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A B S T R A C T   

Clinical guidelines and expert groups recommend the use of pharmacokinetic (PK)-guided dosing of factor 
replacement therapy for the treatment of bleeding disorders, especially for patients with hemophilia. Although 
PK-guided dosing is increasingly applied, it is generally not considered standard clinical practice. The aim of this 
scoping review is to map barriers and facilitators for the implementation of PK-guided dosing in clinical practice 
and to identify knowledge gaps. A literature search was performed and 110 articles were included that describe 
PK-guided dosing in patients with bleeding disorders, mostly hemophilia A. We defined two overarching themes, 
efficacy and feasibility, and discuss five topics within each theme. For each topic, barriers, facilitators and 
knowledge gaps were described. Although consensus was found with regard to some topics, contradicting reports 
were found for others, especially with respect to the efficacy of PK-guided dosing. These contradictions highlight 
the need for future research to elucidate current ambiguities.   

1. Introduction 

Patients with an inborn bleeding disorder are characterized by a 
deficient or dysfunctional coagulation factor. Therefore, they require 
factor replacement therapy either prophylactically or on demand when 
bleeding occurs to ensure adequate hemostasis. Targeting of specific 
factor trough or peak levels in the context of prophylaxis, surgery, or 
bleeding [1–3] is complicated by the significant inter-individual differ
ences in the pharmacokinetics (PK) of factor concentrates. [4–6] 
Therefore, clinical guidelines and expert groups have recommended the 
use of PK-guided dosing when treating hemophilia patients with factor 
replacement therapy. [2,7–11] However, although PK-guided dosing is 
increasingly applied, [12] it is generally not considered standard clinical 

practice. Two studies surveyed the application of PK when switching 
hemophilia patients from a standard half-life (SHL) factor concentrate to 
an extended half-life (EHL) factor concentrate. Full PK analysis was 
carried out by only 9.7% of 70 respondents within the Scientific and 
Standardization Committee (SSC) Factor VIII (FVIII) and Factor IX (FIX) 
group of the International Society of Thrombosis and Hemostasis (ISTH), 
and by 51% of 37 physicians from European Hemophilia Treatment 
Centers. [10,13] This suggests a disparity between recommendations in 
clinical guidelines and the actual implementation of PK-guided dosing in 
daily practice. 
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1.1. Personalization of treatment by PK guidance 

Prophylactic therapy with factor concentrates or non-factor thera
pies in hemophilia and factor concentrates in other allied bleeding dis
orders is applied to prevent (spontaneous) bleeding and resulting 
musculoskeletal damage. Guidelines advise that prophylaxis should be 
personalized. [14] This can be done classically or with PK guidance. 
When adjusting classically, initial doses are based on body weight. 
Thereafter, doses and frequency are tailored according to bleeding 
tendency, but also to planning of (physical) activities. Alternatively, PK- 
guided dosing can be applied to personalize treatment based on PK and 
preferably also pharmacodynamics (PD) in the near future. Preferably, 
as solely PK-guided dosing assumes a direct relationship between 
plasma factor levels and hemostasis. With PK-guided dosing different 
treatment options can be tested to select the most optimal regimen 
maintaining specific target levels at acceptable factor concentrate use. 
PK-guided dosing potentially reduces time spent on achieving most 
optimal factor levels for the individual patient. Although PK-guided 
dosing has mainly focused on factor concentrates, recently it has been 
applied to optimize non-factor therapy. Several studies have reported 
PK-guided dosing of emicizumab as an effective approach to optimize 
treatment costs and optimize vial use. [15,16] 

The aim of this scoping review is to map barriers and facilitators for 
the clinical implementation of PK-guided dosing in bleeding disorders 
and to identify knowledge gaps currently hampering its widespread 
implementation. 

2. Methods 

We followed the methodology to conduct a scoping review adhering 
to the five stages as described by Arksey and O’Malley: 1) identification 
of research question; 2) identification of relevant studies; 3) study se
lection; 4) data charting; and 5) collation, summarization, and reporting 
of results. [17] 

2.1. Identification of research question (1) 

Following recommendations [17] to maintain a wide approach in 
identifying relevant research questions, the aim of the review initially 
included all bleeding disorders and not only focused on hemophilia. 
Article scope was limited based on the results of the literature search. 
Barriers were defined as scientific findings or practical limitations 
potentially impeding (or otherwise reducing interest in) the imple
mentation of PK-guided dosing in clinical practice. Facilitators on the 
other hand promoted the use of PK-guided dosing as an alternative to 
standard dosing. 

2.2. Identification and selection of studies (2–3) 

An experienced librarian of the Erasmus MC performed a literature 
search in Embase, Medline ALL, Web of Science Core collection, Cochran 
and Google Scholar databases. The search strategy is included in the 
supplementary data. Publications were first selected by title and ab
stract. Two authors (M.G., A.J) then independently performed full text 
screening using the web-based tool Rayyan. [18] Article selection aimed 
to identify studies elaborating on clinical experiences and outcomes in 
the context of PK-guided dosing. As such, opinion papers - which are 
generally excluded in systematic reviews - were included in this scoping 
review. In contrast, clinical trials only describing the PK characteristics, 
safety and efficacy of novel factor concentrates were excluded as they do 
not describe PK guidance. Search items consisting only of an abstract (e. 
g. posters), were excluded as they, due to their short form, contained 
only limited information. The full list of exclusion conditions was as 

follows: no description of PK-guidance, information already included in 
other publication, abstract only (posters), model development, simula
tion study (or otherwise no real-life patient data), no full text accessible, 
clinical drug trials on safety and efficacy only, use of outdated analyses 
(e.g. non-compartmental analysis), no bleeding disorders, wrong 
outcome, and duplication. Backwards citations were screened to include 
additional studies. Disagreements between authors were discussed until 
consensus was reached. An updated search was carried out in July 2022. 

2.3. Data charting (4) 

Included publications were charted. We identified overarching 
themes and grouped barriers and facilitators for the implementation of 
PK-guided dosing according to specific topics. The following data was 
extracted from articles: author, year of publication, study design and 
important findings and/or conclusion describing the barrier/facilitator 
in the investigated or described patient group. 

3. Results 

The PRISMA flow diagram is shown in Fig. 1. The initial search 
performed on July 1st, 2021 yielded 1733 publications, of which 449 
duplicate records were removed, leaving a remaining 1284. An updated 
search at the end of July 2022 added another 189 articles resulting in a 
total of 1473 articles that were screened on title and abstract. A total of 
262 articles were included for selection full-text analysis, from which 6 
were included through backward citations. After full-text screening, a 
total of 110 articles were included for the analysis. 

Details on the data extraction are shown in Table 1. We included two 
randomized controlled trials (RCT), two cross-over studies, four case 
reports, seven model development articles, 21 reviews, four guidelines, 
five expert opinion papers or surveys, two patient group discussion 
papers, and eight letters to the editors or short reports. The remaining 
articles were retrospective or prospective cohort studies. Almost all ar
ticles described PK-guided dosing of hemophilia - mainly type A and to a 
lesser extent also type B patients - aside from four articles describing PK- 
guided dosing in patients with Von Willebrand Disease (VWD). [19–22] 
In response to the low number of articles discussing VWD, it was decided 
to focus the review mainly on hemophilia. Even though the number of 
articles describing hemophilia B was also low, we still decided to discuss 
this subtype due to the similarity of the treatment with respect to he
mophilia A. Two overarching themes emerged from the analysis, 
resulting in a grouping of articles describing the (1) efficacy and/or (2) 
feasibility of PK-guided dosing. Within each theme, five topics were 
defined for which barriers and facilitators were assessed on the basis of 
the included articles. Knowledge gaps were identified based on dispar
ities between barriers and facilitators. 

The following topics are discussed under the theme efficacy: 1. 
knowledge on endpoint to target; 2. accuracy of PK-guided dosing; 3. 
impact on bleeding frequency; 4. effect on infusion frequency; and 5. cost 
effectiveness. 

With regard to feasibility, the following topics are described; 1. 
applicability in clinical practice; 2. Useful software tools; 3. patient 
involvement and 4. burdening of patients and treatment teams; 5 attain
ment of personalized medicine. An overview of all barriers and facilita
tors grouped per topic (italic) is provided in Fig. 2. 

Theme 1: Efficacy 

3.1. Knowledge on endpoint to target 

3.1.1. Facilitators 
Most of the literature in our search focuses on the targeting of factor 
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trough levels for prophylaxis in hemophilia A patients. Traditionally, a 
FVIII trough level of >1 IU/dL is advised. However, it has been 
demonstrated that patients with a FVIII level > 1 IU/dL still present with 
bleeds. [23–25] In children with severe hemophilia, an increase of 1 IU/ 
dL in FVIII trough level was associated with 2% increase in the number 
of children who might achieve zero bleeds. [26] Studies suggest that 
targeting FVIII trough levels above 10–15 IU/dL results in zero (or 
sparse) bleeding. [23,25–27] In a Delphi consensus, 11 experienced 
physicians recommended different target FVIII/FIX levels in varying 
situations, such as during high-risk physical activities or for patients 
with arthropathy. For the majority of patients, trough levels of 1–3 IU/ 
dL were recommended. [28] Indeed, several studies have reported high 
efficacy of therapy using this target range. [29–31] These recommen
dations may be very useful in clinical practice. 

Aside from FVIII trough levels, time spent above a specific FVIII level 
has also been associated with improved bleeding outcomes. Therefore, 
this parameter could be used more broadly to improve infusions timing, 
for example when engaging in physical activities. [9,32,33] Others have 
reported on additional, potentially valuable hemostatic markers that 
could be integrated to optimize treatment of patients with hemophilia A. 
Thrombin generation measurements, such as endogenous thrombin 
potential (ETP), may better reflect hemostatic potential and factor 
concentrate effects on bleeding. Importantly, associations between 

thrombin generation and bleeding phenotype have been found, sug
gesting that the pharmacodynamics (PD) of coagulation factors may be 
related to thrombin generation. [34–37] Recently, PK/PD models have 
been developed which aim to describe this relationship. [35,38,39] Such 
approaches may help predict the probability of spontaneous bleeding for 
different dosing regimens based on different baseline ETP. [35] Finally, 
repeated-time-to-event (RTTE) models have been developed which 
associate the bleeding history with PK data, allowing for the quantifi
cation of individual bleeding risk. [40,41] 

3.1.2. Barriers 
Firstly, the total lack of data on appropriate FIX trough and peak 

levels to reduce bleeding pose a clear barrier to the implementation of 
PK-guided dosing in hemophilia B. It was initially expected that, similar 
to FVIII, trough levels of FIX would be associated with bleeding risk. 
However, the establishment of FIX target levels is complicated by find
ings that FIX binds to collagen IV in the extravascular space. Therefore, 
plasma FIX levels presumably do not offer a reliable relationship to 
hemostatic effect and depict large variation between the various FIX 
concentrates. Although the hemostatic effect of this binding has been 
described in mice, it has not yet been investigated in humans. [42–44] 

Secondly, for both hemophilia A and B, it is still unknown which 
peak and troughs factor levels should be targeted for adequate 

Fig. 1. PRISMA flowchart for systematic research. 
From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: An updated guideline for reporting systematic 
reviews. BMJ 2021;372:n71. doi: https://doi.org/10.1136/bmj.n71. 
*Articles could have been excluded because of more than one exclusion criterium. 
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Table 1 
Facilitators and barriers for the implementation of PK-guided dosing according to overarching theme e.g., efficacy and feasibility and specific topic. 
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hemostasis in perioperative settings. [45,46] Thirdly, target levels rec
ommended by experts after Delphi consensus have not been empirically 
tested and consensus is still lacking in some situations. [28] Fourthly, 
there is growing evidence that target levels should be set individually 
and patient characteristics such as bleeding phenotype, physical activ
ities, and joint status should all be taken into consideration. 
[2,26,27,47–51] Importantly, PK-guided dosing focuses only on factor 
levels, not taking individual differences in bleeding phenotype and other 
PD markers such as thrombin generation into account. [38,39,41] These 

parameters might be able to explain discrepancies in bleeding pheno
type in patients with similar FVIII/FIX levels. Although PK/PD models 
have been developed, they have not yet been validated or utilized in 
patients yet. 

3.1.3. Overall knowledge gaps 
Importantly, future research should focus on establishing a treatment 

target for hemophilia B, either based on FIX levels or bleeding risk. The 
main goal of future research in hemophilia A should be to allow for 

PK: pharmacokinetic, FVIII: Factor FVIII, FIX: Factor IX, IU: International units, PD: pharmacodynamics, A(J)BR: Annualized joint bleeding rate, vs: versus, WFH: 
World Federation of Hemophilia, CI: Confidence interval, RCT: Randomized controlled trial, RTTE: Repeated time to event, ETP: Endogenous thrombin potential, 
OR: Odds ratio, rFVIII: recombinant Factor VIII, rFIX: recombinant FIX IVR: In vivo recovery, VWD: von Willebrand disease, OSA: One-stage assay, CSA: Chro
mogenic substrate assay, MAP: Maximum a posteriori, aPTT: Activated partial thromboplastin time; IIV: Interindividual variation, BLQ: Below level of quantifi
cation, VWF:RCo: von Willebrand factor Ristocetin Cofactor, IQR: inter quartile range, T1/2: terminal half-life, SD: standard deviation, ISTH: International Society of 
Thrombosis and Hemostasis, SSC: Scientific subcommittee, SHL: Standard half-life, EHL: Extended half-life, WAPPS-Hemo: Web Accessible Population Pharma
cokinetic Service-Hemophilia. 
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individualization of target levels not only according to patient charac
teristics (i.e. PK) but also based on knowledge of retrospective (break- 
through) bleeding events, physical activity, behavior, trauma/ impact, 
and arthropathy. Importantly, as an example, no studies report on target 
factor levels during physical activities, or other high bleeding risk states. 

RTTE models may facilitate empirical selection of desired target 
levels. Validation of such models in prospective studies remains 
important. The developed PK/PD model which includes thrombin 

generation measurements may be used to further explore application of 
PD-guided dosing in patients with hemophilia A. For instance, it may be 
interesting to investigate if dosing based on a combination of FVIII and 
thrombin potential reduces spontaneous bleeding and if the predicted 
bleeds are accurate, although this might be difficult due to sparsity of 
bleeds and low reliability of thrombin test results. 

Fig. 2. Barriers and facilitators for implementation of PK-guided dosing of treatment in bleeding disorders according to overarching themes efficacy and feasibility 
grouped into ten common topics; five per theme. 
Facilitators are displayed in green and barriers are displayed in red. See Table 1 for extensive formulation of barriers and facilitators. 
A(J)BR: Annualized (joint) bleeding rate, FVIII: Factor FVIII, FIX: Factor IX, PK: Pharmacokinetics, PD: Pharmacodynamics, RTTE: Repeated time to event, IU: 
International Units, LSS: Limited sampling strategies, WAPPS: Web-Accessible Population Pharmacokinetic Service, EU: European Union, HBC: Hemophilia Treat
ment Center, BLQ: Below limit of quantification, Haemo-QoL: Hemophilia Quality of life, CFC: Clotting factor concentrate, IOV: Inter occasion variability. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

T.M.H.J. Goedhart et al.                                                                                                                                                                                                                      



Blood Reviews xxx (xxxx) xxx

14

3.2. Accuracy of PK-guided dosing 

3.2.1. Facilitators 
An important prerequisite for the implementation of PK-guided 

dosing is that the available PK models are able to accurately predict 
observed drug levels. Implementation of PK-guided dosing in hemo
philia A is supported by reports of high accuracy by several studies, 
whether focusing on target level attainment, error with respect to 
observed factor levels, or validation of models with new data from 
centralized data collections such as Web Accessible Population Phar
macokinetic Service-Hemophilia (WAPPS-Hemo). [52–56] Fortunately, 
high accuracy is also obtained using sparse sampling techniques. [55] 
Secondly, FVIII PK is reproducible resulting in accurate longitudinal PK 
assessments. [20,27] Thirdly, methods to obtain information from 
samples below the quantification limit exist for PK models. [57] 
Recently, an overview of PK models was published to support selection 
of the best model for the patient at hand. This aids in the selection of the 
appropriate model based on the similarity of the patient populations, 
and [58] It is also possible to correct for discrepancies between one- 
stage and chromogenic assay utilization by applying a correction fac
tor in available population PK models. [59,60] Finally, the accuracy of 
PK predictions is not affected by potency differences between labeled 
and actual content of FVIII vials, which probably also applies to similar 
bleeding disorders [61]. 

3.2.2. Barriers 
The most important barrier with regard to accuracy is that PK models 

are rarely externally validated, while studies performing such valida
tions frequently report clinically significant biases. [9,45,56,60,62–64] 
Bias can for example be caused by an under-representation of specific 
patient sub-populations in models. [45,57,64] In addition, it can be 
caused by inherent differences between patient populations from vary
ing treatment centers or countries. Other sources of bias are measure
ment discrepancies between results of blood samples assessed by one- 
stage or chromogenic assay. [45] Moreover, several studies have 
found that the use of certain assay reagents may result in clinically 
relevant discrepancies. [44,45,57,59,65,66] Another form of bias is 
related to cases where residual factor activity levels are unknown, which 
affect post infusion measurements. [36,56,57] PK assessment can also be 
affected by the focus on working with target levels close to the limit of 
quantification. [36,57] Finally, study design may also negatively impact 
accuracy of PK models. For example, in a retrospective study of patients 
receiving Benefix®, authors found that its half-life was underestimated 
in other studies. [67] This was attributed to the fact that in these studies 
the FIX sampling times did not extend beyond 72 h and thus were too 
short. 

Importantly, it is difficult for non-professionals to detect issues 
related to modeling assumptions in published models. [36,44,57] For 
example, the patient numbers needed to construct a model are depen
dent on inter-, intra and residual data variability, and not ascertainable 
by non-experts. [57] 

3.2.3. Overall knowledge gaps 
Although there are many reports on factors affecting the accuracy of 

PK models, there is no consensus on clinically acceptable levels of error. 
Additionally, an important question is if the same amount of error is 
acceptable for all types of factor levels (trough, mid, peak). It is for 
example undesirable to maintain similar error thresholds for trough and 
peak levels (Goedhart et al., submitted). 

Moreover, there should be a higher emphasis on the importance of 
external validation of PK models. In cases where external data is not 
available, internal validation methods should be applied. Unfortunately, 
such validation procedures are rarely performed. 

The reproducibility of PK studies should also be improved in our 
opinion. Often, published PK studies include insufficient information to 
actually implement or reproduce PK models. [68,69] Directly sharing 

model files and code is strongly advised. It may also be useful to improve 
the transparency of the patient population by for example sharing his
tograms depicting the distribution of patient’s age, weight and other 
relevant markers when reporting on patient characteristics. 

3.3. Impact on bleeding frequency 

3.3.1. Facilitators 
Compared to standard dosing, individualizing therapy by PK-guided 

dosing is thought to be more efficacious to prevent bleeds. [70,71] A 
reduction in bleeding risk was the most important facilitator for 
implementation of PK-guided dosing of prophylaxis according to 133 
patients with hemophilia and their caregivers. [72] Indeed, several 
cohort studies have reported significantly lower annualized (joint) 
bleeding rates (A(J)BR) in patients with hemophilia A switching from 
weight-based to PK-guided prophylaxis. [29,53,73–77] Other studies 
have also found decreased ABR after implementation of PK-guided 
dosing, although not all studies could report on its statistical signifi
cance due to study design [55,78,79] or have not described a significant 
effect on ABR. [33,80–83] Moreover, one cohort study identified a sig
nificant association between AJBR and shorter FVIII half-life, that dis
appeared after the implementation of PK-guided dosing. [80] 

3.3.2. Barriers 
In contrast to previous studies which reported reductions in ABR, a 

randomized controlled trial (RCT) in hemophilia A patients on pro
phylaxis showed no such differences when comparing standard and PK- 
guided prophylaxis. Notably, median FVIII trough level was higher in 
the standard group (3.0 vs 1.0 IU/dL). [84] Likewise, a RCT in periop
erative hemophilia A patients found no difference in bleeding between 
standard and PK-guided replacement therapy. Importantly, this RCT was 
not powered to detect differences in bleeding due to scarcity of peri
operative bleeding in general. [52] Next, a cross-over study [85] and 
two cohort studies found no differences between A(J)BRs between 
standard and PK-guided prophylaxis. [33,80] Moreover, in a recent 
cross-sectional retrospective cohort study, 51% of hemophilia A patients 
in the PK-guided group experienced problematic joints compared to 
42.5% patients in the non-PK-guided group, although this difference was 
not significant. [73] 

3.3.3. Overall knowledge gaps 
For hemophilia A, a RCT with long-term follow-up comparing stan

dard dosing to PK-guided prophylaxis utilizing individualized target 
levels >1 IU/dL is needed to further investigate impacts on bleeding 
frequency. However, as control of bleeding is often also associated with 
behavior it may be difficult to independently establish outcomes. 
Importantly, no studies in our search report on bleeding outcomes after 
PK-guided dosing in hemophilia B. 

3.4. Effect on infusion frequency 

3.4.1. Facilitators 
PK analysis may be useful to identify patients with longer factor 

concentrate half-lives, especially those on extended half-life factor 
concentrates, who are able to reduce their dose and/or dosing fre
quency. Of course, dose reduction lowers treatment costs. Moreover, 
reducing dose frequency may also be more convenient for many pa
tients, especially for children, the elderly, and others with poor venous 
access. [86] In four studies, among which one RCT, dosing frequency of 
most patients with hemophilia A could be reduced after starting PK- 
guidance. [55,84,87,88] One of these studies reported that PK assess
ment resulted in a decreased dosing frequency in 57% of the hemophilia 
A patients receiving Nuwiq®. Importantly, despite decreased dosing 
frequency, ABR (median 0) was lower compared to ABR in the previous 
standard prophylaxis period (median 0.9). Moreover, comparable low 
ABRs were reported irrespective of dosing frequency (≤2 weekly or > 2 
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weekly). [55] 

3.4.2. Barriers 
No barriers found during analysis. 

3.4.3. Overall knowledge gaps 
Firstly, no publications described effect of PK-guided therapy on 

infusion frequency in hemophilia Secondly, only Lissitchkov reported on 
lower ABRs after reduction of dosing frequency. [55] Theoretically, a 
lower dosing frequency - with subsequently longer periods on lower 
factor levels – may increase the bleeding risk. In particular patients who 
have higher frequency of (moderate-high risk) physical activities may be 
at higher risk of sports-related bleeding. More research with real-world 
data is necessary to investigate this dilemma. 

3.5. Cost effectiveness 

3.5.1. Facilitators 
According to hemophilia A patients and their parents, one of the 

most important facilitators for the implementation of PK-guided dosing 
is the estimated cost reduction. [72] Several cohort and cross-over 
studies have reported on FVIII dose reduction of around 7–31% when 
performing PK-guided dosing compared to standard prophylaxis. 
[55,79–81,83,85,89] When targeting a FVIII trough of 1 IU/dL, PK- 
guided dosing resulted in a dose sparing benefit compared to standard 
dosing (20–50 IU/kg three times per week). When increasing target 
trough levels towards 3–5 IU/dL, dose consumption during PK-guided 
dosing was only lower when compared to standard dosing following 
50 IU/kg. [82] Aside from decreases in FVIII consumption, a lower mean 
number of (pediatric) hematologist and nurse consultations as well as 
hospitalizations were observed during PK-guidance. [73] Similarly for 
hemophilia B, one cross-over study found a cost reduction of 43–55% 
when switching to PK-guided dosing. [90] Importantly, dose sparing 
following the use of PK-guided dosing may be of special interest in 
resource limited countries. The most cost-effective way of increasing 
trough levels is often by increasing infusion frequency. [27,71] 

3.5.2. Barriers 
The suggestion that PK-guided dosing reduces factor consumption 

remains controversial. Two RCTs showed no difference in FVIII con
sumption when compared to standard dosing during PK-guided pro
phylaxis or perioperative treatment. [52,84] These results are in 
accordance with other cohort studies in hemophilia A that report no 
differences in FVIII consumption. [29,80,91] Four studies have even 
reported an increase in FVIII consumption after switching to PK-guided 
therapy. [33,53,74,75] 

3.5.3. Overall knowledge gaps 
Contradicting results with respect to factor consumption are prob

ably the result of differences in standard dosing regimens and targeted 
trough levels under PK guidance. It is of course expected that factor 
consumption increases in studies where trough levels are increased after 
PK assessment. For example, Li et al. reported a trough level increase 
from 0.37 IU/dL to 1.19 (p < 0.05). [75] 

Strikingly, no studies have taken the cost of sampling and PK cal
culations into account. This should be incorporated in future studies. 
Furthermore, cost-effectiveness of PK-guidance in hemophilia B is 
under-reported, with only a single study identified in our search. [90] 

Theme 2: Feasibility 

3.6. Applicability in clinical practice 

3.6.1. Facilitators 
Several guidelines recommend the use of PK-guided dosing of 

prophylaxis for hemophilia A and B patients, facilitating its imple
mentation. [2,9,10,51] Various studies have reported successful imple
mentation of PK-guided dosing in clinical practice. The fact that PK- 
guided dosing is applicable in clinical practice is reflected by publica
tions where hemophilia A patients are treated with PK-guided dosing 
according to local protocols without a preceding intervention study. 
[29,77,79,91,92] PK-guided dosing is also applicable in the surgical 
setting using specifically developed perioperative population PK 
models. [93,94] Application in this setting has also been described in 
case reports resulting in good hemostatic results. [95–97] 

In a survey among 37 European (pediatric) hematologists, 92% 
answered to assess PK in routine care, and 49% conducted full PK ana
lyses regularly for their patients. When switching patients to EHL con
centrates, 89% assessed PK with 51% carrying out full PK analysis. [13] 
The increasing number of infusions that have been entered into the 
WAPPS-Hemo software also reflects a rising adoption of PK-guided 
dosing in clinical practice. [12] Moreover, flexibility in time points of 
sampling – both inside and outside recommended time windows – makes 
it easier to implement PK-guided dosing. [12,57] Clinical experiences 
with WAPPS-Hemo are positive. [98] 

3.6.2. Barriers 
A major barrier for implementation is the requirement of expertise in 

interpreting and understanding PK results. [2,99] Lack of time, access, 
and/or resources were the main reasons that only 9.7% of physicians in 
an ISTH survey performed PK analysis during the transition from SHL to 
EHL factor concentrates. [10] Nine hematologists described additional 
barriers such as low patient adherence, poor venous access, and long 
distances from hospital. [99] Of course, in developed countries, FVIII 
concentrates have been increasingly replaced by non-factor replacement 
therapy, such as emicizumab. Since the PK of emicizumab depicts lower 
variability, interest in PK-guided dosing may decrease. [100] On the 
other hand, patients will need replacement therapy with factor con
centrates during surgical procedures or for treatment of bleeds. [2] 
Additionally, high costs of emicizumab hinders its use in low-income 
countries. A potential consequence of the increased interest in non- 
factor-based therapies might also be that factor concentrates become 
more affordable in the near future as demand decreases in high-income 
countries. [101] It is thus likely that factor concentrates will still be used 
for treatment in the future. 

3.6.3. Overall knowledge gaps 
Little is known about PK-guidance in clinical practice in other dis

eases than hemophilia. 

3.7. Useful software tools 

3.7.1. Facilitators 
A practical limitation for the adoption of PK-guided dosing has been 

the complexity of model development as well as the actual imple
mentation of Bayesian forecasting. [57,102,103] In response to this 
limitation, various software tools have been developed that aim to 
support physicians and patients with the implementation of PK-guided 
dosing. [75,104–107] Web-based software applications such as 
WAPPS-Hemo and myPKFiT™® allow physicians to obtain individual
ized dosing advice based on only a few patient samples. [79,108,109] 
Multiple studies have pointed out the importance of the availability of 
such tools. [104,109,110] Most of the time, information obtained from 
WAPPS-Hemo is deemed useful. [111] Graphics can be produced which 
facilitate interpretation for non-experts compared to plain PK parame
ters. [71,99] For patients with inadequate hemostatic control, these 
tools can be used for a rapid and easy assessment of the optimal dose 
adjustment. [112] In addition, studies looking at the implementation of 
these tools depict increased patient engagement, treatment personali
zation, and improved care follow-up have been observed. [113] Addi
tionally, PK outcomes when comparing myPKFiT and WAPPS-Hemo 
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were similar. [114] For non-factor based treatment (e.g. emicizumab), 
online dosing tools have also been developed. [100] 

Additionally, several patient diary applications, such as smart 
medication™ and haemtrack, have been developed that allow patients 
to record administered dose and bleeding events. Accurate recording is 
important for the evaluation of treatment efficacy and surveillance. 
[115,116] Such applications could also be used to alert patients when 
reaching risky factor levels to prevent them from missing infusions. [71] 

3.7.2. Barriers 
Although most of the previously mentioned tools reduce the 

complexity of obtaining individualized PK profiles, a basic under
standing of PK is still required for their correct use. [49,103] Next, there 
is a lack of transparency of data used to construct PK models. [64] This 
can for example cause problems when PK assessments are requested for 
patients that are not included in the patient population used to construct 
the PK model. [108] Similarly, due to differences between PK models, 
different tools may report different PK parameters based on the same 
data. [114,117] There is thus a risk of obtaining unreliable results when 
using the incorrect tool for a specific PK assessment. It may therefore be 
necessary to collaborate with several experts in the PK assessment pro
cedure in order to validate obtained results. However, the introduction 
of additional experts with limited involvement in the care of patient may 
also introduce delays. [44,103] 

To move PK-guided dosing towards individualized bleeding control, 
high quality data collection of dose administration times and bleeding 
events is crucial. This issue is however rarely mentioned in the litera
ture. Although several studies have reported on the development or 
availability of patient diaries, [115,116] it is unclear if they are faith
fully used by the local patient population to collect such data. If the 
quality of home monitoring is inadequate, the use of PK for bleeding 
control may be severely compromised. 

3.7.3. Knowledge gaps 
To trust software tools, transparency of the used PK models is very 

important. In addition, it is important to know the reliability of infusion 
or bleeding data reported by patients. Finally, it is of interest to inves
tigate if software tools actually improve treatment adherence. 

3.8. Patient involvement 

3.8.1. Facilitators 
After PK profile assessment, it is possible to simulate several options 

for prophylaxis dosing schedules and to provide graphical representa
tions of factor levels over time. Such visualizations are helpful to educate 
patients on the effects of changing infusion times and dose during the 
week. [80,83,99,112] PK analysis may also aid the patient in selecting 
optimal time frames for exercise. [111,118] Many studies have reported 
on the benefits of using PK information to facilitate shared decision 
making. [98,112,118,119] One case-study reported higher patient trust 
in bleeding management during surgery when dosing decisions were 
supported by PK. [95] In addition, achieving personalized prophylaxis 
and more closely involving the patient in their treatment choices has 
resulted in approved adherence in patients with hemophilia A. 
[33,71,80,89,120,121] It is similarly likely that more personalized 
treatment is more efficacious when each patient’s socio-professional life 
is taken into account. [122] 

3.8.2. Barriers 
On the other hand, one cross-sectional retrospective cohort study 

reported no differences in adherence between hemophilia A patients 
receiving standard prophylaxis versus PK-guided prophylaxis. [73] 
Although PK studies can be used for patient education, introducing a 
new concept to patients who have lived with hemophilia for decades 
might not be easy. [119] In addition, patients may also question the 
reliability of PK assessment. [99] Another impediment is the 

unwillingness of patients to alter doses or dosing frequency. [123,124] 
When given the choice, patients may prefer increasing administered 
dosage rather than dose frequency, although dose increases are gener
ally a less cost-effective approach to achieve higher trough levels. [124] 
If patients are not open to changing dose frequency, the efficacy of PK- 
guided prophylaxis may be reduced. 

3.8.3. Knowledge gaps 
No large studies have explored patient satisfaction with regard to PK- 

guided treatment. It is possible that patients achieve greater benefits 
when better informed about how their factor levels are influenced by 
prophylaxis. Software tools increasingly provide real-time visualization 
of factor levels, which might be especially useful during sport activities. 
This hypothetically may result in higher patient satisfaction and 
independence. 

3.9. Burdening of patients and treatment teams 

3.9.1. Facilitators 
In the past, generation of a full PK profile required many blood 

samples to attain acceptable accuracy. [104] However, the burden of 
generating PK profiles has been greatly reduced with the introduction of 
limited sampling methods. [5,29,44,56,99,112,125] Most models are 
also flexible with respect to time points at which samples can be taken, 
making it easier for treatment teams to schedule blood draws during 
routine visits. [9] Additionally, the PK of FVIII and FIX remains stable 
over time, meaning that a PK profile, once obtained, can be used for 
longer periods of time. [71,126] Interestingly, in a prospective cohort 
study, 11 hemophilia A patients reported higher hemophilia-specific 
quality of life scores after switching to PK-guided prophylaxis. [53] 

3.9.2. Barriers 
The most important barrier for the implementation of PK-guided 

dosing is that regular blood sampling may be difficult for some pa
tients, particularly for those who live far from the hospital and those 
requiring multiple visits. [2,99,111,127] Similarly, in the context of 
novel non-factor related therapies such as emicizumab, patients may be 
less inclined to spend additional time on PK assessments. [99] Switching 
to a different drug might also require new PK evaluations. [128] In order 
to benefit from limited sampling strategies, a population PK model 
developed on a representatively sized and heterogeneous patient cohort 
is required for every new factor concentrate, which might not always be 
available. [65] 

Although PK remains stable over time, it is not exactly known at 
what interval PK assessments should be repeated for (young) children. 
As PK is known to change in early life, the pragmatic approach of 
reassessing the PK of children every 2–3 years has been reported. 
[51,57] 

Finally, a larger (n = 66) RCT found no significant difference in 
health-related quality of life scores between patients on PK-guided 
versus standard prophylaxis. [84] 

3.9.3. Knowledge gaps 
It is unknown how frequently PK studies should be repeated in 

children. Additionally, there is ambiguous reporting on the benefits of 
PK-guided prophylaxis on quality of life. In such studies, patients should 
be questioned before and after switching to personalized prophylaxis. 

3.10. Attaining personalized medicine 

3.10.1. Facilitators 
PK-guided dosing is able to facilitate individualization of dosing 

according to PK, lifestyle, and activity profile. [64] Four prospective 
cohort studies have reported how dose adjustments were made after PK 
assessment in 50–89% of hemophilia A patients. [29,33,76,91] 
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3.10.2. Barriers 
Contrastingly, one prospective study reported no change in dosing 

regimens after PK assessment in 68% of the hemophilia A patients. [80] 

3.10.3. Knowledge gaps 
Firstly, no studies report on dose adjustments in hemophilia B after 

PK assessment. Secondly, it would be interesting to know if patients find 
it more convenient to have personalized infusion times, and if confi
dence rises with concomitant decreases in mild physical complaints 
during exercise after personalization of prophylaxis by PK guidance. 

4. Study limitations 

The first limitation of our study is that we did not include more 
search terms to include all different bleeding disorders, apart from he
mophilia and VWD. In the end, we decided on only focussing on he
mophilia as it was the most commonly discussed in literature in the 
context of PK-guided dosing. Specific results found in the search with 
respect to other inborn bleeding disorders have been omitted. Although 
it is likely that there are similarities with respect to the implementation 
of PK-guided dosing between hemophilia and these other bleeding 
disorders, it is uncertain if all the discussed facilitators and barriers 
will be valid for all disorders. 

As our goal was to evaluate facilitators and barriers in the context of 
regular clinical practice, another limitation was that these aspects of 
care may not always find their way to scientific manuscripts. For 
example, only a small subset of the papers involved surveys of clinical 
staff, which may be the best source of information with respect to our 
study aim. Conversely, limiting inclusions to surveys and interviews 
would however result in limited information and not include essential 
topics related to effectiveness and accuracy. 

5. Conclusion and future considerations 

In conclusion, this scoping review has mapped a total of ten topics 
describing barriers and facilitators for the implementation of PK guided 
dosing in clinical practice under the themes efficacy and feasibility. The 
contradicting results, especially with regards to the efficacy of PK- 
guided dosing, highlight the knowledge gaps and the necessity for 
more research on implementation strategies. 

Practice points  

• PK-guided dosing in hemophilia exhibits high accuracy, supporting 
broader use. 

• Although targeting of FVIII trough levels of >1–3 IU/dL is recom
mended for the majority of hemophilia A patients, personalization of 
trough levels is key.  

• Successful implementation of PK-guided dosing is especially 
facilitated by patient involvement, application of software tools, 
reduction of blood sampling, reduction of infusion frequency and 
awareness of its impact and ability to personalize treatment. 

• When using software tools, a basic understanding of PK and trans
parency of included data to construct PK models is necessary. 

Research agenda  

• Research should focus on acquiring evidence on appropriate targets 
for preventing break-through bleeding in different scenarios 
(e.g. during surgery/physical exercise) and specifically for hemo
philia B patients.  

• Long-term randomized controlled trials are of interest during 
investigation of bleeding outcomes in the context of standard dosing, 
PK-guided dosing, or novel tools based on individual bleeding risk 
(e.g. repeated time-to-event models and thrombin generation tests).  

• Clinically acceptable levels of prediction error should be established 
in order to facilitate external validation of published PK models.  

• When evaluating cost-effectiveness of PK-guided dosing, additional 
costs of sampling and personnel should be taken into account. 

• Large scale studies should be performed evaluating patient satisfac
tion and quality of life improvements when switching to PK-guided 
dosing.  

• Research should explore the benefits of software tools to improve 
patient engagement, and what kind of information is meaningful to 
patients. 

• More information is required on the frequency with which PK as
sessments should be repeated, especially in children. 
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