrix
 DBS 57 (32.5)
 Saliva 66 (37.7)
 Hair 55 (31.4)

Proposed applicability of  methodb

 MAM 62 (35.4)
 TDM 131 (74.9)

Publication year
 2000–2005 18 (10.3)
 2006–2010 18 (10.3)
 2011–2015 51 (29.1)
 2016–2020 88 (50.3)

Geographical area
 Europe 88 (50.3)
 Asia 28 (16.0)
 North America 25 (14.3)
 Africa 17 (9.7)
 South America 14 (8.0)
 Oceania 3 (1.7)
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Fig. 3  Emerging matrices with proposed applicability of the method. 
The top figures show the application of each matrix for MAM, TDM 
or both MAM and TDM, while the bottom figures display the dis-

tribution of each matrix application per publication year. DBS dried 
blood spots, MAM medication adherence monitoring, TDM therapeu-
tic drug monitoring

Fig. 4  Bubble plot depict-
ing knowledge gaps. Bubble 
size represents the number 
of published articles for each 
analysis method and the plot 
is ordered by therapeutic area. 
Other disease group refers to: 
cardiovascular diseases, inflam-
matory bowel diseases, asthma/
chronic obstructive pulmonary 
disease, chronic migraine, 
systemic inflammatory disease, 
chronic hyposmia, diabetes mel-
litus, and Q fever or Whipple’s 
disease. DBS dried blood spots
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Table 2  Drugs with their highest assessed clinical validation status in dried bloods spots (DBS), saliva, and hair and whether these methods have 
been used for medication adherence monitoring (MAM) or therapeutic drug monitoring (TDM)

Drug No. of
assaysa 

DBS Saliva Hair
MAM TDM MAM TDM MAM TDM

Blood glucose lowering drugs
1nimroftem 0 0 0 0 0
1nitpilgatis 0 0 0 0 0

Antithrombotic agents
1nabaxoravir 0 0 0 0 0
2nirafraw 0 0 0 0 0

Cardiovascular system
1natnesirbma 0 0 0 0 0
2enipidolma 0 0 0 0
1lolorposib 0 0 0 0 0
1natnesob 0 0 0 0 0
1nixogid 0 0 0 0 0
1lirpalane 0 0 0 0 0

hydrochlorothiazide 2 0 0 0 0
1natrasol 0 0 0 0 0
1lolorpotem 0 0 0 0 0
1enidinoxom 0 0 0 0 0
1enipidefin 0 0 0 0 0
1lirpodnirep 0 0 0 0 0
1lirpimar 0 0 0 0 0
1lifanedlis 0 0 0 0 0
1enotcalonorips 0 0 0 0 0
1lifaladat 0 0 0 0 0
1edimesarot 0 0 0 0 0
2natraslav 0 0 0 0

Glucocorticoids
1enolosinderp 0 0 0 0 0

Antibacterials for systemic use
1enilcycyxod 0 0 0 0 0
2nicaxolfovel 0 0 0 0
1dilozenil 0 0 0 0 0
2nicaxolfixom 0 0 0 0

Antimycobacterials
1eniliuqadeb 0 0 0 0 0
1enimizafolc 0 0 0 0 0
1lotubmahte 0 0 0 0 0
1edimanoihte 0 0 0 0 0
5dizainosi 0 0 0 0
2edimanizaryp 0 0 0 0
3nicipmafir 0 0 0 0

b
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Table 2  (continued)

Drug No. of 
assaysa 

DBS Saliva Hair
MAM TDM MAM TDM MAM TDM

Antivirals for systemic use
abacavir 1 0 0 0 0 0
atazanavir 6 0 0 0
darunavir 1 0 0 0 0 0
efavirenz 11 0 0
emtricitabine 4 0
indinavir 4 0 0 0
lamivudine 5 0 0 0
lopinavir 6 0 0 0
nevirapine 16
raltegravir 1 0 0 0 0 0
ritonavir 5 0 0 0
tenofovir 10 0 0
zidovudine 2 0 0 0 0
Antineoplastic agents
docetaxel 1 0 0 0 0 0
epirubicin 1 0 0 0 0 0
erlotinib 1 0 0 0 0 0
gemcitabine 1 0 0 0 0 0
imatinib 2 0 0 0 0
mercaptopurine 1 0 0 0 0 0
methotrexate 1 0 0 0 0
nilotinib 1 0 0 0 0 0
paclitaxel 1 0 0 0 0 0
pazopanib 1 0 0 0 0 0
radotinib 1 0 0 0 0 0
topotecan 1 0 0 0 0 0
Endocrine therapy
abiraterone 1 0 0 0 0 0
tamoxifen 2 0 0 0 0 0
Immunosuppressants
adalimumab 1 0 0 0 0 0
azathioprine 1 0 0 0 0 0
ciclosporin 6 0 0
everolimus 2 0 0 0 0 0
golimumab 1 0 0 0 0 0
mycophenolic acid 6 0 0 0 0
sirolimus 2 0 0 0 0 0
tacrolimus 14 0 0 0 0
vedolizumab 1 0 0 0 0 0
Opioids
buprenorphine 3 0 0 0 0
fentanyl 2 0 0 0 0
methadone 4 0 0 0
morphine 2 0 0 0 0
oxycodone 3 0 0 0 0
tramadol 1 0 0 0 0 0
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Table 2  (continued)

Drug No. of 
assaysa 

DBS Saliva Hair
MAM TDM MAM TDM MAM TDM

Antimigraine preparations
almotriptan 1 0 0 0 0 0
eletriptan 1 0 0 0 0 0
frovatriptan 1 0 0 0 0 0
rizatriptan 1 0 0 0 0 0
sumatriptan 1 0 0 0 0 0
Antiepileptics
carbamazepine 9 0 0
lacosamide 2 0 0 0 0 0
lamotrigine 7 0
levetiracetam 6 0
oxcarbazepine 1 0 0 0 0 0
perampanel 1 0 0 0 0 0
phenobarbital 1 0 0 0 0 0
phenytoin 2 0 0 0 0
pregabalin 1 0 0 0 0 0
rufinamide 1 0 0 0 0 0
topiramate 3 0 0 0 0
valproic acid 7 0 0 0
Anti-parkinson
selegiline 1 0 0 0 0 0
Antipsychotics and anxiolytics (psycholeptics)
amisulpride 2 0 0 0 0
aripiprazole 3 0 0
chlorpromazine 1 0 0 0 0 0
cloxazolam 1 0 0 0 0 0
clozapine 6 0 0
haloperidol 1 0 0 0 0 0
lithium 1 0 0 0 0 0
olanzapine 2 0 0 0
pipamperone 2 0 0 0
quetiapine 4 0 0 0 0
risperidone 7
ziprasidone 1 0 0 0 0 0
Antidepressants
amitriptyline 1 0 0 0 0 0
citalopram 4 0 0
duloxetine 2 0 0 0 0
escitalopram 1 0 0 0 0 0
fluoxetine 1 0 0 0 0 0
mirtazapine 2 0 0 0 0
venlafaxine 3 0 0 0 0
Centrally acting sympathomimetics
lisdexamfetamine 2 0 0 0 0
methylphenidate 5 0 0 0
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olanzapine, oxycodone) [37, 66–68, 70, 71], and hair (chlor-
promazine, ciclosporin, erlotinib, lamotrigine) [29, 45, 69, 
72]. These alternative matrices could not substitute tradi-
tional blood samples for TDM purposes due to large interin-
dividual or intraindividual variability and poor correlations 
[37, 66–68, 71, 73–75].

4  Discussion

This review provides an overview of the clinical applica-
bility of emerging bioanalytical methods and evidence that 
MAM or TDM using DBS, saliva, or hair is feasible for a 
wide range of chronically administered drugs. Using these 
alternative matrices may improve the acceptability and 
accessibility for patient sampling and reduce the burden 
and costs of drug monitoring in routine practice. Moreo-
ver, there is a shift from the experimental setting to clinical 
practice, and research on clinical application of these less 
invasive and potentially home-based methods is becoming 
more prominent. Notably, we found that the main focus for 
the use of DBS and saliva sampling was dose optimisation 
for TDM, in contrast to hair, which was mostly applied for 
long-term MAM. The findings highlight that most research 
is concentrated on saliva (in neurological diseases) followed 
by DBS (in transplantation and oncology settings) and hair 
(for HIV/AIDS).

4.1  Clinical Application

Drug measurements can be applied in two ways: to deter-
mine if the drug is present in the body (qualitative) and 
to determine what the concentration is (quantitative). For 
MAM, the most conventional approach to decide if the 
patient is adherent is using a qualitative approach, while for 

TDM, by definition, a quantitative result is needed as the 
drug level will be assessed to find out if a treatment target 
is reached.

In most research, MAM is defined as either above or 
below a threshold value. The easiest way to define non-
adherence would be a drug level under the lower limit of 
quantification (LLOQ) for the analytical method, where drug 
levels are undetectable and therefore considered not pre-
sent. For this method, the sensitivity of the detection method 
should be sufficiently low, to also detect, for example, low 
trough levels in the case of a drug with a short half-life. For 
saliva and dried blood spots, the absence of the drug in the 
matrix would mean the drug was not taken for several half-
lives [51, 52, 67, 76, 77]. Therefore, white-coat adherence, 
which is the intake of medication just before a clinical visit, 
cannot be detected. For hair, the absence of the drug would 
mean the drug was not or was only very limitedly taken for 
longer periods [33, 57, 64, 65, 78].

More refined strategies to monitor adherence are with 
a quantitative approach by identifying a threshold, under 
which drug levels are sub-optimal, and the risk due to a 
patient being non-adherent is high [33, 51, 52, 57, 63, 65, 
77]. As all drug levels are dependent on the pharmacokinet-
ics of the individual patients, where metabolizing-enhanc-
ing factors, such as pharmacogenetics (rapid metabolizers), 
drug-drug interactions (e.g., induction), and also causes for 
low absorption of the drug (e.g., sickness or diarrhoea) could 
lead to unexpectedly low concentrations [7, 53, 79–82]. 
Therefore, not all patients with low DBS, salivary or hair 
concentrations may be non-adherent when drug levels are 
below the defined threshold. For some drugs, the presence 
or absence of metabolites or the ratio between metabolite 
and parent drug could distinguish non-adherence from a 
fast metabolisation profile [83]. Furthermore, high drug 
levels could also be indicative of non-adherence, such as 

Table 2  (continued)

Drug No. of 
assaysa

DBS Saliva Hair
MAM TDM MAM TDM MAM TDM

Obstructive airway diseases
1loretomrof 0 0 0 0 0
2enillyhpoeht 0 0 0 0 0

Highly valid and applicable for clinical use
Valid and applicable for clinical use
Moderately valid and may be applicable for clinical use
Less valid and may be applicable for clinical use
Not applicable for clinical use

a The number of assays refers to the total number of publications that describe this drug assay for the mentioned methods
b For drugs with several studies the dot represents the study with the highest clinical validation status, as determined according to Fig. 1
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overdosing or taking a dose just before a clinical visit [81]. 
The times of both sampling and drug intake should be con-
sidered when interpreting the drug measurements.

For TDM, drug measurements enable tuning drug dos-
ages to prevent toxicity and undertreatment for drugs with 
narrow therapeutic ranges. In this review, TDM is indicated 
in a number of drugs to enable safe and efficient use, such 
as immunosuppressants, antiepileptics, antifungals, antiret-
rovirals and antibiotics. There should be a good correla-
tion between dose-dependent concentrations and clinical 
outcomes. Some articles described a validation for TDM 
that was not sufficient, as the relationship was poor due to, 
for example, large interindividual or intraindividual vari-
ability [37, 66–68, 71, 73–75], but still recommend uisng 
their validated assay method for (semi-) quantitative MAM. 
They strongly suggest applying the matrices as qualitative 
adherence tools in clinical practice, for example DBS for 
risperidone, saliva for lisdexamfetamine [70], and hair for 
lamotrigine [45].

The choice of which matrix to be used for MAM or TDM 
depends on the purpose of the measurements, the population 
(e.g., paediatrics, elderly), disease state, eventual logistic 
barriers (costs, apparatus, personnel, remote location, pos-
sible storage environment), drug characteristics (physical/
chemical properties, dosage form, stability), for which more 
details can be found in the next section. The choice of matrix 
for a specific drug needs a validated drug assay method and 
could be made by the clinician on basis of the results sum-
marised in Table 2. Please note that when there are pre-
vious clinically validated methods available, they may not 
be directly transferrable to all patient groups and should be 
revalidated.

4.2  Quality Assessment Per Matrix

A novel quality-assessment tool for clinical validation of 
the assays was developed for this review to provide a quick 
overview of the clinical validity using three main points, 
namely sample size, performance of a cross-over test with a 
previously validated method, and the opinion of the authors 
that published the bioanalytical assay; the requirements for 
the first two are described in the IATDMCT DBS guideline 
[14]. The results indicated profound variation in the extent 
to which clinical validation was performed. However, most 
articles included in this study did have sufficiently high 
standards. Regarding sample size, most articles included suf-
ficient patients and samples. The use of at least 40 patient 
samples is recommended for clinical validation to account 
for statistical variation and matrix effects [14]. Lower num-
bers may not be sufficient to detect bias and imprecision.

Most articles performed a clinical validation with (simul-
taneously drawn) blood samples where they applied correla-
tion and bias assessment with weighted Deming or Passing 

Bablok regression and Bland-Altman analysis. For a suc-
cessful clinical validation, there should be good agreement 
between the emerging methods and either blood concentra-
tions or clinical outcomes where acceptance limits of such 
analysis should be fulfilled. When an assay did not meet 
all pre-defined criteria for TDM, some authors concluded 
that it could still be used in clinical practice, for example as 
a medication adherence tool [45, 66–70]. If the assay can 
accurately detect and measure drug concentrations in the 
emerging matrices, it can show that the drug has been taken 
by the patient.

Consequently, many assay methods were found to be 
feasible for clinical application, as 85% of the article self-
reported the assay method to be clinically feasible for use. 
Of all analyses included, most (76%) were sufficiently suit-
able. Details on the methods, their suitability, and their spe-
cific feasibility for implementation are discussed further in 
each matrix below.

4.2.1  Dried Blood Spots

DBS can be obtained by finger prick or capillary blood spot-
ted onto a filter card and dried at room temperature. DBS 
levels can be applied to predict drug full blood or plasma 
levels. Yet, they are not necessarily equal or proportional 
to blood levels because of binding of the drugs to blood 
components or differences in drug concentrations between 
venous and capillary blood [84]. DBS is particularly helpful 
for paediatric and elderly patients and patients who have dif-
ficulty travelling because this method requires small sample 
volumes (10–30 µL) and can be performed at home. The 
collection of DBS samples has been applied in studies in 
remote or resource-limited settings, particularly in places 
where uninterrupted cold chains were not always available. 
However, bioanalytical issues such as lower sensitivity, ana-
lytical bias due to variability of haematocrit values, and the 
complexity of extraction and recovery may limit the accept-
ance of the DBS technique [28, 85].

In this review, DBS has been shown to be widely used in 
transplantation and haemato-oncology patients to monitor 
therapeutic ranges [27, 40, 86–92]. DBS is also suitable for 
TDM of tacrolimus in paediatric transplant recipients [93]. 
Home DBS could detect variability in tacrolimus concentra-
tions in both pre-adolescent and adolescent transplant recipi-
ents over time [39]. Therefore, future studies may address 
cost evaluation and efficacy of DBS in clinical practice to 
investigate the possible impact of logistical errors and incor-
rect home DBS sampling by patients [27, 89, 94].

Most studies included in this review (n = 44, 77%) dis-
cussed the haematocrit effect on measured drug concentra-
tions, and some even used patient-specific haematocrit val-
ues for calculating theoretical blood levels [28, 92, 95–97]. 
Recently, alternative DBS methods have been introduced to 
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increase the extraction efficiency and to overcome problems 
associated with DBS samples [98]. For instance, the volu-
metric absorptive microsampling (VAMS) approach over-
comes the haematocrit effect, spot irregularity, and volume 
bias associated with finger prick DBS [49, 99]. However, 
some technical problems were addressed by Veenhof et al. 
[49], namely that the absence of anticoagulant in patient 
samples, VAMS batch differences, and the invisible under-
sampling of VAMS samples lowered the extraction recovery 
compared to DBS samplings. New sampling devices such as 
volumetric absorptive paper discs (VAPD) and mini-discs 
(VAPDmini) have been introduced using the combined inno-
vation principles of DBS and VAMS [100].

4.2.2  Saliva

In recent years, there has been a growth in clinical interest 
in saliva as a matrix for bioanalysis [101]. Saliva is consid-
ered a patient-friendly alternative matrix to monitor drug 
exposure and adherence because of the ease of sampling 
and being less invasive. Saliva can be obtained by non-stim-
ulated (direct collection into a tube) or stimulated (using a 
cotton swab with citric acid) methods. Penetration of drugs 
into saliva is predominantly driven by passive diffusion. 
Only free unionized and non-protein-bound drugs can pen-
etrate into saliva. For instance, antiretroviral drugs that are 
not extensively bound to protein may penetrate well into 
saliva [73, 102]. Therefore, salivary drug concentrations can 
be used for extrapolation to unbound plasma concentrations.

Apart from the degree of protein binding, other factors 
that can affect the passage of drugs from blood to saliva are 
salivary flow rate, salivary and blood pH, as well as the ioni-
zation constant of an acidic drug (pKa), molecular weight, 
and lipid solubility of the analyte [101, 103]. The degree 
of ionization of a substance would determine if the saliva 
to plasma ratio remains unaffected by saliva pH (normally 
in the range of 6.2–7.4), for instance, saliva to plasma ratio 
of neutral drugs or those with a pKa below 5.5 or above 8.5 
should not be affected by salivary pH variation [104]. How-
ever, if citric acid is used to stimulate oral fluid production at 
a faster rate, there might be a change in pH and the concen-
tration of bicarbonate, which affects the drug concentration 
in a pH-dependent manner [105]. The detection of drugs 
in saliva will also depend on other factors such as dose, 
frequency of exposure and limit of detection of analytical 
assays [101]. Clear reference values are needed to discrimi-
nate between therapeutic and subtherapeutic concentrations.

Saliva is widely chosen as a preferred matrix in patients 
with epilepsy, psychiatric disorders, and HIV/AIDS. Inter-
estingly, collecting oral fluids from patients in the first 
two groups is difficult. These patients are rapidly agitated 
and may experience a dry mouth due to the anticholiner-
gic side effects of, for example, clozapine, olanzapine, and 

risperidone [68]. Also, high variations have been observed 
in saliva versus serum concentrations [67, 68]. Large inter-
individual or intraindividual variations were affected by 
salivary pH or saliva being contaminated by drug residues 
in the mouth resulting in poor correlations with plasma or 
serum concentrations [67, 70]. A study by Mendonza [104] 
found that teeth brushing and flossing led to some degree of 
bleeding and therefore contamination of saliva with blood. 
This contamination resulted in high mycophenolic acid con-
centrations at morning trough sampling times. However, this 
study did not assess the possibility of overcoming this prob-
lem by rinsing the mouth. Another recent study by Ghareeb 
[106] revealed that reducing blood contamination in the 
saliva by rinsing the oral cavity with water before sampling 
could improve the correlation coefficient between tacroli-
mus concentrations in oral fluid and whole blood. Another 
problem has been observed in some antiretroviral and anti-
hypertensive drugs that are detected in very low concentra-
tions in saliva [107, 108]. For example, tenofovir is poorly 
diffused in saliva because it is almost completely ionized 
under physiological conditions and the ionized form has dif-
ficulty passing through the salivary glands [107]. Regard-
ing the antihypertensives, enalapril, lisinopril, and ramipril 
could not be quantified due to the fact that these drugs are 
not excreted, or excreted to a very low extent, into oral fluid 
[108].

In clinical practice, saliva may provide advantages such 
as: (1) collection is non-invasive, simple and can be per-
formed with a minimum of instruction, (2) sampling can 
be undertaken at home by patients themselves or by their 
caregivers and sent to the clinic/hospital in advance of the 
outpatient clinic visit, (3) it is useful in patients with learn-
ing disabilities and is preferred by children and their parents, 
and (4) it is useful for patients who are afraid of needles or in 
whom venous access is limited or problematic. Nevertheless, 
some drawbacks of using oral fluid have been identified: (1) 
the difficulty in measuring concentrations that may be lower 
than total serum concentrations, (2) the unacceptability of 
producing saliva for some patient groups, such as patients 
on antipsychotic drugs, and (3) the possibility of unreli-
able results due to the presence of drug residues or blood 
contamination in the mouth. Therefore, further studies are 
required to develop an optimal sampling process. Practical 
considerations should be taken into account including the 
timing to minimize contamination of oral drug residues or 
blood contamination, and the method of collection (stimu-
lated or non-stimulated).

4.2.3  Hair

While hair analysis has been routinely used for determina-
tion of illicit drug use and for forensic cases [109], in the last 
decade it has been increasingly studied as a biomarker for 
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endogenous compounds and medication. The main advan-
tage of hair testing is the prolonged timeframe in which 
medication use can be retrospectively determined. Moreover, 
hair concentrations are less sensitive to fluctuation and may 
therefore be a biomarker of long-term exposure. As scalp 
hair grows on average 1 cm per month, the timeframe to be 
studied is dependent on hair length, and, indeed, its presence 
on the subject. Factors that can influence drug incorpora-
tion may be the patient’s age and hair colour, but also drug 
factors such as it being ionization constant and lipophilic-
ity [110–112]. Further complicating matters are that hair 
exposure to UV light, chlorine, shampoos and other treat-
ments may lower the hair drug concentration due to drug 
degradation or extraction [113]. While the sample prepara-
tion and result interpretation are considered challenging, it 
is a unique method that enables access to long-term drug 
exposure. Indeed, hair has benefits including that it: (1) is 
easy to collect, (2) requires no invasive technique, (3) does 
not present a biohazard, and (4) can be stored and shipped 
at ambient temperature, as the samples are fairly stable and 
could therefore be collected in remote areas.

This review highlights that hair is predominantly applied 
for long-term adherence monitoring and mostly applied in 
HIV/AIDS studies. This finding supports the results of a 
systematic review that highlighted that hair antiretroviral 
concentration independently predicts the virologic responses 
and suggested hair as a biomarker in monitoring antiretro-
viral medication adherence [114]. Furthermore, hair is also 
used in psychiatry and epileptic patients. However, in the 
field of neurological diseases, the dose-response studies that 
have been performed have mostly varying results, which 
has been described in more detail in a review on quantita-
tive data [115]. Quantifying the amount of drug intake or 
daily dose in hair, or adjusting dose levels on it is not a 
preferable method for TDM because of poor correlations 
found between administered doses and hair drug concen-
trations [29, 69]. Yet, this method could still be useful in 
clinical practice in detection of compliance and drug-taking 
behaviour.

4.3  Strengths and Limitations

In this comprehensive review, we evaluate three emerging 
bioanalytical methods that have potential to be used in clini-
cal practice. Therefore, all studies were graded on clinical 
validity on three main points, which we thought sufficient 
for the intention to provide a high-end overview. This review 
includes studies from a wide range of publication years 
(from 2000 to 2020) and all continents, so it captures the 
growth of assay development and global application of the 
emerging methods.

Nonetheless, this review also has several limitations. 
First, there is a possibility that relevant studies were missed, 

as four new articles were already found with the snowball 
technique. Articles may have been overlooked that did not 
state the emerging method in the title, or mention the clini-
cal applicability (TDM and/or MAM) or the use of clinical 
samples in the abstract. Moreover, only articles that were 
published in English were included, so additional articles 
may have been lost in the language selection. Furthermore, 
the snowballing technique was only applied to a limited 
number of identified articles, and therefore it is possible that 
some articles were missed with this method. Second, as this 
review focuses on drugs measured in real-life situations and 
real patient populations, we may have missed clinical vali-
dations that could be transferable to certain patient groups, 
for example validations that have been performed in healthy 
volunteers using medication short term. Third, while the 
interest for application of these methods is rapidly increas-
ing, the interest for measuring drugs in different matrices 
is not limited to the last two decades. Much basic analyti-
cal research was performed before that and is not included 
in this review. Additionally, the exclusion of grey literature 
may have limited the information presented here. However, 
we found that some of the excluded abstracts were published 
in full-text form later on and were hence included.

Due to the numerous articles found and the broad cov-
erage, the balance between quality, quantity, and critical 
appraisal was a challenge. The clinical validation quality 
labels are a rough estimation of quality and do not take into 
account some detailed parameters, such as the cross-valida-
tion results. Also, no formal bias assessment was performed. 
Therefore, automated extraction processes would make a 
broader coverage possible.

4.4  Future Perspectives

The findings in this review have implications for the con-
duct of future research. Most emerging methods described 
in this review do not yet have clear guidelines for clinical 
validation, which may limit interpretation of their value, 
their acceptability and their use. The validation of tradi-
tional, established methods (whole blood, serum, plasma) 
are well described and are used as the golden standard. For 
DBS, a recent guideline states that the measurement of addi-
tional parameters is needed for full validation, especially for 
routine care measurements [14]. These parameters include 
number of patients and clinical samples used, quality of 
the sampling procedure and sample itself, cross-validation, 
and statistical handling. These guidelines state whether 
the method can be used interchangeably with the golden 
standards.

However, comparable guidelines are not yet described for 
saliva and hair methods. This may be a challenge because 
the focus of using these methods is not on interchangeabil-
ity. Cross-validation with measurements of simultaneously 
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acquired blood samples is therefore not applicable for all 
emerging methods, in particular for hair analysis. This 
review has identified that most of the articles apply a way 
of cross-validation (if not using blood samples, then mostly 
by adherence measurements, dose intake, or other clinical 
outcomes). For saliva, there is no standardisation of stimu-
lation and sample collection, while many different means 
are available [82]. Some guidelines have, however, been 
established on sampling quality. For hair, sampling has 
been described by the society of hair analysis [111], but 
their focus is more on forensic applications than on MAM 
or TDM. Before saliva and hair analysis can be successfully 
applied in routine practice, the general relevant elements 
for these matrices should also be described to ensure the 
methods’ quality. This review provides useful information 
for further guideline development, preferably performed by 
an international society with focus on alternative sampling 
strategies. Further (systematic) reviews have to be performed 
to see what methods are currently used and what parameters 
should be considered for evaluation or even standardisation, 
and apply these parameters for more detailed study quality 
assessments.

Furthermore, there are many therapeutic areas such as 
neurological diseases where DBS and hair can be explored 
either for MAM or TDM, although a few antipsychotics (i.e., 
pipamperone and risperidone) have already been shown to 
be infeasible for TDM using DBS. The use of saliva and 
hair might also be developed further for respiratory dis-
eases, transplantation, and haemato-oncology particularly 
for MAM, yet the occurrence of hair loss as an adverse drug 
reaction might limit the ease of collection in the last two 
fields.

We recommend:

• All analytical methods should be clinically validated to 
prove their applicability for routine care

• A clinical validation for emerging methods should 
include real patient samples acquired from a sufficient 
number of patients in addition to the performance of a 
cross-validation with a previously validated method or 
with valid clinical outcomes.

• Further reviews should consider which other parameters 
should be used for evaluation and/or standardisation,

• Additional research for the application of emerging 
methods should be performed for neurological diseases, 
transplantation and haemato-oncology and respiratory 
diseases.

• Further research should address the translation from 
clinical trials to routine patient care.

5  Conclusions

Drug concentrations established in DBS, saliva, and hair 
are increasingly used for MAM and TDM. These matrices 
differ in their benefits and limitations, yet all have poten-
tial for drug monitoring in daily clinical practice. We found 
several research gaps that provide opportunities for future 
research. To strengthen comparability and acceptability of 
these emerging methods, we recommend standardisation of 
the method of clinical validation.
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