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Abstract

:

Mucopolysaccharidoses (MPS) are a group of rare, heterogeneous, lysosomal storage disorders. Patients show a broad spectrum of clinical features with a substantial unmet medical need. Individual treatment trials (ITTs) might be a valid, time- and cost-efficient way to facilitate personalized medicine in the sense of drug repurposing in MPS. However, this treatment option has so far hardly been used—at least hardly been reported or published. Therefore, we aimed to investigate the awareness and utilization of ITTs among MPS clinicians, as well as the potential challenges and innovative approaches to overcome key hurdles, by using an international expert survey on ITTs, namely, ESITT. Although 74% (20/27) were familiar with the concept of ITTs, only 37% (10/27) ever used it, and subsequently only 15% (2/16) published their results. The indicated hurdles of ITTs in MPS were mainly the lack of time and know-how. An evidence-based tool, which provides resources and expertise needed for high-quality ITTs, was highly appreciated by the vast majority (89%; 23/26). The ESITT highlights a serious deficiency of ITT implementation in MPS—a promising option to improve its treatability. Furthermore, we discuss the challenges and innovative approaches to overcome key barriers to ITTs in MPS.
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1. Introduction


Mucopolysaccharidoses (MPS) are a group of congenital metabolic storage diseases, with a highly location-specific prevalence rate of 1.53 per 100,000 live births [1]. Due to an enzyme deficiency, MPS are leading to an accumulation of glycosaminoglycans (GAGs) in lysosomes and the extracellular matrix (ECM) [2,3,4]. Depending on the missing or transforming enzyme, MPS are classified into seven main types and multiple subtypes with a different and broad range of somatic, skeletal, and central nervous system (CNS) clinical features [4,5,6].



To date, there are no satisfactory or curative therapies for any of the known types of MPS available, despite the enormous unmet medical need among patients. The two current approved standard therapies are enzyme replacement therapy (ERT), for MPS I, II, IVA, VI, and VII, and hematopoietic stem cell transplantation (HSCT), mainly for MPS I [6,7]. The injected enzymes of ERT cannot cross the blood–brain barrier (BBB); thus, this treatment option has no success in the CNS and solely represents a general, causal treatment attempt for somatic clinical features [8,9,10]. HSCT improves the quality of life with the ability to alleviate the course of the disease. It is more beneficial in patients younger than 16 months of age because irreversible damage to bone that occurred before transplantation remains [11]. The long procedure, the effort to find a suitable donor, and multiple adverse effects, such as infections, organ failure, or graft rejection, comprise serious difficulties and challenges of HSCT [12,13].



Given the wide spectrum of disease severity, the varying combinations of progressive multisystem clinical features, and the lack of potential therapies, with ERT and HSCT as the only approved options, MPS patients ultimately face a substantial unmet medical need, associated with reduced life expectancy and deteriorated quality of life.



To date, approximately 7000 rare diseases are globally known [14], all confronted with a considerable need for successful therapeutic options. Therefore, off-label drug use might be a promising alternative for MPS and other diseases. Off-label drugs are medications which are prescribed outside of their clinical approved authorization regarding dose, age, or indication [15,16]. Recently, Schrier et al. reported that off-label therapies in children are distributed differently in European countries [17]. The numbers confirm that 13–69% of pediatrics and 6–72% of adult hospitalized patients were prescribed an off-label therapy [18]. Similarly, Gore et al. stated that 9–78.7% of off-label drug use is by pediatric patients [19]. Despite the high unmet medical need in MPS, this option receives little attention. Likewise, off-label use successes or failures in rare diseases are rarely reported or published [14].



Individual treatment trials (ITTs), also known as n-of-1 trials, are the experimental use of a novel treatment method or drug, i.e., the use of a treatment without scientifically proven efficacy or outside indications of patients, where established treatment methods no longer help [20,21]. This provides the best opportunities for clinicians by enabling them to address the individual responses of each patient to find the optimal therapy [22,23]. Therefore, ITTs can be extremely useful for investigating remarkable findings and new effects of care [24] in chronic or rare diseases [25,26,27] with unsatisfactory therapies, in order to be able to increase the efficacy of the treatment [28].



Nevertheless, success is not achieved and guaranteed in all uses, because cumulative and curative treatments are unsuitable for ITTs. More progress can be expected with drugs that have a quick onset of action and a quick wash out [25,29]. These ITTs, which are often crossover trials, double-blinded, and randomized [26,28,30], can be conducted in three different ways. In multi-crossover trials, two treatments (A and B) are always tested differently. In the first type, only two phases (A–B, B–A) are performed, whereas in the second option, these two treatments are repeated several times in various combinations (A–A, B–A, A–B, B–B). Both times that the treatments are given one after the other, they are washed out and changed after a short period of time to see which treatment brings the best effect. The third option is called pre-post trial, where a treatment is performed on the patient and the condition before and after is compared [31].



Recently, it has been recognized that inflammatory processes play a major role in MPS. This offers a range of targets to intervene with immunomodulators, such as anakinra, adalimumab, or abatacept, as potential adjuvant therapeutic options [32]. However, research regarding adjuvant therapeutic options is particularly hampered in MPS. Conducting clinical trials in rare diseases is often fraught with risk and uncertainty due to the heterogeneity and the small number of patients [26,27,33]. A clinically highly relevant therapy response must be detected individually, especially in MPS. This makes ITTs an excellent alternative as they can easily overcome the burden for clinical trials, with the possibility to consider the respective risk and efficacy in each patient individually. Unfortunately, this possibility is hardly used or at least hardly reported in scientific peer-reviewed journals, despite the high unmet medical need in MPS.




2. Results


2.1. Sociodemographic Data


A total of 28 physicians from Europe and America completed the ESITT, and finally 27 were included in the analysis, with 20 participants (74.07%) from European countries, 6 (22.22%) from South America, and 1 (3.70%) from the USA.



The study population solely contained practicing physicians with profound knowledge in the field of MPS, with 10 males (37.04%) and 17 females (62.96%). Sociodemographic data are summarized in detail in Table 1 below and in the supplementary file.




2.2. Contentment with Available Therapy Options


Most participants expressed their dissatisfaction with the available therapies for MPS. Only 3 (11.11%) physicians responded that they are satisfied with the available therapies, whereas 44.44% (n = 12) disagreed and 25.93% (n = 7) strongly disagreed. Thus, roughly 70% of physicians are unsatisfied with the available therapies. The majority of the included clinicians (n = 15, 55.56%) also stated the dissatisfaction of their patients. Data and related questions are listed in Table 2.




2.3. Familiarity and Utilization of ITTs


Most participants (n = 20, 74.07%) surveyed had already heard of ITTs and were familiar with this topic. However, more than a quarter of the study population (n = 7, 25.93%) indicated a lack of confidence and experience regarding ITTs, as depicted in Figure 1.



Only 10 (37.04%) participants reported that they had already performed ITTs as a treatment strategy in MPS patients or implemented ITTs in patients with other diseases (n = 10, 37.04%). In total, only 14 clinicians had ever used ITTs in the treatment of their patients, as 6 study participants overlapped in the utilization of ITTs in MPS as well as in other conditions.



We further analyzed the types and subtypes of the enrolled MPS patients in ITTs. Participating clinicians (n = 8) reported that they had already conducted ITTs with MPS patients affected by MPS I Hurler (n = 2, 25.00%), MPS II (n = 3, 37.50%), MPS III B (n = 1, 12.50%), MPS VI (n = 1, 12.50%), and MPS VII (n = 1, 12.50%). Two physicians did not provide information.



Furthermore, we asked how many ITT clinicians (n = 9) had already implemented the treatment of MPS patients. The vast majority (n = 7, 77.78%) reported a single use. The remaining 22.22% of the study population performed two (n = 1) or three (n = 1) ITTs. One participant did not provide an answer.



Of a total of 14 physicians who indicated a previous utilization of ITTs in MPS or other diseases, only 4 out of 12 (33.33%) used a monitoring plan. Two physicians did not provide information. Moreover, the majority did not involve other experts in the ITT implementation (n = 5/13, 38.46%) and did not report or publish their ITT results in a peer-reviewed scientific journal (n = 2/13, 15.38%). One clinician did not provide information on the previous two questions. Three out of four participants who used a monitoring plan also worked together with experts. Participants who reported that they had published their ITT results (n = 2, 15.38%) had performed ITTs in patients with other diseases. Up to now, no results on ITTs in MPS have been reported successfully.



The two main reasons for not or hardly performing any ITTs in MPS were the impracticability of implementation (n = 5, 23.81%) and presumed irrelevance for the affected patients (n = 5, 23.81%). Other experts indicated an insufficiency in training (n = 4, 19.05%) and time considerations (n = 4, 19.05%), and 3 participants (14.29%) chose other reasons as an answer. The details are clearly summarized in Table 3 and Figure 2.




2.4. Willingness to Use a Decision Analysis Framework (DAF) Tool for ITTs in MPS


The final survey question was related to an evidence-based DAF tool. Participants were asked to consider a scenario in which a free service exists to make data-driven treatment choices available more easily and on a rational basis in order to offer ITTs to selected MPS patients. Subsequently, the enrolled clinicians were asked if they would use this novel DAF tool to carry out at least one ITT per year. The vast majority, 88.46% (n = 23), were either highly likely or likely to use a service like this. Two physicians (7.69%) indicated that they would rather not perform ITTs despite the availability of a DAF tool. The data are shown in Figure 3 and Table 4.



The applied Kruskal–Wallis test for the group comparison of the survey questions “Have you ever heard of n-of-1 trials?” and “How likely are you to use a service like this to make data driven treatment choices at least once in the next year?” revealed a p-value of 0.50 (H = 0.45, χ2c = 3.84, df = 1), meaning that there was no difference between the groups.



Similarly, a Kruskal–Wallis test was applied for a comparison of the previous utilization of ITTs in MPS and willingness to use an evidence-based DAF tool. No significant association (H = 0.97, p = 0.32, χ2c = 3.84, df = 1) between these groups (yes, no) and their responses regarding their willingness to use a DAF tool were detected. The data and results supported the null hypothesis.





3. Discussion


This is the first systematic analysis of ITTs in MPS—an option to improve the treatability of patients with this rare, heterogeneous group of disorders. The results of our survey highlight that the majority of MPS clinicians are unsatisfied with the approved treatment options. Affected patients and their families also share this view. An ITT as a treatment strategy is well known to these experts, however little use is made of it. We identified the lack of know-how and resources as the most important barriers. However, if the selection of eligible patients, the assessment of the best drug candidate, and an evidence-based benefit–risk assessment were facilitated, almost 90% of clinicians would offer ITTs to their MPS patients. These results indicate that with a service which facilitates evidence-based clinical decision making and overcomes the identified hurdles of ITTs, innovative treatments such as immunomodulation may be utilized more often, resulting in an improved treatability of MPS.



ITTs are an increasingly recommended option to improve treatability in different settings of high unmet medical needs, including oncology and osteoarthritis [34,35,36,37,38,39,40,41,42,43,44,45,46]. However, all publications report underutilization of this promising option [34,35,36,37,38,39,40,41,42,43,44,45,46]. To the best of our knowledge, our study is the first which systematically assesses the actual utilization of and barriers to ITTs in a specific indication. In accordance with previous publications, we found that 37% of our MPS experts had conducted ITTs—4 out of 27 clinicians used it in MPS patients, 6 in MPS and other diseases, and 4 in patients with other disorders.



As the main barriers to conducting ITTs, our survey identified the unfeasibility of ITT implementation as the key challenge, followed by a lack of time and expertise. This is in line with the assumptions of other authors that proposed a lack of know-how and resources for the risk–benefit assessment. Furthermore, disruption of the patient–physician relationship, the additional effort for patients, and the low scientific validity of ITT results have been discussed [46,47,48,49,50]. The latter may explain our finding that ITTs were hardly reported (2/13; 15%) by our experts. As potential solutions to overcome these barriers, other authors proposed practical checklists, well-coordinated trainings, or standard protocol templates for physicians [47,48,50]. In accordance with that, the vast majority of our experts stated that they would offer ITTs if expertise and resources were facilitated, e.g., by a service or tool.



In general, expert surveys can be limited by several biases. Yet, we consider our study an important foundation for further research, as it is the first systematic assessment of the utilization of and barriers to ITTs in MPS. The representativeness of the participating experts is high given the 27 experts from 25 centres in 11 countries, managing 1100 patients overall, which is a considerable sample size (see supplemental information). Moreover, most questions have been answered quite homogenously. Consequently, despite the known limits of the applied methods, we find a strong indication for the development of a tool that facilitates evidence-based decision making in the frame of ITTs in MPS.



In conclusion, we can summarize that such support is likely to have a decisive impact on the utilization of ITTs in MPS, resulting in improved treatability. We are well aware that ITTs in the sense of off-label use can be hampered by the denial of reimbursement by payers or approval by ethical committees. Therefore, we plan to provide additional support with template documents such as assessment plans, informed consent, claim of reimbursement, etc. For smooth running and raising awareness, this project should be implemented with exclusive partnerships between academia and commercial and patient organizations with regulatory incentives.



Furthermore, the above-cited publications indicate that there is a substantial need for ITTs in many clinical fields and indications. Thus, our results may be applicable to and useful for similar projects in these fields.




4. Methods


4.1. Sampling and Eligibility Criteria


After a comprehensive literature search concerning ITTs in MPS, the questionnaire-based survey was implemented as a research instrument for gathering primary data. In the pilot phase, five top international MPS clinicians were selected for participation, in order to gain a first-hand insight and meaningful feedback.



In the second phase, the ESITT project was shared via personal networks, Metab-Latam, and MetabERN (Latin American and European Reference Network for Hereditary Metabolic Disorders), including an abstract and link for the online survey (software: SurveyMonkey®, San Mateo, CA, USA). Inclusion criteria for the study population were sufficient experience with MPS with a routine care of MPS patients and several years of clinical practice. Probands with no or less ITT experience had the possibility to skip several questions, which were specially marked. A total of 28 MPS experts completed the ESITT, and overall 27 MPS experts were enrolled in the evaluation. Furthermore, one questionnaire was excluded from the analysis due to inconsistencies and lack of experience in treating MPS patients.




4.2. Data Sources and Instruments


The developed cross-sectional survey was anonymous and voluntary and included predetermined answers and open questions. The time frame to complete the questionnaire was from December 2021 to June 2022. Overall, the ESITT can be divided into four different main sections: (i) personal characteristics; (ii) experience and satisfaction with currently approved MPS therapies; (iii) knowledge, awareness, utilization, and concerns regarding ITTs in MPS and other diseases; and (iv) necessity of a DAF tool for ITTs in MPS.



The questionnaire did not contain inversely worded items, which meant that no recoding was necessary. In order to enable counting, numbers were assigned to the variables by coding. The bipolar scale values were modified into unipolar scale values for evaluation. The response options of the items ran in a positive direction and were confirmed with high values. The questionnaire of the ESITT was adopted for MPS clinicians according to a validated tool [29] and is included as supplemental information.



4.2.1. Sociodemographic Data


Sociodemographic data included variables that provide information about age, gender, and occupational situation of the participants.




4.2.2. Satisfaction with Currently Approved MPS Therapies


Two questions of the ESITT focused on the perception of MPS clinicians regarding approved MPS treatment strategies, the first about their own satisfaction with the approved therapies and the second about the patient’s satisfaction. There were five possible answers on a bipolar scale ranging from strongly agree to strongly disagree.




4.2.3. Knowledge, Awareness, Utilization, and Concerns Regarding ITTs


First, existing knowledge and familiarity with ITTs were assessed. The question “Have you ever heard of n-of-1 trials?” was evaluated by a dichotomous response format, ranging from yes to no. The next questions asked about experience and utilization of ITTs—generally and in MPS patients. Applied investigative medications in previous ITTs could be indicated by open questions. The main reasons why ITTs have been performed in practice could be selected by choosing one of six given answers. Furthermore, personal concerns regarding ITTs were evaluated by verifying whether previous ITTs had already been published, using dichotomous categories.




4.2.4. Necessity of a DAF Tool for ITTs in MPS


The perception of and demand for a novel DAF tool for ITTs in MPS were surveyed with the question “Assume there is a service that made it easy for you to offer n-of-1 trials to select patients in your practice with MPS. How likely are you to use a service like this to make data driven treatment choices at least once in the next year?”. Respondents could indicate their willingness on a 5-point bipolar verbal scale from highly likely to highly unlikely.





4.3. Data Analysis and Synthesis


For the statistical analysis, the obtained survey responses were inserted into the Microsoft Excel program and the analytical software IBM® SPSS® Statistics (Chicago, IL, USA). Quantitative data were represented as numbers and percentages. A significance level of 5% for testing differences in variables was applied.



Descriptive statistics were performed for continuous variables by calculating minimal, maximal, mean, and standard deviation values. Using the same methods, the demand for a DAF tool for evidence-based, quantitative risk–benefit assessment in MPS was evaluated.



In hypothesis testing, the null hypothesis and an alternative hypothesis were put forward. The Kruskal–Wallis Test was performed as a non-parametric test, resulting in calculations of the p-value. The impact on willingness to use a DAF tool was analyzed by two different groups, with a negative attitude (no) and agreeing attitude (yes), by means of two questions—“Have you ever heard of n-of-1 trials?” and “Have you ever used an n-of-1 trial in the treatment of your MPS patients?”




4.4. Ethics Approval


ESITT was conducted in accordance with the relevant principles of the International Conference on Harmonization and Good Clinical Practice and was approved by the Ethical Committee in Salzburg, Austria (1125/2021; 5 July 2021).





5. Conclusions


This is the first systematic analysis of ITTs in MPS patients. Our study offers meaningful insights into clinicians’ awareness of, experience with, and willingness to conduct ITTs in MPS. Although the vast majority were familiar with the concept of ITTs, the experience was limited as well as the subsequent publication rate of realized ITTs. Our systematic analysis highlights that both clinicians and patients are unsatisfied with the approved therapies and that clinicians are highly willing to use ITTs more often if expertise and resources are provided with a free service. This study serves as an important starting point to address the substantial unmet medical need in MPS in a rational and personalized way.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ph16030416/s1.





Author Contributions


Conceptualization, A.-M.W. and F.B.L.; methodology, A.-M.W., H.S. and F.B.L.; software, H.S.; formal analysis, A.-M.W. and H.S.; investigation, F.B.L.; resources, F.B.L.; data curation, H.S.; writing—original draft preparation, A.-M.W. and H.S.; writing—review and editing, A.-M.W. and F.B.L.; visualization, H.S.; supervision, F.B.L.; project administration, A.-M.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee in Salzburg, Austria (1125/2021; 05.07.2021).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data is contained within the article and supplementary file.




Acknowledgments


We acknowledge MetabERN and MetabLatam for sharing the online survey.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Khan, S.A.; Peracha, H.; Ballhausen, D.; Wiesbauer, A.; Rohrbach, M.; Gautschi, M.; Mason, R.W.; Giugliani, R.; Suzuki, Y.; Orii, K.E.; et al. Epidemiology of mucopolysaccharidoses. Mol. Genet. Metab. 2017, 121, 227–240. [Google Scholar] [CrossRef] [PubMed]

	



Sawamoto, K.; Álvarez González, J.V.; Piechnik, M.; Otero, F.J.; Couce, M.L.; Suzuki, Y.; Tomatsu, S. Mucopolysaccharidosis IVA: Diagnosis, Treatment, and Management. Int. J. Mol. Sci. 2020, 21, 1517. [Google Scholar] [CrossRef] [PubMed]

	



Suarez-Guerrero, J.L.; Gómez Higuera, P.J.; Arias Flórez, J.S.; Contreras-García, G.A. Mucopolysaccharidosis: Clinical features, diagnosis and management. Rev. Chil. Pediatr. 2016, 87, 295–304. [Google Scholar] [CrossRef]

	



Neufeld, E.F.; Muenzer, J. The mucopolysaccharidoses. In The Metabolic and Molecular Bases of Inherited Disease, 8th ed.; David Valle, M., Ed.; OMMBID, McGrawHill Medical: New York, NY, USA, 2001; pp. 3421–3451. [Google Scholar]

	



Sun, A. Lysosomal storage disease overview. Ann. Transl. Med. 2018, 6, 476. [Google Scholar] [CrossRef]

	



Yıldız, Y.; Sivri, H.S. Difficulties Associated with Enzyme Replacement Therapy for Mucopolysaccharidoses. Turk. Arch. Pediatr. 2021, 56, 602–609. [Google Scholar] [CrossRef] [PubMed]

	



Lagler, F.B. Innovative Treatments for Mucopolysaccharidoses. J. Child Sci. 2018, 8, e163–e171. [Google Scholar] [CrossRef]

	



Concolino, D.; Deodato, F.; Parini, R. Enzyme replacement therapy: Efficacy and limitations. Ital. J. Pediatr. 2018, 44, 120. [Google Scholar] [CrossRef]

	



Sonoda, H.; Morimoto, H.; Yoden, E.; Koshimura, Y.; Kinoshita, M.; Golovina, G.; Takagi, H.; Yamamoto, R.; Minami, K.; Mizoguchi, A.; et al. A Blood-Brain-Barrier-Penetrating Anti-human Transferrin Receptor Antibody Fusion Protein for Neuronopathic Mucopolysaccharidosis II. Mol. Ther. 2018, 26, 1366–1374. [Google Scholar] [CrossRef]

	



de Castro, M.J.; Del Toro, M.; Giugliani, R.; Couce, M.L. Gene Therapy for Neuronopathic Mucopolysaccharidoses: State of the Art. Int. J. Mol. Sci. 2021, 22, 9200. [Google Scholar] [CrossRef]

	



Tomatsu, S.; Alméciga-Díaz, C.J.; Montaño, A.M.; Yabe, H.; Tanaka, A.; Dung, V.C.; Giugliani, R.; Kubaski, F.; Mason, R.W.; Yasuda, E.; et al. Therapies for the bone in mucopolysaccharidoses. Mol. Genet. Metab. 2015, 114, 94–109. [Google Scholar] [CrossRef]

	



Taylor, M.; Khan, S.; Stapleton, M.; Wang, J.; Chen, J.; Wynn, R.; Yabe, H.; Chinen, Y.; Boelens, J.J.; Mason, R.W.; et al. Hematopoietic Stem Cell Transplantation for Mucopolysaccharidoses: Past, Present, and Future. Biol. Blood Marrow Transplant. 2019, 25, e226–e246. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Luan, Z.; Jiang, H.; Fang, J.; Qin, M.; Lee, V.; Chen, J. Allogeneic Hematopoietic Stem Cell Transplantation in Thirty-Four Pediatric Cases of Mucopolysaccharidosis-A Ten-Year Report from the China Children Transplant Group. Biol. Blood Marrow Transplant. 2016, 22, 2104–2108. [Google Scholar] [CrossRef] [PubMed]

	



Fung, A.; Yue, X.; Wigle, P.R.; Guo, J.J. Off-label medication use in rare pediatric diseases in the United States. Intractable Rare Dis. Res. 2021, 10, 238–245. [Google Scholar] [CrossRef]

	



Diel, J.; Heineck, I.; Santos, D.B.D.; Pizzol, T. Off-label use of drugs by age in Brazilian children: A population study. Rev. Bras. Epidemiol. 2020, 23, e200030. [Google Scholar] [CrossRef]

	



De Zen, L.; Marchetti, F.; Barbi, E.; Benini, F. Off-label drugs use in pediatric palliative care. Ital. J. Pediatr. 2018, 44, 144. [Google Scholar] [CrossRef] [PubMed]

	



Schrier, L.; Hadjipanayis, A.; Stiris, T.; Ross-Russell, R.I.; Valiulis, A.; Turner, M.A.; Zhao, W.; De Cock, P.; de Wildt, S.N.; Allegaert, K.; et al. Off-label use of medicines in neonates, infants, children, and adolescents: A joint policy statement by the European Academy of Paediatrics and the European society for Developmental Perinatal and Pediatric Pharmacology. Eur. J. Pediatr. 2020, 179, 839–847. [Google Scholar] [CrossRef]

	



Weda, M.; Hoebert, J.M.; Vervloet, M.; Puigmarti, C.M.; Damen, N.L.; Marchange, S.; Langedijk, J.; Lisman, J.A.; Dijk, L.v. Study on Off-Label Use of Medicinal Products in the European Union; European Comission: Brussels, Belgium, 2017. [Google Scholar]

	



Gore, R.; Chugh, P.K.; Tripathi, C.D.; Lhamo, Y.; Gautam, S. Pediatric Off-Label and Unlicensed Drug Use and Its Implications. Curr. Clin. Pharmacol. 2017, 12, 18–25. [Google Scholar] [CrossRef]

	



Langhof, H.; Strech, D. Off-Label Use, Compassionate Use und Individuelle Heilversuche: Ethische Implikationen Zulassungsüberschreitender Arzneimittelanwendungen; Springer: Berlin/Heidelberg, Germany, 2016. [Google Scholar]

	



Guyatt, G.H.; Heyting, A.; Jaeschke, R.; Keller, J.; Adachi, J.D.; Roberts, R.S. N of 1 randomized trials for investigating new drugs. Control. Clin. Trials 1990, 11, 88–100. [Google Scholar] [CrossRef]

	



Kaplan, H.C.; Opipari-Arrigan, L.; Schmid, C.H.; Schuler, C.L.; Saeed, S.; Braly, K.L.; Burgis, J.C.; Nguyen, K.; Pilley, S.; Stone, J.; et al. Evaluating the Comparative Effectiveness of Two Diets in Pediatric Inflammatory Bowel Disease: A Study Protocol for a Series of N-of-1 Trials. Healthcare 2019, 7, 129. [Google Scholar] [CrossRef]

	



Samuel, J.; Holder, T.; Molony, D. N-of-1 Trials as a Decision Support Tool in Clinical Practice: A Protocol for a Systematic Literature Review and Narrative Synthesis. Healthcare 2019, 7, 136. [Google Scholar] [CrossRef]

	



Clough, A.J.; Hilmer, S.N.; Naismith, S.L.; Gnjidic, D. The Feasibility of Using N-Of-1 Trials to Investigate Deprescribing in Older Adults with Dementia: A Pilot Study. Healthcare 2019, 7, 161. [Google Scholar] [CrossRef] [PubMed]

	



Griggs, R.C.; Batshaw, M.; Dunkle, M.; Gopal-Srivastava, R.; Kaye, E.; Krischer, J.; Nguyen, T.; Paulus, K.; Merkel, P.A. Clinical research for rare disease: Opportunities, challenges, and solutions. Mol. Genet. Metab. 2009, 96, 20–26. [Google Scholar] [CrossRef] [PubMed]

	



Soldevila-Domenech, N.; Boronat, A.; Langohr, K.; de la Torre, R. N-of-1 Clinical Trials in Nutritional Interventions Directed at Improving Cognitive Function. Front. Nutr. 2019, 6, 110. [Google Scholar] [CrossRef]

	



Vohra, S.; Shamseer, L.; Sampson, M.; Bukutu, C.; Schmid, C.H.; Tate, R.; Nikles, J.; Zucker, D.R.; Kravitz, R.; Guyatt, G.; et al. CONSORT extension for reporting N-of-1 trials (CENT) 2015 Statement. J. Clin. Epidemiol. 2016, 76, 9–17. [Google Scholar] [CrossRef]

	



Margolis, A.; Giuliano, C. Making the switch: From case studies to N-of-1 trials. Epilepsy Behav. Rep. 2019, 12, 100336. [Google Scholar] [CrossRef]

	



Bobe, J.R.; De Freitas, J.K.; Glicksberg, B.S. Exploring the Potential for Collaborative Use of an App-Based Platform for n-of-1 Trials Among Healthcare Professionals That Treat Patients With Insomnia. Front. Psychiatry 2020, 11, 530995. [Google Scholar] [CrossRef] [PubMed]

	



Scuffham, P.A.; Nikles, J.; Mitchell, G.K.; Yelland, M.J.; Vine, N.; Poulos, C.J.; Pillans, P.I.; Bashford, G.; del Mar, C.; Schluter, P.J.; et al. Using N-of-1 trials to improve patient management and save costs. J. Gen. Intern. Med. 2010, 25, 906–913. [Google Scholar] [CrossRef]

	



Kane, P.B.; Bittlinger, M.; Kimmelman, J. Individualized therapy trials: Navigating patient care, research goals and ethics. Nat. Med. 2021, 27, 1679–1686. [Google Scholar] [CrossRef] [PubMed]

	



Wiesinger, A.-M.; Bigger, B.; Giugliani, R.; Scarpa, M.; Moser, T.; Lampe, C.; Kampmann, C.; Lagler, F.B. The Inflammation in the Cytopathology of Patients With Mucopolysaccharidoses- Immunomodulatory Drugs as an Approach to Therapy. Front. Pharmacol. 2022, 13, 863667. [Google Scholar] [CrossRef]

	



Clough, A.J.; Hilmer, S.N.; Naismith, S.L.; Kardell, L.D.; Gnjidic, D. N-of-1 trials for assessing the effects of deprescribing medications on short-term clinical outcomes in older adults: A systematic review. J. Clin. Epidemiol. 2018, 93, 112–119. [Google Scholar] [CrossRef]

	



Huber, A.M.; Tomlinson, G.A.; Koren, G.; Feldman, B.M. Amitriptyline to relieve pain in juvenile idiopathic arthritis: A pilot study using Bayesian metaanalysis of multiple N-of-1 clinical trials. J. Rheumatol. 2007, 34, 1125–1132. [Google Scholar] [PubMed]

	



Yelland, M.J.; Poulos, C.J.; Pillans, P.I.; Bashford, G.M.; Nikles, C.J.; Sturtevant, J.M.; Vine, N.; Del Mar, C.B.; Schluter, P.J.; Tan, M.; et al. N-of-1 randomized trials to assess the efficacy of gabapentin for chronic neuropathic pain. Pain Med. 2009, 10, 754–761. [Google Scholar] [CrossRef] [PubMed]

	



Yelland, M.J.; Nikles, C.J.; McNairn, N.; Del Mar, C.B.; Schluter, P.J.; Brown, R.M. Celecoxib compared with sustained-release paracetamol for osteoarthritis: A series of n-of-1 trials. Rheumatology 2007, 46, 135–140. [Google Scholar] [CrossRef] [PubMed]

	



Nixdorf, D.R.; Sobieh, R.; Gierthmühlen, J. Using an n-of-1 trial to assist in clinical decision making for patients with orofacial pain. J. Am. Dent. Assoc. 2012, 143, 259–261. [Google Scholar] [CrossRef]

	



Germini, F.; Coerezza, A.; Andreinetti, L.; Nobili, A.; Rossi, P.D.; Mari, D.; Guyatt, G.; Marcucci, M. N-of-1 Randomized Trials of Ultra-Micronized Palmitoylethanolamide in Older Patients with Chronic Pain. Drugs Aging 2017, 34, 941–952. [Google Scholar] [CrossRef] [PubMed]

	



Odineal, D.D.; Marois, M.T.; Ward, D.; Schmid, C.H.; Cabrera, R.; Sim, I.; Wang, Y.; Wilsey, B.; Duan, N.; Henry, S.G.; et al. Effect of Mobile Device-Assisted N-of-1 Trial Participation on Analgesic Prescribing for Chronic Pain: Randomized Controlled Trial. J. Gen. Intern. Med. 2020, 35, 102–111. [Google Scholar] [CrossRef]

	



Lee, R.R.; Shoop-Worrall, S.; Rashid, A.; Thomson, W.; Cordingley, L. “Asking Too Much?”: Randomized N-of-1 Trial Exploring Patient Preferences and Measurement Reactivity to Frequent Use of Remote Multidimensional Pain Assessments in Children and Young People With Juvenile Idiopathic Arthritis. J. Med. Internet Res. 2020, 22, e14503. [Google Scholar] [CrossRef]

	



Kravitz, R.L.; Schmid, C.H.; Marois, M.; Wilsey, B.; Ward, D.; Hays, R.D.; Duan, N.; Wang, Y.; MacDonald, S.; Jerant, A.; et al. Effect of Mobile Device-Supported Single-Patient Multi-crossover Trials on Treatment of Chronic Musculoskeletal Pain: A Randomized Clinical Trial. JAMA Intern. Med. 2018, 178, 1368–1377. [Google Scholar] [CrossRef]

	



Whitney, R.L.; Ward, D.H.; Marois, M.T.; Schmid, C.H.; Sim, I.; Kravitz, R.L. Patient Perceptions of Their Own Data in mHealth Technology-Enabled N-of-1 Trials for Chronic Pain: Qualitative Study. JMIR Mhealth Uhealth 2018, 6, e10291. [Google Scholar] [CrossRef]

	



Notcutt, W.; Price, M.; Miller, R.; Newport, S.; Phillips, C.; Simmons, S.; Sansom, C. Initial experiences with medicinal extracts of cannabis for chronic pain: Results from 34 ‘N of 1’ studies. Anaesthesia 2004, 59, 440–452. [Google Scholar] [CrossRef]

	



Fountzilas, E.; Tsimberidou, A.M. Overview of precision oncology trials: Challenges and opportunities. Expert Rev. Clin. Pharmacol. 2018, 11, 797–804. [Google Scholar] [CrossRef]

	



Kyr, M.; Svobodnik, A.; Stepanova, R.; Hejnova, R. N-of-1 Trials in Pediatric Oncology: From a Population-Based Approach to Personalized Medicine-A Review. Cancers 2021, 13, 5428. [Google Scholar] [CrossRef] [PubMed]

	



Kravitz, R.; Duan, N.; Eslick, I.; Gabler, N.; Kaplan, H.; Larson, E. Design and implementation of N-of-1 trials: A user’s guide. In Agency for Healthcare Research and Quality; Effective Health Care Program, Agency for Healthcare Research and Quality: Rockville, MD, USA, 2014. [Google Scholar]

	



Kravitz, R.L.; Paterniti, D.A.; Hay, M.C.; Subramanian, S.; Dean, D.E.; Weisner, T.; Vohra, S.; Duan, N. Marketing therapeutic precision: Potential facilitators and barriers to adoption of n-of-1 trials. Contemp. Clin. Trials 2009, 30, 436–445. [Google Scholar] [CrossRef] [PubMed]

	



Alemayehu, C.; Mitchell, G.; Nikles, J.; Aseffa, A.; Clavarino, A. Acceptability and barriers to implementation of N-of-1 tests in Ethiopia—A qualitative study. BMC Med. Res. Methodol. 2019, 19, 192. [Google Scholar] [CrossRef] [PubMed]

	



Goyal, P.; Safford, M.M.; Hilmer, S.N.; Steinman, M.A.; Matlock, D.D.; Maurer, M.S.; Lachs, M.S.; Kronish, I.M. N-of-1 trials to facilitate evidence-based deprescribing: Rationale and case study. Br. J. Clin. Pharmacol. 2022, 88, 4460–4473. [Google Scholar] [CrossRef]

	



Chalmers, I.; Smeeth, L.; Goldacre, B. Personalised Medicine Using N-of-1 Trials: Overcoming Barriers to Delivery. Healthcare 2019, 7, 134. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 16 00416 g001 550] 





Figure 1. Response to the survey question “Have you ever heard of n-of-1-trials?” (left pie chart) and response to the survey question “Have you ever used n-of-1 trials in the treatment of your MPS patients?” (right pie chart); n = 27. 
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Figure 2. Flow chart overview of all participating MPS clinicians with regard to previous know-how and implementation of ITTs. Out of the 27 experts, 20 had already heard about ITTs and 14 had conducted ITTs—either with MPS patients or MPS and another disorder or only other disorders. A “single expert” is defined as a standalone expert, while “>1 expert” means a kind of interdisciplinary expert team. 






Figure 2. Flow chart overview of all participating MPS clinicians with regard to previous know-how and implementation of ITTs. Out of the 27 experts, 20 had already heard about ITTs and 14 had conducted ITTs—either with MPS patients or MPS and another disorder or only other disorders. A “single expert” is defined as a standalone expert, while “>1 expert” means a kind of interdisciplinary expert team.



[image: Pharmaceuticals 16 00416 g002]







[image: Pharmaceuticals 16 00416 g003 550] 





Figure 3. Response to the survey question “Assume there is a service that made it easy for you to offer n-of-1 trials to select patients in your practice with MPS. How likely are you to use a service like this to make data driven treatment choices at least once in the next year?” (n = 26). 
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Table 1. Summary of the personal characteristics of MPS experts surveyed.
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Age (n = 25)




	
Mean age (standard deviation)

Median age

Minimum, Maximum

	
   x ¯     = 54.36 (10.04)

  x ˜   = 53

Min = 36, Max = 70




	
Sex (n = 27)




	
Female (n, %)

	
17 (62.96)




	
Male (n, %)

	
10 (37.04)




	
Years of clinical practice (n = 27)




	
0–10 years (n, %)

	
2 (7.41)




	
11–20 years (n, %)

	
6 (22.21)




	
21–30 years (n, %)

	
11 (40.74)




	
31–40 years (n, %)

	
6 (22.22)




	
>40 years (n, %)

	
2 (7.41)




	
Number of patients treated (n = 27)




	
<10 (n, %)

	
7 (25.93)




	
11–20 (n, %)

	
7 (25.93)




	
21–50 (n, %)

	
8 (29.63)




	
51–100 (n, %)

	
3 (11.11)




	
>100 (n, %)

	
2 (7.41)
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Table 2. Satisfaction of patients and physicians with current treatment options.






Table 2. Satisfaction of patients and physicians with current treatment options.





	
I Am Satisfied with the Available Treatment Options for My Patients with MPS.

(n = 27)




	
Strongly agree (n, %)

	
0 (0)




	
Agree (n, %)

	
3 (11.11)




	
Neutral (n, %)

	
5 (18.52)




	
Disagree (n, %)

	
12 (44.44)




	
Strongly disagree (n, %)

	
7 (25.93)




	
My patients are satisfied with the available treatment options for MPS. (n = 27)




	
Strongly agree (n, %)

	
0 (0)




	
Agree (n, %)

	
4 (14.81)




	
Neutral (n, %)

	
8 (29.63)




	
Disagree (n, %)

	
12 (44.44)




	
Strongly disagree (n, %)

	
3 (11.11)
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Table 3. Results of the sample with the knowledge and use of ITTs.
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Have you Ever Heard of n-of-1 Trials? (n = 27)




	
Yes (n, %)

	
20 (74.07)




	
No (n, %)

	
7 (25.93)




	
Have you ever used an n-of-1 trial in the treatment of your MPS patients? (n = 27)




	
Yes (n, %)

	
10 (37.04)




	
No (n, %)

	
17 (62.96)




	
Have you conducted n-of 1 trials with patients suffering from other diseases?

(n = 27)




	
Yes (n, %)

	
10 (37.04)




	
No (n, %)

	
17 (62.96)




	
With which type of MPS do you ran the n-of-1 trial? (n = 8)




	
MPS I Hurler (n, %)

	
2 (25.00)




	
MPS II (n, %)

	
3 (37.50)




	
MPS III B (n, %)

	
1 (12.50)




	
MPS VI (n, %)

	
1 (12.50)




	
MPS VII (n, %)

	
1 (12.50)




	
How many n-of-1 trials have you ever ran with MPS patients? (n = 9)




	
1 (n, %)

	
7 (77.8)




	
2 (n, %)

	
1 (11.11)




	
3 (n, %)

	
1 (11.11)




	
4 (n, %)

	
0 (0)




	
5 (n, %)

	
0 (0)




	
> 5 (n, %)

	
0 (0)




	
Have you ran systematic evaluated n-of-1 trials with an advanced monitoring plan? (n = 12)




	
Yes (n, %)

	
4 (33.33)




	
No (n, %)

	
8 (66.67)




	
Have you included further experts in your n-of-1 trial? (n = 13)




	
Yes (n, %)

	
5 (38.46)




	
No (n, %)

	
8 (61.54)




	
Have you ever published your n-of-trials in a journal? (n = 13)




	
Yes (n, %)

	
2 (15.38)




	
No (n, %)

	
11 (84.62)




	
What is the primary reason why you do not use n-of-1 trials in your practice?

(n = 21)




	
Impractical to implement (n, %)

	
5 (23.81)




	
Not sufficiently trained in n-of-1 trial design (n, %)

	
4 (19.05)




	
Too time consuming (n, %)

	
4 (19.05)




	
Not relevant to most patients in my practice (n, %)

	
5 (23.81)




	
My patients are unlikely to be interested in my practice (n, %)

	
0 (0)




	
Some other reason (n, %)

	
3 (14.29)
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Table 4. Results of DAF-supported ITTs in MPS.
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Assume There Is a Service That Made it Easy for You to Offer n-of-1 Trials to Select Patients in Your Practice with MPS. How Likely Are You to Use a Service Like This to Make Data Driven Treatment Choices at Least One in the Next Year? (n = 26)




	
Highly likely (n, %)

	
12 (46.15)




	
Likely (n, %)

	
11 (42.30)




	
Neutral (n, %)

	
1 (3.85)




	
Unlikely (n, %)

	
1 (3.85)




	
Highly unlikely (n, %)

	
1 (3.85)
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