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ARTICLE INFO ABSTRACT

Keywords: Due to the lack of age-appropriate formulations for children, healthcare professionals and caregivers frequently
Pediatric manipulate dosage forms to facilitate oral administration and obtain the required dose. In this study, we
Oncology

investigated drug manipulation and age-appropriateness of oral medications for pediatric oncology patients with
the aim of identifying the therapeutic needs for personalized dosage forms. An observational study at a pediatric
oncology ward, combined with analysis of the age-appropriateness of the oral medications, was performed.
Nurses frequently manipulated solid dosage forms to administer them via enteral feeding tubes. Of the active
pharmaceutical ingredients (APIs) assessed for age-appropriateness, 74% (29 of 39) were identified to need
personalization, either because of lack of child-friendly dosage form, suitable dosage strength, or both. Most
APIs, due to limited solubility, were sensitive to formulation changes, such as drug manipulation. This study
demonstrates problems and therapeutic needs regarding oral dosage forms in treatment of children with cancer.
Expertise in formulation design, new manufacturing technologies, and patient-centered information are needed

Oral medication

Drug manipulation
Age-appropriate
Personalized dosage form

to address age-appropriate formulations for children.

1. Introduction

Over the last decade, collaborative effort have been made towards
developing child-friendly oral dosage forms to ensure safe and efficient
drug therapies in the pediatric patient population. One example of this is
the development and marketing of multiparticulate and orodispersible
formulations [1,2]. Despite this, healthcare professionals and caregivers
often need to manipulate commercially available dosage forms devel-
oped for an adult population to facilitate administration or the required
dose for a child [3-5]. Pediatric patients (newborns to adolescents) are
characterized by gradual growth and developmental changes. The di-
versity of this population is challenging for the pharmaceutical industry.
Acceptability and dose flexibility are key aspects in development of
age-appropriate formulations for children [1,2].

Patient acceptability is the overall acceptance of a dosage form
determined by the characteristics of both medicinal product and patient
[6]. Acceptability of oral dosage forms in young children is often limited
by the dosage forms size, shape, texture, taste, and volume/quantity of
the medication [7,8]. Furthermore, doses can vary up to 100-fold

throughout childhood and dose adjustments of available dosage forms
may be required [9]. Typical procedures for manipulation of oral solid
dosage forms are to split or crush tablets, open capsules, and disperse the
fragments in liquid or mix with food for administration. Splitting tablets
into halves and quarters or extracting a proportion of a dispersed dosage
form are associated with risk of inaccurate dosing [10,11]. In addition,
manipulations of oral dosage forms can affect the stability, solubility,
and bioavailability of the drug [12,13]. Poorly water-soluble drugs can
be particularly sensitive to these type of procedures, and data are limited
on the clinical outcomes of such drug manipulations. However, the
potential risk of suboptimal drug therapy in this vulnerable patient
population highlights the requirement for age-appropriate formulations
available in a dosage form and strength suitable for children.

In recent years, 3D printing technologies have revolutionized phar-
maceutical manufacturing and paved the way for production of
personalized drug products [14]. Children are a patient group that
benefits from a flexible production platform that can tailor the shape,
size, dose, and other attributes of the dosage form to each individual
patient. For example, 3D printing of chewable dosage forms in different

Abbreviations: API, active pharmaceutical ingredient; SmPC, summary of product characteristics; BCS, biopharmaceutics classification system; pBCS, pediatric
biopharmaceutics classification system; clogP, calculated logP; EMA, European Medicines Agency.
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doses and flavors have been produced in a clinical setting for treatment
of children with maple syrup urine disease, a rare metabolic disease
[15]. Furthermore, orodispersible tablets and films, suitable for pedi-
atrics have been manufactured using 3D printing [16,17]. 3D
manufacturing technology can also be used to address the low oral
bioavailability of many new drugs suffering from poor water solubility
[18]. However, 3D printing of pharmaceuticals is still in its beginning
and little attention has been given to identify active pharmaceutical
ingredients (APIs) where this flexible production platform for person-
alized dosage forms can be useful for children.

Children suffering from severe diseases such as cancer require
lengthy drug treatments with multiple drugs, including oral chemo-
therapy. Compliance and optimal drug therapies are essential for suc-
cessful treatment [19]. Manipulation of cytotoxic, often highly potent
drugs, poses the risk of sub-therapeutic or toxic doses for the patient, and
exposure for the healthcare professionals and caregivers. Pediatric pa-
tients and their caretakers would benefit from ready-to-use or person-
alized medications in the correct dose and appropriate oral dosage form
for treatment both at the clinic and at home. In this study, we investi-
gated drug manipulation and age-appropriateness of oral medications in
a pediatric oncology population with the aim of identifying therapeutic
requirements for child-friendly, personalized oral dosage forms. The
study was performed at a university hospital in Sweden on children up to
11 years old. The identification of pediatric therapeutic needs by this
study can be used in formulation development of personalized dosage
forms by 3D printing.

2. Methods
2.1. Drug manipulation

2.1.1. Study design

A prospective observational study was designed to identify which
oral medications are frequently manipulated in pediatric practice and
the type of manipulations. The extent of drug manipulation was not the
primary aim of this study. The study was carried out at the pediatric
hematology and oncology ward at Uppsala University Childrens Hos-
pital (12 beds), one of six such centers in Sweden. Inclusion criteria were
children up to 11 years old, who were prescribed oral medications at the
time of observation. Children whose parents were responsible for
handling and administering oral medications during hospitalization
were excluded from the study.

2.1.2. Data collection

The study was carried out between December 2019 and February
2020 for a total of 20 days. On these days, pediatric nurses dispensing
oral medications were observed in the medication room at the ward.
Observations were documented using a standardized protocol by two
researchers, both licensed pharmacists. Information collected included:
the age of the child, name of medicinal product, dosage form, any pro-
cedure used to manipulate the dosage form, and reason for drug
manipulation. The administration of drugs to pediatric patients was not
observed, but information regarding drug administration via enteral
feeding tubes was collected. Time permitting, the nurses were also asked
about problems and barriers related to oral drug administration.
Repeated dispenses of the same medication to one patient were docu-
mented. For the purpose of this study, drug manipulation was defined as
any physical alteration of the dosage form not mentioned in the sum-
mary of product characteristics (SmPC). This included procedures both
to facilitate drug administration and to obtain the required dose.

2.2. Age-appropriateness of oral medications
2.2.1. Data source

The Concise Database hosted by the Swedish eHealth Agency was
used to derive data on oral medications used in pediatric oncology
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patients. The derived data included oral medicinal products supplied to
the pediatric hematology and oncology ward, Uppsala University
Childrens Hospital (inpatient population) and those prescribed by pe-
diatricians at the same ward to pediatric oncology patients (outpatient
population). The medicinal products extracted from the database were
sorted by ATC-code and included brand name, dosage form, strength,
and package size. Extemporaneous and unlicensed medicines were
included in the derived data.

2.2.2. Identification of active pharmaceutical ingredients for development
of personalized dosage forms

Age-appropriateness of oral medications in pediatric oncology pa-
tients, between January 2019 — December 2020, was studied retro-
spectively. Oral medications used both in inpatient and outpatient
populations were studied, as only a minor part of these patients’ drug
therapy takes place at the hospital and because drug therapy at home
often relies on orally administered medications. In the first step, oral
medicinal products derived from the Concise Database for this study
were screened. This identified APIs of interest for further analysis of the
age-appropriateness of available oral dosage forms. Medicinal products
with incomplete ATC-codes, unlicensed medicines, extemporaneous
formulations, and duplicates were excluded. The remaining ones were
translated to the corresponding number of APIs. Combination products,
containing multiple APIs, were recorded as a single API in this study.
The APIs were then assessed for their availability as oral liquid dosage
forms. APIs for which an oral liquid dosage form was licensed in Sweden
were excluded. Finally, APIs not licensed for use in pediatrics, aged 0-11
years, and APIs with rare indications in pediatrics were excluded.

In the second step, APIs identified from the screening step were
analyzed and classified on the basis of age-appropriateness of licensed
oral medications for pediatric patients 0-11 years. This assessment was
based on two aspects: acceptability of dosage form and availability of
appropriate dosage strengths (Table S1). Acceptability was assessed as
the ability to administer solid dosage forms of the API to children with
difficulties swallowing whole tablets or capsules. The ability to manip-
ulate solid dosage forms to facilitate oral administration was evaluated
from the information provided in the SmPC. The assessment of dosage
strengths was based on whether the recommended dose (as per its
SmPC), from the lowest age of pediatric license, could be obtained
without the need for manipulation. On the basis of these two investi-
gated aspects, the APIs were classified according to three classes: class I,
lack of acceptable dosage form and appropriate dosage strength; class II,
lack of either acceptable dosage form or appropriate dosage strength;
and class III, age-appropriate pediatric oral formulation available.

2.2.3. Pediatric biopharmaceutics classification system

In a final step, APIs in classes I and II, were categorized according to a
pediatric biopharmaceutics classification system (pBCS) [20,21]. A pe-
diatric dose number (Dop) was calculated according to the following
equation [20]:

M()p

Dy, = TVUF (@9)]
where My, is the pediatric highest dose, Cs is the solubility in water, and
Vo, is the pediatric initial gastric volume. High solubility was considered
as a Dgp < 1. The calculations were performed based on a single model
child, age 6, with a mean weight of 21 kg, and a body surface area of
0.82 m? [22,23]. Pediatric dose was obtained from the SmPC or the
British National Formulary for Children [22,24]. Water solubility was
extracted from the literature and available databases [25-27]. The most
conservative solubility values were used. The pediatric initial gastric
volume was extrapolated from an adult population according to the
following equation [21]:
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Vo _ median weight (kg) x 0.56(ml/kg)
%= 37.1 (ml)

x 250 (ml) (2)

Permeability was assessed based on the n-octanol/water partition
coefficient, logP. Calculated logP (clogP) values were obtained from
available database [25]. Metoprolol, clogP of 1.8, was used as a refer-
ence compound because it is absorbed to a high extent by passive
diffusion [21]; high permeability was considered a clogP > 1.8.

2.3. Ethical approval

Ethical approval to perform the observational study was granted by
the Swedish Ethical Review Authority (ref no. 2019-01358, 27 March
2019). Prior to the study, nurses were informed about the study aim and
were given the opportunity not to participate. Data derived from the
Concise Database were de-identified to prevent identification of indi-
vidual pediatric patients or prescribing physicians.

3. Results and discussion
3.1. Drug manipulation

This observational study looked at manipulations of oral medications
to pediatric oncology patients at a Swedish hospital. Nineteen pediatric
patients, aged 1 month — 11 years were included (Table 1) and a total of
200 observations of nurses dispensing oral medications to pediatric
oncology patients were made. Of the dispensed oral medications, 14%
(28 of 200) were manipulated before administration. The frequency of
manipulations was not the main aim of this study, hence, the limited
period of study and small size of the pediatric patient population. The
extent of manipulations in our study is in line with similar studies
reporting a frequency of manipulations performed outside the infor-
mation in the SmPC between 14% and 20.8% [3-5]. However, differ-
ences in study design and patient population limit direct comparison of
the studies.

The percentage of manipulations per age group was highest in in-
fants and toddlers (24%; 7 of 29) and lowest in school children, 6-11
years old (1%; 1 of 70; see Table 1). In a Norwegian study, the highest
frequency of manipulations was for school children (29%) and lowest for
adolescents (< 2%), indicating that manipulations are frequent in chil-
dren up to 11 years old [3]. The manipulations in our study included
seven APIs exclusively in solid dosage forms (Table 2). The seven APIs
belonged to different therapeutic subgroups, including one antineo-
plastic and immune-modulating agent, tioguanine. The limited number
of cytotoxic drugs is probably because chemotherapy was administered

Table 1
Pediatric patients in the observational study, presence of feeding tube, number
of observations, and observed manipulations by age group.

Age group Pediatric Presence of Observations Manipulations
patients n enteral n (%) n (%)
(%) feeding tubes
n (%)
Neonates 0(0.0) 0(0.0) 0 (0.0) 0 (0.0)
(0-28
days)
Infants and 4(21.1) 4(33.3) 29 (14.5) 7 (25.0)
toddlers
(1-23
months)
Children, 10 (52.6) 7 (58.3) 101 (50.5) 20 (71.4)
pre-school
(2-5 years)
Children, 5 (26.3) 1(8.3) 70 (35.0) 1(3.6)
school
(6-11
years)

Total 19 12 200 28
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Table 2
Observed manipulations, medicinal product, type of drug manipulation, and
administration via enteral feeding tube, by age group.

Age group Medicinal Dosage Type of Administration
product (API) form manipulation® via enteral
feeding tube
Neonates - - - -
(0-28
days)
Infants Allopurinol Teva tablet split, crush, Yes
and (allopurinol) dispersion in
toddlers liquid
(1-23 Emend capsule, open, Yes
months) (aprepitant) hard dispersion in
liquid,
proportion of
drug dose
Children, Allopurinol Teva  tablet split, crush, Yes
pre- (allopurinol) dispersion in
school liquid
(2-5 Celebra capsule, dispersion in Yes
years) (celecoxib) hard liquid,
proportion of
drug dose
Emend capsule, open, Yes
(aprepitant) hard dispersion in
liquid
Lanvis tablet dispersion in Yes
(tioguanine) liquid
Spironolactone film- proportion of Yes
Accord coated drug dose
(spironolactone) tablet
Stesolid tablet crush, Yes
(diazepam) dispersion in
liquid
Children, Probecid tablet dispersion in Yes”
school (probenecid) liquid
(6-11
years)

Abbreviations: API, active pharmaceutical ingredient.

@ Manipulation procedure outside the information in the summary of product
characteristics (SmPC).

b Caused blockage of enteral feeding tube.

intravenously at the hospital. Previous studies, including a broader pe-
diatric inpatient population, have reported a frequency of manipulation
of antineoplastic and immune-modulating agents between 0% and 1.7%
[5,28]. Information is limited about the handling and administration of
oral chemotherapy to children treated at home, but one study from the
United Kingdom investigated problems and perceptions by parents with
children receiving oral chemotherapy. Most of the respondent parents
had experienced some kind of administration problem when handling
oral chemotherapy [19]. Frequently, the child did not like to take their
medication. Examples of manipulations reported by parents were
crushing tablets or opening capsules and mixing them with food, such as
ice cream and corn flakes.

In our study, tablets and capsules were frequently manipulated
dosage forms. Manipulations involved crushing tablets or opening cap-
sules, followed by dispersion of the fragments in a small volume of water
(Table 2). In some cases, the dosage form was manipulated to obtain the
required dose for a child by splitting a tablet or by extracting a pro-
portion of the dispersed formulation. A tablet splitter and a device for
crushing tablets (silent knight pill crusher; Medline, Mundelein, II, USA)
were used for manipulations at the studied ward. In addition to differ-
ences in practices for dose adjustment, other differences in manipulation
procedures between nurses were observed. As example, nurses dispersed
the fragmented solid dosage form sometimes in the disposable bag of the
tablet crusher device and sometimes transferred the fragments to a
medicine cup before dispersion. After dispersion the formulation was
withdrawn into an oral syringe. In some cases, the tablet was dispersed
directly in an oral syringe, for example Lanvis (tioguanine), to minimize
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risk of exposure to the cytotoxic drug.

Dose variability is another previously identified risk with drug ma-
nipulations. In a study by Brustugun and colleagues, different manipu-
lation procedures to obtain child-adjusted doses of warfarin tablets were
investigated [29]. Splitting tablets were shown to result in a higher
variability in dose compared to dispersing tablets and extracting a
proportion of the dose. A similar study investigating different types of
aspirin tablets, showed that splitting tablets and direct dispersion in an
oral syringe gives higher dose recovery than addition of an extra step,
such as dispersion in a medicine cup [30]. Overall, the manipulation
procedures observed in our study were chosen based on personal
experience rather than validated guidelines. This highlights the need for
standardized protocols for manipulation procedures and information
related to drug manipulation in the SmPC. Furthermore, manipulations
are usually not documented in the medical record, making it difficult to
evaluate their possible clinical outcomes.

An interesting finding in this study was that all observed manipula-
tions were related to administration via enteral feeding tubes (Table 2).
This finding is in line with previous studies showing a high proportion of
manipulations related to enteral administration [4,5,31]. Information
about enteral administration was not available in the SmPC and hence,
this type of administration was considered an off-label use. Enteral
administration is associated with several problems, such as blockage of
the tube and drug loss [32,33]. To administer solid dosage forms
through enteral feeding tubes a tablet needs to be crushed and dispersed
in liquid. Our observational study identified several solid dosage forms
that were difficult to properly disperse in a limited volume of water

Step 1: Screening

Inpatient

Oral medicinal products
n=55
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(10-15 ml), one such example was probenecid (Table 2). In summary,
drug manipulations were frequent in pediatric oncology practice at the
studied Swedish hospital. In particular, administration via enteral
feeding tubes was identified as a key problem and hence, an important
aspect to consider in drug development of dosage forms intended for this
patient group.

3.2. Age-appropriateness of oral medications

3.2.1. Identification of active pharmaceutical ingredients for development
of personalized dosage forms

The age-appropriateness of oral medications for pediatric oncology
patients was investigated to identify APIs requiring child-friendly,
personalized dosage forms. Data were extracted regarding medicinal
products supplied to the pediatric oncology ward (inpatient population)
and prescribed by pediatricians at the same ward (outpatient popula-
tion). A flowchart of the screening process, including the stepwise
exclusion criteria, is shown in Fig. 1. In total, 676 oral medicinal
products used in inpatient (n=55) and outpatient populations
(n = 621) were analyzed. The first step excluded products with incom-
plete ATC-codes, unlicensed medicines, extemporaneous medicines, and
duplicates. The remaining medicinal products (n = 596) corresponded
to 159 APIs.

In the next step, 72 APIs were excluded based on the availability of
licensed oral liquid dosage forms in Sweden (Table S2). Liquid formu-
lations generally show good acceptability in young children and offer
higher dose flexibility than solid dosage forms [34]. These APIs were,

Outpatient

Oral medicinal products
n=621

- Incomplete ATC-code (n=13)
- Unlicensed medicines (n=12)
| - Extemporaneous
medicines (n=4)
- Duplicates (n=51)

Oral medicinal products

n=596

APIs

n=159

- Licensed oral liquid dosage
form (n=72)
""""""""""""""" | _Notlicensed for
pediatrics, 0-11 years (n=46
v - Rare indication (n=2)
Step 2: Classification
P APIs
n=39
V} v v
Class | Class Il Class lll

Dosage form

Dosage form

Dosage form

and or and
Dosage strength Dosage strength Dosage strength
n=10 n=19 n=10

Fig. 1. Screening and classification of active pharmaceutical ingredients (APIs). Screening was performed to identify APIs in need of child-friendly, personalized oral

dosage forms.
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therefore, not considered high-priority candidates for development of
personalized dosage forms. However, even if liquid formulations are
considered as the formulation of choice for children, problematic aspects
still include stability, use of potentially harmful excipients, and barriers
to administration such as taste and volume [8,35,36].

In the third step, 46 APIs were excluded as they were not licensed for
use in children, aged 0-11 years, i.e., off-label in this age group
(Table S2). Off-label usage is frequent in both inpatient and outpatient
pediatric populations in the Nordic countries [37,38]. Off-label usage is
associated with several problems, not at least of which is the lack of data
supporting safety and efficacy. As our study focused on
age-appropriateness related to dosage form, we therefore excluded APIs
used off-label. Finally, two APIs were excluded based on their rare he-
matological indication in pediatrics (Table S2).

After stepwise exclusion, 39 APIs were identified for further analysis
of the age-appropriateness of licensed oral dosage forms in Sweden
(Fig. 1). The APIs were categorized into three classes based on the
acceptability of the dosage form and availability of suitable dosage
strengths for pediatrics, aged 0-11 years. APIs in class I-III are listed by
ATC-code in Table 3. Overall, 10 APIs were categorized as class I,
indicating a lack of both child-friendly dosage form and appropriate
dosage strength. Nineteen APIs were classified as class II based on a lack
of either child-friendly dosage form or appropriate dosage strength. Ten
APIs were categorized as class 111, i.e., age-appropriate oral formulation
licensed in Sweden. Most APIs were class I or II (29 of 39), indicating
that development of child-friendly, personalized oral dosage forms, is
highly demanded.

Although the identified APIs (class I-II) belonged to several thera-
peutic areas, most of them were antineoplastic and immune-modulating
agents. Of these, cyclophosphamide, temozolomide, tioguanine, meth-
otrexate, and imatinib have been previously highlighted by the Euro-
pean Medicines Agency (EMA) as APIs with a therapeutic requirement
for age-appropriate oral formulations [39]. Our study demonstrates that
even if a medicinal product is licensed for the pediatric population, it

Table 3
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may not be age-appropriate regarding dosage form and strength. In a
study by van Riet-Nales and colleagues, approximately half of the
medications in the Netherlands were authorized for children [35], but
like in our study they were not, per definition, available in
age-appropriate formulations. The gap between authorization status and
age-appropriateness may be explained by the date of marketing autho-
rization. It is only since 2007 that implementation of the European Pe-
diatric Regulation has driven the development and availability of
age-appropriate pediatric oral formulations [2,35].

The availability of age-appropriate formulations by age-group (0-11
years) is shown in Fig. 2. The number of APIs licensed for pediatrics
increases with patient age. However, the proportion available in an age-
appropriate formulation was not higher among schoolchildren (26%; 10

50—

40+ 1 licensed + age-appropriate
& = licensed + dosage form
< -
S 30 1 licensed + dosage strength
5 )
£ 204 == licensed
=}
z

10

0

Fig. 2. Number of active pharmaceutical ingredients (APIs), licensed for chil-
dren (0-11 years old) and available in an age-appropriate oral formulation, by
age group. APIs categorized according to: licensed, licensed and available in a
child-friendly dosage form, licensed and available in an appropriate dosage
strength, licensed and age-appropriate.

Classification (I-III) of identified active pharmaceutical ingredients (APIs, n = 39) by ATC-code and age-appropriateness of available medicinal products. Class I, lack
of child-friendly dosage form and appropriate dosage strength. Class II, lack of either child-friendly dosage form or appropriate dosage strength. Class III, age-

appropriate oral formulation available.

ATC-code API
Anatomical Therapeutic Class I Class II Class III
group subgroup
A: Alimentary tract 02 omeprazole
and metabolism 03 metoclopramide
06 bisacodyl sterculia gum, lactitol
09 multienzymes
12 calcium carbonate,
calcium lactate gluconate,
zinc sulfate
C: Cardiovascular 03 spironolactone
system 07 metoprolol
09 enalapril, losartan
H: Systemic 01 desmopressin
hormonal 02 prednisolone fludrocortisone, betamethasone,
preparations hydrocortisone dexamethasone
J: Anti-infective for 01 tetracycline, nitrofurantoin
systemic use
L: Antineoplastic 01 cyclophosphamide, imatinib, nilotinib
and immune- temozolomide, tioguanine
modulating agents 04 azathioprine, methotrexate
M: Musculo- 01 diclofenac, naproxen,
skeletal system 04 allopurinol
N: Nervous system 03 gabapentin clonazepam
05 diazepam
R: Respiratory 01 phenylpropanolamine
system 03 montelukast
06 meclozine
V: Various 03 calcium folinate deferasirox
Total 10 19 10
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of 39) than for neonates (31%; 4 of 13). To develop age-appropriate oral
formulations for children, particularly the younger ones, is not a ques-
tion of one-size-fits-all effort. Typically, several dosage forms and
strengths are needed.

In our study, age-appropriateness was determined on the basis of the
acceptability of the dosage form and the availability of suitable dosage
strengths for children. We based the criterion for swallowability on the
high degree of manipulation of solid dosage forms previously reported
for children up to 11 years old [5,31]. However, the size of a tablet or
capsule affects patient acceptance, with small tablets (2-4 mm)
acceptable even in the youngest children [40,41].

The dose in children is often given per bodyweight or body surface
area, which demands high dose flexibility. This type of dosing recom-
mendation for fixed dose dosage forms was considered inappropriate for
pediatrics, if the SmPC did not provide specific dosing schemes for
transforming calculated doses to available dosage strengths. In sum-
mary, our analysis of oral medications in pediatric oncology patients
revealed a lack of age-appropriate oral formulations for most of the
assessed APIs, and within several therapeutic groups. These results
further confirm the need for development of personalized dosage forms,

Biomedicine & Pharmacotherapy 146 (2022) 112576
especially within oncology.

3.2.2. Pediatric biopharmaceutics classification system

The biopharmaceutics classification system (BCS) has been estab-
lished to allow early predictions of drug absorption based on in vitro
solubility and intestinal permeability; is extensively used in pharma-
ceutical development [42]. To address the physiological and develop-
mental differences between children and adults, work has been initiated
to develop a pediatric BCS [43]. The APIs in class I and II (n = 29) with
an identified need for age-appropriate pediatric oral formulations were
examined for their preformulation related characteristics and then
classified according to the pBCS (Table 4). Overall, five APIs were
identified as class I (high solubility and permeability), nine APIs as class
IT (low solubility, high permeability), eight APIs as class III (high solu-
bility, low permeability), and seven APIs as class IV (low solubility and
permeability).

The solubility classification was based on dose number, which relates
solubility to the highest dose and initial gastric volume. In this study,
dose number was calculated for a 6-year-old child, i.e., in the middle of
the studied age range. Solubility is a key factor for drug absorption, and

flexibility

Table 4
Patient and preformulation related characteristics of class I and II active pharmaceutical ingredients (APIs) (n = 29).

API Patient Preformulation

Therapeutic needs Dose” Water solubility (mg/ Dose number clogP?  pBCS
ml)” (Dgp)* class®

allopurinol child-friendly dosage form 100 mg, three times per day 0.569 2.22 -0.41 v

azathioprine child-friendly dosage form, dose 1-4 mg/kg/day 0.124 8.55 0.84 v
flexibility

bisacodyl child-friendly dosage form 5 mg/day 0.00127 49.7 4.71 I

calcium folinate child-friendly dosage form, dose 250 ug/kg/day 0.297 0.22 -0.46 111
flexibility

clonazepam child-friendly dosage form 3-6 mg/day 0.1 0.76 2.76 I

cyclophosphamide child-friendly dosage form, dose 3 mg/kg/day 40 0.02 0.76 111
flexibility

deferasirox dose flexibility 7-21 mg/kg/day 0.4 14.0 4.01 I

desmopressin child-friendly dosage form 0.1-0.2 mg, three times per 0.11 0.02 -1.0 I

day

diazepam child-friendly dosage form 5 mg/day 0.05 1.26 2.63 I

diclofenac child-friendly dosage form 25 mg, two times per day 0.00237 133 4.98 I

enalapril child-friendly dosage form 2.5 mg/day 16.4 0.002 0.19 111

fludrocortisone child-friendly dosage form 0.05-0.1 mg/day 0.11 0.01 1.35 11

gabapentin child-friendly dosage form, dose 10-35 mg/kg/day 4.49 2.07 -1.9 v
flexibility

hydrocortisone dose flexibility 8-10 mg/m?/day, in 3 doses 0.32 0.11 1.79 I

imatinib dose flexibility 340 mg/m?/day 0.0146 241 3.47 I

losartan child-friendly dosage form 25 mg/day 0.00822 38.4 4.5 I

meclizine child-friendly dosage form 12.5 mg/day 1.0 0.16 5.59 I

methotrexate child-friendly dosage form, dose 10-15 mg/m?,once per week 2.6 0.06 -0.05 I
flexibility

metoclopramide child-friendly dosage form, dose 0.1-0.15 mg/kg/day 0.2 0.2 2.18 I
flexibility

metoprolol child-friendly dosage form, dose 0.5 mg/kg/day 0.402 0.33 1.8 1
flexibility

naproxen child-friendly dosage form 125 mg, two times per day 0.0159 99.3 3.29 I

nilotinib dose flexibility 230 mg/m?, two times per day 0.00201 1185 4.51 I

nitrofurantoin dose flexibility 3 mg/kg/day, in 2 doses 0.0795 5.0 0.03 v

phenylpropanolamine child-friendly dosage form 25 mg, two times per day 149 0.002 0.57 111

prednisolone child-friendly dosage form, dose 1-2 mg/kg/day 0.215 2.47 1.66 v
flexibility

spironolactone dose flexibility 1-3 mg/kg/day in 1-2 doses 0.022 36.2 3.1 I

temozolomide child-friendly dosage form, dose 150-200 mg/m?/day 5.09 0.41 -0.28 1L
flexibility

tetracycline child-friendly dosage form 250 mg, four times per day 0.231 13.7 -0.56 v

tioguanine child-friendly dosage form, dose 60-200 mg/m?/day 0.834 2.48 -0.36 v

o

e

The dose for children (> 6 years old) was obtained from the summary of product characteristics (SmPC) and the British National Formulary for Children [22,24].
Water solubility was extracted from the literature and available databases [25-27].
¢ Pediatric dose number for a child, age 6 years old (weight: 21 kg, body surface area: 0.82 m?, initial gastric volume: 79.2 ml) [21-23].
Calculated logP values were obtained from the DrugBank database [25].
Pediatric biopharmaceutical classification system (pBCS): High solubility Do, < 1, High permeability LogP > 1.8 (reference compound metoprolol) [21]. Class I:
High solubility and permeability, class II; Low solubility, high permeability, class III: High solubility, low permeability, class IV: low solubility and permeability.



J. Johannesson et al.

highly influenced by the volume and composition of the gastrointestinal
fluid. In our study, the BSC adult volume of 250 ml was extrapolated to
pediatric gastric volume based on body weight as described previously
[20,21]. However, a fixed reference value of 25 ml for all pediatric age
groups or volume related to body surface area has also been suggested,
highlighting the lack of agreement in this matter [43,44]. The compo-
sition of the gastrointestinal fluid is another key factor affecting drug
solubility, for which there are differences in gastric pH and bile salt
composition between neonates and adults [45]. A study by Maharaj and
colleagues investigated solubility of seven BCS class II compounds using
biorelevant age-specific pediatric media [46]. For six of the seven
studied compounds, solubility fell outside (80-125%) the adult value for
at least one pediatric medium, demonstrating the impact of age-related
changes in gastrointestinal fluid composition on drug solubility.

For children two years and older, intestinal permeability is generally
assumed to be equivalent to that in adults [47]. In our study, perme-
ability class was based on clogP. Therefore changes in BCS and pBCS
class derive from the estimated solubility class. Of the 29 investigated
APIs, 16 were identified as class II or IV, indicating low solubility
(Table 4). A previous study found 24.5% of their study compounds had
an unfavorable change in BCS class, i.e. from high to low solubility [20].
This indicate the considerable influence of age-related volume on BSC
solubility class. Of the APIs explored in our study, allopurinol, diaz-
epam, enalapril, fludrocortisone, hydrocortisone, methotrexate, pred-
nisolone, and tioguanine have been previously reported to change
solubility class in the pBCS [20,21]. In summary, most APIs in our study
were low-solubility drugs according to the pBCS. This classification can
further be used to identify low-solubility APIs sensitive to formulation
changes such as manipulation processes.

3.3. General discussion

The observational study was carried out for 20 days, at a single pe-
diatric oncology ward and hence, on a limited pediatric patient popu-
lation. Children 1 month — 11 years old were included, but no neonates.
Nevertheless, the high number of manipulations in this study and in
similar ones, on broader pediatric patient populations, indicates that
drug manipulations would occur in other pediatric subpopulations [4,5,
31]. Our observations were made in connection with nurses dispensing
oral medications. Barriers to drug administration and clinical outcomes,
e.g., adverse events linked to manipulations, were not investigated.
Administration of oral solid dosage forms via enteral feeding tubes was
identified as the main problem associated with drug manipulation to
severely sick children. Hence, barriers to oral administration, e.g.
swallowability, taste, texture, and volume or quantity, were not possible
to evaluate. Neither did we address manipulations that occurred in an
outpatient setting. However, previous studies have shown that drug
manipulations in outpatient care are frequent, demonstrating the need
of age-appropriate formulations to ensure safe and adequate drug
treatments in children treated at home [4,8].

To more thoroughly explore the therapeutic needs of severely sick
children, we analyzed the age-appropriateness of commercially avail-
able oral medications. In this part of the study, oral medications in
outpatient care were assessed. The evaluation of age-appropriateness,
with regard to acceptability of solid dosage forms used, was based
exclusively on age, i.e., that children, aged 0-11 years are not able to
swallow whole tablets or capsules, which is not an absolute criterion. In
addition, information about dispersibility of the dosage form in liquid or
compatibility with food is not always available in the SmPC. The dose in
children was mainly based on the information in the SmPC when
available; however, additional data sources for dosing are often used in
the clinic.

A stepwise exclusion approach was used to screen the APIs. The
exclusion steps were not absolute and some excluded APIs may still be of
interest for development of personalized dosage forms. One such
example is aprepitant, licensed in Sweden as hard capsules and as a
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powder for oral suspension. Since the liquid formulation is licensed, it
was excluded for further analysis. However, at the time of the study, the
liquid oral dosage form was not available in Sweden, which is why it was
identified in our observational study as a frequently manipulated drug.
Thus, the license status of a medicinal product is not directly linked to its
availability on the ward. Among the APIs excluded for lack of pediatric
license (0-11 years), several were cancer drugs and opiates (Table S2).
These therapeutic groups have previously been highlighted for their
need of child-friendly, personalized dosage forms [48].

The drug manipulations and lack of age-appropriate oral medica-
tions demonstrates the need for developing oral formulations suitable
for children with regard to dosage form and dose. 3D printing has pre-
viously been used for production of child-friendly, personalized dosage
forms, such as orodispersible and chewable ones [15,17,49]. Visser and
colleagues studied the use of oral medications to children in the
Netherlands to identify APIs suitable for inkjet printing of orodispersible
films [50]. Of the examined APIs (n = 34) only one, montelukast, was
sufficiently water-soluble for inkjet printing of films in therapeutically
effective doses. A number of poorly water-soluble drugs were identified
in our study (Table 4). During the observational study, low-solubility
drugs like aprepitant and probenecid were observed difficult to
disperse in a small volume of water. A combined approach is therefore
needed to successfully address the demand of personalized medicines to
severely sick children. This approach would combine formulation stra-
tegies to circumvent low drug solubility together with the use of 3D
printing technologies to personalize dosage forms [51-54].

4. Conclusion

The present study highlight problems and needs related to oral solid
dosage forms used in the treatment of children with cancer. Drug
manipulation of solid dosage forms to enable administration via enteral
feeding tubes was identified as the main problem. Different procedures
for manipulation were identified, demonstrating the lack of validated
guidelines. The analysis of age-appropriateness of oral medication
showed that 74% (29 of 39) of the APIs licensed for children (0-11
years) needed for personalized dosage forms, because of a lack of child-
friendly dosage form, suitable dosage strength, or both. In our evalua-
tions using a pBCS model, most of these APIs had low solubility with risk
of low oral bioavailability. These APIs may also be sensitive to formu-
lation changes, such as dispersion of crushed tablets. In summary, the
study identified a lack of age-appropriate formulations in pediatric
oncology. To allow successful, safe and convenient treatment of these
patients, a patient-centric approach, combined with expertise within
formulation design and application of novel manufacturing technolo-
gies, is needed.
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